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Editorial on the Research Topic

Insights in neurocognitive aging and behavior: 2022

Major advancements in the fast-growing field of neurocognitive aging and behavior

were highlighted in the inaugural Insights in neurocognitive aging and behavior: 2021

Research Topic. It included 15 articles that addressed novel approaches to identifying and

predicting cognitive decline, neurocognitive markers for Alzheimer’s disease (AD), lifestyle

contributions to aging and AD, and commentary on neurocognitive aging theory.

In this second edition, Insights in neurocognitive aging and behavior: 2022, we sought

to build on the prior issue by highlighting the latest advancements and challenges for

research in neurocognitive aging. Here we outline the contributions and implications

for future research of 32 articles that addressed three primary topics at the forefront of

neurocognitive aging research: (1) neural correlates and markers of cognitive decline; (2)

age-related vulnerabilities, predictors, and differential diagnosis; and (3) modifiable factors

and interventions.

Insights in neural correlates and markers of
cognitive decline

Neural connectivity indices in neurocognitive aging

Over the past three decades, neuroimaging has transformed how we study and

understand neurocognitive processes. The study of cognitive aging and dementia has

been dramatically influenced by these developments. Important advances in neuroimaging

have emphasized measures of connectivity amongst brain areas during rest and while

performing various tasks, and as a function of individual differences. These measures

employ advanced technologies, including (among others) magnetic resonance imaging

(MRI), functional MRI (fMRI), and electroencephalography (EEG). Two articles pursued

methodological connectivity advances relative to aging. Chuang et al. used fMRI to directly

compare functional connectivity (FC) and effective connectivity (EC) indices as predictors

of cognitive and brain health in middle age. FC is the synchrony (i.e., correlation) between
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regions, while EC attempts to account for causal, indirect influences

of source regions on target regions. Their results for resting state

showed EC was greater in younger age, alcohol abstinence, lower

body-mass index, fewer white-matter hyperintensities, and better

delayed memory and reading. By comparison, FC was greater in

women and abstainers. Task-related EC was greater in those with

lower blood pressure, fewer white matter hyperintensities, and

better vocabulary (especially in women and White people). Task-

based FC was greater in women, with low genetic AD risk, and

in those with better working memory. Thus, resting and task FC

and EC provided different, complementary indicators of brain and

cognitive health, with particularly valuable contributions of FC to

understanding the flow of information processing. To index global

cognitive health, Tobe et al. used a different approach; they used

resting EEG and graph theory analysis to identify an activation hub

and related whole-brain interactions. Better cognitive functioning

was apparent with greater frontal lobe whole-brain interaction

specifically in the theta band, which is associated with top-down

cognitive control. They suggest this approach could effectively

index global cognitive health in longitudinal and intervention

studies. Indeed, the results are consistent with other neurocognitive

findings linking successful aging and neurodegenerative disease

to the efficacy of frontal lobe network function and connectivity

(Paitel and Nielson, 2021, 2023; Di Tella et al., 2023).

Five additional articles in this Research Topic examined applied

aspects of neural connectivity in aging. Xia et al. reviewed current

evidence of structural and functional brain connectivity related

to age-related decline of cognitive control that leads to loss

of independence and quality of life (Clark et al., 2012; Yagi

et al., 2020). They concluded that maintaining brain structural

integrity is essential for functional neural compensation against

age-related changes in these networks, suggesting that future multi-

modal studies should focus on maintenance of neurostructural

integrity as an outcome of independent living and quality of life.

Complementary recent research employed transcranial alternating

current stimulation to directly alter functional connectivity, which

effectively improved cognitive control (Jones et al., 2022). Tsai et al.

examined hippocampal connectivity in both subjective cognitive

decline (SCD) and migraine, which are often co-morbid. They

found both SCD and migraine patients had comparable altered

connectivity between anterior and posterior hippocampal regions

and cortical areas relative to controls, suggesting overlapping

etiology. Using multivariate analyses of resting fMRI, Goelman

et al. examined sensorimotor functional connectivity. Young

adults had unidirectional functional pathways from primary

motor/sensory cortex to higher cognitive areas, while older adults

had more complex pathways that suggested slower, less efficient

processing in elders. Indeed, older adults with pathways resembling

young adults had more education, consistent with better neural

preservation (i.e., neural reserve, Nyberg and Pudas, 2019) and

cognitive preservation (i.e., cognitive reserve, Stern et al., 2020).

Montemurro et al. examined the influence of education on

resting functional brain connectivity and cognition. Older adults

with greater education had language and executive functions

that were comparable to young adults, as well as comparable

connectivity in multiple brain networks. The results suggested

education affords better neural compensation (Nyberg and Pudas,

2019), resulting in better functional compensation in older age

(Reuter-Lorenz and Park, 2014). Finally, Gutierrez-Zuniga et al.

evaluated older-adult frailty as a function of brain volumes and

white-matter connectivity. Independent of age and sex, frailty

was associated with smaller cortical and subcortical volumes and

poorer white matter integrity. However, these effects were due

to specific frailty metrics, including polypharmacy, general health

perceptions, and functional difficulties. Together these studies

highlight the importance of progress in neural connectivity metrics

for understanding age-related cognitive decline.

The cerebellum in neurocognitive aging

Morphological changes in the cerebrum are the typical focus

of study in aging research. Despite a growing appreciation for

the importance of the cerebellum in cognition generally (Stoodley

and Schmahmann, 2010) and cognitive aging specifically (Paitel

and Nielson, 2023), morphological changes in the cerebellum in

aging are seldom studied. Stalter et al. sought to address this gap,

examining cerebellar gray matter volume in young and middle-

aged adults, prior to the gross atrophy that is typical of older

age. Middle-aged adults had smaller right posterior lobe (crus I/II,

lobule VI) volumes, which are important in cognitive functions as

part of the frontoparietal network, which may support the idea that

cerebellar dysfunction may precede cortical changes in aging (Filip

et al., 2019). Additional studies comparing cortical and cerebellar

changes will help to confirm this hypothesis. Mo et al. examined the

interplay between cognition, gait and balance disorders, functional

brain connectivity, and regional cerebellar atrophy in older adults

with cerebral small vessel disease (CSVD). Those with gait and

balance disorders had poorer memory, greater cerebellar atrophy,

greater cortical activation, and decreased cortical connectivity with

the right posterior cerebellar lobe (VIIIa). Together these studies

might suggest that the cognitive regions of the cerebellum are key

early targets for aging-related interventions.

Neural mechanisms and markers of
cognitive decline in aging

Although studies of age-related changes and differences in

brainmorphology have been a primary focus of aging research, they

often lack detailed cognitive assessments and examine only old age.

Studies in this Research Topic attempted to address these issues

and to examine brain morphology and brain activity in potentially

important newways. Clifford et al. compared brain volume changes

in young, middle-aged, and old mice to promote translational

findings to human models of aging. They found smaller isocortical

volumes and larger subcortical volumes and white matter tracts

in older age and with poorer working memory, similar to what is

shown in humans. Yet, the greatest differences were between young

and middle-aged mice, with smaller but significant additional

differences between middle- and old-age animals. This trajectory

diverged somewhat from human studies, suggesting that normal

mouse aging trajectories differ somewhat from human aging.

In a large sample of community-based middle- and older-age

adult humans, Li W-X. et al. found white matter integrity was

significantly related to visuomotor processing speed, semantic

memory, and executive functioning after controlling for age. Poorer
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global cognition was also associated with smaller cortical thickness

in several regions, independent of white matter integrity. Li M.

et al. investigated blood oxygen level-dependent (BOLD) activity in

white matter as a new, complementary approach to understanding

functional brain organization. They found reduced white matter

BOLD and reduced functional white matter connectivity with older

age, indicating an age-related reduction in information exchange

across remote brain regions. They suggested white matter BOLD

as a sensitive imaging marker of neurocognitive aging. In another

new direction, Sheng et al. overviewed neuroimaging analyses of

gut-brain communication pathways toward highlighting the need

for intentional multi-modal neuroimaging-omics studies. They

emphasized the need to better determine the specific contributions

of gut microbiota to the pathogenesis of AD and potential

intervention targets against AD. Taken together, these studies

suggest that neural morphology, connectivity, and brain-body

communication changes may onset by middle age (cf. Murakami

et al., 2011), that these early changes can index the integrity of

cognitive functioning, and that they have potential predictive value

for future cognitive functioning.

Two studies examined the role of pro-inflammatory and

oxidative stress factors in cognitive functioning in aging, factors

that are receiving increasing attention in the etiology of cognitive

decline (Murakami et al., 2011). Ferreira et al. examined the

iron-trafficking protein lipocalin-2 (LCN2), which is known to

play a role in regulating neurophysiological functions related

to neurogenesis, and has been proposed as a marker of

neurodegenerative disease progression. They evaluated how LCN2

contributes to normative cognitive aging in mice. Mice who lacked

LCN2 had reduced anxiety, but sustained depression-like behavior

from a young age, accompanied by reduced hippocampal plasticity,

which contributed to age-related cognitive deterioration. Since

oxidative stress is amplified by the lack of LCN2, these results

add to prior research to suggest the importance of reducing

oxidative stress to promote healthy cognitive aging. Mrowetz et al.

assessed key components of the synthesis of leukotrienes, a pro-

neuroinflammatory factor regulated by microglia, as a potential

marker of cognitive decline or resilience in aging. They found

more microglia in older rats, with greater 5-Lox expression

and 5-lipoxygenase-activating protein, key factors in leukotrienes

production, in the more cognitively impaired aged rats. The

results suggest that leukotrienes in aged brains might significantly

contribute to cognitive decline, and that agents that reduce

leukotrienes activity might promote better cognitive function and

resilience in aging.

Insights in age-related neurocognitive
vulnerabilities and di�erential
diagnosis

Age-related neurocognitive vulnerabilities
and predictors

The number of vulnerability factors, such as genes and

diseases, that provide pathways to cognitive decline and AD is

increasing (Murakami and Lacayo, 2022). Several studies in this

Research Topic examined specific cognitive and brain network

vulnerabilities in typical aging and dementia. Li N. et al. studied

visuomotor adaptation, a key ability for independent living, to

better understand why it declines with age. Comparing younger

and older adults on both manual and eye-tracking performances,

they found poorer visuomotor adaptation in older age occurs

due to combined, but separable changes in motor anticipation

and motor execution. Cai et al. tried to clarify the link between

muscle strength and cognition in older adults. Greater handgrip

strength (with age and sex covaried) was positively correlated with

working memory and prefrontal cortex activity, although neural

activation did not mediate the task by grip strength relationship.

Ren et al. examined punishment frequency to determine how age-

related changes in risk and reward processing influence decision-

making. On the Iowa Gambling Task, older adults were effective

in making advantageous decisions, but they often failed to avoid

disadvantageous decisions. The results suggested that older adults

may have elevated sensitivity to risk when punishment frequency

is high, and thus they make poorer decisions, due especially to

overactivation in middle and superior frontal cortices, primary

sensory, and attentional alerting networks.

With respect to vulnerabilities to dementia, African Americans

(AA) have an elevated risk of AD in general (Rajan et al., 2018)

and even greater risk when carrying the Apolipoprotein-E ε4 allele

(Farrer et al., 1997). Obesity is associated with greater AD risk in

midlife (Whitmer et al., 2008), but less is clear about it in older

age. Thus, Osiecka et al. examined the role of ε4 and obesity in

cognitive functioning and structural-MRI measures in older AA

(86% female; 39% ε4+). After controlling multiple covariates, most

cognitive variables did not differ by weight category or ε4. However,

obesity in non-ε4-carriers was associated with larger hippocampal

volumes, while obesity in ε4-carriers was associated with smaller

hippocampal volumes. Thus, in older AA, obesitymay be protective

of hippocampal function, except in those with genetic risk for AD,

where obesity amplifies risk.

Contributions to di�erential diagnosis

The clock-drawing test is often used in dementia assessment

batteries. Kehl-Floberg et al. assessed whether free-drawn clock-

drawing tests (Rouleau system, clock drawing interpretation scale)

could effectively detect subtle cognitive decline in a large sample

of community-dwelling older adults. They found both scales were

clinically relevant and informative in larger test batteries, but

neither was suitable as a stand-alone assessment or screening

tool for subtle impairment. Wang et al. analyzed subscores of

the Mini-Mental State Exam (MMSE) attempting to distinguish

hypertension (HYP), cerebrovascular disease (CVD), and coronary

heart disease (CHD) patients using network analysis. HYP had

reduced network integrity for time orientation, delayed recall,

repetition, and reading. CVD had poorer network integrity for

memory, spatial orientation, and general cognition. CHD had

sparse cognitive networks across multiple cognitive functions.

The results suggest differential cognitive vulnerabilities across

cardiovascular disorders that could be valuable for diagnosis.

Relatedly, Li X. et al. found the severity of cerebral microbleeds
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in CSVD was predicted by attention and executive functioning,

suggesting these metrics are an important part of diagnosis and

tracking over time. Keszycki et al. focused on neuropsychiatric

phenotypes as possible predictors of tau neuropathology in

neurodegenerative disease. They found the combination of apathy

and irritability significantly predicted tau pathology in frontal-

temporal lobe dementia (FTD), while sleep but not appetite

disturbances were predictive of progressive supranuclear palsy

(but not FTD). They concluded that neuropsychiatric profiles can

contribute to differential diagnosis and prediction of underlying

neuropathology. Finally, Branch et al. evaluated odor memory

in rats to determine whether it could serve as a within-subjects,

repeatable index of hippocampal integrity. Compared with young

rats, long-term recall of odor cues in old rats was related to

hippocampal function (i.e., spatial memory), and this was stable

over time. Thus, novel odor recognition may index hippocampal

integrity and be valuable for evaluating cognitive improvements in

human intervention studies.

Insights in modifiable factors in
neurocognitive aging

Lifestyle and environmental factors as
interventions

Lifestyle behaviors and activities (e.g., diet, exercise, social

engagement) are a type of modifiable factor that can protect

the brain and cognition from age and neurodegenerative disease.

Indeed, they might reduce the risk of dementia by 40% (Livingston

et al., 2020). There is rapidly growing evidence that physical

activity or exercise can enhance neurocognitive functioning,

widespread network connectivity, and white-matter integrity in

both cognitively healthy older adults and those with cognitive

decline (Konwar et al., 2023; Won et al., 2023). Santiago and

Patashkin’s review specifically suggests that physical activity

may be an effective treatment or preventative strategy for

neurodegenerative diseases. Specifically, they proposed the use of

multidomain interventions that include physical activity, a healthy

diet (e.g., Mediterranean), cognitive training, and good sleep

hygiene. Lee et al. empirically evaluated a 10-month multidomain

intervention consisting of group sessions of aerobic exercise

(90min once per week) performed concurrently with a cognitive

task (i.e., “COGNICISE”) and twice monthly small group mentally

stimulating social activities. In community-dwelling elders with

mild to moderate cognitive decline, the intervention produced

cognitive and physical improvements relative to controls who

engaged in health education sessions. Together these studies

suggest the need for more extensive use of multidomain

interventions for older adults with cognitive decline.

Sounds that are task-irrelevant but environmentally

meaningful have been shown to increase alertness and enhance

perception, memory, and motor function performance in older

individuals (Schwalbe et al., 2023). Manelis et al. evaluated this

sound facilitation effect as a possible intervention by introducing

sound during a modified Simon task, which examines cognitive

control during interference. fMRI showed the sound facilitation

effect was due to sound-induced sensory and attention-related

cortical activation, which was attributed to neural resource

recruitment to increase attention and alertness during the task.

Thus, they suggest sound facilitation is a promising intervention.

Pommy et al. reviewed fMRI studies of mindfulness meditation

to clarify the neurovascular mechanism(s) underlying its

cognitive benefits in older adults. They identified three potential

mechanisms as targets for future research: (1) increased resting-

state cerebral blood flow (direct neurovascular mechanism);

(2) increased functional connectivity within the default mode

network (indirect anti-neuroinflammatory mechanism); and (3) a

top-down control mechanism influencing both direct and indirect

neurovascular pathways.

Environmental enrichment is a non-pharmacologic

intervention known to reduce depression and improve cognition

in animals (Gubert and Hannan, 2019). Since maternal sleep

deprivation results in depression and impaired cognition in adult

rodent offspring, Zhang et al. evaluated whether these effects persist

into older age in mice. They indeed found persistence into old

age, but also that long-term environmental enrichment reversed

these symptoms due to increased hippocampal neuroplasticity and

reduced neuroinflammation. Ji et al. examined smartphone use in

5,000 older adults over age 60, finding that it was associated with

reduced depression, which was strongest in males, participants

over age 70, and urban dwellers. Further, the effect was mediated by

engagement in social activity (e.g., political activism, volunteerism,

leisure activities), suggesting the use of smartphones in elders

to increase social and lifestyle activities. Together, these studies

add to the rapidly growing literature showing that social and

environmental engagement are important targets for reducing

depression in older age (Manca et al., 2022).

Cognitive reserve

CR refers to individual differences in resilience in the face

of brain aging and neurodegenerative disease (Stern et al., 2020).

Indeed, recent studies have linked CR specifically to efficacy of

basal ganglia and frontal-parietal executive network connectivity

and especially frontal network function (see also Di Tella et al.,

2023; Montemurro et al.). CR is often indexed by educational or

verbal proxies. Yet, this could underestimate CR in subjects with

low education. Corujo-Balanos et al. addressed this concern using

the Block Design subtest of the Wechsler Intelligence Scale as a

possible non-verbal CR proxy. Although Block Design correlates

with education and other crystallized intelligence measures, it

non-verbally assesses reasoning and problem solving that is not

a function of knowledge or education. They found a significant

positive correlation between verbal CRmeasures and Block Design,

suggesting that it is a suitable non-verbal proxy of CR. Peitz

et al. evaluated whether being bilingual has long-term benefits on

brain function relative to monolinguals. Longitudinal trajectories

of gray matter volume and surface area suggested that bilingualism

contributes to enhanced brain reserve (i.e., resilience), thereby

leading to better CR.

Conclusions

The articles in this Research Topic offer a glimpse at the

new insights and possibilities for early detection of risk for
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cognitive decline and a better understanding of the etiologies

of decline. They also provide insights into new directions

in preventing or ameliorating age-related cognitive decline,

including approaches that might reach high-risk and underserved

populations. These studies also show the increasing and inevitable

merge of neurocognitive research across neuroimaging, clinical,

physiological, behavioral, cognitive, and social disciplines toward a

better understanding of the whole organism, and better prediction

and intervention in typical and atypical cognitive aging. As we

also noted in the inaugural Insights Research Topic, there is a

movement toward and appreciation for the need for studies and

interventions that target middle age, when brain and cognitive

alterations begin to change and arresting or reversing decline is

more likely to be achieved.
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Cognitive control decline is a major manifestation of brain aging that severely

impairs the goal-directed abilities of older adults. Magnetic resonance imaging

evidence suggests that cognitive control during aging is associated with

altered activation in a range of brain regions, including the frontal, parietal,

and occipital lobes. However, focusing on specific regions, while ignoring

the structural and functional connectivity between regions, may impede an

integrated understanding of cognitive control decline in older adults. Here,

we discuss the role of aging-related changes in functional segregation,

integration, and antagonism among large-scale networks. We highlight

that disrupted spontaneous network organization, impaired information

co-processing, and enhanced endogenous interference promote cognitive

control declines during aging. Additionally, in older adults, severe damage

to structural network can weaken functional connectivity and subsequently

trigger cognitive control decline, whereas a relatively intact structural network

ensures the compensation of functional connectivity to mitigate cognitive

control impairment. Thus, we propose that age-related changes in functional

networks may be influenced by structural networks in cognitive control in

aging (CCA). This review provided an integrative framework to understand

the cognitive control decline in aging by viewing the brain as a multimodal

networked system.

KEYWORDS

aging, cognitive control, functional connectivity, functional network, neural network
mechanisms, structural network, executive function

Introduction

Over the past 20 years, the proportion of older adults in the population has expanded
rapidly (Beard et al., 2016; He et al., 2016). Advances in healthcare have delayed the
debilitating effects of aging on physical wellbeing (Czaja et al., 2013). Nevertheless,
striking declines in measures of cognitive control continue to be associated with aging
(Grady, 2012). Cognitive control (also termed executive function) refers to several
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cognitive processes involved in top-down control, including
inhibitory control, working memory, and cognitive flexibility
(Diamond, 2013; Zink et al., 2021). Miyake et al. (2000)
also explicitly addressed the diversity of cognitive control and
proposed three distinct processes: updating (or monitoring),
inhibition, and switching (or shifting). Despite the diversity,
these control-based cognitions rely on “dampening” irrelevant
information and prioritizing relevant information to ensure
goal-oriented tasks (Gratton et al., 2018). In addition, cognitive
control supports a series of higher-order cognitive processes
(e.g., planning and reasoning) and is needed to meet the
demands of daily life (Diamond, 2013). Accordingly, cognitive
control in aging (CCA) may involve a decline in overall
cognition. Given that cognitive declines impair the quality
of life and life satisfaction in older adults (Jones et al.,
2003; Khodabakhsh, 2021), it is valuable to understand the
neurological mechanisms of CCA, by which we could facilitate
the development of interventions that can address brain aging
(Williams and Kemper, 2010).

To date, a major focus in neurocognitive aging research
was linking cognitive control declines to specific regions
(Coxon et al., 2016; Fernandez-Ruiz et al., 2018). From this
perspective, CCA emerges from the functional degeneration of
discrete regions. For example, aging is associated with decreased
activation of occipital regions (Spreng et al., 2010; Li et al.,
2015), suggesting that CCA may begin with a decline in visual
perception. Moreover, older adults show increased or decreased
activation in the frontal and parietal regions during tasks
requiring cognitive control (Cappell et al., 2010; Spreng et al.,
2017). The compensation-related utilization of neural circuits
hypothesis (CRUNCH) proposes that older adults typically
utilize more neural resources to meet task demands and exhibit
hyperactivation under low-demand conditions (Reuter-Lorenz
and Lustig, 2005; Reuter-Lorenz and Cappell, 2008; Festini
et al., 2018). However, such a strategy fails under high-demand
conditions, resulting in lower regional activation (Cappell et al.,
2010; Schneider-Garces et al., 2010). In addition, CRUNCH also
suggests increased bilateral recruitment of the prefrontal cortex.
Specifically, older adults showed bilateral recruitment of the
prefrontal cortex in both low- and high-demand conditions,
while young adults recruited the bilateral prefrontal cortex
only in the high-demand condition (Spaniol and Grady, 2012).
Previous studies have partially revealed the neural basis of CCA
by localizing regions (Cappell et al., 2010; Spaniol and Grady,
2012; Spreng et al., 2017), but this approach cannot reveal the
mechanism at a systems level.

Accumulating evidence has suggested that CCA can arise
from changes in connectivity among brain networks (Hausman
et al., 2020; Rieck et al., 2021; Setton et al., 2021). Network
neuroscience views the human brain as a complex networked
system. This system is composed of several large-scale networks
that enable specific mental functions (Sporns, 2013; Sporns
and Betzel, 2016). Moreover, functional interactions among

large-scale networks are crucial for complex cognitive control
(Cocchi et al., 2013). Hence, disrupted network interactions
can lead to aging-related declines in cognitive control (Grady
et al., 2016; Setton et al., 2021). For example, functional
networks typically show functional segregation in the resting
state, which implies that the intra-network connectivity is
dense while inter-network connectivity is sparse (Sporns,
2013; Wig, 2017). When the brain enters the task state,
functional networks present functional integration, which is
characterized by dynamic rewiring, with enhanced functional
connectivity or network efficiency (Cocchi et al., 2013; Sporns,
2013). Abnormalities in functional segregation and integration
among networks are associated with cognitive control declines
in older adults (Grady et al., 2016; Hausman et al., 2020;
Setton et al., 2021). Although aging-related changes in
functional network have been observed in older adults, the
structural basis of these functional changes remains to be fully
investigated, and no review has discussed how changes in
multimodal networks are involved in CCA. Herein, we review
functional and structural neuroimaging studies to provide
a systematic outline of the network mechanisms underlying
CCA.

Connectivity changes in functional
networks associated with
cognitive control in aging

Multiple large-scale networks facilitate specialized mental
functioning for cognitive control (Cocchi et al., 2013; Sporns
and Betzel, 2016). These networks can be functionally classified
into three categories: the task-positive network (TPN), the
default mode network (DMN), and networks involved in
primary mental processes. First, the TPN is thought to be critical
for complex cognitive processes (e.g., top-down control and
external attention), which mainly involves the frontoparietal,
dorsal attention, and ventral attention networks (Cocchi et al.,
2013; Di and Biswal, 2014; Hsu et al., 2020; Yao et al., 2020).
Specifically, the frontoparietal network, with the dorsolateral
prefrontal cortex (dlPFC) and posterior parietal lobe (PPC)
as hub regions, typically shows increased activation during
cognitive control tasks and putatively in service of conflict
monitoring and resolution (Qiao et al., 2017; Chen et al.,
2018; Yin et al., 2018). In addition, ventral and dorsal
attention networks are engaged in capturing salient stimuli
and attentional control (Vossel et al., 2014; Tamber-Rosenau
et al., 2018; Suo et al., 2021). Second, the DMN, also called the
task-negative network, is thought to support self-reflective and
internally directed cognitions (Anticevic et al., 2012; Raichle,
2015). The DMN normally shows reduced activity during
exogenous cognitive demands, putatively in service of allowing
a focus on external task demands (Harrison et al., 2008; Buckner
and DiNicola, 2019). Third, the networks involved in primary
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mental processes also support cognitive control. The visual
network, mainly comprising the occipital cortex, is associated
with the early visual perception of task-related stimuli (Yeo
et al., 2011; Cocchi et al., 2013), while the sensorimotor network
is usually responsible for controlling hand movements during
the late stage of reactive control (Levy and Wagner, 2011;
Cocchi et al., 2013). There is evidence that age-related changes
in the interaction patterns of these networks play a role in
CCA.

Decreased functional segregation in
the resting state

Decreased functional segregation occurs with aging (Chan
et al., 2014; Damoiseaux, 2017; Oschmann and Gawryluk, 2020).
Functional segregation typically refers to neural processing
in regions with similar functions, which usually manifests
as sparse inter-network connectivity and dense intra-network
connectivity (Sporns, 2013; Sporns and Betzel, 2016). In
older adults, impaired functional segregation (as illustrated in
Figure 1A) in the resting state occurs in the TPN and is
generally characterized by decreased intra-network connectivity
and increased inter-network connectivity (Damoiseaux, 2017;
Oschmann and Gawryluk, 2020). For example, compared with
young adults, older adults have reduced functional connectivity
strength within the ventral and dorsal attentional networks
(Archer et al., 2016; Zonneveld et al., 2019). Also, over a 4-
year follow-up period, older adults showed a gradual decline in
frontoparietal network connectivity (Oschmann and Gawryluk,
2020). In terms of inter-network connectivity, compared
to young adults, older adults have increased functional
connectivity between the frontoparietal and dorsal attention
networks, between the frontoparietal and ventral attention
networks, and between dorsal and ventral attention networks
(Ferreira and Busatto, 2013; Ferreira et al., 2016; Zonneveld
et al., 2019). Taken together, there is a clear association between
decreased functional segregation in the TPN and aging.

Preliminary evidence has suggested that decreased
functional segregation of the TPN is associated with a
decline in cognitive control with age. For example, in older
adults, lower intra-connectivity within frontoparietal and
attention network indicates worse cognitive control, and
enhanced inter-connectivity between the frontoparietal and
dorsal attention networks is associated with cognitive control
decline (Sala-Llonch et al., 2012; Hausman et al., 2020; Setton
et al., 2021). Functional segregation reflects the extent to
which densely connected regions perform specialized cognitive
functions (Wig, 2017; Koen and Rugg, 2019) and often indicate
a well-organized spontaneous network. Decreased functional
segregation might reflect an impairment in spontaneous
network organization, which in turn manifests as cognitive
control decline in older adults.

Declined functional integration during
tasks requiring cognitive control

Functional integration (also called functional coupling)
reflects the integrated processing of information during tasks
and usually manifests as enhanced functional connectivity
(Fornito et al., 2012; Cocchi et al., 2013; Sporns, 2013). Enhanced
coupling can occur within a specific network or across networks.
For example, connectivity within the frontoparietal network
was reorganized as control-demands increased, reflecting the
engagement of rule representation, conflict monitoring, and
resolution (Cocuzza et al., 2020; Ray et al., 2020; Nee, 2021).
For inter-network connectivity, enhanced functional integration
between frontoparietal and attention networks ensures that the
information captured by attention can be processed according to
the target rules (Cocchi et al., 2013; Cai et al., 2021; Menon and
D’Esposito, 2022). In addition, functional integration between
frontoparietal and sensorimotor networks ensures that subjects
can inhibit dominant responses and behave correctly according
to target rules (Cocchi et al., 2013; Cole et al., 2013; Cocuzza
et al., 2020). In summary, functional integration is the core
neural representations during tasks requiring cognitive control.

Functional integration among the frontoparietal network
may be an important neural indicator of the cognitive control
ability during aging. In older adults, functional connectivity
between prefrontal and parietal cortex, i.e., within the
frontoparietal network, positively predicts their performance
during tasks requiring cognitive control (Madden et al.,
2010). Further, in an emotional working memory task, older
adults recruit the frontoparietal network to ignore irrelevant
distractors and encode negative emotional items, whereas young
adults only adopt the frontal regions to encode both positive
and negative emotional items (Ziaei et al., 2017). Similar to
young adults, functional integration among the frontoparietal
network supports the control functions in healthy older adults.
Specifically, frontal regions are thought to engage in rule
representation and control execution, whereas parietal lobes are
thought to support rule reconstruction (Brass et al., 2005a,b;
Ghanavati et al., 2019; Nee, 2021). Thus, decreased functional
integration within the frontoparietal network may indicate
decreased rule-dependent control in CCA.

Functional integration between frontoparietal network
regions (e.g., the dlPFC) and task-specific regions is associated
with CCA (as illustrated in Figure 1B). By adding face-based
distractors to a delayed-recognition task, Clapp et al. (2011)
explored task-based connectivity during working memory
performance and observed decreased connectivity between the
right dlPFC (called the middle frontal gyrus in their report)
and parahippocampus in older adults. Also, during the switch-
based task, the functional connectivity between the dlPFC and
task-specific regions (e.g., cerebellum, thalamus) was lower
in older adults than young people (Madden et al., 2010). In
contrast, connectivity preservation between the dlPFC and

Frontiers in Aging Neuroscience 03 frontiersin.org

15

https://doi.org/10.3389/fnagi.2022.1038756
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-14-1038756 October 25, 2022 Time: 13:39 # 4

Xia et al. 10.3389/fnagi.2022.1038756

FIGURE 1

Schematic diagram of group differences in functional segregation, integration, and antagonism between young and older adults. (A) Functional
segregation of the frontoparietal network (FPN) and ventral attention network (VAN) in the resting state. The intra-network connectivity in the
young group is tightly connected, but the inter-network connectivity is weak. The connectivity pattern changes in older adults, showing
decreased intra-connectivity and increased inter-connectivity of the FPN and VAN, suggesting decreased functional segregation of the task
positive network (Chan et al., 2014; Zonneveld et al., 2019). (B) Functional integration in task processing. During the N-back task, the young
group showed increased connectivity between the FPN hub (i.e., the left dlPFC) and working-memory-related regions from 1-back to 3-back
conditions. Nevertheless, older adults did not show load-dependent connectivity enhancement between these regions, suggesting a decline in
functional integration during aging (Nagel et al., 2011). The solid lines reflect increased connectivity strength, and the dotted lines indicate no
load-dependent connectivity enhancement. Working-memory-related regions were located in the big bubble with purple color. (C) Functional
antagonism between the TPN and DMN. The mean activity patterns of the TPN and DMN are predominantly negatively correlated in the
younger group, while this correlation is absent in the older group. Panel A and C used simulated data to illustrate published findings (Nagel et al.,
2011; Chan et al., 2014; Geerligs et al., 2015; Ferreira et al., 2016; Zonneveld et al., 2019). The connectivity matrix in panel (A) and connectivity
strength in panel (C) were calculated by Pearson correlation. Within, intra-network connectivity; Between, inter-network connectivity; DMN,
default mode network; TPN, task positive network; FPN, frontoparietal network; VAN, ventral attention network; SMA, supplementary motor
area; PMC, premotor cortex; PPC, posterior parietal cortex; dlPFC, dorsolateral prefrontal cortex; WM, working memory.

task-specific regions (e.g., inferotemporal, left premotor cortex)
was associated with better cognitive control performance in
older adults (Nagel et al., 2011; Hakun et al., 2015). The
above evidence suggests that decreased functional integration
between frontoparietal network and task-specific brain regions
is associated with the decline in cognitive control with age, but
the pattern is influenced by tasks or specific subcomponents of
cognitive control.

Finally, functional integration, as measured by network
efficiency properties, declines with aging. Network integrative
processes can be viewed as the communication efficiency
measured by graph-theoretic properties (Sporns, 2013). In
addition to the strength of functional connectivity, graph-
theoretic coefficients such as rich clubs and hub integrity can
be used to reflect the functional integration. The assortativity,
a graph coefficient that reflects how regions connect to other
regions with a similar degree, was lower in older adults
during control tasks than at rest, indicating an aging-related
decline in functional integration (Grady et al., 2016). In
contrast, preserved functional integration was associated with
better cognitive control performance. Specifically, both higher

hub integrity of the dlPFC and anterior cingulate cortex (Pa
et al., 2014), and greater integration of the dorsal attention
network predicted better inhibitory control ability in older
adults (Rieck et al., 2021). The graph-theoretic analysis offers
an additional approach to elucidate CCA-related changes in
functional integration.

Disrupted inter-network functional
antagonism

Cognitive control relies on functional antagonism between
large-scale networks. Functional antagonism differs from
functional segregation. Functional segregation usually refers to
positive functional connectivity, where blood-oxygen dynamics
between regions are predominantly positively correlated,
whereas functional antagonism refers mainly to negative
connectivity, where the blood oxygen level-dependent signals
between paired regions are predominantly negatively correlated
(Fornito et al., 2012; Li et al., 2021; Demertzi et al., 2022).
Functional antagonism can exist in both resting and task states
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and is mainly present between the TPN and DMN. In the
resting state, the TPN is usually only slightly activated, while
the DMN is highly activated, and there is a stable negative
connection between the TPN (e.g., attention and frontoparietal
network) and DMN (Raichle, 2015; Buckner and DiNicola,
2019). In a cognitive control task, the activation level of the
DMN is decreased, while that of the TPN is increased; thus, the
functional antagonism between these networks is maintained.
Functional antagonism between the TPN and DMN positively
predicts cognitive control performance in healthy adults (Kelly
et al., 2008; Xin and Lei, 2015).

Declines in functional antagonism are important
neurological indicators of the decreased cognitive control
in older adults (as illustrated in Figure 1C). There is ample
evidence that functional antagonism between the TPN and
DMN decreases with aging, as evidenced by the decreased anti-
correlation between activity in the DMN and in the ventral and
dorsal attention network (Geerligs et al., 2015; Ferreira et al.,
2016; Spreng et al., 2016; Zonneveld et al., 2019). Furthermore,
even in healthy older adults, a large number of connections
shift from negative to positive, implying impaired functional
antagonism in the aging brain (Ferreira et al., 2016). Putcha et al.
(2016) found that decreased functional antagonism between
attention networks and the DMN was associated with cognitive
control decline in older adults. The TPN antagonism supports
the appropriate suppression of the DMN during a range of
cognitive control tasks, which ensures that the external-oriented
cognitive process is not affected by internal processes from
the DMN (Raichle, 2015; Buckner and DiNicola, 2019). Thus,
decreased DMN–TPN antagonism putatively indicates that the
decrease in CCA is associated with enhanced internal inference
from the DMN.

Summary

Aging-related changes in the functional connectivity of
large-scale networks are important contributors to CCA.
Specifically, decreased functional segregation, integration, and
antagonism are associated with worse behavioral performance
measured by control-based tasks in older adults (Madden
et al., 2010; Putcha et al., 2016; Setton et al., 2021). Despite
the debilitating effects of disrupted network connectivity,
there is also evidence that functional integration is positively
correlated with task performance in older adults (Nagel
et al., 2011; Hakun et al., 2015). Thus, connectivity-related
compensation, especially in terms of functional integration,
could be examined in future studies. Functional segregation
in the resting state is a hallmark of the well-organized
spontaneous network organization, functional integration in
the task state reflects collaborative processing of information,
and functional antagonism ensures resistance to endogenous
interference during cognitive control (Cocchi et al., 2013;

Sporns, 2013; Wig, 2017; Buckner and DiNicola, 2019). Aging
is accompanied by abnormalities in all three types of
network interaction patterns, suggesting that decreased CCA
is associated with disrupted spontaneous network organization,
impaired information coordination, and increased endogenous
interference. In both resting and task states, changes in the intra-
and inter-connectivity of the frontoparietal network states play
a central role in decreasing CCA (Madden et al., 2010; Sala-
Llonch et al., 2012; Setton et al., 2021). Finally, it is known that
maintenance of functional connectivity depends on structural
connections, consisting of white matter fibers. How does the
white matter structural network change with age? How do
functional and structural networks interact with and participate
in CCA? In the next section, we introduce structural evidence to
elucidate the network connectivity mechanisms related to CCA
further.

Structural and functional network
interactions in cognitive control in
aging

Anatomically, a large number of isotropic axons are
“bundled” together to form white matter fibers. These fibers
form a structural network that ensures the transmission of
electrical signals across brain regions (Bennett and Madden,
2014; Liu et al., 2017). In healthy adults, although some
functional connections could exist without direct structural
support (Zimmermann et al., 2016), several studies have
reported that the strength, length, and spatial position of white
matter fibers can predict functional connectivity in resting and
task states (Honey et al., 2009; Hermundstad et al., 2013).
White matter networks may act as “skeletons” that maintain
and constrain functional connectivity (Park and Friston, 2013;
Suárez et al., 2020). Aging is usually accompanied by white
matter structural lesions, manifested by decreases in white
matter volume and fiber disconnection (Bennett and Madden,
2014; Damoiseaux, 2017). These structural declines trigger
alterations in functional connectivity, causing older adults to
exhibit declines in cognitive control at the behavioral level.
In this section, we discuss the neural basis of the multimodal
network mechanisms underlying decreased cognitive control in
older adults, based on the limited empirical studies available to
date.

Age-related changes in white matter
and cognitive control in aging

Age-related structural changes in the white matter involve
both decreases in white matter volume and impairment of
structural connections (Damoiseaux, 2017; Farokhian et al.,
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2017). Voxel-based morphometry analysis of T1-weighted
images revealed a 26% decrease in the total white matter volume
from the age of 30 years to the age of 90 years (Jernigan et al.,
2001). Compared to the occipital and temporal lobe regions,
the frontal white matter in the anterior hemisphere is the most
vulnerable to age-related loss due to aging (Gunning-Dixon
et al., 2009). In addition, several studies have analyzed diffusion
tensor imaging and diffusion-weighted imaging using white
matter fiber-tracking techniques to examine the relationship
between structural connectivity and aging. These results
showed that the structural connectivity of the cingulate gyrus,
cuneus, precuneus, superior frontal gyrus, and parietal lobe
gradually decreased with age, suggesting brain-wide structural
connectivity impairment (Madden et al., 2012; Hirsiger et al.,
2016; Damoiseaux, 2017; Liu et al., 2017).

Both white matter loss and structural disconnection suggest
a decrease in neural signaling capacity and are associated
with decreased cognitive control (Charlton et al., 2010; Ystad
et al., 2011; Madden et al., 2012). In older adults, volume
loss in the frontal, inferior frontal, and parietal white matter
predicts declines in multiple subcomponents of cognitive
control, including working memory, inhibitory control, and
cognitive flexibility (Charlton et al., 2010; Madden et al., 2012).
In addition, lesions of the superior longitudinal fasciculus can
predict cognitive flexibility decline in older adults (Gold et al.,
2010). Notably, white matter lesions associated with decreased
CCA are mainly concentrated in the frontal and parietal lobes
(Charlton et al., 2010; Madden et al., 2012), which overlap
spatially with the frontoparietal network. In addition, structural
connectivity between subcortical regions (i.e., the thalamus
and nucleus accumbens) and regions within the DMN and
dorsal attention network positively predicts cognitive control
in older adults (Ystad et al., 2011). The structural connectivity
between the thalamus and pre-supplementary motor region is
also positively correlated with inhibitory control in older adults
(Coxon et al., 2012). In summary, both aging-related regional
and connectivity damage to the white matter play a role in the
decline of cognitive control with age.

Multimodal networks involved in
cognitive control in aging

Functional networks may serve as mediators of the
cognitive control decline triggered by structural network
damage. The impairment perspective proposes that damage
to structural connections can weaken functional connectivity.
Studies have shown that structural connections support
functional connectivity in healthy older adults. For example,
Andrews-Hanna et al. (2007) found that fractional anisotropy
(a measurement of white matter integrity) of the anterior–
posterior fiber was positively correlated with the functional
connectivity between hub regions within the DMN, including

the medial prefrontal cortex and PCC. Other studies have
also shown that the integrity of the fornix and cingulum
bundle can positively predict functional connectivity (e.g.,
cortex–subcortical connectivity) (Kehoe et al., 2015; Fjell et al.,
2016). Not surprisingly, damage to structural connections
results in reduced functional connectivity. A longitudinal
study suggested that age-related impairments in the structural
connectivity of the cingulum bundle trigger decreased cortical–
subcortical functional connectivity (Fjell et al., 2016). Since
functional connectivity supports the collaborative processing
of information in control tasks, the pathway “structural
connectivity damage → functional connectivity damage →

cognitive control decline” may be a valid concept in terms of
CCA (Figure 2A, damaged pathway).

However, the damage perspective cannot explain some
of the existing empirical results and may lead to a view of
functional connectivity compensation (Figure 2A, functional
compensation). Specifically, while lesions in structural
connectivity can trigger cognitive control decline in older
adults, increased functional connectivity can attenuate cognitive
decline associated with structural damage. Benson et al.
(2018) reported that increased functional connectivity of the
frontoparietal and attention networks counteracted cognitive
control declines associated with white matter lesions. Therefore,
white matter lesions do not necessarily trigger functional
connectivity impairment. In older adults, the TPN can maintain
cognitive function as much as possible by enhancing functional
connectivity. Why do structural connectivity lesions in the
aging brain not necessarily weaken functional connectivity?
What is the structural basis of compensatory enhancement
of functional connectivity? The possible explanation of above
questions is discussed in the following paragraph.

A relatively intact structural network may be a prerequisite
for functional connectivity compensation, while severe lesions
in the structural network can trigger reduced functional
connectivity. When considering a network as a whole, a
marked similarity between functional and structural networks
can be observed (Figure 2B; Wang et al., 2015; Suo et al.,
2021). Structure–function coupling reflects the support and
restraint of structural networks on functional networks (Suárez
et al., 2020; Bazinet et al., 2021; Suo et al., 2021). However,
structural and functional connections do not strictly correspond
to each other, which reflects the adaptive adjustments of
specific connections in the human brain (Suárez et al., 2020).
On the other word, functional connectivity can be built on
third-party structural pathways. For older adults, when the
structural network is relatively well preserved, lesions of specific
structural connections do not directly result in damage to
functional connectivity, and the preserved third-party structural
pathways ensures the keep of functional connectivity. However,
severe structural network damage makes it difficult to rely
on third-party structural pathways to maintain the initial
functional connectivity and results in cognitive control decline
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FIGURE 2

Interactions of the functional and structural network in cognitive control. (A) The upper panel depicts the damaged pathway of “structural
connectivity damage → functional connectivity damage → cognitive control decline” when the structural network damage is severe. Notably,
the direct path (SC→CC) indicates a general relationship between decreased structural connectivity and cognitive control decline, and there
may be other mediating variables beyond functional connectivity in maintaining this relationship. In the bottom panel, the gray downward arrow
in SC indicates that the structural network is relatively intact or slightly damaged. In this case, the compensation of functional connectivity
reduced the debilitating effects of structural connectivity damages on cognitive control. The gray downward arrow in CC indicates no decline
(especially when the task is easy) or fewer declines in cognitive control when functional connectivity is compensated. The presentation of
variable relationships followed the conventions in the multivariate model. (B) The structural and functional networks are generally similar, but
functional connections can be built on tripartite structural pathways to retain connectivity (Suárez et al., 2020). This pattern (i.e., the structural
and functional network are similar in whole but different in part) can be applied to the whole brain network. A relatively intact structural network
is a prerequisite for compensating for functional connections. Pink dots represent brain areas, and lines between regions represent
connections. SC, structural connectivity; FC, functional connectivity; CC, cognitive control; ↓, decrease; ↑, increase; +, positive relationship
between two linked variables; –, increased FC diminishes the effect of structural connectivity damage in triggering cognitive control declines.

in older adults. For example, Burianova et al. (2015) selected
hyperactivated regions in working memory tasks to define
the compensatory network and found that integrity of the
bilateral frontoparietal tracts positively predicted the strength
of functional connectivity of the compensatory network as well
as task performance. Notably, although functional connectivity
can be maintained when the structural network is relatively
intact, the functional connectivity built on a third-party
structural pathway may have reduced communication efficiency
due to the increased length of the structural route. This can
be explained using a metaphor: when the direct road to the
destination is blocked, one can take a detour to get to the
destination, but the total distance is longer. The aging brain
may recruit more neural synchronization to offset the reduced
communication efficiency and manifest as increased functional
connectivity.

Summary

Structural and functional networks show complex
interactions affecting CCA. Because structural connections
support and constrain functional connections, it could be
concluded that structural connection damage triggers cognitive
control decline by weakening functional connectivity. However,
when the structural network is locally damaged but globally
preserved, the effects on functional connectivity may be

compensated through third-party structural pathways and may
counteract the cognitive control decline associated with the
structural damage. Functional compensation determined by
preservation of the structural network should be considered in
future explorations of network mechanisms underlying CCA.

Prospects and limitations

Aging-related changes in structural and functional
connectivity among networks are involved in decreased CCA.
However, to date, CCA-related network mechanisms have been
established based on correlative evidence (Ferreira and Busatto,
2013). In the strict sense, we cannot specify whether changes in
network connectivity caused cognitive control declines in older
adults. Causal evidence needs to be accumulated to increase
the reliability of existing findings. Notably, several prospects
are available for the network mechanism of CCA, as discussed
below.

Exploring the shared and unique
network mechanisms underlying
cognitive control in aging

Common and unique network mechanisms underlie
cognitive control. Cognitive control can be divided into three
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core subcomponents: working memory, inhibitory control, and
cognitive flexibility (Diamond, 2013; Zink et al., 2021). All three
core subcomponents are based on top–down control but have
unique cognitive mechanisms. For example, working memory
is related to the representation and extraction of information,
whereas inhibitory control is mainly associated with reducing
interference and highlighting the target (Diamond, 2013).
Imaging evidence suggests that the three subcomponents rely
on the frontoparietal network to implement conflict monitoring,
resolution, and goal-directed processes (Cocchi et al., 2013;
Zanto and Gazzaley, 2013; Qiao et al., 2020). However,
the frontoparietal network dynamically rewires functional
connections with regions involved in other networks according
to task rules, forming component-specific network mechanisms
(Cole et al., 2013; Zanto and Gazzaley, 2013). For example,
working memory involves increased functional connectivity
between the frontoparietal network and memory-related brain
regions (Yamashita et al., 2018; Cai et al., 2021), while responsive
control is associated with enhanced functional connectivity
between the frontoparietal and sensorimotor networks (Cocchi
et al., 2013).

Aging-related network mechanisms underlying the different
subcomponents of cognitive control may be both shared
and unique. Declines in functional connectivity within the
frontoparietal network are associated with decreased CCA (Sala-
Llonch et al., 2012; Setton et al., 2021); however, compensatory
enhancement of functional connectivity within the network
counteracts the adverse effects of aging (Benson et al., 2018).
In addition, white matter lesions within the frontoparietal
network predict declines in multiple aspects of cognitive control
(Charlton et al., 2010; Madden et al., 2012). Multimodal imaging
evidence points to common mechanisms underlying CCA in
the frontoparietal network. Moreover, aging-related changes
in inter-network connectivity show task-specific patterns,
suggesting the existence of unique network mechanisms related
to CCA. Notably, previous studies used different MRI data pre-
processing protocols, and network construction and functional
connectivity analysis methods (Stanley et al., 2015; Tsvetanov
et al., 2018); therefore, it is impossible to compare results across
studies directly. In future, datasets from the same cohort of older
adults, addressing multiple cognitive control components, will
be needed to explore this issue.

Enhancing multimodal network studies
in cognitive control in aging

Multimodal network mechanisms for CCA are mostly
theoretical, and empirical studies are rare. The impairment
perspective suggests that CCA follows the pathway of
“structural connectivity impairment → functional connectivity
impairment → cognitive control decline.” However, the
compensation view suggests that if the structural network is

mostly preserved, the compensation of functional connectivity
can be occurred through third-party structural pathways, as
manifested by increased functional connectivity and cognitive
control maintenance. When the structural network is severely
disrupted, the functional network will be damaged and result
in declines in cognitive control. Thus, structural and functional
networks act together in a complex way in CCA, and the
degree of structural network impairment may be an important
a priori variable. In future, researchers should systematically
collect multimodal imaging data, select targeted connections
or networks, and construct mediating and moderating
multivariate models to clarify how structural and functional
networks interact and influence CCA.

Notably, communication models and multilayer network
analyses that emerge from network science would offer
approaches to explore the structure–function coupling of brain
networks (Bassett and Sporns, 2017). By formulating models
of multimodal connectivity, these methods hinder the non-
independence of multilevel connectivity measures and assess
the extent to which the biologically realistic model conforms
to the properties of the functional network (Kivela et al., 2014;
Muldoon and Bassett, 2016; Bassett and Sporns, 2017; Suárez
et al., 2020). These methods can characterize the similarity
of structural and functional networks at the macro level
and will allow an integrated assessment of the supporting
and constraining effects of structural networks on functional
networks, thereby offering a new approach for exploring
multimodal network mechanisms underlying CCA.

Exploring the dynamic functional
connectivity mechanisms of cognitive
control in aging

Whether changes in dynamic functional connectivity are
involved in decreased CCA should be examined. Dynamic
functional connectivity refers to the time-varying fluctuations
of functional networks (Hutchison et al., 2013; Allen et al.,
2014; Calhoun et al., 2014). Cognitive control has been found to
be associated with dynamic functional connectivity (Hutchison
and Morton, 2016; Nomi et al., 2017). For example, Nomi
et al. (2017) found that the frequency of an asynchronous
brain state was associated with control-based tasks that require
flexible cognition. Besides, aging-related changes in dynamic
functional connectivity have been verified (Cabral et al., 2017;
Viviano et al., 2017). Nevertheless, investigations of CCA have
largely taken into account the connectivity properties from a
static perspective. Based on the available studies, it is difficult
to form specific conclusions about whether and how aging-
related changes in dynamic functional connectivity are involved
in decreased CCA. Hence, dynamic approaches of functional
connectivity, such as sliding-window methods (Hutchison et al.,
2013), should be adopted in future studies.
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Conclusion

Cognitive control decline is a salient feature of aging.
Abnormalities in the functional segregation, integration, and
antagonism of functional networks suggest that disrupted
spontaneous network organization, failed information co-
processing, and increased endogenous interference in cognitive
control are related to reduced CCA. Severe damage to the
structural network can induce cognitive control decline by
weakening functional connectivity. Nevertheless, a relatively
intact structural network can ensure the compensation of
functional connectivity, to delay the decline in CCA. Future
research should introduce network neuroscience approaches
and investigate the multimodal network mechanisms of aging-
related cognitive control decline.
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defined as accumulation of 
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Background: Frailty in older adults has been associated with reduced brain health. 
However, structural brain signatures of frailty remain understudied. Our aims were: 
(1) Explore associations between a frailty index (FI) and brain structure on magnetic 
resonance imaging (MRI). (2) Identify the most important FI features driving the 
associations.

Methods: We designed a cross-sectional observational study from a population-
based study (The Irish Longitudinal Study on Aging: TILDA). Participants aged ≥50 years 
who underwent the wave 3 MRI sub-study were included. We measured cortex, basal 
ganglia, and each of the Desikan-Killiany regional volumes. Age-and sex-adjusted 
correlations were performed with a 32-item self-reported FI that included conditions 
commonly tested for frailty in research and clinical settings. A graph theory analysis 
of the network composed by each FI item and cortex volume was performed. White 
matter fiber integrity was quantified using diffusion tensor imaging (DTI).

Results: In 523 participants (mean age 69, 49% men), lower cortex and thalamic 
volumes were independently associated with higher FI. Sensory and functional 
difficulties, diabetes, polypharmacy, knee pain, and self-reported health were the 
main FI associations with cortex volume. In the network analysis, cortex volume had 
a modest influence within the frailty network. Regionally, higher FI was significantly 
associated with lower volumes in both orbitofrontal and temporal cortices. DTI 
analyses revealed inverse associations between the FI and the integrity of some 
association bundles.

Conclusion: The FI used had a recognizable but subtle structural brain signature 
in this sample. Only some FI deficits were directly associated with cortex volume, 
suggesting scope for developing FIs that include metrics more specifically related 
with brain health in future aging neuroscience studies.
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Introduction

With progressively ageing societies and global preventative efforts 
being aimed at maintaining good physical function (Lancet, 2011) and 
brain health (Livingston et  al., 2020) for as long as possible, the 
neuroscience of human ageing is a topic of increasing interest following 
emerging evidence that different lifespan exposures may affect brain 
ageing differently (Grady, 2012).

Frailty is an age-related state of physical vulnerability due to 
dysregulation in multiple physiological systems that is an important 
contributor to morbidity and mortality in older adults (Castellana et al., 
2021; Bortone et al., 2022). Different ways to measure frailty have been 
proposed (de Vries et al., 2011; Howlett et al., 2021). Fried et al. (2001) 
proposed a definition of frailty based on 5 items (unexplained weight 
loss, weakness, low physical activity, slow walking speed, and exhaustion; 
Fried et al., 2001). Later, Rockwood and Mitnitski (2011) proposed to 
measure frailty as a composite of deficits that are related with age in a 
Frailty Index (FI). The FI sees frailty as the degree of accumulation of 
health deficits during the ageing process (Rockwood and Mitnitski, 
2011), which as per standard procedure (Searle et  al., 2008) can 
be composed by self-reported and/or test-based (Theou et al., 2015) 
symptoms, conditions, morbidities and/or disabilities that accumulate 
with age, cover a range of systems without saturating too early, and relate 
to adverse health outcomes. In 2013, the IANA/IAGG International 
Consensus Group proposed the definition of cognitive frailty as 
individuals with physical frailty and mild cognitive impairment with a 
clinical dementia rating score of 0.5 (Kelaiditi et al., 2013).

An emerging focus of enquiry is that frailty may be associated with 
risk of decline in brain health. This hypothesis is biologically plausible 
because ultimately, the brain is an organ of the body. However, in older 
adults, the evidence as to how frailty affects brain neuroimaging 
biomarkers is scarce and studies to date offer potentially contradictory 
results. On the one hand, with the frailty phenotype (FP) some authors 
found affectation of the brain microstructure (both gray and white 
matter; Maltais et al., 2020; Tian et al., 2020), with one study only finding 
association between the slowness component and cortex volume 
(Nishita et al., 2019). On the other hand, other authors using a 54-item 
FI that included the execution of instrumental activities (e.g., dressing, 
using the remote), chronic diseases (e.g., cardiovascular, malignancy) 
and sensory deficits (e.g., vision and hearing) did not find a relationship 
with white or gray matter volumes (Jordan et al., 2021). A group from 
Taiwan explored the impact of the physio-cognitive syndrome (physical 
slowness plus a score of >1.5 standard deviation from the mean for one 
cognitive domain) with changes in brain structure focusing on the 
hippocampus and the cerebellum (Chung et al., 2021). However, 
regardless of the definition of frailty, the mechanisms that may explain 
the relationship between frailty and brain health (e.g., neurological, 
cognitive, sensorimotor skills) are still unknown.

Our aim was to explore cross-sectional associations between a self-
reported FI (including physical, sensory and cognitive features together 
with age-related chronic diseases) with gray matter volume (global 
cortex volume and basal ganglia) on magnetic resonance imaging (MRI) 
using data from The Irish Longitudinal Study on Ageing (TILDA). In 
addition, we aimed to identify the FI features that had a core role in the 
frailty-cortex volume relationship and, with a graph theory approach, 
attempt to better understand the relationship between each FI item and 
the cortex volume as a network of interconnected features. Finally, 
we aimed to identify brain regions (cortex regions and white matter 
tracts) associated with the FI.

Materials and methods

Participants

The Irish Longitudinal Study on Ageing is a prospective cohort 
study that collects health, economic, and social data from a nationally 
representative sample of community-dwelling adults living in Ireland 
aged 50 years and over (Kearney et al., 2011; Donoghue et al., 2018). 
We utilized data from participants in wave 3 of the study (March 2014–
December 2015 cohort), which to date is the only wave where 
neuroimaging data was collected (Whelan and Savva, 2013; Donoghue 
et al., 2018). Of all participants attending the wave 3 health assessment 
center, a random subset was invited to return for multi-parametric brain 
MRI at the National Centre for Advanced Medical Imaging (CAMI) at 
St. James’s Hospital, Dublin, Ireland.1 Participants with self-reported 
history of stroke or transient ischemic attack (TIA) as well as those with 
neurodegenerative diseases (e.g., Parkinson’s Disease) were excluded for 
the purpose of this study. In addition, all MRI images were reviewed by 
an expert neuroradiologist from CAMI and any participants with 
structural brain lesions that could adversely affect the analysis (i.e., 
stroke, brain tumor) were excluded. Ethical approval was obtained from 
the Faculty of Health Sciences Research Ethics Committee in Trinity 
College Dublin, Ireland. Additional ethics approval was received for the 
MRI sub-study from the St. James’s Hospital/Adelaide and Meath 
Hospital, Inc. National Children’s Hospital, Tallaght (SJH/AMNCH) 
Research Ethics Committee, Dublin, Ireland. Written informed consent 
was obtained from all TILDA participants. Those attending for MRI also 
signed an additional MRI-specific consent form.

Magnetic resonance imaging protocol

Participants were briefed on the protocol ahead of acquisition, 
which comprised a variety of scans including T1 3D Magnetization-
prepared Rapid Gradient Echo (MP-RAGE) sequences and Diffusion 
Tensor Imaging (DTI) sequences. Scans were acquired via 3 T Philips 
Achieva system and 32-channel head coil. The acquisition parameters 
(T1-MP-RAGE and DTI) and protocols for the pre-processing and 
extraction of gray matter measures (cortical and subcortical) and white 
matter tracts are fully described in the Supplementary Appendix S1–S3. 
Briefly, T1 data pre-processing and extraction of brain volumes were 
automatically performed using Freesurfer v6.0 (Dale et al., 1999; Fischl 
et  al., 1999a,b) and the associated pipelines and converted to cubic 
centimeters. The DTI pre-processing and data extraction were 
performed using Explore DTI (Leemans et al., 2009). All images were 
inspected for evidence of image artifact and presence of gray and white 
matter lesions by a trained operator blind to participant identity.

Participant characteristics and frailty 
measure

Participant characteristics included age, sex, medical history 
(number of regular medications, vascular diseases, cancer, and smoking 
history), physical exercise in metabolic equivalents (METs; Donoghue 

1 https://www.3tcentre.com/
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et al., 2018) and quality of life measured by the CASP-12 scale (Wiggins 
et al., 2008).

Frailty was measured by a self-reported 32-item FI previously 
operationalized in TILDA (O’Halloran and O’Shea, 2017; Roe et al., 2017). 
For each participant, the FI was calculated as the sum of the deficits present 
divided by 32. The 32 items are described in the Supplementary Appendix S4. 
Of note, none of the included participants had a positive answer to the 
“stroke and transient ischemic attack” item. For descriptive purposes, FI 
scores of <0.10, 0.10–0.24, and ≥0.25 were used to classify participants as 
robust, pre-frail and frail, respectively (O’Halloran and O’Shea, 2017).

Descriptive statistics

Statistical analysis was performed using IBM SPSS Statistics for 
Windows version 26 (SPSS Inc., Chicago, IL). Categorical variables were 
expressed as percentages and compared between groups using the 
Chi-square test or z-proportions where appropriate, with Bonferroni 
post-hoc adjustment. Continuous variables were expressed as mean and 
standard deviation (SD) and were compared using one-way ANOVA test 
for multiple comparisons with least significant different (LSD) post-hoc 
analysis. All tests were two-tailed, and statistical significance was defined 
as p < 0.05. For the partial correlation models, we decided not use a 
multiple comparison correction, as recommended for the exploratory 
design of this study (Rothman, 1990).

Frailty and global brain volumes

To explore the association between FI and global brain volumes, 
we first tested the association between FI and total cortex volume with 
a partial correlation adjusted by age and sex; and with the FI and the 
total basal ganglia volumes (caudate, putamen and thalamus, left and 
right separately) also adjusted by age and sex. We then explored which 
items within the FI were most closely related with volumes, by 
performing partial correlation analyses with the cortex volume and each 
one of the items of the FI, adjusted by age and sex.

To study how the FI items and the cortex volume interacted with each 
other, we  constructed an adjacency matrix from a correlation matrix 
(adjusted by age and sex) assigning 1 to significant associations and 0 to 
non-significant associations with a threshold of p < 0.05 (Batushansky et al., 
2016). Building a network from a correlation matrix for the FI features and 
cortex volume allowed us to analyze the network properties, for example 
its degree (total number of connections), betweenness centrality (the 
fraction of all shortest paths in the network that pass through a given node; 
Rubinov and Sporns, 2010) and modularity (densely interconnected nodes 
within each module of the network; Bullmore and Sporns, 2009). The 
degree, betweenness centrality and modularity were calculated with Gephi 
version 9.4 (Bastian et al., 2009) as a non-directed graph with the in-built 
algorithm for modularity partition (Blondel et al., 2008).

Frailty and regional brain volumes

Regions of interest (ROIs) cortex volumes were based on the 
Desikan-Killiany atlas parcellation (Desikan et al., 2006). To explore 
which regional brain volumes were associated with the FI, 
we constructed partial correlation models adjusted by age, sex, and the 
total cortex volume.

Frailty and white matter integrity

To explore the association between the FI and white matter 
integrity, we  performed a partial correlation analysis of fractional 
anisotropy (FA) and mean diffusivity (MD) with the FI, adjusted by age 
and sex. We only considered a relationship between FI and white matter 
integrity if both measures (FA and MD) were correlated with it 
(Madden et al., 2012).

Results

A total of 523 participants were included in the brain volumes analyses, 
and 484 had data for white matter integrity analyses. The flowchart of 
included participants and full exclusion details is shown in Figure 1. The 
characteristics of the 523 participants (overall and by FI group) are 
described in Table 1. Overall, the proportion of frailty in this sample was 
low (7.3%, n = 38). Frailer participants were older, had higher prevalence 
of vascular diseases, were taking a higher number of medications, and 
reported lower physical activity levels and lower overall quality of life.

Frailty index and global brain volumes

Overall, the FI was negatively correlated with the cortex volume, 
meaning that the frailer a participant was, the more global cortex 
atrophy was present; and this relationship was independent of age and 
sex (Figure 2A). For the basal ganglia, both thalamic volumes were 
negatively correlated with the FI (Figures 2B, C).

Figure 3A shows the significant correlations found for items within 
the FI and cortex volume. The first column correspond to the 
correlations with the cortex volume. Only 9 of the 32 items, namely 
diabetes, functional difficulties (i.e., kneeling, reaching objects), general 
health (poor self-reported health, knee pain, and polypharmacy) and 
sensory deficits (poor vision, hearing, and difficulty following a 
conversation) were correlated with total cortex volume.

When all the items of the FI and the cortex volume were analyzed 
as a graph to see each other’s interactions, we  found that the graph 
distribution could be organized within 4 modules of highly associated 
nodes (Figure 3B). The highest degree nodes within the network were 
polypharmacy, global health perception and functional difficulties, 
whereas the cortex volume did not reach the top 5-degree nodes (15th 
position within the network, 9 degree and 7.37 betweenness centrality).

Frailty and regional brain volumes

Results are presented in Figure 4A. Lower volumes with higher 
frailty were seen in hubs of high-order information integration in frontal 
and temporal lobes; whereas there was a positive correlation between the 
FI and volumes in the left precuneus and left transverse temporal gyrus.

Frailty and white matter integrity

Results are presented in Figure 4B. With higher FI, there was lower 
fiber integrity (decrease in FA and increase in MD) in corpus callosum, 
and superior longitudinal fasciculus and anterior corona radiata in both 
hemispheres. In addition, with higher FI there was lower integrity in 
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the right posterior corona radiata and right cingulate cortex, but this 
was not seen in the homologous tracts on the left hemisphere 
(Figure 4B).

Discussion

The aim of this study was to explore cross-sectional associations 
between a self-reported FI and brain structure (global and regional brain 
volumes, and white matter integrity) using TILDA data. In addition, 
we  aimed to identify which FI deficits had a core role in these 
associations. We found that an FI composed by self-reported chronic 
conditions and sensory and functional impairments was independently 
but weakly associated with reduced global cerebral cortex volume and 
reduced volumes in hubs of high-order information integration in 
frontal and temporal lobes, as well as thalamic volumes and white matter 
tracts’ integrity.

We found that the cerebral cortex volume and both thalamic 
volumes were associated with frailty independently of age and sex. 
Previous studies with different ways to measure frailty (e.g., physical 
frailty, Edmonton Frailty Scale) pointed to similar results (Del Brutto 
et al., 2017; Kant et al., 2018), so it is possible that these signals are a 
non-specific reflection of accelerated brain ageing that is commonly 
captured by different frailty operationalizations. From here, we went one 
step further and explored which FI deficits had the most important role 
in relation with neuroimaging biomarkers such as the cortex volume. 
The concept of network physiology emerged recently to highlight the 
fact that the functioning of different systems is interconnected (Romero-
Ortuño et al., 2021). For this reason, we decided to use a graph theory 
approach to explore the interconnection between cortex volume and 
each of the FI features. To our knowledge, a graph theory approach had 
not been previously applied to understand the interrelationships 
between body and brain aspects of frailty. Previously, individual network 
models had been used to explore the connectivity among health deficits 

FIGURE 1

Participants’ flow chart. TIA, transient ischaemic attack; DTI, diffusor tensor imaging; sMRI, structural MRI.
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TABLE 1 Participants’ characteristics.

Robust (FI <0.10) 
N = 295

Pre-frail (FI 0.10–0.24) 
N = 190

Frail (FI ≥0.25) N = 38 p Overall N = 523

Male; N (%) 152 (51.9) 87(45.8) 15 (39.5) 0.237 254 (48.6)

Age (years); mean (SD) 66.9 (7.0)* 70.7 (7.0)* 74.3 (6.9)* <0.001 68.8 (7.3)

Number of medications; mean (SD) 1.3 (1.3)* 3.2 (2.2)* 6.0 (3.2)* <0.001 2,85 (2.4)

Hypertension; N (%) 63 (21.4)* 97 (51.1) 22 (57.9) <0.001 182 (34.8)

Diabetes; N (%) 9 (3.1)* 28 (14.7) 10 (26.3) <0.001 47 (9.0)

High cholesterol; N (%) 72 (24.4)* 91 (47.9)* 28 (73.7)* <0.001 191 (36.5)

BMI; mean (SD) 27.7 (4.5)* 28.3 (4.6) 29.5(5.3)* 0.051 28 (4.6)

Cancer; N (%) 1 (0.3)* 16 (8.4) 5 (22.7) <0.001 22 (4.2)

Atrial fibrillation, irregular heart rhythm; N (%) 5 (1.7)* 11 (5.8) 2 (11.1) 0.044 18 (3.4)

Stroke; N (%) 0 0 0 - 0

Difficulty walking 100 m; N (%) 0 1 (0.5)* 7 (18.4)* <0.001 8 (1.5)

Poor self-rated physical health; N (%)

 - Fair

 - Poor

2 (0.7)*

0*

21 (11.1)*

1 (0.5)

11 (28.9)*

2 (5.3)*

<0.001 34 (6.5)

3 (0.6)

Poor self-rated vision; N (%)

 - Fair

 - Poor

5 (1.7)*

1 (0.3)*

14 (7.4)

4 (2.1)

5 (13.2)*

3 (7.9)*

<0.001 24 (4.6)

8 (1.5)

Poor self-rated hearing; N (%)

 - Fair

 - Poor

24 (8.1)*

2 (0.7)*

34 (17.9)*†

5 (2.6)

12 (31.6)†

2 (5.3)*

<0.001 70 (13.4)

9 (1.7)

Polypharmacy; N (%) 8 (2.7)* 62 (32.6)* 29 (76.3)* <0.001 99 (18.9)

Knee pain; N (%) 7 (2.4)*† 16 (8.4)* 8 (21.1) † <0.001 31 (5.9)

Difficulty following a conversation with four people; N (%)

 - Some

 - Yes

43 (14.6)*†

6 (2)*

57 (30)*

12 (6.3)*

14 (36.8) †

8 (21.1)*

<0.001

<0.001

114 (21.8)

26 (5)

Difficulty kneeling; N (%) 26 (8.8)* 74 (38.9)* 34 (89.5)* <0.001 134 (25.6)

Difficulty reaching above shoulder; N (%) 2 (0.7)*† 23 (12.1)* 12 (31.6)† <0.001 37 (7.1)

Urinary incontinence; N (%)

 - Some

 - Yes

9 (3.1)

9 (3.1)*†

8 (4.2)

22 (11.6)*

3 (7.9)

9 (23.7)†

>0.05

<0.001

20 (3.8)

40 (7.6)

Daytime sleepiness; N (%)

 - Moderate chance

 - High chance

41 (13.9)*

31 (10.5) *†

43 (22.6)*

39 (20.5)*

8 (21.1)

14 (36.8)†

<0.001

<0.001

92 (17.6)

8 (16.1)

(Continued)
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TABLE 1 (Continued)

Robust (FI <0.10) 
N = 295

Pre-frail (FI 0.10–0.24) 
N = 190

Frail (FI ≥0.25) N = 38 p Overall N = 523

Angina; N (%) 0† 3 (1.6)* 7 (18.4)*† <0.001 10 (1.9)

Hearth attack; N (%) 0 1 (0.5) 0 – 1 (0.2)

Difficulty rising from a chair; N (%) 10 (3.4)* 37 (19.5)* 20 (52.6)* <0.001 67 (12.8)

Other CVD; N (%) 0 3 (1.6) 1 (2.6) 0.058 4 (0.8)

Cataracts; N (%) 14 (4.7)* 43 (2.6) 13 (34.2) <0.001 70 (13.4)

Arthritis; N (%) 61 (20.7)* 101 (53.2)* 30 (78.9)* <0.001 192 (36.7)

Osteoporosis; N (%) 29 (9.8)* 41 (21.6) 13 (34.2) <0.001 83 (15.9)

Varicose ulcer; N (%) 5 (1.7) 3 (1.6) 2 (5.3) 0.292 10 (1.9)

Difficulty climbing one flight of stairs; N (%) 1 (0.3) 5 (2.6) 12 (31.6)* <0.001 18 (3.4)

Glaucoma/ARMD; N (%) 6 (2)* 20 (10.5) 7 (18.4) <0.001 33 (6.3)

Day to day memory; N (%)

 - Fair

 - Poor

31 (10.5)*

3 (1)*

48 (25.3)*

3 (1.6)

13 (34.2)

3 (7.9)*

<0.001

<0.001

92 (17.6)

9 (1.7)

Difficulty pushing objects; N (%) 4 (1.4)* 17 (8.9)* 17 (44.7)* <0.001 38 (7.3)

Difficulty lifting weights; N (%) 4 (1.4)* 32 (16.8)* 23 (39)* <0.001 59 (11.3)

Difficulty picking up coins; N (%) 0* 9 (4.7)* 6 (15.8)* <0.001 15 (2.9)

Feeling lonely; N (%)

 - Some

 - Yes

11 (3.7)*

0

17 (8.9)*†

7 (3.7)

4 (10.5)*†

0

0.001

–

32 (6.1)

7 (1.3)

Education; N (%):

- None/primary

- Secondary

- Third/higher

49 (16.6)*

110 (37.3)*

136 (46.1)*

50 (26.6)

62 (32.6)*

78 (41.1)*

12(31.6)

16 (42.1)*

10 (26.3)*

0.020 111 (21.2)

188 (35.9)

224 (42.8)

Current smoker; N (%) 11 (5.2) 6 (3.2) 3 (6.1) 0.391 20 (4.5)

MET; mean (SD) 3931.1 (5679.8)* 2687.5 (4166.2)* 1439.1 (2696.9)* 0.002 3,294 (5052.1)

CASP-12 autonomy; mean (SD) 6.8 (1.7)* 6.3 (1.6)* 4.9 (1.6)* <0.001 6.5 (1.7)

CASP-12 control; mean (SD) 8.8 (2.2)* 8.0 (2.1)* 6.2 (1.8)* <0.001 8.3 (2.2)

CASP-12 pleasure; mean (SD) 8.2 (1.7) 8.3 (1.2) 8.2 (1.2) 0.506 8.2 (1.5)

CASP-12 self-realization; mean (SD) 5.1 (1.3) 5.1 (1.1) 4.8 (1.1) 0.462 5.1 (1.2)

CASP-12 QoL; mean (SD) 28.9 (5.0)* 27.7 (4.7)* 24.2 (4.3)* <0.001 28.1 (5)

*Groups where proportions were significantly different from the rest; †Bonferroni adjustment. BMI, body mass index; MET, metabolic equivalent of task; CVD, cardiovascular diseases; ARMD, age related macular degeneration; CASP, control, autonomy, self-realization, 
pleasure scale; QoL, quality of life.

30

https://doi.org/10.3389/fnagi.2023.1065191
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Gutiérrez-Zúñiga et al. 10.3389/fnagi.2023.1065191

Frontiers in Aging Neuroscience 07 frontiersin.org

and mortality, observing that the transition from health to impairment 
in one characteristic depended on the state of the neighbor nodes, with 
damage propagating through a complex network of interconnected 
elements (Mitnitski et al., 2017). In our study, the cross-sectional design 
did not allow to establish causal relationships but allowed to visually 
depict the interconnection between the FI items and an objective 
structural brain measure. We  observed that only 9 FI items were 
negatively associated with cortex volume. Moreover, the cortex volume 
did not achieve a core role within the network in terms of connectivity 
or centrality, suggesting that overall, our FI may have modest relevance 
to structural brain biomarkers. When we analyzed the modules within 
the network, one of the four modules contained the cortex volume as a 
node, again associated with a cluster of global health perception, and 
sensory and memory difficulties. Memory was not directly correlated 
with the cortex volume but was part of the module of highly connected 
features including cortex volume. More clearly, the modularity analysis 
showed that the items directly related with cortex volume were those 
related with sensory and cognitive deficits and global health perception, 

with low impact of cardiovascular diseases. However, other aspects not 
directly related with cortex volume had influence on the items that 
finally affected the cortex volume (e.g., difficulty lifting weights and 
angina influenced global health, and global health influenced cortex 
volume). Observing the landscape in this way could facilitate the future 
creation of an FI that is more specifically oriented to the study of brain 
health in ageing to find the health and functional conditions that have a 
significant impact on brain structure.

To further our results, we looked for specific brain regions related 
with our definition of frailty within the cortex, and we found that the 
orbitofrontal cortex and the regions in lateral temporal cortex in both 
hemispheres showed lower volumes with higher frailty independently 
of age and sex. Previous studies found that there are brain cortex areas 
that have a higher rate of atrophy than the rest of the brain during 
normal ageing. These areas include the orbitofrontal cortex, temporal 
pole and fusiform gyrus (Fjell et al., 2009). Moreover, some of these 
brain areas exhibit higher atrophy in relation with the accelerated “Pace 
of Ageing," an index constructed by Elliott et al. (2021) composed by 
different biomarkers present in younger adults (the orbitofrontal cortex, 
middle temporal cortex and insula). Interestingly in their study, 
participants with an accelerated pace of ageing also had higher sensory 
difficulties and a negative perception of their own health, similarly to the 
FI items that were related with cortex volume and brain regions in our 
sample. Furthermore, Tian et al. (2020) found that the medial frontal 
cortex, anterior cingulate cortex and basal ganglia volumes were reduced 
in frail older people (where frailty was characterized by the physical FP) 
independently of chronological age. Integrating all the information 
together, our results agree with previous studies that used a whole brain 
structure approach (but with different frailty measures) and point 
toward the orbitofrontal cortex and middle temporal gyrus as regions 
that may be implicated in frailty. It could be possible that to maintain a 
good functionality in ageing there must be  an optimal integration 
among sensory-motor hubs in the central nervous system; and frailty 
(measure by physical and functional component) could be a reflection 
or a cause of this “disintegration.” This hypothesis should be supported 
by a functional brain connectivity analysis as well as other cohorts.

When looking at the results obtained for white matter integrity, 
we found that tracts that connect both hemispheres (corpus callosum) 
but mostly both frontal lobes (genu) and the frontal lobes with the rest 
of brain regions (anterior corona radiata with thalamus and superior 
longitudinal fasciculus with the rest of lobes) had higher affectation with 
frailty. This could point to the same conclusion in which the connection 
between regions should be  optimal to have a good global physical 
functionality. However, the division of the association tracts made for 
this study is based on the anatomical definition, and we cannot assure 
that the cortex areas pointed were connected only or specifically by these 
tracts. However, those are important and coherent findings that should 
be  further explored in future studies with functional connectivity 
analysis to see if there is a real disruption in the brain network.

We also found that the left precuneus and the left transverse superior 
gyrus volumes were positively correlated with frailty; and that only right 
posterior corona radiata and cingulate bundle integrity were negatively 
related with the FI. We could hypothesise that with our definition of 
frailty, the frontal cortices, and the connectivity from and in between 
them could be affected together with a relative preservation of the left 
posterior integration-association cortex and bundles, that perhaps is an 
adaptation of the brain with the accumulation of difficulties, especially 
when the sample used was extracted from a population-based sample 
and only 7% of participants were categorized as frail.

A

B

C

FIGURE 2

Partial correlation between the frailty index and the volume of cortex 
(A) and thalami (B: left; C: right), adjusted by age and sex.
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The main strengths of our research are: (a) the integration of 
different structural MRI modalities to study the relationship between a 
FI and brain health; (b) the network analysis to disentangle the main 
features related with the FI and brain structure; and (c) the identification 
of possible targets within the cortex volume that can be  selected as 
regions of interest for further analysis.

Limitations of our study include: (a) the cross-sectional design does 
not allow us to disentangle if the findings are the cause of the deficits or 
the consequence of the accumulation of the health deficits and are indeed 
the reflection of a brain adaptation process; (b) all the deficits in our FI 
were self-reported, and a previous TILDA study highlighted variability 
in the participants’ responses over time and some disagreement across 
different surveys for the same participants (Romero-Ortuño et al., 2021); 
(c) the items included in the TILDA FI were not specifically chosen as 
possible indicators of brain health; (d) the analysis of brain structure with 
a broad pre-constructed parcellation could be underpowered to detect 
subtle deficits as we were studying a relatively healthy community-based 
sample; e) the correlations found for the structural MRI measures and 
the FI were low, which can be explained by the intrinsic characteristics 
of the sample (healthy population with only a 7% of participants classified 
as frail) and the partial correlation model used. An analysis of functional 
MRI could be useful to explore if there might be a difference in the high 
order network organization depending on the frailty status before 
structural changes occur that can affect integration brain areas such as 
orbitofrontal cortex or medial temporal cortex.

In conclusion, frailty defined as self-reported accumulation of 
health deficits had a subtle but recognizable signature on brain 
structure (high order integration areas and association white matter 
tracts mostly involving frontal lobes with relative preservation of left 
parietal cortex). The features that composed the FI had low weight 
vis-à-vis total cortex volume when their interactions were analyzed as 
a network. Future replication studies are required, ideally with 
longitudinal approaches; and refined frailty operationalization with a 
more specific focus on brain health are needed for future studies in the 
field of ageing neuroscience.

Data availability statement
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because TILDA provides access to the datasets for research use 
through anonymized publicly accessible dataset files, and through an 
on-site Hot Desk Facility. The publicly accessible dataset files are 
hosted by the Irish Social Science Data Archive based in University 
College Dublin, and the Interuniversity Consortium for Political and 
Social Research (ICPSR) based in the University of Michigan. 
Researchers wishing to access the data must complete a request form, 
available on either the ISSDA or ICPSR website. Requests to access 
the datasets should be  directed to https://tilda.tcd.ie/data/
accessing-data/.

A B

FIGURE 3

(A) Heatmap from the correlation matrix that shows the significant correlations between cortex volume and the FI items among them. (B) Graph theory 
analysis of the network composed by each FI item and cortex volume. Each module is depicted in a different color, and each node that it is included in the 
module is colored according to it. The node size is proportional to the degree. The table shows the top five most connected nodes, with the degree and 
betweenness centrality values.
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(A) Cortex brain areas associated with frailty. (B) White matter tracts 
associated with frailty.
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Introduction: Aging influences the morphology of the central nervous system. While 
several previous studies focused on morphometric changes of the supratentorial parts, 
investigations on age-related cerebellar changes are rare. The literature concerning 
the morphological changes in the cerebellum is heterogenous depending (i) on the 
methods used (cerebellar analysis in the context of a whole brain analysis or specific 
methods for a cerebellar analysis), (ii) the life span that was investigated, and (iii) the 
analytic approach (i.e., using linear or non-linear methods).

Methods: We fill this research gap by investigating age-dependent cerebellar 
changes in the aging process occurring before the age of 70 in healthy participants, 
using non-linear methods and the spatially unbiased infratentorial template (SUIT) 
toolbox which is specifically developed to examine the cerebellum. Furthermore, to 
derive an overview of the possible behavioral correlates, we relate our findings to 
functional maps of the cerebellum. Twenty-four older participants (mean age 64.42 
years, SD ± 4.8) and 25 younger participants (mean age 24.6 years, SD ± 2.14) were 
scanned using a 3 T-MRI, and the resulting data were processed using a SUIT.

Results: Gray matter (GM) volume loss was found in older participants in three clusters 
in the right cerebellar region, namely crus I/II and lobule VI related to the frontoparietal 
network, with crus I being functionally related to the default-mode network and lobule 
VI extending into vermis VIIa related to the ventral-attention-network.

Discussion: Our results underline an age-related decline in GM volume in the right 
cerebellar regions that are functionally predominantly related to non-motor networks 
and cognitive tasks regions of the cerebellum before the age of 70.

KEYWORDS

VBM, cerebellum, morphometric changes, MRI, aging

1. Introduction

Age-related changes, such as the decline in cognitive function and difficulties in motor tasks, 
have their origin in the central nervous system (CNS; Demnitz et al., 2017). As a part of the CNS, 
the cerebellum plays a well-known and important role in balance and motor activities (Albus, 1971; 
Ito, 2002; Koziol et al., 2014). In recent years, it has been shown that the cerebellum can be divided 
into functional subregions. Additionally, various studies have highlighted its key role in non-motor 
tasks (Schmahmann and Sherman, 1998; Buckner, 2013; Guell et al., 2018b; Diedrichsen et al., 2019). 
Research on the role of the cerebellum in functional networks demonstrated the impact of the 
cerebellum on motor and non-motor tasks (Hoche et al., 2018; Guell et al., 2018b; King et al., 2019). 
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These results, combined with task-activation imaging, led to the 
development of a map of task-related activations corresponding to their 
functional networks (Guell et al., 2018a). In summary, and as Bernard 
and Seidler (2014) point out in their review, recent literature has shown 
that the cerebellum is involved in various functions that are important 
for everyday functioning (Bernard and Seidler, 2014). Given the fact that 
the cerebellum shows a volumetric decline in the aging process to an 
extent that is known from other cerebral areas such as the prefrontal 
cortex, it is important to investigate the impact of aging on the 
cerebellum to better understand the role of the cerebellum in general 
and the process of aging itself, including its contributing factors 
(Bernard and Seidler, 2014; Gellersen et al., 2021).

This leads to the question concerning the role of the cerebellum in 
the process of aging. Although there are different methods to investigate 
morphometric changes, most of our understanding of age-related 
volumetric changes in the brain is derived from studies using voxel-
based morphometry (VBM). With VBM, local alterations of brain tissue 
from magnetic resonance imaging (MRI) scans can be compared. In the 
first decade of the use of VBM, MRI scanners were often not able to 
cover the entire brain correctly, thereby neglecting the infratentorial 
parts of the brain (Diedrichsen, 2006). Apart from the problem of spatial 
resolution, an additional challenge was related to the lacking ability of 
pipelines to process the fine anatomical details of the cerebellum. As a 
result, early VBM applications often did not analyze the brainstem and 
the cerebellum in their entirety.

However, even with more sophisticated techniques, inconsistent 
findings are reported across different studies regarding age-related 
cerebellar gray matter loss (Torvik and Torp, 1986; Oguro et al., 1998; 
Luft et al., 1999; Xu et al., 2000; Raz et al., 2001; Tamnes et al., 2013; 
Hulst et al., 2015). This inconsistency in the results is partly due to 
biological factors as well as technical and methodological issues, 
whereby a further aspect is the type of statistical analysis, i.e., using 
linear or non-linear analytical approaches. However, in general, the 
findings suggest a loss of gray matter with a tendency to the posterior 
lobe. An overview of the results of previous studies and the possible 
biological and analytical biases is provided in Supplementary Table S1. 
Taken together, there is a lack of additional information concerning the 
way the gray matter of certain lobules is impacted by age.

Romero postulated a relative plateau phase of the cerebellar volume 
between 25 and 65 years and a rapid change afterward (Romero et al., 
2021). Therefore, it is important to examine the whole lifespan and 
additional periods before and after 70 years separately so that the effects 
of changes in the timespans do not overlap and complementary 
information can be added. While most previous studies investigated 
linear changes and included age groups over 80 years (Hulst et al., 2015; 
Yu et al., 2017; Filip et al., 2019), recent studies demonstrate a non-linear 
age-related change in cerebral volume and gray matter volume, thereby 
questioning the applicability of linear methods (Ziegler et al., 2012; 
Ramanoël et al., 2018). To our knowledge, only two research articles 
describe an investigation of the morphometric changes in the cerebellum 
during the midlife aging process with a non-linear volume-based lobule-
dependent approach (Bernard and Seidler, 2013; Bernard et al., 2015). 
Only one of these studies used a middle-aged group, while the other 
compared two groups, one older and one younger. These studies 
illustrate the importance of further investigation using a voxel-wise 
VBM approach to examine a lobule-independent pattern of 
cerebellar atrophy.

To address these issues, we used a 3.0 Tesla MRI scanner and the 
relatively new spatially unbiased infratentorial template (SUIT) toolbox 

to improve infratentorial voxel-wise analysis in younger and older 
participants. This technique improves the spatial resolution and 
therefore allows a more detailed analysis of the cerebellum. Bernard and 
Seidler highlight the importance of looking closely at the subregions of 
the cerebellum since different regions are affected unequally (Bernard 
and Seidler, 2014). With our study, we  aim to fill the research gap 
concerning the exploration of age-dependent cerebellar morphometric 
changes (i) in a healthy population younger than 70 by comparing two 
defined groups that are 40 years apart in age, using (ii) non-linear 
statistics and (iii) analytic tools specifically developed to explore 
cerebellar data. In addition, we  aim to correlate these findings to 
previously described networks and task-related cerebellar maps. Given 
the existing findings in the literature, we hypothesized that the older 
group would have atrophies that are primarily bihemispheric in the 
posterior lobe and crus I.

2. Materials and methods

2.1. Participants

Participants were enrolled according to the following inclusion 
criteria: right-handedness (the Edinburgh Handedness Inventory-Short 
form includes four items ranging between −100 and +100, whereby 
right-handedness is defined as a score higher than 60; Veale, 2014), no 
medical history of neurological or psychiatric disease, and no use of 
psychoactive drugs. As exclusion criteria, we  screened for 
contraindications for the use of MRI, severe depression, meaning a 
Beck’s Depression Inventory (BDI) sum score >20 (higher scores 
indicate more severe symptoms of depression) and a decline in cognitive 
status, measured with the Montreal Cognitive Assessment (MoCA) and 
defined as a sum score greater 26 points on a scale ranging from 0 to 30 
(larger scores indicate better cognitive functioning; Beck et al., 1961; 
Nasreddine et al., 2005). The years of education were collected using a 
self-reporting questionnaire, whereby school years and years of 
vocational training were summarized. For the younger group, 
we  included participants aged 18–30 years while the older group 
comprised participants aged 55–69 years. All participants signed the 
written informed consent for this study, which was approved by the local 
ethics committee. The study was registered in the German register of 
clinical studies (Deutsches Register Klinischer Studien) with the 
number DRKS00015727.

2.2. MRI scan acquisition

Structural imaging was acquired in the neuroimaging unit of the 
Carl von Ossietzky University Oldenburg with a 3.0 Tesla MRI System 
(Siemens Magnetom Prisma Hardware Configuration, Syngo MR E11 
Software Configuration; Siemens Medical Solutions, Erlangen, 
Germany) equipped with a 64-channel head–neck-coil. We  used a 
T1-weighted Magnetization Prepared Rapid Gradient Echo Sequence 
(MPRAGE; number of slices = 224; echo time TE = 255 ms; repetition 
time TR = 2,000 ms; flip angle = 9°; field of view = 240 × 240 mm; 
acquisition matrix = 320 × 320; voxel size = 0.8 × 0.8 × 0.8). In addition to 
the MPRAGE sequence, we performed a T2-weighted scan and a fluid-
attenuated inversion recovery (FLAIR) sequence, to look for pathological 
findings in each participant. Each scan was evaluated by a 
neuroradiologist (CM).
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2.3. MRI data processing

The preprocessing of the MRI scans was conducted using the 
following main steps. First, the T1-weighted scans were manually 
oriented to the same origin, namely the anterior commissure. The 
cerebellar brain tissue was isolated in all scans and transformed into 
segmentation maps by the SUIT toolbox [Diedrichsen, 2006; Spatially 
unbiased atlas template of the cerebellum and brainstem 
(RRID:SCR_004969)]. The SUIT toolbox uses the SPM12 algorithm for 
the segmentation process, and only the gray matter segmented images 
were used for subsequent steps. We chose a posterior probability value 
of 0.2 for tissues to be infratentorial. Secondly, the generated maps were 
checked manually for any remaining extratentorial tissue. During this 
step, no extratentorial tissue was found. To gain better alignment 
between the subjects, we normalized the produced images to the SUIT 
template by using non-linear deformation. The SUIT template improves 
the alignment of the fissures and reduces the spatial spread compared to 
the Montreal Neurological Institute (MNI) template (Diedrichsen, 
2006). Finally, we smoothed the images with an 8 mm full-width half-
maximum Gaussian kernel to match the Gaussian distribution 
assumption for the statistical analysis. We separately calculated the total 
intracranial volume (TIV) with the computational anatomy toolbox 
(CAT 12) (RRID:SCR_019184) for SPM12 and used these values as 
covariates in the subsequent analysis (Gaser et al., 2022, BioRxiv).

We performed a two-sample t-test of the voxel value for the volume 
using sex and TIV as covariates to compare both groups using SPM12 
[https://www.fil.ion.ucl.ac.uk; SPM (RRID:SCR_007037)]. The resulting 
statistical parametric map identified the cerebellar regions with 
significant differences in the cerebellar volume with a primary threshold 
of p < 0.001 and a cluster size of k > 100. Subsequently, we performed a 
stricter analysis with a family-wise error correction for multiple 
comparisons (p < 0.05) and a voxel threshold of k > 300 for the cluster to 
focus on contiguous atrophies. In this way, by comparing two groups, 
namely a younger and an older cohort, we investigated the non-linear 
changes that may occur between early and late adulthood. In the final 
step, we used the Anatomy Toolbox for SPM12 [Forschungszentrum 
Jülich GmbH; SPM Anatomy Toolbox (RRID:SCR_013273)] to match 
significant clusters with the anatomical probability map (Eickhoff et al., 
2005, 2006, 2007).

To correlate the morphological findings with functional regions of 
the cerebellum and motor and non-motor networks of the cerebellum, 

we used the neurosynth.org database.1 This meta-analysis platform scans 
openly available scientific articles on the internet for (f)MRI coordinates 
and anatomical or activation-related terms related to these coordinates 
in the articles. With this information, it builds a database that correlates 
single voxels with cognitive domains or functional connectivity 
(z-score). According to the platform, it consists of 51 studies with 
cerebellar coordinates that are used for the analysis.

2.4. Statistics

We checked the demographic and psychological assessment data for 
its distribution using the Kolmogorov–Smirnov test. Since the data of 
the psychological assessment were not normally distributed, we used the 
Mann–Whitney-U test to compare the results of the BDI and MoCA 
between the two groups. To detect the effect size of the significant 
difference in the BDI, we used an eta-square. Due to the sample size 
being smaller than 50, the non-parametric Mann–Whitney-U test was 
also used for the demographic variables while the distribution of the 
genders was analyzed using a chi2 test.

3. Results

3.1. Participant characteristics

The younger group includes 25 right-handed healthy participants (13 
female, 12 male; mean age ± standard deviation [SD]: 24.60 ± 2.14 years; 
range 20–29 years) and the older group includes 24 right-handed healthy 
participants (11 female, 13 male; mean age ± standard deviation [SD]: 
64.42 ± 4.80 years; range 55–69 years). One of the female participants in 
the older group was excluded due to the incompletion of the MRI scan. 
The MRI scans were evaluated by a clinical neuroradiologist (CM) to 
exclude the presence of incidental findings (i.e., findings leading to 
further diagnostics in clinical practice) that would serve as an exclusion 
criterion. The number of years of education is nearly the same in both 
groups, with a mean of 17.70 years (±2.10 years SD, range 14–22 years) in 
the younger and 17.54 years (±3.94 years SD, range 12–29 years) in the 
older group (p = 0.659; z = −0.442). Regarding the BDI analysis, the older 
group displays a mean score of 3.79 (span 0 to 11) whereas the data from 
the younger group yielded a mean score of 2.16 (span 0 to 10) resulting 
in a significant difference between the two groups (p = 0.007; z = −2.681). 
With an effect size of η2 = 0.014, the effect is rather small. The mean 
scores for the MoCA are quite similar, with 28.33 SD 1.2 vs. 28.96 SD 1.2 
(older vs. younger), respectively, showing no significant difference 
between the two groups (p = 0.085, z = −0.1.721). The demographic and 
psychological data are shown in Table 1.

3.2. VBM

The analysis identified three clusters with a significant loss of gray 
matter in the older participants (Table 2). Figure 1 displays the cluster on 
a cerebellar flatmap, using the plotting function of the SUIT toolbox 
(Diedrichsen and Zotow, 2015). The largest cluster (790 Voxel; 

1 https://neurosynth.org

TABLE 1 Demographic characteristics of the younger and the older 
participants.

Older 
group

Younger 
group

Mann–Whitney-U 
Test or Chi-
square Test

Sample size N = 24 N = 25

Male/female 13/11 12/13 p = 0.132

Age mean (SD, years) 64.42 (4.80) 24.60 (2.14) p = 0.00; z = −6.075

Age median (years) 66 24

BDI mean (SD) 3.79 (3.00) 2.16 (3.23) p = 0.007; z = −2.681

MoCA mean (SD) 28.33 (1.27) 28.96 (1.20) p = 0.085; z = −1.721

Education in years 

mean (SD)

17.54 (3.94) 17.7 (2.100) p = 0.659; z = −0.442

SD, standard deviation; BDI, Beck’s Depression Inventory; MoCA, Montreal Cognitive 
Assessment, data are given as mean and standard deviation (SD).
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pFWE-corr = 0.000; T = 6.98) overlapped with 41.5% in the right lobule VIIa 
crus I, with 22.0% in the right lobule VIIa crus II, and 5.3% in the right 
lobule VI as well as 2.9% in the right lobule VIIb. It is important to note 
that the part in lobule VIIb is not visible in the figures. The second cluster 
(338 Voxel; pFWE-corr = 0.000; T = 6.69) is 100.0% located in the right lobule 
VIIa crus I while the last cluster (319 Voxel; pFWE-corr = 0.000; T = 7.04) 
demonstrated 18.8% of its voxels in the right lobule VI, 17.9% in the 
lobule VIIa of the right vermis, 15.7% in lobule VIIa of the left vermis, 
and 4.1% in lobule VI of the right vermis. The missing parts to make 
up 100% could not be assigned with sufficient certainty by the toolbox.

3.3. Assignment to functional data

In the next step, we matched the cluster found in the present study 
with the functional network maps reported by Buckner et al. (2011). 

The first cluster is primarily located in the frontoparietal network while, 
in contrast, the parts in crus I are located in the default mode network 
(DMN). The second cluster has its location in the default mode and the 
frontoparietal network, with few parts found in the ventral attention 
network. The third cluster is partly detected in the ventral attention 
network as well as in the somatomotor network. Taking the multi-
domain task battery (MDTB) map into account, the clusters are mainly 
found in regions for visual working memory, attention tasks, and 
language processing, including language processing, word 
comprehension, visual working memory, and letter recognition as well 
as divided attention, maintenance of attention, and verbal fluency. Only 
one part of one cluster is located in areas relating to motor tasks. These 
results are shown in Figures 2A,B, displayed on the functional network 
map of Buckner et al. (2011) (A) and the multi-domain task battery 
(MDTB) parcellation of King et al. (2019) (B) (Buckner et al., 2011; 
King et al., 2019). To provide an in-study validation, the coordinates of 
the three cluster maxima reported in Table 1 were looked up in the 
neurosynth.org database. Figure 2C shows a word cloud of the terms 
found in the neurosynth.org database, whereby the size of the words is 
related to the z-scores. In addition, the results of the analysis with the 
neurosynth.org database and the maxima of our clusters are 
demonstrated in the Supplementary materials (Supplementary Table S2). 
The z-score is the association of the term with the voxel in the whole 
meta-analysis of the database. For the maximum of cluster 1, 
corresponding to the functional network, the highest correlation is 
found for terms related to language processing while the maximum of 
cluster 2 relates to terms for memory and visual functions. For the last 
cluster, we  analyzed two maxima because of their large spatial 
expansion, and both are dominated by terms of motor activation, 
whereby the first one also shows a match with the auditory network.

4. Discussion

This study aimed to identify morphological changes in the cerebellar 
volume that occur between early and later adulthood in a range from 

TABLE 2 Cluster of the SUIT analysis with size and localization of the 
cluster assigned to the MNI space.

Cluster pFWE-

corr

Cluster 
size in 
(voxel)

T x y z {mm}

3 0.00 319 7.04 5 -66 −25

18.8% right Lobule VI

17.9% right Lobule VIIa Vermis

15.7% left Lobule VIIa Vermis

1 0.00 790 6.89 25 −81 −32

41.5% right Lobule VIIa crus I

22.0% right Lobule VIIa crusII

5.3% right Lobule VI

2.9% right Lobule VIIb

2 0.00 338 6.69 51 −59 −30

100% right Lobule VIIa crus I

pFWE-corr, p-value family-wise error corrected.

FIGURE 1

Cluster of the SUIT analysis. Max. t-value is 5.37. Note that the part of cluster one, located in lobule VIIB is not visible in this presentation of the results. The 
right figure is adopted from Guell et al. (2018a,b).
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25 years to 65 years by comparing two groups (one younger and one 
older) of participants. Our literature analysis (see Supplementary material) 
revealed that results focusing on the age-related cerebellar morphometric 
changes are driven by (at least) biological factors such as age and the 
analytical pipeline used, e.g., linear or non-linear approaches as well as 
tools designed to analyze the whole brain or tools specifically designed 
to analyze the cerebellum. This study fills the gap in the literature by 
reporting age-related cerebellar atrophy in two groups of younger, 

respectively, older healthy participants in a non-linear way using a data 
analysis pipeline that is developed to assess the cerebellum in detail. 
Furthermore, we correlated the regions of interest with well-known task-
specific regions and network regions.

Using the SUIT toolbox to analyze the difference between the 
younger and the older group, we found three clusters of atrophy in the 
cerebellum of the older adults. The largest was mainly found in the right 
lobule VIIa crus I/II while another cluster was exclusively located in the 

A

B

C

FIGURE 2

(A) left: Map of the functional networks (Buckner et al., 2011); Right: Cluster of the analysis plotted on the map of functional networks, atrophies are shown 
as red colored cluster (circled). (B) left: Map of the multi-domain task battery (King et al., 2019); Right: Cluster of the analysis plotted on the map of MDTB, 
atrophies are shown as red colored cluster (circled). (C) word cloud of the neurosynth.org terms. Size of the words is related to the z-score. Blue = cluster 1, 
red = cluster 2, green/yellow = cluster 3.
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right lobule VIIa crus I. The third cluster showed voxels in the right 
lobule VI and the right vermis VIIa. All clusters were limited to cortical 
regions in the cerebellum. Most of the clusters showed parts in the 
frontoparietal network and the DMN as well as in the ventral attention 
network. In contrast, fewer voxels were located in the somatomotor 
network. Regarding the task activity regions, the voxels were mainly in 
the working memory and language processing areas. Corresponding to 
the network analysis, only a small proportion was located in a region 
that is activated during motor tasks. The activation analysis with 
neurosynth.org showed a high congruence between the activation terms 
and the function we assumed based on the atrophy cluster. In conclusion, 
two independent analyses revealed that the patterns of cerebellar 
atrophy of the compared groups mainly affect areas known to 
be  involved in cognitive processes regarding language and working 
memory. Without the expected difference in mean age, there were no 
significant differences for years of education, sex, or the MoCA results. 
The older group showed a significantly higher score in the BDI 
compared to the younger group. However, with a median score of 3.79 
resp. 2.16, and since the cut-off score for even a mild depression is 13 
and no individual was above this score, we considered the difference to 
be reflecting an unspecific and age-related increase in the physiological 
BDI items, e.g., a lower sexual drive or altered sleep patterns (Endler 
et al., 1999; Serafini et al., 2019).

Previous studies mostly used a linear approach to investigate volume 
changes during the aging process and included participants older than 
70 years (see Supplementary Table S2 for more information and Figure 1 
supp for graphical details). Findings obtained using this approach are 
mainly focused on the anterior part of the cerebellum, i.e., lobes 
I–V. Furthermore, they indicate more widespread volume losses 
compared to non-linear methods, especially when using volume-based 
calculations. In this study, we used a non-linear approach to investigate 
morphometric changes on a voxel-wise basis in the aging process 
compared between two groups (younger and older) before the age of 70. 
This specific study design contributes valuable new information 
concerning the impact of the aging process on the cerebellum that 
occurs before the age of 70 to complement the findings of studies that 
examined changes after the age of 70 or studies investigating the whole 
lifespan (Romero et al., 2021).

Almost comparable studies such as that of Filip et al. reported a 
bilateral cluster of atrophy in crus I and in the left crus II, the right 
lobules VI, and right vermis IX (Filip et al., 2019). However, this study 
used a linear approach with the SUIT toolbox and included older 
participants for their analysis. A relatively new study comparing fairly 
small groups of 14 younger and 16 older participants reported a loss of 
gray matter in the right crus I, a cluster that is also reported in the 
present study (Ramanoël et  al., 2018). The study in question also 
included older participants, making it challenging to use their results for 
examining changes that occur before the age of 70. Bernhard and Seidler 
found a significant volume decline in the anterior lobe as well as in crus 
I  but used a volume-dependent approach which results in more 
widespread atrophy patterns (Bernard and Seidler, 2013). In their study, 
the analysis is designed to identify region-related volumetric changes 
that do not enable reporting on specific brain regions affected by an 
age-related volumetric change. Taken together, the results of the most 
comparable studies indicate that the regions consistently affected by gray 
matter loss are the right crus I/II and the right lobule VI. Other regions, 
for instance, the anterior lobe or left hemispheric parts, are only partially 
found. A potential explanation for in vivo MRI results showing 
additional, i.e., new, atrophies in the crus region in more recent studies 

might be the enhanced ability to detect even more subtle differences due 
to advanced technological approaches in modern MRI scanners and 
data processing pipelines. These results are supported by two studies. 
Firstly, a study by Yu and collegues calculated the velocity of volume loss 
in the cerebellum, and in their linear model the authors showed the 
highest rates of volume decline per decade in the right cerebellar 
hemisphere, in particular in the vermis crus I, the right lobule V, and the 
right crus I/II (−4.59% vs. −4.28% vs. −3.51% vs. −3.56% per decade), 
thereby matching our findings of clusters in these anatomical regions 
(Yu et al., 2017). These regions may be especially prone due to multi-
factorial mechanisms consisting of a greater exposure to toxins or toxin 
vulnerability, changes in the vascular system, and other functional 
factors (Hulst et  al., 2015). An interesting study by Gellersen and 
colleagues conducted a meta-analysis of atrophy clusters in 13 studies 
investigating the cerebellum in the elderly (Gellersen et al., 2021) and 
identified clusters in both hemispheres of the cerebellum, whereby the 
right-sided cluster was similarly located to the cluster we identified. 
Furthermore, the authors compared the aging-related cluster with the 
atrophy cluster found in a meta-analysis of Alzheimer’s disease (AD) 
patients. Interestingly, these clusters are strictly located in the right 
hemisphere and thus our results have more of an overlap with an AD 
atrophy pattern. This specific pattern could be a sign of future cognitive 
decline, even in healthy elderly people that show no signs of cognitive 
impairment at present. This is tentatively supported by the idea that 
single-side atrophy can be (partly) compensated by the functional and 
structural connections, whereby this theory must be  more closely 
evaluated in future studies. In this context, a study by Guell et al. is 
worth mentioning, which found different gradients in the cerebellum 
explaining the heterogeneity of function in anatomically-mirrored 
regions of the hemispheres (Guell et al., 2018a,b). Unfortunately, no 
information concerning the demographic details of the studies included 
in the meta-analysis is available. Concerning the findings of our study, 
the observation of a clear overlap with an AD pattern of atrophy could 
be explained by the hypothesis that AD atrophy, in the early stages of the 
disease, merely aggravates the effects of a normal early aging process. 
Therefore, the patterns in younger elderly and AD patients are predicted 
by the general vulnerability of cerebellar structures, which is supported 
by the reported findings of Yu et al. (2017).

Apart from the morphological results, we also aimed to map the 
cerebellar loss of gray matter in the elderly to functional networks and 
mainly found non-motor networks to be affected. Bernard and Seidler 
demonstrated the correlation between morphological changes and their 
behavioral correlate and suggested that there is a positive relationship 
between cognitive function and the volume of crus I but a negative 
relationship for motor tasks which is explained as a cognitive 
interference in motor tasks (Bernard and Seidler, 2013). However, it is 
worth mentioning that the motor tasks in the study by Bernard and 
Seidler were limited to a balance test. Another explanation might 
be related to the role of the frontal lobe in cognitive functions. Paul et al. 
(2009) found no correlation between cerebellar volume and cognitive 
performance when corrected for frontal lobe volume (Paul et al., 2009). 
However, in contrast, a study by Koppelmans et al. (2017) showed a 
positive correlation between regional cerebellar volume and cognitive 
performance in mental rotation and verbal working memory. They 
found the anterior lobe and parts of the posterior lobe to be correlated 
with motor performance and large parts of the posterior lobe to 
be related to performance in cognitive tasks such as the letter rotation 
test and the Rey auditory verbal learning test (Koppelmans et al., 2017). 
Interestingly, a systematic analysis of age-related cerebellar atrophy and 
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the behavioral outcome in motor and non-motor aspects is lacking. 
However, our analysis supports the observation that cerebellar changes 
in the elderly are localized in regions that are involved in cognitive 
processes rather than motor tasks.

Another approach is to map regions of cerebellar atrophy with 
activation maps recorded by functional MRI (fMRI) or connectivity 
analysis. A meta-analysis by Stoodley and Schmahmann demonstrated 
activity in the regions of crus I/II in the language-related tasks (Stoodley 
and Schmahmann, 2010). Activations in this region were also 
determined during working memory and performing spatial tasks, as 
well as divided attention and attention maintenance. Especially the latter 
tasks imply an active role in executive functions which is in line with the 
corresponding results of the maps by Buckner et al. (2011) and King 
et  al. (2019). Thus, this part of the cerebellum was defined as the 
“cognitive cerebellum.” Furthermore, Guell et al. (2018a,b) mentioned 
the input from Broca area 46 projecting into crus I Guell et al. (2018a,b). 
This area is thought to support working memory. Cluster 1 of our study 
is found in regions that are thought to be activated during default mode 
tasks as the literature shows an age-related decline of network integrity 
as well as network connectivity of the DMN (Skouras and Scharnowski, 
2019; DeSerisy et al., 2021). The DMN is thought to take over when 
there is no goal-directed activity and provides self-reference 
introspection (Mak et  al., 2017). The atrophy we  observed could 
therefore underpin changes in this network that were identified in 
previous studies. Some parts of cluster 3 are located in the regions of the 
ventral attention network. This network is used to control which 
information will be  actively perceived depending on the currently 
performed task (Suo et al., 2021) and a loss of neurons in this area could 
lead to damage in circuits which in turn could explain typical deficits 
during aging such as problems with concentration and the processing of 
external stimuli (Seeley et al., 2007; Buckner et al., 2011). Cluster 2 is 
predominantly localized in the frontoparietal network, which controls 
other neuronal networks and provides flexible cognitive control (Marek 
and Dosenbach, 2018).

Considering these results together, two different implications can 
be derived. On the one hand, a variety of structures and networks that 
are important for executive functions such as social control or attention 
are affected. These are important for everyday functioning and can 
be impaired in elderly people which heavily impacts their quality of life. 
On the other hand, the age-related loss of cerebellar gray matter volume 
may impair systems that are needed for language processing such as 
comprehension, speaking, and reading. This is congruent with the 
results of the network analysis and the terms we found in the neurosynth.
org database analysis showing the highest scores for terms related to 
language processing. This finding is in line with previously reported 
results that indicate that especially complex language functions are 
negatively impacted by age, while speech itself is less affected (Yorkston 
et al., 2010). Within the MDTB map, the clusters were placed in regions 
for attention, working memory, and language processing which 
corresponds to previously highlighted studies and our neurosynth.org 
database analysis, although additional confirmation using functional 
MRI (fMRI) data in combination with behavioral testing is needed to 
further decrypt the neurobiological underpinnings of these results.

5. Strengths and limitations

All scans were obtained using the same 3.0 Tesla MRI scanner with 
the same protocol, thereby ensuring high comparability between scans. 

The scans were checked for pathological findings and artifacts by four 
different examiners, one of whom is a trained neuroradiologist, and two 
additional scans were run to find any morphological distractors. Both 
sample populations differ in terms of an age span of 40 years and were 
carefully matched to increase the potential to also detect smaller effects. 
Another strength is the SUIT toolbox we used which is designed to 
examine the cerebellum (Diedrichsen, 2006). We did not cover genetic 
(Sønderby et al., 2021; Brouwer et al., 2022), environmental (Nußbaum 
et al., 2020), and lifestyle (Bittner et al., 2019, 2021; Dekkers et al., 2019) 
factors that affect whole brain volume and which might also influence 
cerebellar volume. Nevertheless, by using larger sample groups, an even 
smaller difference could have been found with this study design. It is 
important to keep in mind that in this study, we compared structural 
data with functional networks. To gain more insight and validate the 
conclusion, further studies should combine these results with more 
advanced neuropsychological tests and fMRI data. However, our 
approach to matching the morphological findings and the result of the 
comparison with the findings of Buckner and King with the neursynth.
org database can support our assumptions about behavioral correlates 
(Buckner et al., 2011; King et al., 2019; Yarkoni, 2020).

6. Conclusion

This study reveals that the effect of aging in the age under 70 on 
the cerebellum leads to gray matter atrophy, primarily in the right 
lobule VI and right crus I/II. These findings add strong evidence to 
the hypothesis that the posterior lobe, in particular, crus I and the 
posterior vermal part, is highly impacted by the aging process of the 
cerebellum. This atrophy affects regions that are involved in functions 
such as language processing, motor tasks, DMN, and working 
memory as well as executive functions, with most of them being 
significantly reduced in older adults. Hence, our findings highlight 
the role of regional cerebellar atrophy in healthy aging. Future studies 
should further analyze the mechanism behind the relationship 
between cerebellar atrophy and cognitive decline by combining the 
structural information with fMRI data for the whole brain and a 
behavioral test battery.
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Medicine, Medical School of Nanjing University, Nanjing, China, 5Jiangsu Province Stroke Center
for Diagnosis and Therapy, Nanjing Drum Tower Hospital, Nanjing, China

Background: The mechanism of gait and balance dysfunction (GBD) in cerebral

small vessel disease (CSVD) remains unclear. Evidence supports cognition

engages in GBD of CSVD. The cerebellum is important in motor and cognition,

while little is known about the influence of the cerebellum on GBD in CSVD.

Methods: This study is a retrospective cohort study. All participants of this study

were enrolled from the CSVD individuals in Nanjing Drum Tower Hospital from

2017 to 2021. The GBD of CSVD patients was defined as Tinetti Test score ≤ 23.

Cerebral cortical thickness, cerebellar gray matter volume, the amplitude of

low-frequency fluctuation, functional connectivity, and modular interaction were

calculated to determine the cortical atrophy and activity patterns of CSVD patients

with GBD. The effect of cognitive domains during GBD in CSVD patients was

explored by correlation analyses.

Results: A total of 25 CSVD patients were recruited in CSVD patients

with GBD group (Tinetti Test score ≤ 23, mean age ± standard deviation:

70.000 ± 6.976 years), and 34 CSVD patients were recruited in CSVD patients

without GBD group (Tinetti Test score > 23, mean age ± standard deviation:

64.029 ± 9.453 years). CSVD patients with GBD displayed worse cognitive

performance and cortical atrophy in the right cerebellum VIIIa and bilateral

superior temporal gyrus than those without GBD. The right postcentral gyrus,

left inferior temporal gyrus, right angular gyrus, right supramarginal gyrus and

right middle frontal gyrus were functionally overactivated and showed decreased

modular interaction with the right cerebellum. Tinetti Test scores were negatively
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related to the volume of the right cerebellum VIIIa in CSVD patients with

GBD. Notably, memory, especially visuospatial memory, was greatly associated

with GBD in CSVD.

Conclusion: The cortical atrophy and altered functional activity in sensorimotor

area and ventral attention network in the cerebellum and cerebrum may

underlying the GBD in CSVD. Memory might be critically cognitively responsible

for GBD in CSVD.

KEYWORDS

gait and balance dysfunction, cerebral small vessel disease, cognitive impairment,
cortical atrophy, modular interaction

1. Introduction

Cerebral small| vessel disease (CSVD), with white matter
hyperintensities (WMH), lacunes, cerebral microbleeds (CMBs),
perivascular space enlargement, and brain atrophy as typical
neuroimaging features, has an incidence of more than 68% in
the elderly over 60 years of age (Cannistraro et al., 2019; Mo
et al., 2022). Gait and balance dysfunction (GBD) and cognitive
impairment are two important symptoms of CSVD and closely
associated with the risk of mortality in CSVD patients (van der
Holst et al., 2016).

Gait and balance dysfunction can occur in CSVD patients
with or without myodynamia or dystonia (van der Holst et al.,
2016). Fall risk caused by GBD is highly related to disabilities and
death. Tinetti Test (Tinetti, 1986), a reliable tool for the evaluation
of fall risk, has the advantage of quantifying gait and balance
performance, which should be a great indicator for grouping
subjects to explore the mechanism of GBD in CSVD. However,
there are few studies of GBD grouped according to Tinetti Test for
the difficult recruitment caused by the poor abnormality of Tinetti
Test in CSVD patients without myodynamia and dystonia.

The mechanism of GBD in CSVD is still unclear and the
consistency of the current results is unsatisfactory. In early studies,
scholars believed that WMH, lacunes, and CMBs were main
reasons for gait disturbances of CSVD (de Laat et al., 2010; Li
et al., 2020; Hou et al., 2021), which were contradicted by other
studies (Pinter et al., 2017; Su et al., 2017). Recently, it was reported
that comorbid CSVD might worsen both motor disorder and
cognitive impairment in patients with Parkinson’s disease (PD)
(Chen et al., 2021; Wang et al., 2022). Cognitive impairment
combined with cortical changes might be a unique entry point for
the study of motor decline (Jokinen et al., 2022). Motor planning,
execution, and sensory function were proposed to be important
for gait in the elderly (Jayakody et al., 2020). The deficit of certain
cognitive domains, such as processing speed and memory, might be
responsible for gait dysfunction in CSVD patients (Jokinen et al.,
2022). Using analysis of structural magnetic resonance imaging
(MRI) in CSVD patients, it was demonstrated that cortical thinning
of frontal and temporal lobes was linked to gait disturbances
(de Laat et al., 2012). However, in the existing studies of gait
and cognition in CSVD patients, not only cerebellar and cerebral
analyses, but also functional and structural analyses were often
separated from each other.

The central nervous system is a compactly connected whole
tissue, in which the cerebrum and cerebellum are structurally
and functionally inseparable. The cerebellum is devoted to motor
control, and also plays a critical node in the distributed neural
circuits subserving behavior. The cerebellum is closely involved in
cognitive function, such as linguistic function, working memory,
visuospatial function, and so on (Guell et al., 2018). Moreover,
multiple cerebral functional networks map onto the cerebellum,
including visual, sensorimotor, dorsal attention, ventral attention,
and default functions (Schmahmann et al., 2019). The atrophy
of the cerebellum was found to be increasingly associated with
the severity of WMH and related to memory function in WMH
patients (Cao et al., 2021). However, little is currently known of the
function of the cerebellum during GBD in CSVD patients. Thus,
more studies of the cerebellum may provide a new breakthrough to
identify the neuroregulatory pathway of GBD in CSVD.

Traditional cortical structure analysis software [such as
FreeSurfer (Fischl, 2012)] performs well in the segmentation of
the cerebral cortex, but not of the cerebellar cortex. A spatially
unbiased atlas template of the cerebellum and brainstem (SUIT)
involves the Matlab toolbox, dedicated to the analysis of
imaging data of the human cerebellum, which performs well in
cerebellar segmentation (Diedrichsen, 2006). In this study, we
grouped subjects by Tinetti Test and focused on the altered
regions and communication of the cerebral and cerebellar cortex,
both structurally and functionally, using FreeSurfer, SUIT, Data
Processing Assistant for Resting-State Functional MR Imaging
toolkit [DPARSF (Chao-Gan and Yu-Feng, 2010)], and GRETNA
(Wang et al., 2015a,b) in imaging analysis. The aims were to:
(1) determine the cortical atrophy and activity patterns of CSVD
patients with GBD in both the cerebrum and cerebellum; and
(2) detect the effect of cognitive domains during GBD in CSVD
patients.

2. Materials and methods

2.1. Participants

This study is a retrospective cohort study. The participants of
this study were enrolled from the CSVD individuals in Nanjing
Drum Tower Hospital from 2017 to 2021. This study was approved
by the Nanjing Drum Tower Hospital Ethics Committee (Ethical
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Approval Code: 2017-079-04) and written informed consent was
obtained from each participant.

The diagnostic criteria of CSVD are as follows: (1) lesions of
moderate-to-severe WMH (Prins and Scheltens, 2015) (Fazekas
scores of 2 or higher) and/or anatomically appropriate lacunes
on neuroimaging, with or without enlarged perivascular spaces,
microbleeds, and brain atrophy (Wardlaw et al., 2013; Lawrence
et al., 2014); (2) acute symptoms (e.g., lacunar syndromes and
transient ischemic attack) or subacute manifestations (e.g.,
cognitive impairment, motor disturbances, and emotional
disorders); (3) no history of ischemic stroke with infarct size
more than 1.5 cm in diameter; (4) no cerebral hemorrhage; (5)
intracranial or extracranial large artery stenosis ≤ 50%.

In this study, we concentrated on the GBD, cognition and
neuroimages in CSVD patients without myodynamia and dystonia.
Thus, subjects with the following cases were excluded from this
study: (1) left-handedness; (2) other neurological disorders, such
as Alzheimer’s disease, PD, epilepsy, mental disorder, and so
on; (3) any other conditions affecting gait and balance, such as
limb weakness, dystonia, joint disease, and so on; (4) serious
physical illnesses, such as cancer; (5) poor cooperation with MRI
scans or clinical assessment, such as blindness, a deaf-mute,
physical disability, and so on. Finally, in this study, we focused on
the 535 CSVD patients aged from forty to eighty who underwent
multimodal MRI scans as well as standardized clinical assessment
in the Nanjing Drum Tower Hospital.

Tinetti Test was used to identify the GBD of CSVD patients
(Tinetti Test score > 23: no disturbance in gait or balance;
Tinetti Test score ≤ 23: disturbance in gait or balance). Of
the 535 CSVD patients, only 25 CSVD patients scored ≤ 23
in the Tinetti Test, and the remaining 510 CSVD patients
scored > 23 in the Tinetti Test. Thus, 25 CSVD patients with
Tinetti Test score ≤ 23 were defined as CSVD patients with
GBD (CSVD-GBD) group. Meanwhile, 34 CSVD patients, which
were defined as the CSVD patients without GBD (CSVD-no-
GBD) group, were randomly selected by systematic sampling with
the sample distance of 15 from 510 CSVD patients with Tinetti
Test scores > 23.

2.2. Clinical assessments

The clinical assessments included demographic data collecting,
vascular risk factors recording, neuropsychological evaluation, and
Tinetti Test. Tinetti Test was conducted to define CSVD-GBD and
CSVD-non-GBD groups. The standardized neuropsychological test
protocol contained Hamilton Depression Rating Scale (HAMD)
(Hamilton, 1960) and Hamilton Anxiety Rating Scale (HAMA)
(Hamilton, 1959), Minimum Mental State Examination (MMSE),
Montreal Cognitive Assessment (MoCA) (Lu et al., 2011) (Beijing
version 26 August 2006 translated by Wei Wang and Hengge Xie),1

Auditory Verbal Learning Test (AVLT) (Zhao et al., 2012, 2015),
Wechsler Memory Scale-Visual Reproduction (VR), Digit Span
Test (DST), Category Verbal Fluency (CVF), and Stroop Color
Word Test (SCWT). The details were contained in Supplementary
Information.

1 www.mocatest.org

2.3. MRI data acquirement

The MRI scanning was conducted in the Nanjing Drum
Tower Hospital with a Philips 3.0-T scanner (Philips Medical
Systems, Netherlands). The detailed parameters were contained in
Supplementary Information.

2.4. MRI data analysis

2.4.1. Structural MRI data
The structural MRI analyses were performed by Lesion

Segmentation Tool [LST, a toolbox for statistical parametric
mapping software package (SPM) 12] (Schmidt et al., 2012),
Voxel-based morphometry toolbox for SPM8 (VBM8),2 FreeSurfer
(version 7.2 for Linux) (Fischl, 2012), and SUIT (a toolbox based
on SPM12) [covariances in Freesurfer: age, WMH volume, total
CMBs and total intracranial volume (TIV); covariances in SUIT:
age, WMH volume, and total CMBs].

2.4.2. Functional MRI (fMRI) data analysis
2.4.2.1. Voxel-based fMRI analysis

The voxel-based fMRI analysis was performed by DPARSF
(Chao-Gan and Yu-Feng, 2010), adjusted for age, WMH volume,
and total CMBs. Notably, the subjects with head motion more than
3.0 mm of displacement in any direction, or 3.0 degrees of rotation
in any angular dimension were excluded. First, the amplitude of
low-frequency fluctuation (ALFF) (0.01–0.08 Hz) was calculated by
DPARSF. Second, the brain region showing significant difference
in ALFF analysis was defined as the region of interest (ROI) to
perform FC analysis.

2.4.2.2. Modular interaction analysis
Modular interaction analysis was performed by GRETNA. The

fMRI preprocessing steps were consistent with DPARSF. Modules
were defined based on the results of structural and functional
analysis. Area under curve (AUC) value was defined as the strength
of modular interaction and was further analyzed using the general
linear model (GLM) in SPSS 16.0 (SPSS, Chicago, IL, USA),
adjusted for age, WMH volume, and total CMBs.

The details of MRI data analysis were contained in
Supplementary Information.

2.4.3. Quality control in MRI analysis
The segmentation and normalization of both structural

and functional images were visually inspected and corrected
manually if necessary.

2.5. Statistical analysis

The demographic data was analyzed by SPSS 16.0. All the
continuous variables were tested for normality before comparison.
Chi-Squared test and Fisher’s exact test were used for the
comparison of categorical variables. Two sample t-test, and Mann–
Whitney test were used to compare the variations of continuous

2 www.fil.ion.ucl.ac.uk/spm
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variables between CSVD-GBD group and CSVD-no-GBD group
according to the normality. Additionally, demographics and
CSVD neuroimaging features showing remarkable differences
between CSVD-GBD group and CSVD-no-GBD group were
added as covariates in GLM for the comparisons of the
strength of modular interaction and cognitive scale scores which
corresponded to normal distribution. The statistical analyses of
MRI parameters were described in Supplementary Information.
Pearson correlation, Spearman correlation and partial correlation
were conducted to explore the relationship among MRI parameters,
cognitive scale scores, and Tinetti Test scores. Covariates in
GLM and partial correlation with non-normal distribution were
transformed by logarithm. Bonferroni correction was applied in
GLM for multiple comparison corrections. P< 0.05 was considered
statistically significant.

3. Results

3.1. Clinical assessments

Demographically, there was no significant difference in sex,
education year, and vascular risk factors. The age of CSVD-
GBD group was older than that of CSVD-no-GBD group. In
neuroimaging features, there were significant differences in WMH
volume and total CMBs, while no difference in cerebellar CMBs.
There was also no difference in the count of lacunes and TIV.
In the neuropsychological evaluation, there was no remarkable
difference in HAMA and HAMD. Patients in CSVD-GBD group
had poor performance in general cognitive function (MMSE and
MoCA), DST, and CVF than those in CSVD-no-GBD group, while
no difference was observed in AVLT, VR, and SCWT. Detailed
information regarding the clinical assessments is shown in Table 1.

3.2. Structural analysis

In cerebral structure, the cortical thickness in the bilateral
superior temporal gyrus (STG) were thinner in CSVD-GBD
group than in CSVD-no-GBD group (analyzed by Freesurfer). In
cerebellar structure, there was gray matter atrophy in the right
cerebellum VIIIa [Anatomical Automatic Labeling (AAL) 104,
cerebellum_8_R] in CSVD-GBD group than in CSVD-no-GBD
group (analyzed by SUIT). Detailed information of atrophic brain
regions is shown in Table 2.

3.3. Functional analysis

Only 21 subjects in CSVD-GBD group and 30 subjects
in CSVD-no-GBD group were recruited in functional analysis.
Six subjects (three in CSVD-GBD group, three in CSVD-no-
GBD group) were excluded for unqualified head motion. One
subject in CSVD-no-GBD group was excluded for unsatisfactory
normalization. One subject in CSVD-GBD group lack the blood
oxygen on level depending sequence.

The right postcentral gyrus (PoCG) (AAL58) was observed
remarkable increasing in ALFF after GRF-correction (Figure 1).

Based on the result of ALFF analysis, the right PoCG was defined as
a ROI for FC calculation. Three clusters showed strengthened FC
to the right PoCG: the left inferior temporal gyrus (ITG, AAL89),
the right angular gyrus (AG, AAL66) and the right supramarginal
gyrus (SMG, AAL64), the right middle frontal gyrus (MFG, AAL8)
(Figure 2 and Table 3).

Combining the results of structural analysis and functional
analysis, the four modules were defined based on AAL116 brain
template for modular interaction analysis. Module 1 included
AAL8, AAL58, AAL64, AAL66, and AAL89. Module 2 was located
in the right cerebellum, including all brain regions of the right
cerebellum in AAL116 brain template (AAL92, AAL94, AAL96,
AAL98, AAL100, AAL102, AAL104, AAL106, and AAL108). The
left cerebellum was defined as module 3 (AAL91, AAL93, AAL95,
AAL97, AAL99, AAL101, AAL103, AAL105, and AAL107). The
vermis was defined as module 4 (AAL109, AAL110, AAL111,
AAL112, AAL113, AAL114, AAL115, and AAL116). The strength
of modular interactions between module 1 and module 2, module 1
and module 4 showed remarkable reduction in CSVD-GBD group
than CSVD-no-GBD group after bonferroni correction in GLM,
adjusted for age, WMH volume, and total CMBs (Figure 3A and
Table 4). No significant difference was observed in the strength of
modular interaction within each module (Figure 3B and Table 4).

3.4. Correlation analysis

The cortical thickness of the STG was negatively related to the
age in CSVD-GBD group (left STG: r = −0.472, P = 0.017; right
STG: r = −0.424, P = 0.035) and CSVD-no-GBD group (left STG:
r = −0.380, P = 0.027). However, age was not significantly related
to the volume of both the right cerebellum VIIIa and Tinetti Test
scores. There was a strong positive correlation between the cortical
thickness of the bilateral STG in CSVD-GBD group (r = 0.648,
P = 0.001) and CSVD-no-GBD group (r = 0.412, P = 0.017) after
adjustion for age, while no significant relationship was observed
between the gray matter volume of the right cerebellum VIIIa and
the cortical thickness of the bilateral STG. Tinetti Test scores were
negatively related to the gray matter volume of the right cerebellum
VIIIa (r = −0.421, P = 0.036) in CSVD-GBD group.

Age, education, WMH volume, total CMBs, and total lacunes
were added as covariates in the partial correlation analysis for their
potential influence on cognitive function to explore the relationship
between cognitive scale scores and other indicators. In CSVD-GBD
group, (1) global cognitive function was closely related to the FC
between the right PoCG and left ITG, the strength of modular
interaction between module 1 and module 2, and the strength
of modular interaction within module 1; (2) Auditory Verbal
Learning Test - short time delay recall (AVLTSTDR) scores showed
positive correlation to Tinetti Test scores (r = 0.615, P = 0.019); (3)
VR-immediate recall (VRIR) scores were highly correlated to the
cortical thickness of the left STG (r = −0.566, P = 0.028), as well
as the FC between the right PoCG and the right MFG (r = 0.669,
P = 0.024), right AG (r = 0.674, P = 0.023), and left ITG (r = 0.634,
P = 0.036); (4) VR-delayed recall (VRDR) scores were closely
correlated to ALFF in the right PoCG (r = 0.639, P = 0.034), the FC
between the right PoCG and the right MFG (r = 0.768, P = 0.006),
right AG (r = 0.727, P = 0.011), and left ITG (r = 0.878, P = 0.000), as
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TABLE 1 Results of clinical assessments.

CSVD-GBD group
(n = 25)

CSVD-no-GBD
group

(n = 34)

Statistics P-value

Demographics

Sex

Male 14 18 0.054 0.816a

Female 11 16

Age (years, mean ± s.d.) 70.000 ± 6.976 64.029 ± 9.453 2.667 0.010c

Education (years, mean ± s.d.) 10.500 ± 4.291 10.677 ± 4.132 −0.159 0.874c

Vascular risk factors

Hypertension, n (%) 18 (72.000%) 19 (55.882%) 1.600 0.206a

Diabetes, n (%) 8 (32.000%) 7 (20.558%) 0.990 0.320a

Hyperlipidemia, n (%) 4 (16.000%) 5 (14.706%) 1.000b

Smoking, n (%) 4 (16.000%) 9 (26.470%) 0.526b

Drinking, n (%) 2 (8.000%) 6 (17.647%) 0.447b

CSVD neuroimaging features

WMH volume [ml, median (interquartile range)] 13.337 (4.222, 33.670) 6.128 (2.735, 11.971) −2.393 0.017d

Total lacunes [n, median (interquartile range)] 1.000 (0.000,4.500) 2.000 (0.000, 3.000) −0.507 0.612d

Cerebellar lacunes [n, median (interquartile range)] 0.000 (0.000, 0.000) 0.000 (0.000, 0.000) −1.166 0.244d

Total CMBs [n, median (interquartile range)] 3.000 (0.000, 6.000) 0.000 (0.000, 0.000) −2.979 0.003d

Cerebellar CMBs [n, median (interquartile range)] 0.000 (0.000, 0.000) 0.000 (0.000, 0.000) −1.184 0.236d

Total intracranial volume (mean ± s.d.) 1329.679 ± 118.291 1364.738 ± 115.173 −1.142 0.258c

Tinetti Test [median (interquartile range)] 19.000 (15.000, 22.000) 28.000 (28.000, 28.000) −7.255 0.000d

Neuropsychological data

HAMD (mean ± s.d.) 6.600 ± 4.481 4.706 ± 3.335 1.863 0.068c

HAMA (mean ± s.d.) 9.280 ± 6.736 8.471 ± 6.774 0.455 0.651c

MMSE [median (interquartile range)] 26.000 (23.500, 29.000) 28.500 (28.000, 29.000) −3.045 0.002d

MoCA (mean ± s.e.m.) 20.440 ± 0.897 23.236 ± 0.759 5.202 0.027e

DSF [median (interquartile range)] 8.000 (7.000, 8.000) 8.000 (8.000, 9.000) −2.183 0.029d

DSB (mean ± s.e.m.) 3.585 ± 0.204 4.344 ± 0.184 7.108 0.010e

CVF (mean ± s.e.m.) 13.578 ± 0.880 17.331 ± 0.775 9.713 0.003e

VRC [median (interquartile range)] 14.000 (13.000, 14.000) 14.000 (14.000, 14.000) −1.374 0.169d

VRIR (mean ± s.e.m.) 7.937 ± 0.766 8.974 ± 0.643 1.026 0.317e

VRDR (mean ± s.e.m.) 6.539 ± 0.891 7.186 ± 0.747 0.296 0.589e

VRR (mean ± s.e.m.) 2.127 ± 0.281 2.342 ± 0.229 0.336 0.565e

SCWT–B (mean ± s.e.m.) 30.504 ± 2.624 26.131 ± 2.216 1.487 0.229e

SCWT–CB (mean ± s.e.m.) 14.265 ± 2.942 10.554 ± 2.530 0.838 0.365e

AVLTIR (mean ± s.e.m.) 12.090 ± 1.103 14.436 ± 0.926 2.546 0.118e

AVLTSTDR (mean ± s.e.m.) 2.887 ± 0.546 4.113 ± 0.446 2.914 0.095e

AVLTLTDR (mean ± s.e.m.) 2.548 ± 0.537 3.726 ± 0.447 2.733 0.106e

AVLT–recognition (mean ± s.e.m.) 18.160 ± 0.910 19.641 ± 0.744 1.532 0.223e

The description of statistics in general linear model analysis were after estimation. Bonferroni correction was applied in general linear model for multiple comparison corrections. CSVD,
cerebral small vessel disease; GBD, gait and balance dysfunction; CSVD-GBD, CSVD patients with GBD; CSVD-no-GBD, CSVD patients without GBD; WMH, white matter hyperintensities;
CMBs, cerebral microbleeds; HAMD, Hamilton Depression Rating Scale; HAMA, Hamilton Anxiety Rating Scale; MMSE, Minimum Mental State Examination; MoCA, Montreal Cognitive
Assessment; DSF, Digit Span Test-forward; DSB, Digit Span Test-backward; CVF, Category Verbal Fluency; VR, Wechsler Memory Scale-Visual Reproduction; VRC, VR–copy; VRIR, VR-
immediate recall; VRDR, VR-delayed recall; VRR, VR-recognition; SCWT, Stroop Color Word Test; AVLTIR: Auditory Verbal Learning Test–immediate recall; AVLTSTDR: Auditory Verbal
Learning Test–short time delay recall; AVLTLTDR: Auditory Verbal Learning Test–long time delay recall; AVLT–recognition: Auditory Verbal Learning Test–recognition; s.d., standard
deviation; s.e.m., standard error of mean. aP-value of chi-squared test. bP-value of Fisher’s Exact test. cP-value of independent t test. dP-value of Mann-Whitney test. eP-value of general linear
model, adjusted for age, WMH volume, and total CMBs.
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TABLE 2 Regions showing significant atrophy in cortex between CSVD-GBD group and CSVD-no-GBD group.

Brain region Side AAL MNI coordinates Cluster
size

CSVD-GBD
group* (n = 25)

CSVD-no-GBD
group* (n = 34)

x y z

Cerebellum VIIIaa right 104 24 −60 −47 121 voxels 0.844 ± 0.018 0.863 ± 0.014

Superior temporal
gyrusb

right 82 45.0 −14.2 −10.7 694.13 mmˆ2 1.870 ± 0.236 2.226 ± 0.143

Superior temporal
gyrusb

left 81 −48.3 −15.6 −5.4 571.84 mmˆ2 1.835 ± 0.249 2.200 ± 0.146

CSVD, cerebral small vessel disease; GBD, gait and balance dysfunction; CSVD-GBD, CSVD patients with GBD; CSVD-no-GBD, CSVD patients without GBD; AAL, Anatomical Automatic
Labeling; MNI coordinates, montreal neurological institute coordinates of the peak voxel. aThe significant region in SUIT analysis, adjusted for age, white matter hyperintensities volume,
and total cerebral microbleeds, using Gaussian random field correction for multiple comparisons (voxel level: p < 0.001, cluster level: p < 0.05). bThe significant regions in Freesurfer
analysis, adjusted for age, white matter hyperintensities volume, total cerebral microbleeds, and total intracranial volume, using Monte Carlo simulation correction for multiple comparisons
(vertex-wise/cluster-forming: p < 0.01, cluster-wise: P < 0.05). *The cortical thickness/gray matter volume of brain regions (mean ± standard deviation).

FIGURE 1

(A) Statistical maps of voxel z-values of the ALFF comparisons between CSVD-GBD group (n = 21) and CSVD-no-GBD group (n = 30). The threshold
was set at p < 0.001 at the voxel level and p < 0.05 at the cluster level by Gaussian random field correction. The yellow-shaded area is the right
postcentral gyrus (montreal neurological institute coordinates of the peak voxel: x = 48, y = –33, z = 57) which had significant increasing in ALFF.
(B) The ALFF value of the right postcentral gyrus in CSVD-GBD group (n = 21) and CSVD-no-GBD group (n = 30) (CSVD-GBD group: 1.153 ± 0.935;
CSVD-no-GBD group: 0.174 ± 0.703) (mean ± standard deviation). CSVD, cerebral small vessel disease; GBD, gait and balance dysfunction;
CSVD-GBD, CSVD patients with GBD; CSVD-no-GBD, CSVD patients without GBD; ALFF, amplitude of low-frequency fluctuation. ***P < 0.001.

well as the strength of modular interaction between module 1 and
module 2 (r = −0.623, P = 0.041); (5) VR-recognition (VRR) scores
were negatively associated with the cortical thickness of the bilateral
STG (left STG: r = −0.549, P = 0.042; right STG: r = −0.693,
P = 0.006); (6) DST - forward (DSF) scores were positively related to
ALFF in the right PoCG (Spearman correlation analysis, r = 0.458,
P = 0.037); (7) SCWT-CB was positively associated with the gray
matter volume of the right cerebellum VIIIa (r = 0.510, P = 0.37).
All these correlations were not found in CSVD-no-GBD group.
Notably, the strength of modular interaction between module 1
and module 4 showed no statistically remarkable results in CSVD-
GBD group in the correlation exploration. Detailed information of
correlation analysis is shown in Table 5.

4. Discussion

This study determined the cognitive and neuroimaging
patterns in CSVD patients with and without GBD, conducting both
structural and functional analyses in the cerebrum and cerebellum.
The results mainly revealed that (1) CSVD patients with GBD
had worse cognitive performance than those without GBD. (2)
CSVD patients with GBD displayed cortical atrophy in the right
cerebellum VIIIa and bilateral STG. (3) The module composed of
the right PoCG, left ITG, right AG, right SMG, and right MFG
was functionally overactivated and showed decreasing modular
interactions with the right cerebellum and vermis in CSVD-GBD
group than CSVD-no-GBD group. (4) The gray matter volume of
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FIGURE 2

Statistical maps of voxel z-values of functional connectivity comparisons between cerebral small vessel disease patients with gait and balance
dysfunction (CSVD-GBD) group (n = 21) and CSVD patients without GBD (CSVD-no-GBD) group (n = 30); the z-score bar is shown at the bottom of
the map. The threshold was set at p < 0.001 at the voxel level and p < 0.05 at the cluster level by Gaussian random field correction. The
purple-shaded areas correspond to the brain regions where connectivity with the right postcentral gyrus increased: the left inferior temporal gyrus,
the right angular gyrus and the right supramarginal gyrus, the right middle frontal gyrus.

TABLE 3 Regions showing significant differences in the FC of right postcentral gyrus between CSVD-GBD group and CSVD-no-GBD group.

Brain region Side AAL MNI coordinate Cluster
size

(voxels)

CSVD-GBD
group*
(n = 21)

CSVD-no-GBD
group*
(n = 30)

x y z

Angular
gyrus/supramarginal
gyrus

right 66/64 60 −54 36 188 0.507 ± 0.165 0.259 ± 0.149

Middle frontal gyrus right 8 42 21 18 128 0.453 ± 0.202 0.217 ± 0.199

Inferior temporal
gyrus

left 89 −66 −39 −18 242 0.517 ± 0.176 0.258 ± 0.197

CSVD, cerebral small vessel disease; GBD, gait and balance dysfunction; CSVD-GBD, CSVD patients with GBD; CSVD-no-GBD, CSVD patients without GBD; FC, functional connectivity;
AAL, Anatomical Automatic Labeling; MNI coordinates, montreal neurological institute coordinates of the peak voxel. *The strength of FC (mean ± standard deviation).

the right cerebellum VIIIa and the memory function were closely
correlated to GBD in CSVD patients.

This study is the first time that the right cerebellum VIIIa was
reported, both structurally and functionally, to be involved during
GBD in CSVD patients. Moreover, the gray matter volume of the
right cerebellum VIIIa indicated medium association with Tinetti
Test scores in CSVD patients with GBD. The cerebellar lobule
VIII is an important part of cerebellar sensorimotor zones, and
is devoted to overt movements. Lesions of the second cerebellar
motor representation seldom produce obvious motor deficits,
which correspond to the conditions of the CSVD patients with
GBD in our study. In the Tasmanian Study of cognition and gait,
the gray matter volume of the cerebellar lobule VIII was found
to be involved in step length variabilities (Jayakody et al., 2021).

However, the cohort of the Tasmanian Study focused on the elderly,
and patients with CSVD were not considered as a separate group.

In the cerebrum, there was cortical thinning in the bilateral
STG and functional overactivation in the right PoCG, right AG,
right SMG, right MFG, and left ITG in CSVD patients with GBD.
Cortical atrophy is one of the typical imaging manifestations of
CSVD. In studies of gait disturbance in CSVD patients, cortical
thinning in the temporal regions has been found to be correlated
with gait parameters (de Laat et al., 2012; Kim et al., 2016). It
was reported that some frontal, temporal, and parietal regions
were overactivated in gait disorder patients (Zhou et al., 2020;
Bayot et al., 2022). For example, PD patients with gait freezing
showed higher activation in the right PoCG (Huang et al., 2021).
The right PoCG, similar to the right cerebellum VIIIa, was also
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FIGURE 3

(A) The strength of modular interaction between modules in CSVD-GBD group and CSVD-no-GBD group. (B) The strength of modular interaction
within modules in CSVD-GBD group and CSVD-no-GBD group. Module 1 was composed of the right postcentral gyrus, left inferior temporal gyrus,
right angular gyrus, right supramarginal gyrus, and right middle frontal gyrus. Module 2 corresponded to the right cerebellar regions in the
Anatomical Automatic Labeling 116 brain template. Module 3 corresponded to the left cerebellar regions in the Anatomical Automatic Labeling 116
brain template. Module 4 corresponded to the regions of vermis in the Anatomical Automatic Labeling 116 brain template. CSVD, cerebral small
vessel disease; GBD, gait and balance dysfunction; CSVD-GBD, CSVD patients with GBD; CSVD-no-GBD, CSVD patients without GBD. **P < 0.01
and *P < 0.05.

TABLE 4 The results of modular interaction analysis between CSVD-GBD group and CSVD-no-GBD group.

Modular interaction CSVD-GBD group*
(n = 21)

CSVD-no-GBD group*
(n = 30)

Statistics P-valuea

Between module 1 and module 2 1.369 ± 0.252 2.389 ± 0.207 8.821 0.005

Between module 1 and module 3 3.632 ± 0.371 3.115 ± 0.304 1.051 0.311

Between module 1 and module 4 1.098 ± 0.226 1.846 ± 0.185 5.910 0.019

Within module 1 1.383 ± 0.113 1.226 ± 0.093 1.036 0.314

Within module 2 6.268 ± 0.461 5.541 ± 0.378 1.342 0.253

Within module 3 5.947 ± 0.465 5.673 ± 0.381 0.188 0.667

Within module 4 5.382 ± 0.397 4.873 ± 0.326 0.888 0.351

The description of statistics in general linear model analysis were after estimation. Bonferroni correction was applied in general linear model for multiple comparison corrections. Module 1
was composed of the right postcentral gyrus, left inferior temporal gyrus, right angular gyrus, right supramarginal gyrus, and right middle frontal gyrus. Module 2 corresponded to the right
cerebellar regions in the Anatomical Automatic Labeling 116 brain template. Module 3 corresponded to the left cerebellar regions in the Anatomical Automatic Labeling 116 brain template.
Module 4 corresponded to the regions of vermis in the Anatomical Automatic Labeling 116 brain template. CSVD, cerebral small vessel disease; GBD, gait and balance dysfunction; CSVD-
GBD, CSVD patients with GBD; CSVD-no-GBD, CSVD patients without GBD. aP-value of general linear model, adjusted for age, white matter hyperintensities volume, and total cerebral
microbleeds. *The area under curve value in modular interaction analysis (mean ± standard error of mean).
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TABLE 5 Correlation coefficient between variables of interest in CSVD-GBD group.

Tinetti Test MMSE MoCA AVLTSTDR VRIR VRDR VRR DSF SCWT-CB

Cortical thickness of the left STG −0.566* −0.549*

Cortical thickness of the right STG −0.693**

Gray matter volume of the right
cerebellum VIIIa

−0.421* 0.510*

ALFF in the right PoCG 0.639* 0.458*

FC between the right PoCG and
right MFG

0.669* 0.768**

FC between the right PoCG and
right AG

0.674* 0.727*

FC between the right PoCG and
left ITG

0.505* 0.634* 0.878***

Modular interaction between
module 1 and module 2

−0.512* −0.623*

Modular interaction between
module 1 and module 4

Modular interaction within
module 1

0.534* 0.654**

Tinetti Test 0.615*

CSVD-GBD, cerebral small vessel disease patients with gait and balance dysfunction; ALFF, amplitude of low-frequency fluctuation; FC, functional connectivity; STG, superior temporal gyrus;
PoCG, postcentral gyrus; MFG, middle frontal gyrus; AG, angular gyrus; ITG, inferior temporal gyrus; MMSE, Minimum Mental State Examination; MoCA, Montreal Cognitive Assessment;
AVLTSTDR, Auditory Verbal Learning Test–short time delay recall; VR, Wechsler Memory Scale-Visual Reproduction; VRIR, VR - immediate recall; VRDR, VR - delayed recall; VRR,
VR–recognition; DSF, Digit Span Test–forward; SCWT-CB, Stroop Color Word Test–CB. Module 1 was composed of the right postcentral gyrus, left inferior temporal gyrus, right angular
gyrus, right supramarginal gyrus, and right middle frontal gyrus. Module 2 corresponded to the right cerebellar regions in the Anatomical Automatic Labeling 116 brain template. Module 4
corresponded to the regions of vermis in the Anatomical Automatic Labeling 116 brain template. *P < 0.05; **P < 0.01; ***P < 0.001.

responsible for somatic sensory functions, which suggested that
sensorimotor function might play an important role in the GBD
of CSVD patients. In a previous study, stroke patients with
sensorimotor deficits were more likely to experience a severe loss
of postural control (Lim et al., 2022). In the elderly, overactivation
of the sensorimotor network may be indicative of compensatory
processes for poor gait performance (Di Scala et al., 2019).
Moreover, cognitive sensorimotor exercise might provide a positive
effect on gait improvement in stroke patients (Kim and Jang, 2021).

From the perspective of functional reflection from the
cerebrum to cerebellum, we first found that modular interaction
was decreased between the right cerebellum and the module
composed of the right PoCG, left ITG, right AG, right SMG, and
right MFG in CSVD patients with GBD. There are some theoretical
supports for this result. First, the cerebellar lobule VIII is part of
second cerebellar motor representation, which often targets regions
surrounding the primary motor cerebral cortex (Schmahmann
et al., 2019). Second, the right PoCG, left ITG, right AG, right SMG,
and right MFG are all located in or around the temporoparietal
junction (TPJ). The TPJ is an important component of the ventral
attention network (VAN). Coincidently, in cerebellar resting-state
maps, the right cerebellum VIIIa is also involved in the VAN.
Moreover, the results of modular interaction in our study coincided
with the right lateralized tendencies of the VAN. The VAN was
thought to be mobilized in the gait tasks in patients with gait
freezing in PD patients (Shine et al., 2013). In a study of fall risks
in patients with WMH, disruption of the VAN and sensorimotor
function were also found positively related to Foam Sway test
scores (Crockett et al., 2022). Altogether, our results suggested
the alterations of regions involving in sensorimotor function and

the VAN might be critical to GBD in CSVD patients, which
may provide specific inspiration for us to find the neural circuit
and intervention target of CSVD gait disorder. Additionally, the
impairment of vermis is responsible for imbalance and increased
stride width, which are also characteristics of GBD in CSVD
patients and might be the reason for reduced modular interaction
between the vermis and the module composed of the right PoCG,
left ITG, right AG, right SMG, and right MFG in CSVD patients
with GBD.

Cognition was proposed to mediate the association between
gait parameters and structural network efficiency in CSVD (Cai
et al., 2021). In our study, CSVD patients with GBD showed worse
cognitive performance than those without GBD. Among them,
memory indicated strong associations with Tinetti Test scores
and neuroimaging parameters in CSVD patients with GBD. The
contribution of memory for gait has been reported in several
studies, such as the Helsinki Small Vessel Disease Study, the
Tasmanian study, and so on (Jayakody et al., 2019; Jokinen et al.,
2022). Notably, the indexes of memory in our study, relating to
GBD in CSVD patients, had two characteristics. First, visuospatial
memory showed extreme engagement in GBD. Noteworthily,
apart from TPJ-related regions, which have been proven to be
involved in memory (Afthinos et al., 2022; Doricchi, 2022), the
cortical thickness of the bilateral STG was also closely correlated
with visuospatial memory. In a study of concomitant exotropia
patients, decreased activation in the right STG was observed
(Jin et al., 2022). In addition, increased intra-network FC in the
bilateral PoCG of the SMN and decreased activation in the right
cerebellum VIII were also reported, suggesting that the PoCG and
the right cerebellum VIII played important roles in visual function
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(Jin et al., 2022). Actually, visuospatial function was related to gait
indicators (Jayakody et al., 2021) and visual feedback balance
training could be effective on gait disturbance in CSVD patients
(Zhao et al., 2019). Similarly, Micol Avenali reported that visual
cues improved the motor performance of a patient with a 10-year
history of PD (Avenali et al., 2022). Second, short-term memory
was directly related to GBD in CSVD patients. In the remarkable
cognitive indicators of correlation analyses, AVLTSTDR, VRIR,
and DSF suggested their involvements in short-term memory.
Notably, AVLTSTDR scores were highly correlated with Tinetti
Test scores in CSVD patients with GBD. Analogously, in a
study of community-dwelling, short-term memory also suggested
independent correlations with gait speeds in the population over
50 years of age (Killane et al., 2014).

Moreover, the atrophy of the bilateral STG was closely
associated with each other and had an inseparable relationship
with aging. In the Radboud University Nijmegen Diffusion tensor
and MRI Cohort study, the age-related global reduction in cortical
thickness, including the superior temporal lobe, primary visual
cortex, and so on, was regarded as the reason for reduction in
memory and executive functions in CSVD. However, atrophy of
the right cerebellum VIIIa had no relationship with atrophy of the
bilateral STG and aging, which might suggest that atrophy of the
right cerebellum VIIIa was specific to high fall risks in CSVD. There
was also an association between gray matter volume of the right
cerebellum VIIIa and executive function. As mentioned above, the
right cerebellum had reflections on frontal regions, which might be
the reason for the correlation between right cerebellum VIIIa and
executive function. However, the influence of cerebellar atrophy on
executive function needs to be further studied.

Several limitations of the present study should be considered.
First, our sample size was insufficient. Second, the detailed gait
indicators, such as gait speed, stride length, and so on, were not
included in the study. Third, our study used cross-sectional data
and could not reveal causal effects of brain alterations during
GBD in CSVD patients. In future studies, we will expand the
sample size, use advanced gait assessment instruments such as the
computerized detectors, and conduct long-term follow-up studies
to more thoroughly describe features and mechanisms of GBD in
patients with CSVD.

In conclusion, atrophy of the right cerebellum VIIIa and
altered functional communication of the ventral attention network
between the cerebrum and cerebellum might have been responsible
for the high fall risks in CSVD patients. Sensorimotor and cognitive
functions might have jointly been involved during GBD in CSVD
patients. In addition, visuospatial memory and short-term memory
might have both played important roles in maintaining gait and
balance in CSVD patients. Memory might therefore be a critical
cognitive domain responsible for GBD in CSVD patients. These
results may bring us a new perspective to explore the neurological
intervention target and the possibility of cognitive related therapy
on GBD in CSVD patients.
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Objectives: To investigate the potential of the Block design subtest of the 
Wechsler Adults Intelligence Scale as a non-verbal proxy of cognitive reserve.

Method: A total of 391 cognitively unimpaired participants were included in this 
study. The association between the Block design subtest and the Information 
subtest (an established verbal proxy of cognitive reserve) from the WAIS, as well 
as the association of the two subtests with a Cognitive Reserve Questionnaire 
(CRQ) were tested. In addition, multiple linear regression models were conducted 
to investigate the association of the Block design and Information subtests with 
cognitive performance. The capacity of the Block design subtest to minimize the 
negative effect of an older age over cognitive performance was also assessed and 
this effect was compared with that of the Information subtest. The four cognitive 
domains included were: verbal memory, visual–visuospatial memory, executive-
premotor functions and processing speed.

Results: The Block design subtest correlated positively with both the Information 
subtest and the CRQ. A statistically significant association was observed between 
the Block design subtest and all four cognitive domains. Higher scores in the 
Block design subtest minimized the negative effect of aging on the cognitive 
domains of visual–visuospatial memory and executive-premotor functions, in a 
similar way to the results obtained for the Information subtest.

Conclusion: The Block design subtest is significantly correlated with two 
established proxies of cognitive reserve: it correlates with cognitive performance 
and high scores in Block design have the capacity to minimize the negative effect 
of an older age on cognitive performance. Therefore, the results suggest that the 
corrected Block design subtest could be  considered as a non-verbal proxy of 
cognitive reserve.
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1. Introduction

Cognitive reserve (CR) refers to “the adaptability of cognitive 
processes that helps to explain differential susceptibility of cognitive 
abilities or day-to-day function to brain aging, pathology, or insult” 
(Stern et al., 2020). This concept helps to explain individual differences 
in cognitive or functional decline related to aging or brain disease 
(Stern et  al., 2020). It has been suggested that CR is related to 
compensatory mechanisms (Gonzalez-Burgos et al., 2020), partially 
related to age differences in brain activation (Festini et al., 2018).

Research on CR has primarily focused on verbal proxies, which 
are presumably related to the left hemisphere of the brain (Springer 
et al., 2005; Bartrés-Faz et al., 2009; Solé-Padullés et al., 2009; Bosch 
et  al., 2010; Steffener et  al., 2011). Thus, research on the right 
hemisphere and its cognitive functions has been limited. However, the 
“right hemi-aging model” (RHAM) suggests that the right hemisphere 
is more vulnerable to aging than the left hemisphere (Dolcos 
et al., 2002).

Research on the right hemisphere and its functions has increased 
over the last few decades. In a recent systematic review (Cocquyt et al., 
2017), it was suggested that the right hemisphere could have a role in 
compensatory processes, such as early spontaneous language recovery 
in aphasia. In addition, some authors have suggested the existence of 
a CR network within the right hemisphere (Robertson, 2014). Brosnan 
et al. (2018) found an association between a high CR and an increased 
participation of the right hemisphere in visual processing. Similarly, 
Fleck et al. (2017) highlighted the role of the right hemisphere in 
people showing better global brain functioning and high CR.

Among proxies of CR, different measures of premorbid 
intelligence quotient (IQ) have been widely used to operationalize CR 
(Stern et  al., 2020). These premorbid IQ proxies typically include 
several subtests of the Wechsler Adult Intelligence Scale (WAIS, 
Wechsler, 1997), including the Information subtest (Ferreira et al., 
2017; Gonzalez-Burgos et al., 2020), the Vocabulary subtest (Solé-
Padullés et al., 2009), the Similarity subtest and the Digit Span subtest 
(Colombo et  al., 2018). For instance, the Information subtest is 
commonly considered as a measure of crystallized intelligence 
(Wechsler, 2008). In the cohort used in the present study, the 
Information subtest showed the greatest mediation capacity for the 
effect of cortical thinning on cognition, as compared with the 
Vocabulary subtest and other proxies of CR (Ferreira et al., 2016). 
Furthermore, the Information subtest better represented achievements 
and/or use of educational opportunities versus educational attainment 
or years of education (Correia et al., 2015).

Hence, with regards to premorbid IQ proxies of CR, measures 
presumably related to the left hemisphere have also been used more. 
To the best of the authors’ knowledge, how non-verbal or visual (right-
hemisphere) premorbid IQ proxies relate to CR has not been studied. 
The Block design subtest is an IQ measure of the WAIS that assesses 
visual domains such as visuoperceptive, visuospatial and 
visuoconstructive functions (Wechsler, 1997). The Block design 
subtest is one of the most sensitive tests to assess brain damage (Lezak 
et al., 2012) and it has a fluid component strongly influenced by age 
(Wechsler, 2008). Therefore, the Block design subtest is considered as 
a measure of fluid intelligence (Wechsler, 2008). As opposed to 
crystallized intelligence, fluid intelligence refers to the capacity for 
logical reasoning and the ability to solve novel problems regardless of 
previously acquired knowledge, typically assessed through non-verbal 

cognitive tests (Cattell, 1971; Yuan et al., 2018). Furthermore, the 
Block design subtest correlates with CR proxies such as years of 
education, WAIS-III Vocabulary and Information subtests and CR 
questionnaires (Ferreira et al., 2016).

The main objective of this study was to determine the potential 
role of the Block design subtest as a possible non-verbal and 
presumably right-hemisphere-related proxy of CR. The similarity 
between the Block design subtest performance and the Information 
subtest performance was tested, the latter being a widely used verbal 
IQ proxy of CR. Firstly, the Block design association with CR proxies 
needs to be demonstrated. In order to do this, the association between 
the Block design and Information subtests was tested, as well as the 
association of both CR proxies with an established questionnaire of 
CR. Secondly, the fact that the Block design and Information subtests 
are similarly associated with performance in different cognitive 
domains needs to be demonstrated. Thirdly, the capacity of Block 
design to minimize the negative effect of older age over cognitive 
performance on cross-sectional data was tested; in this case, this 
subtest should be considered as a CR proxy. This effect should then 
be compared to that of the Information subtest. The main hypothesis 
of the present study is that the referred Block design subtest would 
perform similarly to the Information subtest, demonstrating its 
capacity as a proxy of CR. This could have clinical implications for 
neuropsychological assessment and interpretation of test results, 
providing a non-language-dependent alternative to traditional verbal 
CR proxies.

2. Materials and methods

2.1. Participants

A total of 391 cognitively unimpaired participants from the 
GENIC database (Group of Neuropsychological Studies of the Canary 
Islands) were included (Ferreira et  al., 2017). All participants 
underwent a comprehensive assessment covering global cognition, 
daily living activities, clinical variables, and neuropsychological tests 
as described in section 2.2 “Cognitive assessment.” The inclusion 
criteria for the current study were: (1) Age between 35 and 80 years; 
(2) Right-handed manual preference assessed with the Edinburgh 
Handedness Inventory (EHI) and additionally supported in the 
interview to ensure that all participants were born right-handed. This 
criterion was included because the authors wanted to investigate Block 
design as a right-hemisphere proxy of CR, and visual abilities such as 
those assessed by the Block design subtest are frequently driven by the 
right hemisphere in right-handed people, as compared with left-
handed people; (3) Normal performance in comprehensive 
neuropsychological assessment using pertinent clinical normative 
data (i.e., individuals did not fulfill cognitive criteria for mild cognitive 
impairment or dementia); (4) Preserved global cognitive performance 
and normal activities of daily living based on a Mini-Mental State 
Examination (MMSE; Folstein et  al., 1975) score ≥ 24, a Blessed 
Dementia Scale (BDRS; Blessed et  al., 1968) score < 4 and/or a 
Functional Activity Questionnaire (FAQ; Pfeffer et al., 1982) score < 6; 
(5) No neurologic or psychiatric disorders, systemic diseases with 
neuropsychological consequences, history of substance abuse or use 
of medicines that may affect normal cognitive functioning. Following 
previous studies (Machado et al., 2018; Gonzalez-Burgos et al., 2020), 
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an exception was made for the BDRS. Although the BDRS scale 
cut-off for abnormality is frequently established at ≥ 4 points (Blessed 
et al., 1968; Erkinjuntti et al., 1988), emotional factors driving the 
‘changes in personality, interests and drive’ subscale may influence the 
BDRS total score and do not necessary reflect functional impairment. 
With the objective of excluding individuals with functional 
impairment, participants showing total BDRS scores ≥ 4 (n = 24) were 
included if: (a) 70% or higher percentage of the BDRS total score 
resulted from the ‘changes in personality, interests and drive’ subscale; 
and (b) if a score ≤ 1.5 was obtained in the other two BDRS subscales 
(‘changes in performance of everyday activities’ and ‘changes 
in habits’).

2.2. Cognitive assessment

The neuropsychological protocol was administered by following 
two alternative orders (form A and B) to avoid fatigue effects influence 
on specific tests. This assessment was carried out in two 3-h sessions 
with a 30 min break. While most tests were administered as per their 
standard procedures, some minor modifications were made to better 
fit the specific population here, as previously described (Ferreira et al., 
2017). The following cognitive domains were assessed: processing 
speed, attention, executive functions, verbal and visual episodic 
memory, procedural memory, and visuoconstructive, visuoperceptive 
and visuospatial functions. The specific neuropsychological tests and 
the detailed information about the full neuropsychological assessment 
protocol can be found in Table 1 and in Ferreira et al. (2014).

Participation was voluntary and all the participants gave their 
written informed consent in accordance with the Declaration of 
Helsinki. The study was approved by the ethics committee of 
University of La Laguna (Spain).

The Information subtest of the WAIS-III was used as a verbal CR 
proxy. Participants were verbally presented with 28 questions about 
general knowledge (common facts, objects, places, historical figures, 
etc.). The Information subtest showed a high correlation with the “G” 
factor and with crystallized intelligence measures (Correia et al., 2015).

The Block design subtest of the WAIS-III was used as a non-verbal 
CR proxy. Participants were presented with 14 designs characterized 
by an increasing number of blocks (from 4 to 9 blocks).

The Cognitive Reserve Questionnaire (CRQ; Solé-Padullés et al., 
2009; Rami et  al., 2011) was additionally used as an established 
non-cognitive proxy of CR. The CRQ provides a global score of CR by 
combining information about formal educational attainment of both 
the participants and their parents, training courses, occupational 
attainment, musical training, languages, reading habits and mentally 
stimulating activities (e.g., chess, puzzles, crosswords, etc.). CRQ 
scores range from 0 to 25 in the version used in the present study 
(Rami et al., 2011), with higher values reflecting higher CR.

2.3. Statistical analysis

An important step was introduced before the main statistical 
analysis to adjust the Block design raw score. Age has a marked 
influence on the performance of the Block design subtest (Lezak 
et al., 2012), which reflects its fluid component (Wechsler, 2008). This 

poses a challenge to CR studies because the fluid component of 
cognition is usually the outcome variable (i.e., CR minimizes the 
effect of age or pathology on cognitive performance: fluid 
component). In contrast, the premorbid crystallized component of 
cognition usually remains stable with aging and in pathology 
(reflecting fundamental features of CR). Therefore, the age-related 
variability in the performance of the Block design subtest was 
statistically removed as a reasonable attempt to remove the fluid 
component of the test while retaining its crystallized component. In 
order to do this, the formula proposed by Amato et al. (2006) was 
used. This formula allows for the subtraction of the influence of one 
variable (age in this case) from the raw scores of the variable of 
interest (the Block design subtest in this case). To do this, a linear 
regression model including the raw score from the Block design 
subtest as the criterion variable and age as the predictor was 
performed. After obtaining the values of the parameters, the following 
formula was applied across all the study participants (N = 391):

TABLE 1 Cognitive variables and cognitive domains.

Cognitive variables Cognitive 
domains

LM A-Immediate TAVEC 1st trial Verbal memory domain

LM B1-Immediate TAVEC Learning

LM B2-Immediate TAVEC Interference

LM A-Delay TAVEC Short delay

LM B-Delay TAVEC Short delay-

Clues

LM A-Recognition TAVEC Long delay

LM B-Recognition TAVEC Long delay-

Clues

VR I-Total Score 8/30 Long delay Visual Visual memory–

Visuospatial domainVR II-Total Score FRT

VR-Copying JLOT-First half

VR-Total Recognition JLOT-Second half

8/30 1st trial BNT

8/30 Learning Spatial Span backward

8/30 Interference Block Design Total

8/30 Short delay

STROOP Words Digit Span Executive functions–

Premotor functions 

domain
STROOP Colors Digit Span backward

STROOP Inhibition Spatial Span forward

Phonemic fluency Luria’s HAM Right

Semantic fluency Luria’s HAM Left

Action fluency Luria’s—Coordination

PCV Decision time Processing speed domain

PCV Motor time

CTT-Part 1

The table shows the cognitive variables included in each of the four different cognitive 
domains. Cognitive domains from a data-driven modular analyses in Garcia-Cabello et al. 
(2021). LM, Logical Memory; VR, Visual Reproduction; FRT, Facial Recognition Test; JLOT, 
Judgment of Line Orientation Test; BNT, Boston Naming Test; PCV, PC-Vienna System; 
CTT, Color Trails Test. HAM, Hand Motor Alternations.
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Corrected score = −
∗ −
r ßaw score of the Block design subtest

age mean age of  

age

  the cohort( ).

The new adjusted variable was used in the statistical analyses and 
will be hereinafter referred to as ‘the corrected Block design subtest’.

In order to address the first aim of the study, Pearson correlations 
were performed between the Block design subtest and the Information 
subtest, as well as correlations between the two subtests and the 
CRQ. Multiple linear regression models were conducted to address the 
second and third aims in this study: to investigate the association of 
the Block design and Information subtests with cognitive performance 
(second aim); and to test the capacity of Block design to minimize the 
negative effect of an older age over cognitive performance and 
compare this effect with that of the Information subtest (third aim). 
These models were performed separately for the Block design and 
Information subtests, which were included together with age as the 
predictors, and cognitive performance as the outcome. The main 
interest in the present study was the interaction term between age and 
the Block design/Information subtests (third aim), i.e., to investigate 
the capacity of the Block design and Information subtests to minimize 
the effect of age on cognitive performance. Although continuous 
variables were included in the multiple regression models, the 
predictor variables were dichotomized using their median values to 
visualize statistical interactions. In addition, to fully characterize the 
differences/similarities between the Block design and Information 
subtests, the partial effects of the Block design and Information 
subtests from these multiple linear regression models were report, and 
their beta values were qualitatively assessed to compare their 
associations with cognitive performance (second aim).

Four cognitive domains were investigated that have previously 
been reported in the cohort (Garcia-Cabello et al., 2021), instead 
of analyzing all the 44 cognitive variables (i.e., 4 models instead of 
44 models, per CR proxy) to minimize statistical error type I related 
to multiple testing. Please see Table  1 for the list of cognitive 
domains and variables. The procedural memory domain from the 
cognitive domains in Garcia-Cabello et al. (2021) was excluded for 
three reasons. Firstly, in the cohort here, the effect of age on 
procedural memory is weak or non-existing (Correia et al., 2015; 
Machado et al., 2018; Garcia-Cabello et al., 2021), which is a critical 
condition for building models related to CR. Secondly, procedural 
memory is completely disconnected from the other cognitive 
domains in the cognitive connectome previously built for the 
cohort (Garcia-Cabello et al., 2021). Since the CR theory relates to 
compensatory mechanisms with other cognitive networks being 
recruited to minimize the effect of aging on cognition, this 
disconnection of procedural memory from the other cognitive 
domains could pose a barrier in the models of this study. Thirdly, 
the authors’ focus on the CR and verbal versus non-verbal proxies 
(presumably left and right brain hemispheres), directs the interest 
here towards primarily cortical cognitive functions, while 
procedural memory is more related to the functioning of 
subcortical brain networks. In addition, since Block design was one 
of the predictors here, the Block design subtest was excluded from 
the outcome variable for the visual domain.

Statistical analyses were conducted using the R statistical software 
(R Core Team, 2016). A value of p < 0.05 (two-tailed) was deemed 
significant in all the analyses.

3. Results

The demographic characteristics of the cohort (N = 391) are 
shown in Table 2. There was a strong inverse association between the 
raw Block design subtest and age (r = −0.572; p < 0.001; Figure 1A). 
After applying the correction from Amato et  al. (2006), the new 
Pearson correlation between the corrected Block design subtest and 
age demonstrated that the variance of age on Block design was 
completely removed, as expected (r = 0; p = 1.0; Figure 1B).

3.1. Aim 1: Associations between the block 
design and information subtests, as well as 
of both proxies with the CRQ

The correlation between the corrected Block design subtest and 
the Information subtest showed a strong direct association (r = 0.56; 
p < 0.001). Data on the CRQ was available for 67 participants from a 
previous study (Ferreira et al., 2016). Table 2B shows the demographic 
and clinical characteristics of this subsample with data available on the 
CRQ. In this subsample, the CRQ showed a strong direct correlation 
with the corrected Block design subtest (r = 0.49; p = <0.001; 
Figure 2A) and the Information subtest (r = 0.72; p < 0.001; Figure 2B).

3.2. Aim 2: Associations of the block design 
and information subtests with cognitive 
performance

Two series of multiple linear regression models (‘models a’: 
corrected Block design subtest; ‘models b’: Information subtest) were 
performed independently to predict each of the four cognitive 
domains (Table 3). The partial effects of each CR proxy on cognitive 
performance are described below.

Regarding the verbal memory domain, both the corrected Block 
design and the Information subtests predicted performance in the 
verbal memory domain significantly and independently of age. A 
higher score in both subtests was associated with a better performance 
in verbal memory (corrected Block design subtest: ß = 0.091; p < 0.001; 
Information subtest: ß = 0.202; p < 0.001).

When predicting performance in the visual memory and 
visuospatial domain, a higher score in the corrected Block design and 
Information subtests was associated with better performance in the 
visual memory and visuospatial domain performance significantly 
and independently of age (corrected Block design subtest: ß = 0.198; 
p < 0.001; Information subtest: ß = 0.310; p < 0.001).

Regarding the executive and premotor functions domain, higher 
scores in the corrected Block design and Information subtests were 
associated with higher performance significantly and independently 
of age (corrected Block design subtest: ß = 0.322; p < 0.001; Information 
subtest: ß = 0.625; p < 0.001).

Finally, in the case of the processing speed domain, significant 
partial effects were found for the corrected Block design and the 
Information subtest, suggesting that higher scores in both subtests 
were associated with better processing speed (corrected Block design 
subtest: ß = –0.782; p < 0.001; Information subtest: ß = –1,795; 
p < 0.001)
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The qualitative comparison of the beta values of the corrected 
Block design and Information subtests showed that, overall, the 
associations were similar for both proxies, though the beta values were 
higher for the Information subtest (Table 3).

3.3. Aim 3: The capacity of block design to 
minimize the negative effect of an older 
age on cognitive performance

Two out of the four multiple linear regression models including 
the corrected Block design subtest and age as predictors showed a 
significant interaction between both predictors: the models for the 
visual memory-visuospatial domain and the executive-premotor 
functions domain (‘models a’ in Table 3). Figures 3A,B show that the 
older age group obtained a lower performance than the younger age 
group (visual memory-visuospatial: t(380) = 15.074; p < 0.0001; 
executive-premotor functions: t(379) = 12.212; p < 0.0001), but these 
differences were smaller in the high cognitive reserve group (visual 
memory-visuospatial: t(380) = 11.930; p < 0.0001; executive-premotor 
functions: t(379) = 9.944; p < 0.0001).

No statistically significant interactions were found between age 
and the corrected Block design score for the models predicting verbal 
memory (F(1,387) = 111,70; p = 0.619) and processing speed 
(F(1,387) = 80,92; p = 0.074) domains (Table 3).

Similarly, out of the four multiple linear regression models 
including the Information subtest score and age as predictors, two 
models showed a significant interaction between both predictors. 
These two models were exactly the same as the corrected Block design 
subtest, including the visual memory-visuospatial domain and the 
executive functions-premotor functions domain (‘models b’ in 
Table 3). The significant interaction between the Information subtest 
score and age showed exactly the same effect in these two domains as 
the corrected Block design models did (first paragraph in this section). 
As can be  seen in Figures 3C,D, the older age group had a lower 
performance than the younger age group (visual memory-visuospatial: 
t(381) = 14.449, p < 0.0001; executive-premotor functions: t(380) = 13.196, 
p < 0.0001), but these differences were smaller in the high cognitive 
reserve group (visual memory-visuospatial: t(381) = 10.255, p < 0.0001; 
executive-premotor functions: t(380) = 7.772, p < 0.0001). Similarly, in 
the corrected Block design subtest, no statistically significant 
interactions were found between age and the Information subtest 

score for the models predicting verbal memory (F(1,387) = 153,31; 
p = 0.985) and processing speed (F(1,387) = 87,72; p = 0.061) domains 
(Table 3).

4. Discussion

The present study aimed to determine the potential role of the 
Block design subtest as a possible non-verbal proxy of CR. The results 
show that the corrected Block design subtest was strongly correlated 
with a questionnaire of CR and with the Information subtest, a widely 
used verbal premorbid IQ proxy of CR. In addition, higher scores in 
the corrected Block design subtest minimized the negative effect of an 
older age on cognitive performance in exactly the same cognitive 
domains as the Information subtest, thus behaving as a CR proxy. The 
associations of the corrected Block design subtest with cognitive 
domains were also similar to those of the Information subtest, thus 
further supporting the similarities between the Block design subtest 
and the verbal CR proxy of the Information subtest.

The significant correlation between the Block design and 
Information subtests is consistent with previous findings (Ferreira 
et al., 2016), where the same cohort was used but the analyses included 
individuals between 38 and 52 years of age. These previous findings 
showed that the Block design subtest correlated with cognitive reserve 
proxies such as WAIS-III Vocabulary and Information subtests, years 
of education, and the CRQ. Also in the same cohort (Correia et al., 
2015) reported that participants between 60 and 80 years of age who 
performed higher on the Information subtest performed better on the 
Block design subtest. The present study, thus, managed to generalize 
the findings from these two previous narrow-age-range studies to a 
wider age range, from 38 to 80 years of age. This is above all a first 
piece of evidence in favor of considering the Block design subtest as a 
potential non-verbal proxy of CR.

Another result of the present study is the significant association 
of the Block design (and Information subtest) with cognitive 
performance. In particular, the corrected Block design subtests 
showed a significant association with the verbal memory domain, 
the visual memory and visuospatial domain, the executive and 
premotor functions domain and the processing speed domain, in 
a such a way that higher scores in Block design were associated 
with a higher cognitive performance. The association between the 
Block design subtest and the verbal memory domain may 

TABLE 2 Demographic characteristics of the sample.

(A) Whole sample (n = 391) (B) Subsample with data available in the CRQ 
(n = 67)

Mean (SD) or 
percentage

min-max Mean (SD) or 
percentage

min-max

Age, years 58.36 (11.34) 38–80 44.64 (3.96) 38–52

Education level (% 0/1/2/3/4)a 1/12/37/22/28 0/0/45/34/21

Sex (% female) 54.40 50.74

WAIS III-Information 15.26 (6.26) 5–27 15.61 (5.94) 6–26

MMSE 28.51 (1.45) 24–30 29.19 (1.05) 26–30

BDRS 0.89 (1.33) 0–7 0.53 (0.88) 0–3.5

aEducation Level: illiterate (0); acquired reading and/or writing skills (1); primary level (2); secondary level (3); university level (4). WAIS-III Information: Information subtest of the Wechsler 
Adult Intelligence Scale. MMSE: Mini-Mental State Examination; BDRS: Blessed Dementia Rating Scale.
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be explained by the strong component of the executive functions 
of both tasks. It is possible that shared processes such as working 
memory, planning, developing strategies and processing speed 
apply in both the Block design and the verbal memory domain. In 
fact, some authors have reported an important association between 
verbal memory and executive functions (Duff et al., 2005). The 
association of Block design with the visual memory and 
visuospatial domain is reasonable because of the involvement of 
visuoperceptual, visuospatial and visuoconstructive functions in 
the Block design performance. The association between the 
corrected Block design subtest and executive and premotor 
functions could be interpreted by the participation of premotor 
functions in the integration of motor skills and learned action 
sequences (Damasio et al., 2011), which may be involved in Block 
design performance. Finally, the association between Block design 
and processing speed is not surprising since the Block design 

subtest is a timed test with a clear processing speed component 
(Lezak et al., 2012). Previous studies showed that processing speed 
predicted a substantial part of the variance in the Block design 
subtest (Bugg et al., 2006; Schubert et al., 2019).

The associations between the Information subtest and cognitive 
performance are reminiscent of the associations described above for 
the corrected Block design subtest. Briefly, the results for the verbal 
memory domain, visual memory-visuospatial domain, the executive-
premotor domain and processing speed domain are consistent with 
previous studies from the same cohort using different age ranges 
(Correia et al., 2015; Ferreira et al., 2016). Correia et al. (2015) found 
a significant effect of the Information subtest scores on verbal memory, 
visual memory, visuospatial, visuoconstructive, executive and 
premotor and processing speed tasks. Similarly, Ferreira et al. (2016) 
found a significant correlation of the Information subtest with verbal 
memory, visuospatial, visuoconstructive and executive tasks. Taken 

A

B

FIGURE 1

Scatter plots for the correlation of the raw Block design subtest and corrected Block design subtest with age. (A) The correlation between the raw 
Block design and age showed a strong inverse association (r = −0.57; p < 0.001); (B) the correlation between the corrected Block design scores and age 
is non-significant by design (r = 0; p = 1.0).
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together, the similar associations obtained for the Block design and 
Information subtests with cognitive performance serve as another 
piece of evidence in favor of Block design as a potential non-verbal 
proxy of CR.

It should be  mentioned that the significant interactions 
between the corrected Block design subtest and age on cognitive 
performance revealed that higher scores in the corrected Block 
design subtest minimized the negative effect of age on cognition, 
in a similar way to the results obtained for the Information subtest. 
These results are consistent with the predictions of CR theory in 
normal aging. For example, different studies have demonstrated a 
slower rate of age-related cognitive decline in individuals with a 
higher CR (Zahodne et al., 2015). The findings from the interaction 
of the Information subtest with age in the prediction of cognitive 
domains enabled the authors to characterize the traditional verbal 
CR proxy of Information and establish it as a reference for 

comparison with the proposed non-verbal CR proxy of the 
corrected Block design.

This study has some limitations. The correlation analysis for 
the corrected Block design and Information subtests with the CRQ 
was based on a small subsample of sixty-seven participants whose 
data were available from a previous study (Ferreira et al., 2016). 
However, for the purpose of that specific analysis, the statistical 
power was sufficient to capture the statistically significant 
association of the corrected Block design subtest with a stablished 
measure of CR (i.e., the CRQ), which was adequate for the aim of 
the present study. The inclusion of the CRQ variable made it 
possible to meet the first aim of the study, and it was not used in 
further analyses, hence not limiting the number of participants for 
the analyses in the second and third aims. Another limitation is 
that potential gender-related differences in cognitive performance 
and cognitive reserve were not explored. However, to minimize 

A

B

FIGURE 2

Scatter plots for the correlation of the corrected Block design subtest and the Information subtest with the CR questionnaire. (A) The correlation 
between the corrected Block design and the CR questionnaire showed a positive association (r = 0.49; p = <0.001); (B) the correlation between the 
Information subtest scores and the CR questionnaire showed a positive association (r = 0.72; p < 0.001).
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this problem gender differences from the design of this study were 
controlled for (by setting up a cohort balanced in gender). 
Schooling years is a common proxy of CR. In this study, the 
corrected Block design subtest was validated against the 
Information subtest and the CRQ. These are two well-established 
proxies of CR and, in particular, the Information subtest performs 
better than schooling years as a CR proxy in the cohort (Correia 
et al., 2015; Ferreira et al., 2016). Expanding the present validation 
here to compare the corrected Block design subtest against 
schooling years in other different cohorts may be an interesting 
prospect for future studies. Furthermore, the Block design subtest 
has both fluid and crystallized components. While the premorbid 
crystallized component of cognition usually remains stable with 
aging and in pathology, reflecting fundamental features of CR, the 
fluid component changes with age. Therefore, the formula 
proposed by Amato et  al. (2006) to statistically remove the 
variance associated with age in Block design was applied, as a 
reasonable attempt to remove the fluid component. Although the 
authors are aware that this is an indirect correction method, there 
are no strategies in previous research to reduce the fluid 
component of a given test, to the best of the authors’ knowledge. 
An alternative strategy could be  to isolate the crystallized 
component of a given test by capturing the common variance 
between the test (Block design in the present study) and 
crystallized measures such as the Information subtest. However, 
such a strategy would completely clash with the design of the 
present study. Another potential limitation is that the authors 
accepted the assumption that verbal tests are more related to the 
functioning of the left hemisphere while non-verbal tests are more 
related to the functioning of the right hemisphere. Although this 
assumption is widely accepted in the field, it is almost impossible 

to definitively prove it. A common strategy to increase the chances 
that verbal abilities are primarily driven by left hemisphere and 
non-verbal abilities are primarily driven by right hemisphere is to 
limit the study population to only include right-handed 
individuals. The evidence behind this strategy is that around 90% 
of right-handed individuals have verbal abilities mostly 
implemented in the left hemisphere (Papadatou-Pastou, 2011). 
Hence, only right-handed individuals were included in the present 
study. Furthermore, the study was approached in terms of verbal 
versus non-verbal proxies, trying to avoid references to brain 
hemispheric specialization. This is still a valid and important 
approach because a non-verbal proxy of CR provides the 
opportunity to estimate CR in populations with low educational 
levels or with compromised language functions (irrespective of 
hemispheric specialization). Finally, the Block design subtest was 
tested as a potential proxy of CR in cognitively unimpaired people. 
This was necessary to establish the findings in the normal 
population. Since CR was assessed in the context of increasing age, 
future studies should expand the present study to demonstrate the 
potential of Block design as a proxy of CR in individuals with a 
brain pathology.

In conclusion, it has been demonstrated here that the 
corrected Block design subtest is significantly associated with two 
established proxies of CR, it correlates with cognitive performance 
and high scores in Block design have the capacity to minimize the 
negative effect of an older age on cognitive performance. 
Therefore, the results of this study suggest that the corrected 
Block design subtest could be  used as a non-verbal proxy of 
CR. This could have several clinical implications such as the 
possibility to estimate CR in patients with verbal impairments or 
low levels of education.

TABLE 3 Multiple linear regression models (models ‘a’ for Block design and models ‘b’ for Information subtest).

Cognitive 
domains 
(outcome 
variables)

R2 F p Predictors (X) ß (coef) p Interaction

(Pr)

Verbal memory Model a 0.37 114.70 <0.001 Age −0.136 <0.001 0.619

Corrected Block design score 0.091 <0.001

Model b 0.44 153.31 <0.001 Age −0.114 <0.001 0.985

Information subtest score 0.202 <0.001

Visual memory–

Visuospatial

Model a 0.68 277.91 <0.001 Age −0.265 <0.001 0.007

Corrected Block design score 0.198 <0.001

Model b 0.65 2.436.28 <0.001 Age −0.230 <0.001 0.013

Information subtest score 0.310 <0.001

Executive 

functions–

Premotor functions

Model a 0.53 148.34 <0.001 Age −0.363 <0.001 0.030

Corrected Block design score 0.322 <0.001

Model b 0.61 198.35 <0.001 Age −0.292 <0.001 0.009

Information subtest score 0.625 <0.001

Processing speed Model a 0.37 80.92 <0.001 Age 2.552 <0.001 0.074

Corrected Block design score −0.782 <0.001

Model b 0.38 87.72 <0.001 Age 2.475 <0.001 0.061

Information subtest score −1.795 <0.001
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Introduction: Aging is often accompanied by significant cognitive decline and 
altered decision making. Previous studies have found that older adults have 
difficulty in processing reward/risk information, leading to suboptimal decision 
strategy. However, it is still under investigated about the neural substrates of risky 
decision-making under ambiguity in aging.

Methods: Using the Iowa Gambling Task, the current study investigated inter-
individual differences of risk-taking behaviors in healthy older adults with task-
related functional magnetic resonance imaging.

Results: It was found that participants were able to improve their decisions in 
advantageous decks, but failed to avoid disadvantageous decks during task 
performance. The task-related activations within multiple brain regions were 
observed significantly different across the four decks, and showed negative 
correlations with age in disadvantageous decks but not in advantageous decks. 
Consistently, age-related whole brain analyses confirmed the negative age-effect 
on brain activations in disadvantageous decks, especially in high punishment 
frequency. In addition, the relationship between age and task performance in high 
punishment frequency was mediated by activation in the frontal subregions such 
as the middle frontal cortex and superior medial frontal cortex.

Discussion: Our findings shed light on the neural substrates of altered risk-taking 
behaviors in aging, suggesting a greater sensitivity to high punishment frequency 
in older adults.
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1. Introduction

Reward-based decision making is critical for survival and development, which is tightly 
coupled with risk. Individuals need to estimate potential gains and losses to maximize their 
benefits in response to external stimuli. Aging is often accompanied by declined cognitive 
function and altered decision making, thereby older adults have greater difficulty in forming 
optimal decision strategy in uncertain reward and risk conditions (Samanez-Larkin and 
Knutson, 2015). Although previous studies have reported that older adults exhibit more risk-
aversive/conservative behaviors compared with young adults, there are also conflicting results 
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showing no significant difference between the two groups (Mata et al., 
2011; Tymula et  al., 2013; Rutledge et  al., 2016). The inconsistent 
findings suggest a large inter-individual differences of risk-taking 
behavior in elderly populations. Therefore, investigating the alterations 
of reward-based decision making in aging is critical for successful 
aging and cognitive intervention.

Iowa Gambling Task (IGT) measures risk-taking behaviors in a 
reward-based reinforcement learning paradigm, which has been 
extensively used in research and clinical studies (Bechara et al., 1994; 
Buelow and Suhr, 2009). The classical IGT includes four decks with 
different frequencies and magnitudes of gain/loss implicitly. During the 
IGT task, individuals would learn the covert rules and optimize their 
decision strategies by avoiding disadvantageous decks and choosing 
advantageous decks. The IGT has been shown to be highly sensitive for 
testing individual’s decision strategy under ambiguous risk conditions, 
especially impaired decision making in normal aging and age-related 
neurodegenerative diseases (Beitz et al., 2014; Sun et al., 2020; Colautti 
et  al., 2021). Compared with young adults, previous studies have 
reported that older adults stochastically select good and bad decks in 
the IGT (Fein et al., 2007; Di Rosa et al., 2017). However, other studies 
have also reported no difference in risk-taking behaviors between the 
two groups (Wood et al., 2005; Peng et al., 2020). These controversial 
behavioral findings suggest that more potential factors need to 
be considered in aging-related alterations of risky decision-making. In 
most of the IGT studies, task performance usually measured by the 
difference in long-term selections from advantageous versus 
disadvantageous decks, and punishment frequency as another 
important factor has largely been ignored. A series of behavioral studies 
have reported the “prominent deck B phenomenon” in healthy young 
adults, showing that participants prefer the disadvantageous deck with 
low punishment frequency as much as advantageous decks (Dunn et al., 
2006; Lin et al., 2007; Arıkan İyilikci and Amado, 2018). Another study 
has shown that individuals are more sensitive to the effects of long-term 
reward under the condition of high punishment frequency (Ma et al., 
2015). Consistently, Teodorescu et  al. recently reported that the 
combination of high punishment frequency and low fines is more 
effective in reducing violation behaviors (Teodorescu et al., 2021). Based 
on these findings, punishment frequency may play a crucial role in 
understanding the inter-individual differences of risk-taking behaviors 
in older adults.

So far as we know, only one behavioral study examined the IGT 
performance corresponding to each deck across the lifespan, showing 
that deck preferences changed differently as a function of age (Beitz 
et al., 2014). Using functional magnetic resonance imaging (fMRI), 
IGT performance have been found associated with multiple brain 
regions in healthy young adults, including the medial prefrontal cortex 
(MPFC), inferior parietal lobe (IPL), striatum, and insula (Lin et al., 
2008; Li et al., 2010). In healthy older adults, studies have shown a 
critical role of PFC in processing reward/risk information in different 
stages of the IGT, suggesting that divergent neurobiological aging 
trajectories underlie disparate decision-making patterns (Rogalsky 
et al., 2012; Halfmann et al., 2014). A recent meta-analysis combining 
IGT and other risky decision-making studies suggested the insula and 
frontal subregions involved in the task (Tannou et al., 2021). However, 
there has been less study investigating the neural substrates underlying 
the influence of punishment frequency on risky decision-making in 
older adults. In a recent fMRI study, young adults have been found 
more sensitive to high punishment frequency (deck A), which was 

closely related to increased neural activity in the anterior cingulate 
cortex (ACC; Ma et al., 2015). Based on these findings, the neural 
substrates underlying decision strategies associated with punishment 
frequency might be  changed in aging brain, due to altered loss 
sensitivity and reduced cognitive efficiency (Samanez-Larkin and 
Knutson, 2015).

Using the IGT paradigm, the current study investigated the 
age-related alterations in the neural substrates of risk-taking behaviors 
corresponding to the four decks in healthy older adults. Our main 
goals are: (1) to examine the relationship between risk-taking 
behaviors and punishment frequency in older adults; (2) to identify 
the brain activations corresponding to different reward/punishment 
conditions in older adults; and (3) to reveal age-effect on the neural 
circuits underlying disadvantageous and advantageous options. 
Taking into account the frequency of punishment, we hypothesized 
that older adults would still be able to improve their decision strategies 
during the IGT, and aging might have a greater effect on brain 
activations associated with disadvantageous decks, especially the high 
punishment frequency.

2. Methods

2.1. Participants

Sixty healthy older adults were recruited from multiple 
communities in Shenzhen. All participants were right-handed 
determined by the Edinburgh handedness inventory, with adequate 
visual and auditory acuity for testing by self-report. Exclusion criteria 
included (1) a history of diagnosed neurological or psychiatric 
diseases, such as major depression, anxiety, and cerebrovascular 
disease; (2) MRI contraindications (e.g., metallic implant, 
claustrophobia, and pacemaker). This study was performed in 
accordance with the Declaration of Helsinki, and was approved by the 
Ethics Committee of Shenzhen Kangning Hospital. Each participant 
was required to sign a written informed consent form after a full 
written and verbal explanation of the study. Cognitive function was 
assessed by using the Montreal Cognitive Assessment (MoCA) and 
Mini Mental State Examination (MMSE), which have been widely 
used in clinical and research settings to assess multiple cognitive 
domains (Folstein et al., 1975; Nasreddine et al., 2005; Pinto et al., 
2019). Previous studies have shown that older adults with MoCA 
scores lower than 22 (Chen et  al., 2016; Clarnette et  al., 2017) or 
MMSE scores lower than 25 (Feng et al., 2012; An and Liu, 2016) have 
higher risk for cognitive impairment. However, in order to better 
examine the relationship between cognitive ability and risk-taking 
behavior, older individuals with a MoCA score below 22 (ranged from 
16 to 29) or a MMSE score below 25 (ranged from 20 to 30) were also 
included in the current analysis.

2.2. Iowa gambling task and behavior 
analysis

Using an event-related fMRI design, a modified IGT paradigm 
based on Cauffman and colleague’s version was used during the 
scanning (Cauffman et al., 2010). At the beginning of each trial, one of 
the four decks was randomly highlighted with a yellow frame, and 
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participants were required to make a decision whether to play or pass 
the card as soon as possible. Participants were informed that with each 
selected card (“play”) they would win or lose money (a net gain/loss) 
based on different probability, and with each unselected card they would 
not win or lose any money. Different from the standard IGT, our 
customized IGT paradigm was modified in punishment frequency and 
net gain to slightly increase task difficulty (Figure 1). Decks A and B 
were defined as bad decks with high net gains (¥8 and ¥10) but long-
term loss (¥15 loss per 10 cards), while decks C and D were defined as 
good decks with low net gain (¥5 and ¥4) but long-term reward (¥15 
gain per 10 cards). Decks A and C resulted in losses on 50% of selections, 
whereas Decks B and D resulted in losses on 20% of selections. A 
participant might select a card that contains only a win, or select a card 
that contains a win plus a loss. The payoff ranges were from −¥12 to ¥8 
for deck A, from −¥50 to ¥10 for deck B, from −¥3 to ¥5 for deck C, and 
from −¥9 to ¥4 for deck d. Therefore, choosing from the low-risk decks 
(deck C and D) was advantageous choice, while choosing from the high-
risk decks (deck A and B) was disadvantageous choice. With a bank of 
¥100 at the beginning of the IGT, participants were required to earn 
monetary reward as much as possible. For each trial, participants need 
to make a response within 4 s, then a feedback was displayed showing 
the corresponding gain or loss. Trials were separated by an inter-trial 
interval jittered between 2 and 4 s. The total number of trials in the 
entire task was between 80 and 85, with at least 20 trials for each deck. 
After the entire experiment, participant would be paid actual money 
(¥50–¥200) based on their performance.

For each deck, deck choice (proportion of selections) and total 
income (final earnings) were computed to measure individual’s risk 
preference. To examine the task performance over time, the entire task 
was divided into four blocks with ~20 trials per block (number of 
trials was dependent on participants’ performances). To measure the 
change of decision strategy during the IGT, change of deck selection 

(CDS) was defined by calculating the difference of deck choice 
between the last and first blocks (CDS = Deck_choiceblock4 – Deck_
choiceblock1). Therefore, a positive CDS indicated increased number of 
selection, and a negative CDS indicated decreased number of selection.

2.3. Imaging data acquisition

Neuroimaging data were acquired on a 3.0 T MRI system 
(Discovery MR750 System, GE Healthcare) with an eight-channel 
phased-array head coil. The T1-weighted images were acquired by 
using a three-dimensional brain volume imaging sequence that 
covered the whole brain (repetition time (TR) = 6.7 ms, echo time 
(TE) = 2.9 ms, flip angle = 7 degrees, matrix = 256 × 256, slice 
thickness = 1 mm, 196 slices). In the task-related fMRI, a gradient-
echo echo-planar imaging sequence was used with the following 
parameters: TR = 2,000 ms, TE = 25 ms, flip angle = 90 degrees, 
matrix = 64 × 64, and voxel size = 3.4 × 3.4 × 3.2 mm3, and 48 axial slices. 
During the task session, participants made responses by pressing left-
handed button for play and right-handed button for pass. The entire 
task lasted 10 min with 300 volumes.

2.4. Functional imaging data preprocessing

The functional images were preprocessed in the DPABI_v4.31 
(Yan et  al., 2016) based on the SPM8.2 The first 5 volumes were 

1 https://rfmri.org/dpabi

2 http://www.fil.ion.ucl.ac.uk/spm/

FIGURE 1

Task paradigm of the Iowa Gambling Task. Each trial began with a yellow frame displayed on one of the four decks randomly. Participants were 
required to make a response by pressing buttons in the left (“play”) or right (“pass”) hand as soon as possible within 4 s. The jittered inter-trial interval 
was 2–4 s. The table shows the probability of gain/loss for each deck, and earnings in 10 trials. Cards from decks A and B resulted in higher rewards 
than cards from decks C and D, but they also resulted in higher losses.
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excluded to obtain steady-state tissue magnetization. The remaining 
volumes were corrected for slice timing and head motion, 
co-registered to structural images, and normalized to the Montreal 
Neurological Institute (MNI) standard space. Then the functional 
images were resampled to 3 × 3 × 3 mm, and smoothed with a Gaussian 
kernel (FWHM = 6 mm). After preprocessing, six older adults were 
removed from the formal analysis due to head motion >2.5 mm or 2.5 
degrees. Compared with young adults, older adults often have larger 
head motion, which has been known to have significant confounding 
effects on resting-state functional connectivity and task-related brain 
activity (Van Dijk et  al., 2012; Siegel et  al., 2014). Therefore, the 
average displacement of head motion was calculated 
(displacement = square root (x2 + y2 + z2); x, left/right; y, anterior/
posterior; z, superior/inferior), and further controlled as a covariate 
in the following analyses (McDermott et al., 2019; Ren et al., 2020).

2.5. Voxel-based morphometry

The T1-weighted images were preprocessed to generate a whole-
brain gray matter (GM) map using Voxel-based morphometry 
(VBM). Each individual’s T1-weighted image was segmented into gray 
matter, white matter, and cerebrospinal fluid. Then, a gray matter 
template was generated through an iterative nonlinear registration 
using DARTEL, a toolbox with a fast diffeomorphic registration 
algorithm (Ashburner, 2007). For each participant, an averaged gray 
matter of the entire brain was computed to control age-related GM 
atrophy in the following analyses.

2.6. Task-related brain activation analysis

A general linear model was applied to examine brain activations 
linked to four event-related regressors, including the deck A, B, C, D. The 
event onset is the time point when a yellow frame is on. Since the current 
study focused on the neural substrates of decision process for each deck 
in aging, both play and pass conditions represent individual’s decision 
strategy and learning process. Therefore, these two conditions were not 
added as regressors following the same way that previous IGT studies did 
(Lawrence et al., 2009; Ma et al., 2015). Specifically, the regressors were 
generated by convolving the onset times of each type of events with a 
canonical hemodynamic response function (HRF). The model also 
included non-interested regressors as covariates in the design matrix, 
including six head motion parameters, CSF and white matter signals. The 
regressors were convolved with a canonical hemodynamic response 
function. The trials with no response were excluded, and a high-pass 
filter with a cut-off period of 128 s was used to remove slow drift.

For each participant, contrast images were generated to examine 
the brain activations corresponding to decks A, B, C, and D, 
respectively. A one-way repeated measures ANOVA was applied to 
examine differences of brain activations across the four decks. To 
further examine age-effect on brain activation, a partial correlation 
was performed to generate correlation map for each deck, controlled 
for MoCA, head motion, and GM. The resulting statistical maps were 
corrected for multiple comparison using FDR corrected p < 0.05 and 
cluster >50 voxels. Notably, using the combination of a value of p and 
a cluster size is a general way to avoid Type I error. Previous studies 
often used a threshold of FDR corrected p < 0.05 with arbitrary cluster 

criterion, such as 5 voxels, 10 voxels, and 50 voxels (Keulers et al., 
2012; Ortiz-Rios et al., 2017; Bhandari et al., 2020). Here we mainly 
focused on the core regions associated with task conditions, therefore, 
a more conservative cluster criterion (>50 voxels) was used to reduce 
false positives and exclude less important brain regions. Regions of 
interest (ROIs) were defined as 6 mm radius spheres centered in the 
peaks, and averaged brain activations were extracted to do the 
following correlation and mediation analyses. Based on the ROIs 
defined in the ANOVA, a coefficient matrix was generated to compare 
the age-effects across the four decks by calculating partial correction 
between age and brain activation. Subsequently, a voxel-wise partial 
correlation was performed between age and brain activation in each 
deck to examine the age-effects across the entire brain (FDR corrected 
p < 0.05, cluster >50 voxels). Brain activations were extracted as 
mentioned above, then a partial correlation was used to examine the 
relationship between IGT performance and brain activation, 
controlled for MoCA, GM, and head motion. Here the partial 
correlations between brain activation and age/behavior have been 
controlled for MoCA, GM, and head motion.

2.7. Other statistical analysis

Other statistical analyses were conducted in Matlab 2014b and 
SPSS V22. A mediation analysis was used to examine whether age 
influence task performance through brain region in older adults 
(number of bootstrap samples = 5,000) using the PROCESS macro in 
the SPSS (Hayes, 2017). In the mediation model, path a represents the 
relationship between independent variable X (age) and mediator 
(brain activity), and path b represents the relationship between 
mediator (brain activity) and dependent variable Y (CDS of deck A). 
The chief estimated path is the total effect of X on Y (i.e., path c). This 
path comprises the direct effect of X on Y after controlling for the (i.e., 
path c’) and the indirect effect of X on Y through the mediator (i.e., 
path a × b). After accounting for the mediator, the mediation effect was 
determined by assessing whether there was a significant difference 
between the total effect (i.e., path c) and direct effect (i.e., path c’). In 
the mediation models, non-interested covariates were controlled as 
confounding factors, including MoCA, GM, and head motion.

3. Results

3.1. Behavioral performance in the IGT

Before behavior data analyses, three participants were removed 
from the analysis due to inappropriate task performance (i.e., they 
played or passed all cards on the four decks). The overall task 
performances (i.e., advantageous choice, disadvantageous choice, and 
advantageous versus disadvantageous choice) were not significantly 
correlated with age, education, MMSE, MoCA, GM, or head motion. 
Total income in the IGT was negatively correlated with 
disadvantageous choice (bad decks) and positively correlated with 
advantageous vs. disadvantageous choices (good versus bad decks; 
Table 1). Older adults showed slightly higher proportion of choices in 
good decks (0.72 ± 0.17) relative to bad decks (0.68 ± 0.19), however, 
the difference between good and bad decks were not significant 
(t = 1.32, p = 0.19; Table 1; Figure 2A). Participants showed significantly 
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higher task income in decks C and D compared with decks A and B 
(t = 12.80, p < 0.001). Partial correlation analyses showed that deck A 
choice was positively correlated with MoCA and MMSE, controlled 
for age and education (Figure 2B). If correcting multiple comparison 
by FDR p < 0.05, deck A choice was still positively correlated with 
MMSE (p = 0.032), but not with MoCA (p = 0.10). In the block 
analyses, a paired t-test was conducted to examine the selection 
differences between disadvantageous and advantageous choices in 
four pairs of conditions: deck A versus deck C, deck A versus deck D, 
deck B versus deck C, and deck C versus deck D. The results showed 
that participants selected less deck A than deck D (t = −3.07, FDR 
corrected p = 0.012) in the last block, and no other difference was 
observed (Supplementary Table 1). Likewise, CDS was significantly 
different in the condition of deck A versus deck D (t = −2.58, p = 0.040; 
Figure  2C), but not in the conditions of deck A versus deck C 
(t = −1.15, p = 0.33), deck B versus deck C (t = −0.66, p = 0.51), or deck 
B versus deck D (t = −1.51, p = 0.28), with FDR correction. In addition, 
a one sample t-test was used to determine whether the CDS values 
were different from zero in decks A and D. The results showed 
marginally significant difference for deck D (t = 1.98, p = 0.053), and 
no significance for deck A (t = −0.61, p = 0.55). The behavioral analyses 
indicated that older adults might be still able to learn better decision 
strategy in the IGT.

3.2. Task-related differences in brain 
activations corresponding to the four 
decks

The one-way repeated measures ANOVA was performed to 
examine differences of brain activations corresponding to the four 
decks. The results showed significantly differences in the right 
supplementary motor area (SMA), left inferior parietal lobe (IPL), 
right postcentral gyrus (PCG), right thalamus, left insula, right middle 
frontal cortex (MFC), right middle temporal gyrus (MTG), right 
caudate, and left lingual gyrus (LG; Table  2; Figure  3A). For 

visualization purpose, the averaged brain activations within each ROI 
were extracted to show the differences across the four decks as well. 
The coefficient matrix showed partial correlations between age and 
brain activations for each deck, showing greater correlations in 
disadvantageous decks, especially in deck A with high punishment 
frequency (Figure  3B; Supplementary Figures  1, 2). Additional 
analyses were performed to examine the differences in task-related 
brain activation between each pair of decks in Table  3 and 
Supplementary Figure 3. The results showed significant brain regions 
consistent with the findings in the ANOVA.

3.3. Age-effect on brain activations 
corresponding to the four decks

To examine age-related brain activation maps during the IGT, age 
was correlated to brain activations corresponding to the four decks, 
respectively (Table  4; Figure  4A). In deck A, age was negatively 
associated with brain activations in the right SMA, right IPL, right 
superior medial frontal cortex (SMFC), right middle orbitofrontal 
cortex (OFC), and bilateral MFC. In deck B, age was negatively 
associated with brain activations in the medial OFC, right middle 
OFC, and lingual gyrus (LG; Table  4; Figure  4A). There was no 
significant correlation in the conditions of decks C and D. For each 
significant brain region, brain activation was extracted and associated 
with task performance, showing that CDS of deck A was positively 
correlated with brain activations in the left MFC (r = 0.41, p = 0.024) 
and right SMFC (r = 0.39, p = 0.018) with FDR correction (Figure 4B). 
There was no significant correlation between CDS and brain activation 
in other regions (Supplementary Table 3).

3.4. Mediation analysis

A Mediation model was performed to examine brain activation in 
mediating the relationship between age and IGT performance, 
controlled for MoCA, GM, and head motion. Only the left MFC and 
right SMFC in deck A were selected to do the mediation analysis 
because they were significantly correlated to both age and CDS. In 
older adults, left MFC activity significantly mediated the relationship 
between age and CDS of deck A (indirect effect = −0.015, SE = 0.006, 
95% CI [−0.028, −0.0044]). Right SMFC activity significantly 
mediated the relationship between age and CDS of deck A (indirect 
effect = −0.014, SE = 0.006, 95% CI [−0.028, −0.0041]). The details of 
the mediation analyses were displayed in Figure 5.

4. Discussion

In the current study, we investigated the neural correlates of 
individual differences in risk-taking behavior in older adults 
combining IGT performance and task-related fMRI data. To the 
best of our knowledge, this is the first study examining age-effect 
on brain activations in response to different punishment frequencies 
in older adults. The brain activations corresponding to the four 
decks were significantly different in widespread brain regions. 
However, the correlations between age and brain activity were 
observed mainly in the condition of disadvantageous decks, 

TABLE 1 Demographic, neuropsychological assessments and IGT 
performance.

N = 51 Good Bad Good 
vs. Bad

Age 64.29 ± 5.44 0.008 −0.10 0.12

Male/Female 26/25 – – –

Education (years) 11.91 ± 2.37 −0.31 −0.070 −0.22

MOCA 22.51 ± 3.38 −0.016 0.12 −0.16

MMSE 27.78 ± 2.03 −0.051 0.21 −0.28

Global GM 0.31 ± 0.02 −0.03 −0.20 −0.24

Head motion 1.11 ± 0.81 −0.12 −0.10 0.00

Good 0.71 ± 0.17 – – –

Bad 0.68 ± 0.19 0.55*** – –

Good vs. Bad 0.032 ± 0.17 0.39** −0.56*** –

Income 89.75 ± 46.88 −0.033 −0.38** 0.38**

Data are presented as means ± standard deviations for the entire sample. Pearson correlation 
was applied to examine the relationships between IGT performance and other 
measurements. **p < 0.01; ***p < 0.005. GM, gray matter; IGT, Iowa gambling task; MOCA, 
Montreal Cognitive Assessment; MMSE, Mini Mental State Examination.
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showing that age-related changes in brain activity were more 
widespread in high punishment frequency. Specifically, increased 
age was associated with reduced brain activations in the frontal 
subregions, parietal lobe and lingual gyrus. Additionally, the 
relationship between age and task performance in high punishment 
frequency was mediated by activations in the MFC and SMFC. These 
findings indicated that neural circuits underlying disadvantageous 
options were remarkably changed in the aging brain, suggesting a 
critical role of punishment frequency in altered decision making in 
older adults.

Different from those studies comparing older adults to young 
adults, here we focused on age-effect on the brain circuits underlying 
altered risk-taking behaviors in older adults. The current analyses 
preclude the confounding factors of cohort effects and age-related 
brain anatomical/functional disparities in fMRI studies on aging 

(Samanez-Larkin and D’Esposito, 2008; Halfmann et al., 2014, 2016). 
Our results showed no significant difference of overall selections 
across the four decks, supporting previous findings that older adults 
have difficulty in forming optimal decision strategy in the IGT (Fein 
et al., 2007; Di Rosa et al., 2017). However, older adults learned to 
select more good decks over time, and exhibited significant difference 
between deck A and deck D in the last block. The results showed that 
selections from deck A was positively associated with cognitive scores, 
in line with previous studies showing individuals with higher cognitive 
ability are more patient and willing to take more risks (Dohmen et al., 
2010; Deck and Jahedi, 2015). These findings suggest that older adults 
are still capable of distinguishing advantageous and disadvantageous 
options at some level, however, age-related cognitive decline might 
influence risk-taking behavior in the condition of high 
frequency punishment.

A

B

C

FIGURE 2

Task performance in the IGT. (A) The proportions of deck selection showed no significant difference across the four decks. The total incomes were 
significantly higher in advantageous decks versus disadvantageous decks. (B) Partial correlations showed positive correlations between deck A choice 
and MoCA/MMSE, controlled for age and education. (C) In the block analyses, older adults tended to avoid choosing deck A, showing significant 
difference of CDS between deck A and deck D. *p < 0.05; ***p < 0.005.
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In the task-related fMRI data analyses, brain activations 
corresponding to the four decks were observed significantly different in 
widespread brain regions. Compared with advantageous decks, brain 
activations correlated to disadvantageous decks were higher in the MFC, 
SMFC, temporal and subcortical regions, and lower in the parietal lobe. 
Consistently, previous studies have reported brain activation during 
choices from disadvantageous versus advantageous decks mainly in the 
ACC/SMFC, MTG, and thalamus (Ma et al., 2015). It has long been 
known that the MTG is the hub of the default mode network (DMN; 
Smallwood et al., 2021), and the SMFC, MFC and IPL are the hubs of 
the frontoparietal network (FPN; Harding et al., 2015; Scolari et al., 
2015). Bolt et  al. have reported that global and regional network 
organization is significantly modulated across states during the IGT, 
emphasizing the critical roles of the DMN and FPN across task states 
(Bolt et al., 2016). Likewise, our findings suggest that the two functional 
networks are of great importance for successful IGT performance. 
Interestingly, a significantly higher activity was observed in the lingual 
gyrus/occipital cortex in the conditions of disadvantageous decks, 
especially deck A with high punishment frequency. Here increased 
activation in the primary sensory cortex might be representative of an 

TABLE 2 Differences of task-related brain activation across the four decks.

Region F value Cluster 
(voxels)

MNI 
coordinates

BA

Right SMA 9.44 124 3, 9, 63 6/8

Left IPL 15.41 850 −33, −51, 51 6/40/7

Right PCG 8.50 78 63, −18, 45 4

Right SMFC 13.64 278 6, 42, 30 9/32

Right thalamus 6.80 53 18, −12, 3 N/A

Left insula 8.86 60 −30, 21, −9 47

Right MFC 16.66 947 45, −3, 51 6/9/47

Right MTG 7.51 61 48, −15, −15 N/A

Right caudate 7.20 109 9, 3, −6 N/A

Left LG 187.47 7,688 −9, −75, −6 18/7/19

A one-way Repeated measures ANOVA was performed to examine the differences of brain 
activation across the four decks during the IGT (FDR corrected p < 0.05, cluster > 50 voxels). 
BA, Brodmann area; IPL, inferior parietal lobe; LG, lingual gyrus; MFC, middle frontal 
cortex; MTG, middle temporal gyrus; PCG, postcentral gyrus; SMA, supplementary motor 
area; SMFC, superior medial frontal cortex.

A

B

FIGURE 3

Differences of brain activation across the four decks during the IGT. (A) The one-way repeated measures ANOVA showed significant differences of 
brain activation corresponding to the four decks in the right SMA, left IPL, right PCG, right SMFC, right thalamus, left insula, right MFC, right MTG, right 
caudate, and left LG. (B) For each deck, significant correlations between brain activation and age were labeled with asterisks, controlled for MoCA, GM, 
and head motion (FDR corrected p < 0.05). The heat map of partial correlation coefficients exhibits that age-effect was mainly in disadvantageous decks 
relative to advantageous decks. IPL, inferior parietal lobe; LG, lingual gyrus; MFC, middle frontal cortex; MTG, middle temporal gyrus; PCG, postcentral 
gyrus; SMA, supplementary motor area; SMFC, superior medial frontal cortex. *p < 0.05; **p < 0.01; ***p < 0.005.
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enhanced level of attention or arousal, in line with the adolescent study 
showing greater occipital activation in high versus moderate levels of 
risk/reward (Morales et  al., 2018). More importantly, individuals 
exhibited significantly negative correlations between age and brain 
activations in the SMFC, insula and lingual gyrus in disadvantageous 
decks, especially in high punishment frequency (deck A). These findings 
suggest that the distinct brain activations in different reward/punishment 
conditions might underlie the individual differences of task 
performances in older adults, showing more sensitive to disadvantageous 
options with high punishment frequency in aging brain.

In the further analyses, voxel-based whole brain analysis showed 
significantly negative age-effect on brain activations in 

disadvantageous decks but not in advantageous decks. Specifically, 
increased age was correlated with reduced activity in the SMA, MFC, 
SMFC, OFC, and LG, which confirmed our findings in the 
ANOVA. Consistently, recent studies reported a critical role of the 
OFC/vmPFC and dorsolateral PFC in modulating young and older 
adults’ IGT performance (Rogalsky et al., 2012; Tannou et al., 2021; 
Zha et al., 2022a). Furthermore, brain activations in the MFC and 
SMFC were positively correlated with CDS, and mediated the 
relationships between age and task performance in high punishment 
frequency. The mediation model showed that activations in the 
frontal subregions supports indirect relationships between age and 
risk-taking behaviors in older adults. Our results suggest that the 

TABLE 3 The differences of brain activity between each pair of decks.

Region t value Cluster (voxels) MNI coordinates BA

Deck A vs. Deck B

  Left LG 14.13 1943 −6, −78, 3 18/19/6

  Right LG −7.95 60 9, −78, −12 18

  Right Mid_OC −7.96 181 27, −90, 3 18

Deck A vs. Deck C

  Left precuneus 6.31 128 0, −60, 60 7

  Right MFC 5.67 69 42, −3, 51 6

  Right LG −8.41 181 15, −96, 3 18/17

  Left LG 18.43 3,063 −9, −72, −9 18/6/19

Deck A vs. Deck D

  Left IPL −5.75 108 −33, −51, 51 40/7

  Right LG 5.96 52 21, −54, 0 19/30

  Left OC −5.68 74 −45, −66, −3 37

  Right calcarine −11.56 494 12, −81, 3 18/6/17

  Left LG 15.82 861 −9, −84, 0 18/6/17

Deck B vs. Deck C

  Left MFC 5.67 229 −42, 3, 57 6/9

  Left ACC 4.95 95 0, 39, 24 9/32

  Right cuneus −6.98 95 15, −96, 9 18/17

  Right LG 5.60 58 18, −54, −3 N/A

  Right MFC 7.37 652 45, −3, 51 6/9/47

  Right OC 6.77 1,106 45, −66, −15 19/7/37

  Left LG 14.88 2,267 −9, −75, −6 6/18/19

Deck B vs. Deck D

  Right SMFC 6.49 63 6, 45, 30 9

  Right calcarine −12.82 688 12, −81, 3 18/19/17

  Right Mid_OC 7.57 297 30, −90, 0 18/19/37

  Left Mid_OC 11.29 676 −18, −99, 6 18/6/17

Deck C vs. Deck D

  Left IPL −5.46 81 −33, −48, 51 7

  Left Mid_OC 7.54 57 −15, −102, 0 N/A

  Right LG −13.93 2,639 12, −66, −6 18/7/19

A paired t-test examined the activity differences between each pair of decks during the IGT (FDR corrected p < 0.008, cluster > 50 voxels). BA, Brodmann area; ACC, anterior cingulate cortex; 
IPL, inferior parietal lobe; LG, lingual gyrus; MFC, middle frontal cortex; MTG, middle temporal gyrus; OC, occipital cortex; PCG, postcentral gyrus; SMA, supplementary motor area; SMFC, 
superior medial frontal cortex.
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MFC and SMFC might be crucial for understanding the individual 
differences of risk-taking behaviors in aging. In line with our findings, 
previous findings have shown that MFC played an critical role in a 
reinforcement learning model in the IGT (d'Acremont et al., 2009). 
Other studies have shown that the SMFC is significantly activated 
during disadvantageous versus advantageous choices in the IGT 

(Lawrence et al., 2009; Ding et al., 2017), and during difficult versus 
easy decisions in the delay discounting task (Zha et  al., 2022b). 
Therefore, the negative correlations between age and the frontal 
activations in disadvantageous decks might lead to cognitive 
inefficiency and emotion dysregulation in aging brain, which leads to 
sub-optimal decision strategy in older adults.

TABLE 4 Age-effect on brain activations during the IGT.

Region t value Correlation 
coefficient

Cluster (voxels) MNI coordinates BA

Deck A

  Right SMA −4.63 −0.56 112 6, −36, 69 6/4

  Right IPL −5.01 −0.59 217 33, −72, 42 40

  Left MFC −5.42 −0.62 134 −27, 30, 45 8

  Right MFC −5.71 −0.64 291 42, 24, 39 9

  Right SMFC −4.51 −0.55 720 6, 45, 30 10/9

  Right Mid_OFC −4.17 −0.52 134 33, 45, −15 11

Deck B

  Med_OFC −4.63 −0.56 144 0, 54, −3 10

  Right Mid_OFC −4.63 −0.56 54 36, 45, −9 N/A

  LG −5.71 −0.64 117 0, −78, −6 N/A

A voxel-wise partial correlation analysis was performed between age and brain activation in each deck, controlled for MoCA, GM, and head motion (FDR corrected p < 0.05, cluster > 50 
voxels). BA, Brodmann area; IPL, inferior parietal lobe; SMFC, superior medial frontal cortex; LG, lingual gyrus; MFC, middle frontal cortex; Mid_OFC, middle orbitofrontal cortex; Med_
OFC, medial orbitofrontal cortex; SMA, supplementary motor area.

A

B

FIGURE 4

Brain activation associated with age during the IGT. (A) The results showed significantly negative correlations between age and brain activation in 
multiple brain regions in disadvantageous decks, but not in advantageous decks. (B) In the condition of deck A, the brain activations were significantly 
correlated with CDS in the left MFC and right SMFC (FDR corrected p < 0.05). The correlation analyses were controlled for MoCA, head motion, and GM. 
MFC, middle frontal cortex; SMFC, superior medial frontal cortex.
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FIGURE 5

Mediation analysis in the relationship between age and task performance. Mediation analysis showed that brain activation of the frontal subregions (the 
left MFC and right SMFC) mediated the relationship between age and CDS in high punishment frequency, controlled for MoCA, GM, and head motion. 
MFC, middle frontal cortex; SMFC, superior medial frontal cortex. ***p < 0.005.

Several limitations of our study must be acknowledged. First, the 
current study did not include young counterparts, thus we compared 
our behavioral data with previous studies with young adults. Future 
research needs to validate the similarity and difference in brain 
activation patterns between older and young groups. Second, the 
current analyses included older adults with a large range of MoCA/
MMSE scores, in order to better examine the relationship between 
cognitive decline and risk-taking behaviors. Those participants with 
low cognitive scores might have potential cognitive deficits or high risk 
of mild cognitive impairment (MCI). However, it is still debatable 
whether normal aging and MCI are significantly different in reward-
based decision making (Pertl et al., 2015; Coelho et al., 2017; Sun et al., 
2020). These controversial findings suggest that it is important to 
further examine the relationship between cognitive ability and risky 
decision-making in future studies. In addition, previous studies have 
reported significant differences between males and females in the IGT 
performance (van den Bos et  al., 2013). However, our additional 
analysis showed no gender differences in the IGT performance 
(Supplementary Table  2), which might be  due to large individual 
differences in older adults and/or small sample size in the current 
study. Future research should involve a large cohort to investigate 
gender effect in aging.

In summary, the current study found a considerable age-effect on 
neural correlates of reward-based decision making in older adults. 
Compared with advantageous options, aging induced widespread 
changes of brain activations corresponding to disadvantageous 
options, especially the high punishment frequency. Our findings 
would allow us to better disentangle the individual differences of 
reward-based decision making in aging, suggesting a greater 
sensitivity to high punishment frequency in older adults.
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A non-pharmacological 
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The present study aimed to determine the impact of a 10-month multidomain 
program using dual-task exercise and social activity conducted at a community-
based facility on improved cognitive function in older adults with mild to moderate 
cognitive decline. The participants included 280 community-dwelling older adults 
(age 71–91 years) with mild to moderate cognitive decline. The intervention group 
exercised for 90 min/day, once a week. Their routine included aerobic exercise 
and dual-task training which cognitive tasks were performed in combination 
with exercise. The control group attended health education classes thrice. 
Before and after the intervention, we measured their cognitive function, physical 
function, daily conversation, and physical activity. The mean adherence rate of 
the intervention class was 83.0%. According to a repeated-measures multivariate 
analysis of covariance in an intent-to-treat analysis, logical memory and 6-min 
walking distance demonstrated a significant time and group interaction effect. 
Regarding daily physical activities, we  observed significant differences in the 
daily step count and moderate-to-vigorous physical activity in the intervention 
group. Our non-pharmacological multidomain intervention resulted in a modest 
improvement in the cognitive or physical function and building health behavior. It 
may be a helpful program with a potential role in preventing dementia.

Clinical Trial Registration: clinicaltrials.gov Identifier ID: UMIN000013097.
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1. Introduction

In 2015, the population of people aged ≥60 years living with 
dementia was estimated to be 46.8 million globally; it is expected to 
continue expansion and reach 131.5 million people in 2050 until the 
introduction of effective preventative programs (Alzheimer’s Disease 
International, 2015). Previous studies estimated the prevalence of 
cognitive impairment without dementia as 22.2% in individuals aged 
over 71 years in the United States in 2002 (Plassman et al., 2008), 
whereas the prevalence in Japan with dementia among individuals 
aged 65 years was 21.1% by 2025 (Cabinet Office, 2017). Despite the 
difficulty to make an accurate comparison owing to differences in the 
measured items and the characteristics of the participants, both 
studies suggested that approximately one-fifth of the elderly 
population may be experiencing cognitive decline.

Cognitive impairment and dementia are complex multifactorial 
diseases, and their risk factors vary across lifespans (Livingston et al., 
2017). Potentially modifiable lifestyle risk factors include smoking, 
physical inactivity, diabetes, depression, social isolation, and cognitive 
inactivity (Livingston et al., 2017). Kivipelto et al. demonstrated that 
multidomain interventions targeting several risk factors may be an 
effective strategy to prevent the development of dementia among older 
adults at a risk (Kivipelto et al., 2018).

Physical exercise programs are a promising non-pharmacological 
intervention to prevent cognitive decline (van Uffelen et al., 2008; 
Smith et al., 2010; Livingston et al., 2017). Previous epidemiological 
studies and meta-analyses on the association between physical activity 
and cognitive function have reported on greater levels of physical 
activity–induced improvements in cognitive function among older 
adults (Snowden et al., 2011; Kirk-Sanchez and McGough, 2013). The 
World Health Organization (WHO) guidelines on risk reduction for 
cognitive decline and dementia strongly recommend physical activity 
for adults. However, recommendations for adults with mild cognitive 
impairment (MCI) was conditional because of the low quality of 
evidence (World Health Organization, 2019). The mechanisms by 
which physical exercise can affect cognitive function are complex and 
unclear. Physical exercise improves the cerebral blood flow (Ogoh and 
Ainslie, 2009; Joris et  al., 2018), regulates DNA methylation and 
histone acetylation in the hippocampus, and enhances brain-derived 
neurotrophic factor (BDNF) expression (Fernandes et  al., 2017). 
Moreover, it reduces amyloid beta load and levels of 
hyperphosphorylated tau proteins (Lin et  al., 2018), increases the 
cognitive reserve, and prevents memory performance decline (Aguiar 
et al., 2011; Gomes da Silva et al., 2012).

Multi-task training are effective for morbidity and cognition, 
compared with a single physical or cognitive exercise. Moreover, dual 
training is important when considered as a primary prevention and 
support for healthy aging. Despite studies on the benefits of combining 
interventions, larger well-designed studies are required; particularly, 
those regarding the experimental design, sample size, dosage, and 
outcome selection types (Law et al., 2014; Lauenroth et al., 2016; Zhu 
et al., 2016). Research based on active control groups is required for 
older adults with MCI and dementia (Law et al., 2014).

In addition, social participation prevents isolation, which is 
strongly associated with good health and wellbeing, and should 
be supported over the life-course according to the WHO guidelines 
on risk reduction for cognitive decline and dementia (World Health 
Organization, 2019). However, the guidelines mention about 

insufficient evidence for supporting the claim (World Health 
Organization, 2019). There are few randomized controlled trial (RCT) 
designs that promote social activities because of heterogeneity in 
measuring such activities. The combined intervention of group-based 
activities that require social interaction among participants may 
increase brain stimulation.

Researchers have completed three large RCTs that examined 
lifestyle interventions to prevent cognitive decline (Ngandu et al., 
2015; Moll van Charante et al., 2016; Andrieu et al., 2017); The Finnish 
Geriatric Intervention Study to Prevent Cognitive Impairment and 
Disability study examined three large studies that included nutritional 
guidance, exercise, cognitive training, social activity, and the intensive 
monitoring of risk factors, and identified targeting interventions to 
individuals with an elevated risk of dementia as an effective preventive 
approach (Ngandu et al., 2015). However, methodological issues were 
apparent from previous studies, such as low adherence, insufficiently 
intense coaching by trained professionals, and a lack of similarity 
between the contents of cognitive training and tests used as an 
outcome (Kivipelto et  al., 2018). This necessitates definitive 
intervention studies to confirm the efficacy of combined programs in 
preventing cognitive decline.

We aimed to design an RCT to determine the impact of a 
community-based multidomain intervention using dual-task training 
and social engagement over 10 months on improved cognitive and 
physical function and daily activities among community-dwelling 
older adults.

2. Experiment

2.1. Design

We performed an RCT of the effects of a multidomain intervention 
comprising a dual-task exercise and social activity intervention 
program on community-dwelling older adults with mild to moderate 
cognitive decline. We specifically analyzed the effects of the program 
on objective assessments of physical and cognitive function and daily 
activity as well as the participants’ responses to a questionnaire and 
accelerometer. The trial (ID: UMIN000013097) is registered at the 
University Hospital Medical Information Network (UMIN) clinical 
trials registry website UMIN Clinical Trials Registry,1 which is 
accepted by the International Committee of Medical Journal Editors.

2.2. Participants and procedures

The participants were recruited from a sub-cohort of the National 
Center for Geriatrics and Gerontology-Japan Study of Geriatric 
Syndrome (NCGG-SGS), which was conducted in 2013 in Midori 
Ward, Nagoya, Aichi Prefecture, Japan. Nagoya City, located in the 
central part of Japan, is the capital of the prefecture and an ordinance-
designated city. It consists of 16 administrative wards, of which Midori 
Ward is a suburban residential area, with a total population of 235,631 
during the study and 20.2% of them aged over 65 years. This 

1 http://www.umin.ac.jp/ctr/index.htm
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sub-cohort consisted entirely of older adults living in the Midori Ward 
aged ≥70 years and who were not certified as requiring support or care 
by the Japanese long-term care insurance system. We recruited 24,271 
older adults to participate in a screening survey of physical and 
cognitive function by mail to individuals, of which 5,257 participated.

Of these 5,257 individuals, 709 were selected as the potential 
participants after meeting the following inclusion criteria: (1) mild to 
moderate cognitive decline based on a score ranging from 21 to 24 on 
the Mini-Mental State Examination (Folstein et al., 1975), (2) no gait 
dysfunction (walking speed <1 m/s) or other serious health problems 
at the initial screening, (3) without missing data in the screening 
items, and (4) not potential participants in other intervention studies. 
Of the 709 participants, 359 participated in the baseline assessment. 
As exclusion criteria, 79 participants were eventually excluded because 
they withdrew their participation (n = 24), abnormalities in MRI 
(n = 13), already participated in fitness centers 5 days and over per 
week (n = 7), severe health problem (n = 27) and uncompiled data in 
assessment (n = 8).

The remaining 280 individuals were allocated to either the 
intervention or control group (Figure 1). A sample size of 280 was 
considered sufficient to detect the target effect size with a type 1 error 
of 5% (α = 0.05) and 80% power (β = 0.20), according to a power 
analysis using G*Power 3.1.7 as previous study (Suzuki et al., 2013). 
We  designed the RCT to include two parallel groups, using a 1:1 
allocation ratio along with allocation concealment and assessor 
blinding. The participants were informed of their study group 
following randomization using computer-generated allocation.

The design of the RCT followed the Consolidated Standards of 
Reporting Trials. Both the NCGG-SGS and the RCT received prior 
approval from the Ethics Committee at the National Center for 
Geriatrics and Gerontology (Approval Number: 637-3). Written 
informed consent was obtained from all participants in each project.

2.3. Interventions

2.3.1. Education program: Control group
Participants randomized into the non-exercise group were offered 

courses on education three times during the 10 months. They received 
educational lessons on nutrition and diets, oral care, and healthy 
longevity for one hour per lesson. The group did not receive specific 
information regarding exercise, physical activity, or cognitive health 
related to the intervention program. We provided to all participants 
the feedback from the test results of older adults who completed the 
baseline assessment.

2.3.2. Community-based multicomponent 
program focusing on dual-task exercise and 
social engagements: Intervention group

Participants in the intervention group joined an exercise course 
held at local sports facilities once a week that consisted of 19 to 32 
participants per group. The exercise course was held once a week for 
a total of 40 sessions over a 10-month period. They also engaged in 
mentally stimulating social activities in groups of four or five 
participants twice per month (14 times in total). One or two trained 
professionals and trained staff members performed the intervention. 
The adherence to exercises in the intervention group was 81.4% at 
follow-up. Participants attended an average of 33 sessions, and the 

minimum and maximum number of sessions completed ranged from 
0 to 40.

Each participant was surveyed about their preferred day of the 
week, the time of day, and easily accessible fitness facility. Moreover, 
we  determined the fitness facility attended according to their 
preferences. The exercise classes consisted of two classes per week.

The exercise course lasted approximately 90 min. The exercise 
course consisted of approximately 15 min of warm-up including 
stretching, 30 min of aerobic exercise, 30 min of dual-task training, 
and 15 min of cool-down training. For aerobic exercises, we instructed 
the participants in stair stepping, brisk walking, or aerobic dance. The 
mean intensity of the aerobic exercises was targeted at 60% of the 
maximum heart rate (Lautenschlager et al., 2008). Heart rate was 
measured by taking the pulse after aerobic exercise (HM06: First 
Running, Inc.) and perceived exertion was measured using the 10-step 
Borg rating (RPE). Exercise intensity was calculated as heart rate (HR) 
reserve. Subjects wore a telemetric HR transmitter on the chest and an 
HR monitor (RCX-3; Polar Electro, Oy, Finland) on the wrist. The 
participants solved cognitive tasks while simultaneously performing 
moderate aerobic exercise to enhance dual-task training (termed 
“COGNICISE”; Suzuki et al., 2012, 2013; Shimada et al., 2018). In the 
dual-task training, we  requested them to complete mathematical 
calculations, counting numbers or reciting words forward or 
backward, executing a word chain, clapping, or following consistent 
patterns of hand or leg movements along with stair stepping or floor 
exercises. At the end of the exercise, we instructed the participants in 
cooling down training with gentle relaxation movements and had a 
conversation about the content of the next class.

To encourage health behavior changes with reference to the 
Bandura’s social cognitive model, the participants were given a 
homework sheet summarizing the exercises they performed each day 
to enable them to practice at home. Moreover, they performed self-
monitoring using monitoring sheets and accelerometers. 
We  instructed them to regularly record their accelerometer step 
counts and exercise homework on the monitoring sheets. The staff 
evaluated the sheets and provided positive feedback comments once 
every 2 weeks.

Mentally stimulating social activities were held twice a month for 
approximately 1 to 2 h per session, in which the participants engaged 
in social interactions. Each group member introduced an article or 
book of their interest and discussed their opinion. The activity 
contents were recorded in a scrapbook at each session.

2.4. Assessments

The assessment was conducted by staff trained in nursing, allied 
health, or similar qualifications. The assessors were blinded at baseline 
and at follow-up examinations.

2.5. Primary outcomes

2.5.1. Cognitive function
We performed cognitive assessment using the National Center for 

Geriatrics and Gerontology-Functional Assessment Tool (NCGG-
FAT; Makizako et al., 2013b). The NCGG-FAT assesses the word list 
memory (immediate recognition, delayed recall, and delayed 
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recognition), logical memory (immediate recognition, delayed recall, 
and delayed recognition), attention and executive function (a tablet 
version of Trail Making Test (TMT)-part A and B: TMT-A and B), and 
processing speed (a tablet version of Digit Symbol Substitution Test).

2.6. Secondary outcomes

2.6.1. Physical function
We measured the grip strength in kilograms using a Smedley-

type handheld dynamometer (GRIP-D; Takei Ltd., Niigata, Japan). 
The five-times chair stand test (5CS) was used to evaluate the leg 
strength, and we rapidly recorded the time required to stand and 
sit five times. The gait speed was measured by the 5-m walking 
time and expressed in meters per second. We performed the 6-min 

walking test (6MWT) to estimate the aerobic fitness in older adults 
(Steffen et al., 2002). The participants were instructed to walk from 
one end of a 10-m course to the other and return the maximum 
possible times in 6 min. The distance walked during the 6 min was 
recorded in meters.

2.6.2. Social engagements
We asked all participants to rate the amount of time they spent 

talking about health from 0 to 10, where 0 referred to no conversation 
and 10 referred to the maximum total time of daily conversation 
regarding health. Their social network was measured using the 
Lubben Social Network Scale (Lubben, 1988). This scale measures the 
degree of social engagement including family and friends. The score 
ranges between 0 and 30, with a higher score indicating more 
social engagement.

FIGURE 1

Flow diagram of the participants in the community-based lifestyle intervention program from the screening to the final follow-up assessment. MMSE, 
mini-mental state examination; MRI, magnetic resonance imaging.

82

https://doi.org/10.3389/fnagi.2023.1005410
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Lee et al. 10.3389/fnagi.2023.1005410

Frontiers in Aging Neuroscience 05 frontiersin.org

2.6.3. Others
We distributed accelerometers to the participants to measure 

physical activity such as their daily steps and the time spent 
performing moderate-to-vigorous physical activity (MVPA) (>three 
metabolic equivalents) in daily living. Physical activity was measured 
using an accelerometer with built-in triaxial (GT40-020: Acos 
Corporation: Nagano, Japan). Participants were instructed to wear the 
device on their waist on a regular routine basis. Activity intensity 
levels were measured based on the algorithm of the Kenz Lifecorder 
(Suzuken Corporation: Nagoya, Aichi, Japan; Kumahara et al., 2004). 
Activity intensity was estimated on a 10-point scale, with level 4 or 
higher corresponding to 3 metabolic equivalents or higher. The epoch 
length of the accelerometer was set up as 4 s, and the daily MVPA time 
was calculated by summing all the epochs in which the activity 
intensity was estimated to be level 4 or higher. A valid day for analysis 
was defined as having ≥10 h of wear time per day for at least 8 days 
(Gorman et  al., 2014). The covariates included the age, gender, 
education, and medication. To measure other variables regarding 
clinical characteristics, we used the instrumental activities of daily 
living (IADL) score (Iwasa et al., 2018), body mass index (BMI), and 
geriatric depression scale (GDS) score.

2.7. Statistical analyses

We compared the baseline characteristics of the groups using a 
t-test and chi-square test for continuous variables and categorical 
variables, respectively, to determine their homogeneity. We assessed 
the intervention effects according to the intention-to-treat (ITT) 
principle with the repeated-measures analysis of covariance 
(ANCOVA) adjusting for age, gender, educational level and 
medication at baseline. For the ITT data, we handled missing data 
using the last observation carried forward method. All statistical 
analyses were conducted using SPSS Statistics 25 (IBM Corp., 
Armonk, NY, United  States). The significance level α was set at 
p < 0.05.

3. Results

3.1. Baseline characteristics

The 10-month retention rates were 90.0 and 91.4% for the 
intervention group and control group, respectively. The main reasons 
for dropout were health-related problems where 15 participants 
withdrew and seven participants difficulties in attending. Two 
participants died during the study. Upon comparing the participants 
included in the analysis with those lost to follow-up, the included 
participants displayed higher scores on the cognitive assessments 
(result not shown).

Table  1 summarizes the characteristics of the participants at 
baseline. Their mean age was 76.4 (SD = 4.1) years and 39.6% of the 
participants were women. Moreover, they displayed a mean of 11.9 
(SD = 2.6) years of education. The educational level, medication status, 
IADL, BMI, and GDS score were not significantly different between 
the groups. Following the allocation, there were no significant group 
differences in the participant characteristics or their baseline cognitive 
and physical assessment scores. Tables 2, 3 summarizes the descriptive 

data and results of the repeated-measures ANCOVA between each 
within-group analysis of the outcomes. The analyses for per protocol 
based were limited to 254 participants (90.7%) with cognitive and 
physical assessment data at both baseline and follow-up (p < 0.001). 
Missing data were imputed for the ITT analysis, such that the 
additional observations indicated no change from baseline (n = 280).

3.2. Primary outcomes

In primary outcomes, we  observed significant differences in 
changes in logical memory for both the intervention and control 
group between the baseline and post-intervention. At 10 months post-
intervention, improvement in immediately logical memory scores 
were observed in both intervention and control groups (intervention 
group pre 5.4, post 5.8, p < 0.01; control group pre5.4, post 5.8 p < 0.05). 
Recall logical memory scores increased in both intervention and 
control groups (intervention group pre 5.3, post 5.7, p < 0.05; control 
group pre5.1, post 5.6 p < 0.001). Recognition logical memory scores 
significantly increased in intervention groups (pre 6.4, post 6.9, 
p < 0.001) at 10 month, but not in the control group. The results of 
recognition logical memory revealed significant interaction by time 
and group (F = 5.04, p = 0.026). There were no differences in the mean 
change from baseline to follow-up between the groups in other 
cognitive assessments, including TMT-A, TMT-B, and digit symbol 
substitution, or in secondary assessments between the groups 
(Table 2).

3.3. Secondary outcomes

In secondary outcomes, the results of 6MWT, daily steps and 
MVPA revealed significant interaction by time and group (6MWT 
F = 12.48, p < 0.001; daily steps F = 7.99, p = 0.005; MVPA F = 4.62, 
p = 0.033). Improvement in the results of 5CS, 6MWT, and time spent 
discussing health were observed in intervention groups (5CS pre 7.6, 
post 7.2, p < 0.05; 6MWT pre 453.5, post 463.3, p < 0.001; time spent 
discussing health pre 2.2, post 3.2, p < 0.001). In the control group, the 

TABLE 1 Demographic and clinical characteristics of the participants at 
baseline.

Baseline 
characteristics

Intervention 
group

Control 
group

p value

(n = 140) (n = 140)

Age (years), mean (SD) 76.27 (4.06) 76.42 (4.19) 0.761

Women, n (%) 59 (53.2) 52 (46.8) 0.464

Education level (years), 

mean (SD)
11.67 (2.61) 12.11 (2.52) 0.150

Medication (number), 

mean (SD)
3.03 (2.28) 3.26 (2.93) 0.453

IADL (score), mean 

(SD)
11.74 (2.78) 11.81 (3.01) 0.837

BMI (score), mean (SD) 22.50 (2.90) 22.82 (2.78) 0.339

GDS (score), mean (SD) 2.76 (2.24) 2.55 (2.25) 0.441

IADL, instrumental activities of daily living; BMI, body mass index; GDS, geriatric 
depression scale.
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grip strength significantly decreased from baseline post-intervention, 
but not in the intervention group (pre 28.4, post 27.9, p < 0.01). There 
were no differences in the mean change from baseline to follow-up 
between the groups in other cognitive assessments, such as walking 
speed, social network, MVPA. At 10 months post-intervention, the 
results of daily steps were significantly increased post-intervention in 
the intervention group from baseline, but control group were 
decreased from baseline (intervention group pre 6916.7, post 7150.4, 
p < 0.01; control group pre 6478.8, post 6243.2, p < 0.01).

3.4. Change in outcomes during the 
10-month intervention

We noted a significant interaction effect between the time and 
group for the outcome (Figure 2). We observed significant interaction 
among recognition logical memory (p = 0.026), the distance walked in 
the 6MWT (p < 0.001), average daily steps (p = 0.005), and MVPA 
(p = 0.033) in both groups (Figure  2). The improvement in these 
outcomes at 10 months was better in the intervention group than in 

TABLE 2 Effects of the intervention and time on the primary outcomes among older adults (Intention-to-treat method and per protocol based).

Measures Intervention group Control group Time × group

n Baseline 
mean 
(SD)

Post 
mean 
(SD)

Change 
mean 

(95% CI)

p n Baseline 
mean 
(SD)

Post 
mean 
(SD)

Change 
mean 

(95% CI)

p F p

Trail Making 

Test-part A, 

time

ITT 140 20.9 (5.2) 21.3 (5.9)
−0.39 (−1.2 

to 0.5)
140 20.9 (4.9) 21.0 (4.9)

−0.1 (−0.9 

to 0.8)
0.25

PPB 125 20.9 (5.2) 21.4 (6.0)
−0.45 (−1.4 

to 0.5)
128 20.8 (4.7) 20.9 (4.8)

−0.1 (−1.0 

to 0.9)
0.30

Trail Making 

Test-part B, 

time

ITT 140 42.4 (17.0)
42.5 

(21.7)

−0.05 (−3.0 

to 2.9)
140 43.2 (21.9)

43.2 

(18.5)

−0.1 (−3 to 

2.9)
0.00

PPB 125 41.5 (15.8)
41.5 

(21.3)

−0.01 (−3.3 

to 3.3)
128 42.9 (22.1)

42.9 

(18.3)

−0.1 (−3.4 

to 3.2)
0.00

Digit symbol 

substitution 

test, score

ITT 140 52.6 (10.3)
53.2 

(10.1)

−0.57 (−1.4 

to 0.2)
140 51.6 (9.7) 51.7 (9.8)

−0.1 (−0.9 

to 0.7)
0.67

PPB 125 53.3 (10.1) 53.9 (9.8)
−0.64 (−1.5 

to 0.2)
128 51.8 (9.7) 51.9 (9.7)

−0.1 (−1 to 

0.8)
0.68

Word list 

memory tasks 

immediately, 

score

ITT 140 7.5 (1.3) 7.6 (1.3)
−0.11 (−0.3 

to 0.0)
140 7.3 (1.3) 7.5 (1.3)

−0.1 (−0.3 

to 0.0)
0.06

PPB 125 7.6 (1.1) 7.7 (1.1)
−0.12 (−0.3 

to 0.1)
128 7.3 (1.3) 7.4 (1.3)

−0.2 (−0.3 

to 0.0)
0.07

Word list 

memory tasks, 

recall, score

ITT 140 3.8 (2.1) 4.0 (2.1)
−0.20 (−0.5 

to 0.1)
140 3.6 (2.1) 3.6 (2.1)

0.0 (−0.3 to 

0.2)
0.82

PPB 125 3.9 (2.1) 4.1 (2.1)
−0.22 (−0.5 

to 0.1)
128 3.6 (2.1) 3.6 (2.1)

0.0 (−0.3 to 

0.3)
0.77

Word list 

memory tasks 

recognition, 

score

ITT 140 7.5 (1.5) 7.5 (1.7)
−0.02 (−0.2 

to 0.2)
140 7.1 (1.8) 7.2 (1.8)

0.0 (−0.2 to 

0.2)
0.01

PPB 125 7.6 (1.4) 7.6 (1.5)
−0.03 (−0.3 

to 0.2)
128 7.1 (1.9) 7.1 (1.8)

0.0 (−0.3 to 

0.2)
0.01

Logical 

memory 

immediately, 

score

ITT 140 5.4 (2.0) 5.8 (2.1)
−0.37 (−0.7 

to −0.1)
* 140 5.4 (1.9) 5.8 (2.2)

−0.4 (−0.7 

to −0.2)
** 0.08

PPB 125 5.5 (2.0) 5.9 (2.0)
−0.41 (−0.7 

to −0.1)
* 128 5.4 (1.9) 5.9 (2.2)

−0.5 (−0.8 

to −0.2)
** 0.10

Logical 

memory recall, 

score

ITT 140 5.3 (2.1) 5.7 (2.0)
−0.40 (−0.7 

to −0.1)
** 140 5.1 (2.1) 5.6 (2.3)

−0.6 (−0.9 

to −0.3)
*** 0.78

PPB 125 5.4 (2.1) 5.8 (2.0)
−0.44 (−0.7 

to −0.1)
** 128 5.1 (2.0) 5.8 (2.2)

−0.6 (−0.9 

to −0.3)
*** 0.75

Logical 

memory 

recognition, 

score

ITT 140 6.4 (1.9) 6.9 (1.9)
−0.51 (−0.8 

to −0.3)
*** 140 6.5 (1.8) 6.6 (2.0)

−0.1 (−0.4 

to 0.2)
5.04 *

PPB 125 6.5 (1.9) 7.1 (1.9)
−0.56 (−0.9 

to −0.3)
*** 128 6.6 (1.9) 6.7 (2.0)

−0.1 (−0.4 

to 0.2)

4.80 *

Adjusted for baseline measurements, age, sex, education, and medication using analyses of covariance. Missing data imputed using last observation carried forward. *p < 0.05, **p < 0.01, and 
***p < 0.001. ITT, intention-to-treat; PPB, per protocol based.
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the control group, and the results did not change in the per-protocol 
analysis or in the intention-to-treat analysis (Tables 2, 3).

4. Discussion

We aimed to compare the impact of a community-based 
multicomponent intervention program with a health education 
program on improved cognitive and physical functions and physical 

activities in older adults with mild or moderate cognitive decline. 
Following 10 months, the intervention group displayed significantly 
greater improvements in logical memory, compared with the control 
group based on an ITT analysis.

Our study supported previous findings regarding the effects of the 
combined intervention on memory. Previous studies, including a 
preliminary clinical trial, have demonstrated that multicomponent 
interventions using dual tasks exert positive effects on the memory 
function in older adults (Klusmann et  al., 2010; Makizako et  al., 

TABLE 3 Effects of the intervention and time on the secondary outcomes among older adults (intention-to-treat method and per protocol based).

Measures Intervention group Control group Time × group

n Baseline 
mean 
(SD)

Post 
mean 
(SD)

Change 
mean 

(95% CI)

p n Baseline 
mean 
(SD)

Post 
mean 
(SD)

Change 
mean 

(95% CI)

p F p

Grip strength, 

kg

ITT 140 28.2 (7.8) 28.1 (7.5)
0.05 

(−0.5 to 0.6)
140 28.4 (7.9) 27.9 (7.8)

0.6 (0.1 to 

1.1)
* 1.93

PPB 126 28.3 (7.9) 28.2 (7.6)
0.07 

(−0.5 to 0.6)
126 28.8 (7.7) 28.2 (7.6)

0.6 (0.1 to 

1.2)
* 1.81

5CS, sec

ITT 140 7.6 (2.2) 7.2 (2.2)
0.39 

(0.1 to 0.7)
** 140 7.8 (2.0) 7.6 (2.2)

0.2 (−0.1 to 

0.5)
0.62

PPB 125 7.6 (2.2) 7.2 (2.3)
0.43 

(0.1 to 0.7)
** 126 7.8 (1.9) 7.5 (2.2)

0.3 (−0.1 to 

0.6)
0.62

Walking 

speed, m/s

ITT 140 1.4 (0.2) 1.4 (0.2)
−0.01 

(0.0 to 0.0)
140 1.4 (0.2) 1.3 (0.2)

0.0 (0.0 to 

0.3)
1.48

PPB 125 1.4 (0.2) 1.4 (0.2)
−0.02 

(0.0 to 0.0)
128 1.4 (0.2) 1.3 (0.2)

0.0 (0.0 to 

0.0)
1.62

6MWT, 

meter

ITT 140 453.5 (60.0)
463.3 

(63.6)

−10.05 

(−15.1 to 

−5.0)

*** 140 450.0 (54.0)
447.5 

(57.4)

2.8 (−2.3 to 

7.8)
12.48 ***

PPB 123 456.7 (61.5)
467.8 

(64.8)

−11.63 

(−17.3 to 

−5.9)

*** 125 452.1 (54.1)
449.3 

(57.9)

3.3 (−2.4 to 

8.9)
13.25 ***

Total time of 

daily 

conversation 

regarding 

health, score

ITT 137 2.2 (1.9) 3.2 (2.4)
−0.98 (−1.4 

to −0.6)
*** 140 2.4 (2.1) 2.8 (2.3)

−0.4 (−0.8 

to 0.0)
3.74

PPB 124 2.2 (1.8) 3.3 (2.4)
−1.08 (−1.5 

to −0.6)
*** 127 2.4 (2.2) 2.8 (2.3)

−0.4 (−0.9 

to 0.0)
3.49

Social 

network, 

score

ITT 140 17.2 (5.2) 17.7 (5.3)
−0.53 (−1.1 

to 0.1)
140 17.3 (5.2) 17.0 (5.0)

0.3 (−0.3 to 

0.9)
3.80

PPB 126 17.4 (5.0) 18.0 (5.1)
−0.60 (−1.2 

to 0.0)
128 17.2 (5.1) 16.9 (4.9)

0.3 (−0.3 to 

1.0)
4.13 *

Daily steps, 

step/day

ITT 133
6916.7 

(3295.7)

7150.4 

(3380.8)

−263.80 

(−524.0 to 

−3.6)

* 134
6478.8 

(2589.3)

6243.2 

(2633.9)

265.4 (6.2 to 

524.6)
* 7.99 **

PPB 112
6901.7 

(3289.5)

7179.2 

(3390.1)

−320.14 

(−624.8 to 

−15.5)

* 119
6589.3 

(2608.3)

6324.1 

(2667.8)

305.3 (9.9 to 

600.8)
* 8.34 **

MVPA, min/

day

ITT 133 32.9 (23.1)
33.8 

(23.3)

−1.14 (−2.9 

to 0.6)
134 30.1 (18.6)

28.7 

(18.5)

1.6 (−0.2 to 

3.4)
4.62 *

PPB 112 32.5 (23.4)
33.7 

(23.6)

−1.39 (−3.5 

to 0.7)
119 30.5 (18.9)

28.9 

(18.8)

1.8 (−0.2 to 

3.8)
4.77 *

Adjusted for baseline measurements, age, sex, education and medication using analyses of covariance. Missing data imputed using last observation carried forward. 5CS, 5-times chair stand test; 
6MWT, 6-min walking test; GDS, Geriatric Depression Scale; MVPA, moderate-to-vigorous physical activity; ITT, intention-to-treat; PPB, per protocol based. *p < 0.05, **p < 0.01, and ***p < 0.001.
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2013b; Shimada et  al., 2018). A meta-analysis on the combined 
cognitive and physical exercise intervention demonstrated that 
combined intervention leads to better memory improvement than 
either the control group or physical exercise group (Zhu et al., 2016). 
The findings of this study correspond to these studies (Klusmann 
et al., 2010; Makizako et al., 2013b; Shimada et al., 2018). Previous 
reports in combined interventions have suggested a range of 1 to 3 h 
per week for at least 16 weeks and as long as 6 months (Lauenroth 
et  al., 2016), which would be  consistent with the findings of the 
present study. Unlike previous studies, we did not observe desirable 
effects on other indices of cognitive functions apart from memory. 
Lautenschlager et  al. (2008) reported that physical activity and 
behavioral interventions improve the general cognitive function. 
Another meta-analysis revealed that interventions combining aerobic 
exercise and strength training improved the working memory, 
attention, and processing speed (Smith et  al., 2010). Large 
multidomain lifestyle trials on preventing cognitive decline among 
older adults with an elevated risk of dementia during a 2-year 
intervention period reported on a beneficial effect on the executive 
functioning, processing speed, and complex memory tasks (Ngandu 
et al., 2015). However, there were no differences in the mean change 
from baseline between the intervention groups at 10 months in the 
attention (TMT-A), executive functioning (TMT-B), and processing 
speed (digit symbol substitution). The differences between this study 
and previous multidomain intervention may be  attributed to 
differences in the participants’ cognitive function, the duration of 

intervention, and the intensity of the combined cognitive and physical 
interventions. Moreover, certain cognitive domains, such as memory 
function, may be particularly sensitive to effects on older adults with 
cognitive decline, despite short-term interventions.

The intervention group displayed significantly improved 6-min 
walk distance and daily physical activity, compared with the control 
group. This distance was used to measure the exercise capacity; the 
performance of the 6-min walk distance has been associated with 
better memory function and brain volume among older adults with 
mild cognitive impairment (Makizako et al., 2013a). Higher levels of 
step or moderate- and vigorous-intensity activity (Zhu et al., 2015; 
Calamia et  al., 2018) were associated with a lower prevalence of 
cognitive impairment and better performance. Improvements in daily 
physical activities indicated that the use of behavior change techniques, 
such as self-monitoring, receiving positive feedback, and homework, 
may facilitate the maintenance of walking behavior.

The mechanisms by which interventions comprising dual-task 
exercise and social activity improve cognition in older people at an 
increased risk of dementia are unclear. Physical activity is associated 
with amyloid clearance or cognitive reserve (Fratiglioni et al., 2004; 
Kivipelto et al., 2018); increasing brain volume (Rovio et al., 2010) as 
well as BDNF levels may play a role in this association (Komulainen 
et al., 2008). Furthermore, a healthy lifestyle may decrease the rate of 
cognitive decline with aging and delay the onset of cognitive 
symptoms in age-associated diseases (Murman, 2015). The 
intervention program may not only improve these healthy lifestyle 

FIGURE 2

The mean performance of the intervention group (solid lines) and control group (dashed lines) at baseline and 10 months post-intervention after 
controlling for the covariates values of sex, age, education level, and the number of medications using the repeated-measures analysis of covariance. 
(Logical memory p = 0.026, 6MWT p < 0.001, average daily step p = 0.005, and MVPA p = 0.033). 6MWT, 6-min walking test; MVPA, moderate-to-vigorous 
physical activity. *p < 0.05, **p < 0.01, and ***p < 0.001.
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factors, including physical, cognitive, and social engagement, but also 
exert an intermediate effect by expanding the social network (Seeman 
and Crimmins, 2001), treating depression, improving self-esteem, and 
managing stress (Fratiglioni et al., 2004).

Our findings suggest that lifestyle interventions, including the dual-
task exercise of cognitive and physical training and social activity, 
improved the cognitive and physical function in community-dwelling 
older adults with cognitive decline. However, we should address several 
limitations of these results. First, the multicomponent intervention, 
including moderate physical activity, was sufficient to partially increase 
the cognitive function; however, it may have been insufficient to 
produce other cognitive effects. Second, we followed participants for 
10 months, which may have been a relatively short period to affect the 
incidence of cognitive decline-related dementia in the long term. 
Currently, we are following dementia onset in this group of participants. 
We intend to report on the effects on dementia onset in the future. 
Third, we did not account for the mechanistic genetic outcomes, such 
as apolipoprotein E ε4 genotype. There were no other significant 
differences in the baseline characteristics in terms of cognitive 
performance. Further studies are needed to determine the impact of the 
multicomponent intervention trials on the onset of dementia.

5. Conclusion

Our non-pharmacological multidomain intervention demonstrated 
a modest improvement in the cognitive or physical function and building 
health behavior in older adults with mild-to-moderate cognitive decline. 
Over 46 million people will have dementia by 2050, thus necessitating 
preventative interventions to delay or halt its progression. This program 
may be  beneficial for older adults with mild-to-moderate cognitive 
decline in preventing the development of dementia.
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Introduction: Effective connectivity (EC), the causal influence that functional 
activity in a source brain location exerts over functional activity in a target brain 
location, has the potential to provide different information about brain network 
dynamics than functional connectivity (FC), which quantifies activity synchrony 
between locations. However, head-to-head comparisons between EC and 
FC from either task-based or resting-state functional MRI (fMRI) data are rare, 
especially in terms of how they associate with salient aspects of brain health.

Methods: In this study, 100 cognitively-healthy participants in the Bogalusa Heart 
Study aged 54.2 ± 4.3years completed Stroop task-based fMRI, resting-state fMRI. 
EC and FC among 24 regions of interest (ROIs) previously identified as involved in 
Stroop task execution (EC-task and FC-task) and among 33 default mode network 
ROIs (EC-rest and FC-rest) were calculated from task-based and resting-state fMRI 
using deep stacking networks and Pearson correlation. The EC and FC measures 
were thresholded to generate directed and undirected graphs, from which standard 
graph metrics were calculated. Linear regression models related graph metrics to 
demographic, cardiometabolic risk factors, and cognitive function measures.

Results: Women and whites (compared to men and African Americans) had 
better EC-task metrics, and better EC-task metrics associated with lower blood 
pressure, white matter hyperintensity volume, and higher vocabulary score 
(maximum value of p = 0.043). Women had better FC-task metrics, and better FC-
task metrics associated with APOE-ε4 3–3 genotype and better hemoglobin-A1c, 
white matter hyperintensity volume and digit span backwards score (maximum 
value of p = 0.047). Better EC rest metrics associated with lower age, non-drinker 
status, and better BMI, white matter hyperintensity volume, logical memory II 
total score, and word reading score (maximum value of p = 0.044). Women and 
non-drinkers had better FC-rest metrics (value of p = 0.004).

Discussion: In a diverse, cognitively healthy, middle-aged community sample, EC 
and FC based graph metrics from task-based fMRI data, and EC based graph metrics 
from resting-state fMRI data, were associated with recognized indicators of brain 
health in differing ways. Future studies of brain health should consider taking both 
task-based and resting-state fMRI scans and measuring both EC and FC analyses to 
get a more complete picture of functional networks relevant to brain health.
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1. Introduction

Functional relationships between distinct brain regions in 
distributed networks have become essential to our understanding of 
the neural substrates of cognitive function and how they change over 
the course of development, maturation, aging, and disease 
progression (Kregel and Zhang, 2007; Eyler et al., 2011; Friston et al., 
2013; Dennis and Thompson, 2014). These inter-regional functional 
relationships, including those derived from functional magnetic 
resonance imaging (fMRI) data, attempt to go beyond traditional task 
activation analyses by capturing the dynamics of information flow 
within the distributed networks (Fellows et al., 2005; Stevens, 2009; 
Friston, 2011). Most fMRI studies to date have formulated inter-
regional functional relationships in terms of signal synchrony 
(functional connectivity, FC). FC makes no attempt to identify 
asymmetric relationships between regions, for example relationships 
wherein the fMRI signal in one region influences the fMRI signal 
occurring later on in another region. Because FC relationships are 
symmetric in this way, they are naturally represented using 
undirected graphs where nodes represent brain regions and edges are 
drawn between regions with high levels of FC. These graphs have led 
to new observations about how the brain changes over the course of 
child development (Bitan et al., 2007; Fair et al., 2010; Jolles et al., 
2011; Morken et  al., 2017), various brain diseases (Achard and 
Bullmore, 2007; Fox and Greicius, 2010; Lynall et al., 2010; Van Den 
Heuvel and Pol, 2010; Gao and Wu, 2016; Geng et al., 2018; Cao et al., 
2020), and drug treatment (Wong and Stevens, 2012; Hutcheson 
et al., 2015; Sarpal et al., 2016; Vai et al., 2016; Cao et al., 2020), as well 
as how brain functioning relates to cognitive functioning (Supekar 
et al., 2008; Brier et al., 2014; Archer et al., 2016; Contreras et al., 
2020; Sun et al., 2020; Zheng et al., 2021). Several studies have used 
these graph metrics to suggest that there are aberrant FC patterns in 
aging (Achard and Bullmore, 2007; Andrews-Hanna et  al., 2007; 
Damoiseaux et al., 2008; Meunier et al., 2009; Mayer et al., 2011; Wu 
et al., 2011), cognitive impairment (Wang et al., 2006; Allen et al., 
2007; Zhang et  al., 2009; Sheline and Raichle, 2013), and 
cardiometabolic disease (Friston et al., 1993; Carnevale et al., 2020). 
Therefore, methods for quantifying network-level brain functional 
relationships are currently of intense research interest (Goebel et al., 
2003; Sporns, 2007; Deshpande et al., 2009; Liao et al., 2009; Zhou 
et al., 2011; Nauta et al., 2019; Li et al., 2020; Ambrosi et al., 2021).

A much smaller number of fMRI studies have assessed effective 
connectivity (EC) between brain regions–the causal influence that 
functional activity in a source region exerts over functional activity 
in a target region (Friston, 2011; Friston et  al., 2013). EC 
fundamentally differs from FC as it focuses on more complex and 
asymmetric relationships between brain regions (Horwitz et al., 2005; 
Stevens, 2009; Friston, 2011; Gürcan, 2014). These relationships may 
be either excitatory or inhibitory in nature (Wilson and Cowan, 1972; 
Tagamets and Horwitz, 1998; Horwitz et al., 2005). Because there is 
an inherent asymmetry between source and target regions, source-
target relationships are naturally represented via directed graphs. EC 
characteristics have been calculated in clinical conditions of interest 
such as aging (Hinault et al., 2019), cognitive impairment (Luo et al., 

2019; Sun et  al., 2020), and cardiometabolic disease (Chand 
et al., 2017).

To our knowledge there have been no head-to-head comparisons 
of EC and FC in terms of how they associate with factors relevant to 
various aspects of brain health in a healthy middle-aged cohort. 
Previous studies including both FC and EC analysis have suggested 
that EC may be superior to FC for discriminating between brain 
disease groups, such as stroke patients with differing prognoses 
(Geng et al., 2018; Adhikari et al., 2021). Others have compared EC 
and FC patterns that emerge during execution of certain cognitive 
tasks (Parhizi et al., 2018; Silva et al., 2019). Additional studies have 
identified different patterns of age-related differences between EC 
and FC as well as differences among young adults of differing APOE 
genotypes (Archer et al., 2016; Zheng et al., 2021) To our knowledge, 
none of these prior studies have compared EC and FC in terms of 
how they relate to a multi-faceted array of prominent risk factors for 
late-life cognitive decline among cognitively healthy middle aged 
adults. In addition, none of these prior methods utilized an EC 
method that was both nonlinear (modeling nonlinear relationships 
between signals in source and target regions) and conditional 
(accounting for the effects of other regions on the target when 
modeling source-target relationships). Nonlinear source-target 
relationships are important to capture because they are believed to 
represent common cases in neuroscience (Aertsen et  al., 1989; 
Buxton et al., 2004; Grosmark and Buzsáki, 2016), while conditional 
modeling is important because it reduces the potential for identifying 
spurious source-target relationships driven by a separate, common 
source (Chen et al., 2004; Zhou et al., 2009a,b). To address these 
limitations, we used a novel machine learning based method (Chuang 
et al., 2021, 2022) to assess nonlinear and conditional EC.

An additional limitation in the literature is that the vast majority 
of FC and EC analyses have been applied to resting-state rather than 
task-based fMRI data. Exceptions to this rule have been analyses of 
differences in FC during task performance between clinically-defined 
groups (Dennis et al., 2010), age-related changes in task-based fMRI 
EC (Archer et  al., 2016; Hinault et  al., 2019), and associations 
between task-based FC and cognitive function (Koshino et al., 2005; 
Barch et  al., 2013; Monti et  al., 2014; Jiang et  al., 2020). To our 
knowledge, only two papers to date have directly compared task-
based to resting-state EC, with suggestions that EC information 
derived from task-based fMRI is richer than corresponding data 
derived from resting-state fMRI (Archer et al., 2016; Voigt et al., 
2021). For this reason, we compared EC and FC measures between 
resting-state and task-based data.

In this study, we conducted a head-to-head comparison between 
EC and FC graph metrics derived from task-based and resting-state 
fMRI in terms of how they correlated with known risk factors for late-
life brain health as well as measures of cognitive function in a healthy 
middle-aged cohort. We used a standard FC method and a state-of-
the-art EC method to generate undirected and directed graph 
representations of individual interregional functional relationships. 
Metrics derived from these graphs were then evaluated in terms of 
their associations with demographic, cardiometabolic, and cognitive 
measures from a middle-aged epidemiological sample.
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2. Materials and methods

2.1. Study participants

The Bogalusa Heart Study began in 1973 as a community-based 
cohort study of atherosclerosis and risk factors for cardiovascular 
disease in a Black and White population of children in a rural town in 
southeastern Louisiana (Berenson, 2001). Participants with a history 
of stroke or TIA were excluded from the analysis in this study. At the 
end, 100 participants completed a 3 T brain MRI at Pennington 
Biomedical Research Center, as well as cardiometabolic measurements 
and cognitive tests at the Bogalusa Heart Study clinic in Bogalusa, 
Louisiana (Table  1). Participants in this study provided informed 
consent. The study was overseen by the Institutional Review Board of 
Pennington Biomedical Research Center. All Bogalusa Heart Study 
data may be made available following an approval process through the 
Bogalusa Heart Study Steering Committee.

2.2. Clinical measurements

Validated questionnaires were used to obtain demographic and 
lifestyle variables, specifically, age, race, sex, cigarette smoking, and 
alcohol consumption. Adiposity was characterized by the calculation of 
Body Mass Index, BMI (kg/m2) from the height and weight collected by 
a stadiometer. Duplicate measures of height and weight for each study 
participant were used to calculate BMI. Similarly, the calculated arithmetic 
average of blood pressure triplicate measures obtained on the right arm 
of the participants in a relaxed, sitting position using sphygmomanometers 
was used to calculate systolic and diastolic blood pressure (SBP and DBP). 
APOE genotyping was performed directly in the collected serum sample 
from venipuncture using a method based on isoelectric focusing of 
delipidated serum followed by immunoblotting using rabbit antihuman 
APOE antiserum (Srinivasan et al., 2001) Fasting measures of hemoglobin 
A1c, fasting glucose, HOMA-IR, and fasting insulin were collected using 
standardized methods (Foster and Berenson, 1987).

2.3. Cognitive measurements

Cognitive tests included logical memory I (narrative memory free 
recall), logical memory II (long term narrative memory free recall), 
and logical memory II R (long term memory recognition) from the 
Wechsler Memory Scale III; digit span forward and backward from 
the Wechsler Adult Intelligence Scale III as well as Trail Making Tests 
A and B. A global cognition composite score was calculated by 
averaging the z-scores of each of the domain tests (Lynall et al., 2010; 
Mayer et al., 2011). Lesser scores on all cognitive measures except the 
Trails Making Tests are indicators of poorer cognitive health.

2.4. Structural MRI acquisition and processing

Brain MRI scans were performed on a GE Discovery 3 T scanner 
at Pennington Biomedical Research Center. T1-weighted structural 
MPRAGE (voxel size, 1 × 1 × 1 mm3; voxel array, 256 × 256 × 176; flip 
angle, 8 degrees; NEX, 1) and 2D FLAIR (voxel size, 0.9 × 0.9 × 3 mm3; 
voxel array, 256 × 256 × 50; flip angle, 111 degrees; NEX, 1) images 
were acquired and analyzed using in-house software, which has been 

described elsewhere (Yoshita et  al., 2006; DeCarli et  al., 2008; 
Carmichael et al., 2012, 2019). Key FLAIR processing steps include 
manual removal of non-brain elements from the FLAIR image by 
operator guided tracing of the dura mater within the cranial vault, 
resulting in delineation of a total cranial volume (TCV) region; MRI 
non-uniformity correction of the TCV (DeCarli et  al., 1996); 
thresholding of TCV into brain and non-brain tissues (DeCarli et al., 
1992); fitting a single Gaussian distribution to the brain tissue intensity 
distribution and labeling of all voxels with intensity >3.5 standard 
deviations above the mean as white matter hyperintensities (WMH; 
DeCarli et al., 2005). Key T1-weighted image processing steps include 
MRI non-uniformity correction (Fletcher et  al., 2012a); and 
segmentation of gray matter (GM), white matter (WM), and 
cerebrospinal fluid (CSF) by a Bayesian maximum-likelihood 
expectation–maximization algorithm (Fletcher et  al., 2012b). The 
primary measures of interest in subsequent analysis were volumes of 
WMH, GM, and WM, each expressed as a percentage of TCV.

TABLE 1 Participant characteristics.

N 100

Sex (% male) 33

Race (% African American) 21

Age at MRI (years) 54.2 ± 4.3

Education (%)
1.5 middle, 24.6 high, 29.2 vocational, 

33.8 college, 10.9 post graduate

Smoking (% smoker) 20

Drinking (% drinker) 5

BMI (kg/m2) 31.2 ± 6.4

SBP (mm Hg) 119.7 ± 14.5

DBP (mm Hg) 76.0 ± 8.6

Hemoglobin A1c (%) 5.7 ± 1.1

Fasting glucose level (mg/dL) 96.0 ± 21.6

HOMA-IR score 3.5 ± 2.9

Fasting insulin level (mIU/mL) 13.6 ± 9.7

APOE-ε4 (% APOE-ε4/ε4 or ε4/ε3 carriers) 26

Gray matter volume on MRI (% of TCV) 43.3 ± 1.62

White matter volume on MRI (% of TCV) 36.4 ± 1.49

WMH volume on MRI (% of TCV) 0.04 ± 0.05

Z-standardized mean score for all 

cognitive measures
1.9 ± 3.7

Digit span forwards score 11.8 ± 2.3

Digit span backwards score 7.9 ± 2.0

Logical memory I total score 22.7 ± 6.3

Logical memory II total score 17.4 ± 6.2

Logical memory II recognition total score 24.6 ± 2.4

Trail Making Test A (seconds) 24.9 ± 7.7

Trail Making Test B (seconds) 56.5 ± 23.7

Digit coding score 64.9 ± 14.9

Vocabulary score 31.0 ± 9.0

Word reading score 43.1 ± 7.8

SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index; WMH, 
white matter hyperintensities; TCV, total cranial volume.
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2.5. Functional MRI acquisition and 
preprocessing

Axial 2D gradient echo EPI BOLD were acquired for both task-
based and resting-state fMRI (voxel size, 3.5 × 3.5 × 3.5 mm3; voxel 
array, 64 × 64 × 44; flip angle, 90 degrees; TE, 30 ms; TR, 3000 ms; NEX, 
1). Two hundred and 160 volumes were acquired over the course of 
task execution and rest, respectively. Preprocessing of fMRI included 
slice timing correction, head motion correction (head rotation was 
required to be <1.5 degree and translation was required to be <1.5 mm 
at every fMRI time point. All fMRI data sets in this study met that 
criterion.), smoothing, co-registration to the T1-weighted image, and 
warping of T1-weighted data to a standard coordinate frame (using 
Statistical Parametric Mapping 12). Cardiac and respiratory time 
series were regressed out of the data using RETROICOR and REST 
Toolkit (Glover et al., 2000; Song et al., 2011). Twenty four regions of 
interest (ROIs) identified in previous fMRI studies as involved in 
execution of the Stroop task (Sheu et al., 2012) and 33 ROIs previously 
identified as default mode network (DMN) regions in resting-state 
fMRI studies (Buckner et al., 2008; Andrews-Hanna et al., 2010; Alves 
et al., 2019) were identified, and a single summary fMRI time series 
was extracted from each ROI using a 3 × 3 × 3 block of voxels in each 
scan by in-house MATLAB script for EC and FC analysis.

2.6. Stroop task

The Stroop task tested inhibitory control in the context of negative 
feedback and time-pressured responses (Sheu et al., 2012). In each 
trial, for 400–5,000 ms participants saw one probe word and four 
target words that were names of colors. The task was to identify the 
target word whose color matched that of the probe. In the congruent 
(incongruent) condition, word meaning matched (did not match) the 
color it was printed in. Correct (incorrect) responses on 3 consecutive 
incongruent trials prompted a 300 ms reduction (increase) in stimulus 
duration. Four 52–60 s incongruent trial blocks were interleaved with 
4 congruent trial blocks, each of which had the same number of trials 
as the previous incongruent block. The inter-block interval was 
10–17 s.

2.7. Resting-state fMRI

Resting-state fMRI was collected for 8 min using the same pulse 
sequence parameters as the task-based fMRI data. Participants were 
instructed to keep their eyes open and to stare at a white crosshair on 
a black background throughout acquisition.

2.8. Connectivity analysis

2.8.1. Effective connectivity
The deep stacking network method used to estimate nonlinear 

Granger causality from the fMRI time series at a source region to that 
of a target region conditioned on the time series at other source 
regions has been described previously (Chuang et al., 2021, 2022). The 
code that supported the findings of this study are available from the 
corresponding author upon reasonable request. Briefly, the Granger 

causality of source ROI1  to target ROI2 , conditioned on other 
sources ROIs  ( ROI ROI ROIs1 2→ | ), is defined in terms of the 
reduction in prediction error when ROI1 , ROI2 , and other sources 
ROIs  are used to reconstruct ROI2 , compared to prediction error 

when only ROI2  and other sources ROIs  are used to reconstruct 
ROI2 . If incorporating ROI1  improves the reconstruction of ROI2  

after accounting for effects of ROI2  and other sources ROIs , the 
Granger causality index GCindexROI ROI ROIs1 2→ |  will be  a larger 
positive number. Complex causal relationships among several time 
series can be disentangled by calculating conditional Granger causality 
with differing assignments of time series to the roles of ROI1 , ROI2
, and other sources ROIs . To reconstruct target time series from 
source time series, we used deep stacking networks, which consist of 
a set of convolutional neural network modules, each trained to 
reconstruct one time series based on another. Given time series from 
source and target regions collected from all participant fMRI scans, 
we used K-fold cross validation to train the deep stacking network K 
times, each time quantifying GCindexROI ROI ROIs1 2→ | within the test 
data. We consider the evidence for a particular conditional Granger 
causal relationship strong at the group level when the mean of these 
GCindexROI ROI ROIs1 2→ |  estimates is statistically significantly >0 in a 
one-tailed student’s t-test (value of p < 0.05). Each such causal 
relationship resulted in an edge originating at the ROI1 node, 
terminating at the ROI2 node, in the group level graph. The group 
level graph was constructed for the purpose of visualizing overall 
trends in causal relationships across the entire set of scans. We also 
calculated individual-level graphs that allowed us to quantify graph 
metrics from each scan. To construct an individual-level graph 
we started by omitting the individual’s scan from the overall data set 
and randomly partitioning the remainder into K disjoint sets. The 
deep stacking network was trained on each of the K disjoint sets, and 
GCindexROI ROI ROIs1 2→ | was quantified from just the omitted 
individual’s scan. We consider the evidence for a particular conditional 
Granger causal relationship strong when the mean of the K 
GCindexROI ROI ROIs1 2→ |  estimates is statistically significantly >0 in a 
one-tailed student’s t-test (value of p < 0.05). Each such significant 
GCindexROI ROI ROIs1 2→ |  resulted in a directed edge originating from 
the graph node corresponding to ROI1 , terminating at the graph 
node corresponding to ROI2 , in the individual directed graph 
representing EC relationships.

Inspired by Jia et al. (2016) and Zamora Esquivel et al. (2019), 
we  used CNN-ACKs in our DSNs architecture to estimate causal 
relationships. An CNN-ACK is trained to transform the source (s) 
time series into the target time series. An ACK is defined by a dynamic 
filter that changes its weights automatically depending on the data in 
the source time series. The ACK is generated by convolving filters with 
source time series and using an activation function to transform the 
result into target time series. The first step is that at each timestep ( t
), the (1 × 6) hidden layer output is calculated as the dot product of six 
1 × 2 filter with the source time series. Then, the Parametric Rectified 
Linear Unit (PReLU) activation function is applied to each element of 
hidden layer output to generate the ACK. The estimate of the target 
time series is the dot product of ACK with the source time series. In 
each CNN-ACK, the six convolving filters (2 weights and 1 bias terms 
for each filter) and the parameters of PReLU (6 weights for each 
timestep) are the learnable parameters. The outputs of each CNN-ACK 
are provided as inputs to an element-wise weighted sum to produce 
the final estimate of the target time series. We used the TensorFlow 
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and Keras software packages to build our network architecture and 
optimized it with the Adam optimizer (β1 = 0.9, β2 = 0.999) with a 
learning rate of 0.001 to minimize the loss function of mean squared 
error between the predicted target time series and the actual target 
time series (Chollet, 2015; Abadi et al., 2016).

2.8.2. Functional connectivity
We used the Brain Connectivity Toolbox (Rubinov and Sporns, 

2010) to calculate conditional FC between a pair of regions, ROI1 and 
ROI2, while accounting for the effects of all other regions ROIs (ROI1 
↔ ROI2|ROIs). Following common practice, the matrix of partial 
Pearson correlations (Pearson’s r) among all possible ROI1 and ROI2 
was calculated, and after statistically significant correlation values 
(value of p < 0.05) were retained to construct the individual-level graph 
(Brier et al., 2014; Meng et al., 2018; Carnevale et al., 2020; Contreras 
et al., 2020; Zhang et al., 2021). Each such significant conditional FC 
ROI1 ↔ ROI2|ROIs resulted in an undirected link between ROI1 and 
ROI2 in the graph representing FC relationships. Group consensus 
graph was calculated as the mean of all individual-level graphs.

2.9. Graph metrics

The common global measures graph metrics representing the 
different aspects of a brain network (Figure 1) were calculated from 
directed graphs resulting from EC as well as undirected graphs 
resulting from FC, using the Brain Connectivity Toolbox (Rubinov 
and Sporns, 2010). The definition of each graph metric can be found 
in Appendix Table A1. Each graph metric had analogs for both 
directed and undirected graphs. In previous brain networks studies 
(Achard and Bullmore, 2007; Meunier et al., 2009; Sanz-Arigita et al., 
2010; Petti et al., 2013; Brier et al., 2014; Parhizi et al., 2018; Sun et al., 
2020), greater degree, clustering coefficient, transitivity, modularity, 
global efficiency, assortativity in-out, and small-worldness; as well as 
lower strength, characteristic path length, and flow coefficient; have 
been associated with better brain health.

2.10. Statistical analysis

Statistical analysis focused on relating demographic, lifestyle, 
cardiometabolic and cognitive measures as predictors to EC and FC 
based graph metrics as outcomes. The associations between 
predictors and outcomes were evaluated in multivariable linear 
regression models, and statistically significant associations at the 
value of p < 0.05 level are reported in the results. Each model included 
gender, race, and age at the time of MRI as nuisance covariates, along 
with one cardiometabolic or cognitive predictor. The set of 
cardiometabolic and cognitive predictors included BMI, SBP, DBP, 
APOE-ε4, hemoglobin A1c, fasting glucose, HOMA-IR, fasting 
insulin, volumes of WMH, GM, and WM, z-standardized mean score 
for all cognitive measures, digit span forwards/backwards score, 
logical memory I/II/II recognition total score, digit coding score, 
vocabulary score, word reading score. We  evaluated differences 
between analogous EC and FC metrics qualitatively, in terms of 
differences in how they related to the demographic, cardiometabolic 
and cognitive predictors.

3. Results

The group-consensus EC and FC graphs for Stroop task are shown 
in Figure 2. Figure 3 shows the group-consensus EC and FC graphs 
for resting-state fMRI. For both Stroop task and resting-state fMRI, 
almost all of the edges in the group-consensus EC graph were 
significant; however, few of the edges in the group-consensus FC 
graph were significant. A specific pattern of several ROIs appearing to 
be a source for specific target ROIs, including left and right caudate, 
cerebellar hemisphere, and cerebellar tonsil, has been identified in 
group-consensus EC for resting-state fMRI. No specific pattern has 
been found for the rest of the group-consensus graphs. The means and 
standard deviations of graph metric over all participants have been 
shown in Table  2. The associations between demographic, 
cardiometabolic, and cognitive measures and EC/FC based metrics 

FIGURE 1

Graph metrics calculated from EC and FC graphs. Categories of graph metrics are shown in bold. Individual graph metrics within each category are 
listed.
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A B

FIGURE 3

Identified group-consensus (A) EC (directed graph) and (B) FC (undirected graph) among 33 DMN ROIs for resting-state fMRI. The connectivity is 
shown in black if it is not statistically significant. VMPFC, ventro-median prefrontal cortex; AMPFC, antero-median prefrontal cortex; DPFC, dorsal 
prefrontal cortex; PCC, posterior cingulate cortex; Rsp, retrosplenial cortex; PH, parahippocampal region; Amy, amygdala; VLPFC, ventrolateral 
prefrontal cortex; TP, temporal pole; MTG, middle temporal gyrus; PPC, posterior parietal cortex; T, thalamus; BF, basal forebrain; C, caudate; CbH, 
cerebellar hemisphere; CbT, cerebellar tonsil; MidB, midbrain.

for Stroop task fMRI are shown in Table 3. The associations between 
demographic, cardiometabolic, and cognitive measures and EC/FC 
based metrics for resting-state fMRI are shown in Table 4. Figure A1 
and Table A2 show the associations between demographic, 
cardiometabolic, and cognitive measures and EC/FC based metrics 
among 24 task-related ROIs for Stroop task fMRI and eight core DMN 
ROIs for Stroop task fMRI.

3.1. Associations with demographic 
measures

3.1.1. Stroop task fMRI
Age at MRI was not associated with either EC based metric 

(minimum value of p = 0.059), or FC based metric (minimum value of 
p = 0.065). Better EC based assortativity in-out (value of p = 0.043) and 

A B

FIGURE 2

Identified group-consensus (A) EC (directed graph) and (B) FC (undirected graph) among 24 task-related ROIs for Stroop task fMRI. The connectivity is 
shown in black if it is not statistically significant. AG, angular gyrus; AI, anterior insula; Cb, cerebellum; CG, cingulate gyrus; FG, fusiform gyrus; IFG, 
inferior frontal gyrus; MTG, middle frontal gyrus; OG, occipital gyrus; P, precuneus; TG, temporal gyrus; T, thalamus; ACC, anterior cingulate cortex; FG, 
frontal gyrus; LN, lentiform nucleus; MTG, middle temporal gyrus; PI, posterior insula; SFG, superior frontal gyrus.
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better FC based flow coefficient (value of p = 0.047) were found for 
females compared to males. Better EC based assortativity in-out and 
strength (value of p = 0.022 and 0.042, respectively) were found for 
white Americans compared to African Americans.

3.1.2. Resting-state fMRI
Age at MRI was associated with EC based metrics but not with 

any FC based metric. Greater age was associated with worse EC 
based degree, clustering coefficient, transitivity, global efficiency, and 
characteristic path length (maximum value of p = 0.038). Gender was 
associated with both EC and FC based metrics. Better EC based 
assortativity in-out (value of p = 0.017) was found for males, but 
better FC based strength (value of p = 0.004) was found for females. 
Self-reported history of drinking was associated with both EC and 
FC based metrics. Better EC based small-worldness (value of 
p = 0.015) and better FC based strength (value of p = 0.009) was found 
for non-drinkers. Better EC based assortativity in-out 
(p-value = 0.017) was found for males, but better FC based strength 
(p-value = 0.004) was found for females. Race, education, and 
smoking history were not associated with any EC based metric 
(minimum p-value = 0.068), nor any FC based metric (minimum 
p-value = 0.077).

3.2. Associations with cardiometabolic 
measures

3.2.1. Stroop task fMRI
Systolic and diastolic blood pressure were associated with EC 

based metrics but not with any FC based metric. Greater SBP was 
associated with worse EC based characteristic path length (p-
value = 0.038), but with better EC based modularity and small-
worldness (maximum p-value = 0.018). Greater DBP was associated 
with worse EC based degree, clustering coefficient, transitivity, global 
efficiency, and characteristic path length (maximum p-value = 0.008). 
Instead, APOE-ε4 was not associated with any EC based metric, but 
with FC based metrics. Worse FC based small-worldness and strength 
were found in ε4 allele carriers (p-value = 0.026 and 0.032, 
respectively). Greater hemoglobin A1c were associated with worse FC 
based strength (maximum p-value = 0.029). Moreover, white matter 
hyperintensities volume was associated with both EC and FC based 
metrics. Greater WMH was associated with worse EC based strength 
(p-value = 0.021), FC based modularity and characteristic path length 
(p-value = 0.001 and 0.017, respectively). BMI, glycemic measures, and 
gray/white matter volume were not associated with any EC based 
metric (minimum p-value = 0.100), nor any FC based metric 
(minimum p-value = 0.115).

3.2.2. Resting-state fMRI
BMI and WMH were associated with EC based metrics but not 

with any FC based metric. Greater BMI was associated with worse EC 
based strength (p-value = 0.015). Greater fasting glucose, HOMA-IR, 
and fasting insulin were associated with worse EC based strength 
(maximum p-value = 0.035). Greater WMH was associated with worse 
EC based strength (p-value = 0.025). Systolic and diastolic blood 
pressure, APOE-ε4, and gray/white matter volume were not associated 
with any EC based metric (minimum p-value = 0.052), nor any FC 
based metric (minimum p-value = 0.137).T
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TABLE 3 Linear relationships between demographic, cardiometabolic, and cognitive measures and graph metrics derived from EC and FC for Stroop task fMRI.

Degree Clustering 
coefficient

Modularity Transitivity Global 
efficiency

Assortativity 
in-out

Small-
worldness

Strength Characteristic 
path length

Flow 
coefficient

Gender 

(M = 0, F = 1)

EC (β = 0.016, 

p = 0.043)

FC (β = −0.014, 

p = 0.047)

Race 

(WA = 0, 

AA = 1)

EC (β = −0.022, 

p = 0.022)

EC (β = 2.768, 

p = 0.042)

SBP
EC (β = 0.001, 

p = 0.015)

EC (β = 0.001, 

p = 0.018)

EC (β = 0.001,  

p = 0.038)

DBP
EC (β = −0.877, 

p = 0.001)

EC (β = −0.001, 

p = 0.005)

EC (β = 0.001, 

p = 0.008)

EC (β = −0.001, 

p = 0.003)

EC (β = −0.001, 

p = 0.002)

EC (β = 0.002,  

p = 0.001)

APOE-ε4
FC (β = −0.046, 

p = 0.026)

FC (β = 0.600, 

p = 0.032)

Hemoglobin 

A1c

FC (β = −0.223, 

p = 0.029)

WMH 

volume

FC (β = −26.3, 

p = 0.001)

EC (β = 2,172, 

p = 0.021)

FC (β = −31.6, 

p = 0.017)

Digit span 

backwards

FC (β = −0.009, 

p = 0.041)

FC (β = 0.003, 

p = 0.043)

Vocabulary
EC (β = −0.001, 

p = 0.017)

EC (β = −0.001, 

p = 0.025)

EC, effective connectivity; FC, functional connectivity; M, male; F, female; WA, white American; AA, African American; SBP, systolic blood pressure; DBP, diastolic blood pressure; WHM, white matter hyperintensities.
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TABLE 4 Linear relationships between demographic, cardiometabolic, and cognitive measures and graph metrics derived from EC and FC for resting-state fMRI.

Degree Clustering 
coefficient

Modularity Transitivity Global 
efficiency

Assortativity 
in-out

Small-
worldness

Strength Characteristic 
path length

Age
EC (β = −2.556, 

p = 0.012)

EC (β = −0.002, 

p = 0.016)

EC (β = 0.001, 

p = 0.038)

EC (β = −0.002, 

p = 0.013)

EC (β = −0.001, 

p = 0.011)

EC (β = 0.002,  

p = 0.010)

Gender (M = 0, 

F = 1)

EC (β = −0.017, 

p = 0.017)

FC (β = −1.145, 

p = 0.004)

Alcohol (non-

drinker = 0, 

drinker = 1)

EC (β = −0.036, 

p = 0.015)

FC (β = 2.522, 

p = 0.009)

BMI
EC (β = 4.167, 

p = 0.015)

Fasting glucose
EC (β = 3.475, 

p = 0.035)

HOMA-IR
EC (β = 7.011, 

p = 0.003)

Fasting insulin
EC (β = 7.033, 

p = 0.004)

WMHs volume
EC (β = 3.125, 

p = 0.025)

Logical memory 

II total score

EC (β = 3.416, 

p = 0.044)

Word reading
EC (β = 3.446, 

p = 0.038)

EC, effective connectivity; FC, functional connectivity; M: male; F, female; WHM, white matter hyperintensities. Neither EC or FC based small-worldness and flow coefficient associated with demographic, cardiometabolic and cognitive risk factors.
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3.3. Associations with cognitive measures

3.3.1. Stroop task fMRI
Vocabulary score was associated with EC based metrics but not 

with any FC based metric. Greater vocabulary score was associated 
with worse EC based clustering coefficient and transitivity (p-
value = 0.017 and 0.025, respectively). Instead, digit span backwards 
score was not associated with any EC based metric, but with FC based 
metrics. Greater digit span backwards score was associated with worse 
FC based small-worldness and flow coefficient (p-value = 0.041 and 
0.043, respectively). None the rest of the cognitive measures were 
associated with any EC based metric (minimum p-value = 0.068), nor 
any FC based metric (minimum p-value = 0.097).

3.3.2. Resting-state fMRI
Logical memory II total score and word reading score were 

associated with EC based metrics but not with any FC based metric. 
Greater logical memory II total score and word reading score were 
associated with worse EC based strength (p-value = 0.044 and 0.038, 
respectively). None the rest of the cognitive measures were associated 
with any EC based metric (minimum p-value = 0.250), nor any FC 
based metric (minimum p-value = 0.228).

4. Discussion

In a cohort of nominally healthy middle aged individuals, almost 
all of the edges in the group-consensus EC graph were significant; 
however, few of the edges in the group-consensus FC graph were 
significant. We believe this difference is because EC can identify a 
wider range of significant relationships than FC can: EC can identify 
causal relationship across a wide range of time lags between the source 
region and the target region; FC, on the other hand, only accounts for 
synchrony (i.e., zero time lag) relationships between the regions. Also, 
EC and FC had differential associations with demographic, 
cardiometabolic, and cognitive measurements in both task-based and 
resting-state fMRI. The task-based results suggested that certain 
health-related measures associated specifically with EC metrics, and 
others associated specifically with FC metrics. The resting-state results 
similarly suggested differential associations between EC and FC, and 
that EC metrics had more associations with health-related measures 
than FC metrics did. There are several ways in which the imposition 
of task conditions could affect EC and FC values. First, EC and FC 
may have a different temporal structure in task fMRI data due to the 
time-varying nature of task conditions, which lead to time-varying 
cognitive loads on various brain regions. EC and FC may have 
different spatial structures as well when applied to task fMRI data, as 
the task demands may force the brain to recruit different brain regions 
for execution. Finally, the imposition of task conditions could cause 
greater fluctuations in the BOLD signal than are seen during rest, and 
this amplitude difference may by itself cause differences between task 
and rest connectivity measures. Therefore, the first implication of 
these findings is that future studies of midlife brain health should 
consider both EC and FC analyses to get a more complete picture of 
functional network related aspects of brain health. The second 
implication is that future studies of midlife brain health should 
consider collecting both task-based and resting-state fMRI scans, 
again to get a more complete picture of relevant aspects of brain health.

Our results shows that either EC or FC showed a significant 
correlation with the network metric but not both ─ there was no 
case where both FC and EC showing a significant correlation. 
Differential associations for EC compared to FC are plausible, 
given that they are quantifying distinct properties of the underlying 
fMRI signals. A key difference between EC and FC analysis is that 
EC analysis can assess a specific form of causal relationships, while 
FC analysis captures correlation (Stigler, 2005; Altman and 
Krzywinski, 2015; Moreau and Dumas, 2021). Altman et al. has 
pointed out that a causal relationship (EC) can arise between 
variables in the presence or absence of a correlation (FC), and 
therefore we  cannot equate causality with correlation in either 
direction (Altman and Krzywinski, 2015). This key difference, in 
theory, could account for more statistically significant edges and 
differential associations for EC compared to FC. Our results 
suggest that this difference between what EC and FC calculates is 
actually relevant to real-world data sets containing fMRI and 
health information. Thus, we  suggest calculating EC as 
complementary to FC analyses. Calculating both types of metrics 
adds nothing to acquisition time but does add to the computational 
burden of post-processing.

Our findings of relationships between demographic measures 
(age and gender) and EC or FC aligned well with previous literature. 
In general, greater degree, clustering coefficient, transitivity, 
modularity, global efficiency, assortativity in-out, and small-
worldness; as well as lower strength, characteristic path length, and 
flow coefficient; have been associated with better brain health 
(Achard and Bullmore, 2007; Meunier et al., 2009; Sanz-Arigita et al., 
2010; Petti et al., 2013; Brier et al., 2014; Parhizi et al., 2018; Sun et al., 
2020). Greater degree suggests a larger number of functional 
connections between the current region and other regions. Greater 
clustering coefficient, transitivity, modularity, and lower flow 
coefficient suggest greater inter-regional connectivity among a set of 
regions. Greater modularity, global efficiency, and small-worldness, 
as well as lower characteristic path length, suggest greater efficiency 
of functional network organization from the perspective of 
information transfer across the network. Greater assortativity in-out 
coefficient suggests that the brain regions tend to connect to other 
brain regions that have similar degree. Lower strength suggests that 
a region has several weak functional connections with a large set of 
other regions, rather than a few strong connections. Prior studies 
demonstrated lower FC based degree and modularity, and lower EC 
based small-worldness, in middle-aged or old research participants 
compared to young participants, based on resting-state fMRI 
(Meunier et al., 2009; Petti et al., 2013; Song et al., 2014; Archer et al., 
2016). Our results similarly suggested that EC based metrics were 
intuitively associated with age within this cohort of middle aged 
individuals, based on resting-state scans. Young age is usually 
correlated with better brain health in healthy populations. Also, 
resting-state FC studies have reported that women may have greater 
graph node degree within the default mode network, compared to 
men (Bluhm et  al., 2008; Allen et  al., 2011; Zhang et  al., 2018); 
we similarly found better EC and FC based metrics among women, 
compared to men, in both task-based and resting-state scans. To our 
knowledge, there have been no reported observations of race 
differences in EC or FC to date in middle aged individuals; we report 
what may be the first finding of poorer task-based EC among African 
Americans compared to corresponding whites.
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Many of our results for cardiometabolic measures (blood 
pressure, BMI, WMH, APOE-ε4) aligned well with previous 
literature. We report a lack of association between FC and blood 
pressure measures, similar to prior studies showing no association to 
blood pressure (Song et al., 2011; Zhou et al., 2011; Hinault et al., 
2019) as well as others showing no differences between hypertensive 
and normotensive groups (Carnevale et al., 2020). We also report 
significant associations between blood pressure and EC, as in prior 
studies (Chand et  al., 2017; Bu et  al., 2018). Our finding of an 
association between worse resting-state EC and greater BMI is 
reminiscent of an earlier finding of worse resting-state EC among 
obese young adults compared to normal-weight young adults (Duan 
et al., 2020), although we did not replicate earlier findings of reduced 
resting-state FC among obese young adults (Baek et al., 2017; Meng 
et al., 2018; Ottino-González et al., 2021). We report that greater 
WMH burden is associated with poorer EC during task and rest 
along with poorer FC during rest. We believe that methodological 
differences between studies may account for many of these 
discrepancies. For example, some prior studies (Chen et al., 2019, 
2021) focused solely on FC between the thalamus and the whole 
brain, while other studies explored FC solely within the default mode 
network. Standardizing fMRI post-processing pipelines to minimize 
such methodological differences has been notoriously difficult. 
We are providing what may be one of the first reports of significant 
associations between APOE-ε4 carrier status and task-based 
FC. APOE carrier status has previously been shown to be associated 
with a variety of different indicators of poorer neurobiological health, 
including degradation of synaptic and neuronal function (Contreras 
et al., 2020; Turney et al., 2020). Worse FC-task based graph metrics 
were found in ε4 allele carriers, suggesting that such APOE-related 
decrements in neuronal and synaptic health may culminate in 
connectivity deficits. Overall, our results align well with the intuitive 
notion that better graph metrics should associate with indicators of 
better brain health. These results have substantial agreement with 
prior literature, thus lending some plausibility to the current findings. 
Discrepancies between our findings and previous reports could 
be accounted for by numerous methodological and study population 
differences. Moreover, several prior studies reported the associations 
between race and APOE-e4 (Beydoun et al., 2021; Weiss et al., 2021). 
However, there was no statistically significant correlation between 
the graph metrics and the interaction terms of race and APOE-e4. 
Prior studies that suggest such interactions generally assessed 
cognitive outcome measures while our outcomes are brain 
connectivity variables; we  speculate that interactive effects on 
cognition may be  exerted through other mechanisms besides 
brain connectivity.

Our finding of a significant association between one type of 
cognitive measures (digit span backwards/forwards scores) and task-
based FC aligns well with prior reports with task-based fMRI data 
(Ginestet and Simmons, 2011; Stanley et al., 2015). We are unaware 
of any prior reports on associations between EC and cognitive 
function, and provide what may be one of the first reports of such 
associations here. The closest we can get to this finding in the current 
literature is the literature on FC in disease populations, including 
mild cognitive impairment and Alzheimer’s disease (Grady et al., 
2003; Wang et al., 2006; Zhang et al., 2017). Several of these studies 
reported that FC is actually greater in those with worse disease status, 
suggesting that elevating FC may be a compensatory mechanism 

triggered by the disease state. Similarly, we found that better cognitive 
function scores were associated with worse EC-based graph metrics. 
While there have been numerous reports of associations between 
resting-state FC and cognitive functioning or differences in resting-
state FC between cognitively healthy and unhealthy groups (Van Den 
Heuvel and Pol, 2010; Liang et al., 2011; Zhou et al., 2013; Zhang 
et al., 2017), these prior studies largely did not take place entirely 
within a cognitively healthy middle-aged population. This difference 
from prior literature may account for our lack of finding of such 
associations in our data.

A key strength of the study is its comprehensive nature, with 
comparisons among multiple forms of brain connectivity (EC and 
FC), both task-based and resting-state fMRI, and multi-faceted 
assessment of individuals in terms of demographics, cardiometabolic 
risks, and cognition. The use of an established, deeply characterized 
population-based cohort is another key strength. Future studies 
should consider longitudinal measurement of cardiovascular and 
cognitive measures from as young an age as possible. One limitation 
to this study is the relatively small sample size of the dataset (100 
participants). It would be  helpful to verify the robustness of the 
results with a public dataset with larger sample size. Another 
limitation is our ROI-based approach to calculating EC and FC, i.e., 
we only calculated connectivity among regions previously identified 
as activated by the Stroop task, or among those previously identified 
as being in the default mode network. This approach may miss 
certain interesting functional connections outside of the known task-
related regions, but unlike whole-brain analyses it offers a lower risk 
of the false positives that have contributed to the replication crisis 
currently roiling the fMRI field (Bennett and Miller, 2010; Sheu et al., 
2012). The other possible limitation is that we did not adjust for 
inter-individual or inter-regional differences in the hemodynamic 
response function to stimuli. Some studies have suggested that such 
adjustments are important (Smith et al., 2012; Rangaprakash et al., 
2017), while others suggest they are irrelevant (Seth et al., 2013; Wen 
et al., 2013).

5. Conclusion

In a diverse, cognitively healthy, middle-aged community sample, 
graph metrics derived from EC based directed graphs and FC based 
undirected graphs in both task-based and resting-state scans 
associated differentially with recognized demographic, 
cardiometabolic and cognitive indicators of brain health.
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White matter and gray matter 
changes related to cognition in 
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Objective: Further studies are needed to improve the understanding of the 
pathological process underlying cognitive impairments. The purpose of this study 
is to investigate the global and topographic changes of white matter integrity 
and cortical structure related to cognitive impairments in a community-based 
population.

Methods: A cross-sectional analysis was performed based on 995 subjects 
(aged 56.8 ± 9.1 years, 34.8% males) from the Shunyi study, a community-dwelling 
cohort. Cognitive status was accessed by a series of neurocognitive tests including 
Mini-Mental State Examination (MMSE), Montreal Cognitive Assessment (MoCA), 
category Verbal Fluency Test (VFT), Digit Span Test (DST), and Trail Making Tests 
A and B (TMT-A and TMT-B). Structural and diffusional MRI data were acquired. 
White matter integrity was assessed using fractional anisotropy (FA), mean 
diffusivity (MD), and peak width of skeletonized mean diffusivity (PSMD). Cortical 
surface area, thickness, and volume were measured using Freesurfer. Probabilistic 
tractography was further conducted to track the white matter fibers connecting 
to the cortical regions related to cognition. General linear models were used to 
investigate the association between brain structure and cognition.

Results: Global mean FA and MD were significantly associated with performances 
in VFT (FA, β 0.119, p < 0.001; MD, β −0.128, p < 0.001). Global cortical surface 
area, thickness, and volume were not related to cognitive scores. In tract-based 
spatial statistics analysis, disruptive white matter integrity was related to cognition 
impairment, mainly in visuomotor processing speed, semantic memory, and 
executive function (TMT-A and VFT), rather than verbal short-term memory and 
working memory (DST). In the whole brain vertex-wise analysis, surface area in 
the left orbitofrontal cortex, right posterior-dorsal part of the cingulate gyrus, and 
left central sulcus were positively associated with MMSE and MoCA scores, and 
the association were independent of the connecting white matter tract.

Conclusion: Disrupted white matter integrity and regional cortical surface area 
were related to cognition in community-dwelling populations. The associations 
of cortical surface area and cognition were independent of the connecting white 
matter tract.
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MRI, DTI, white matter, gray matter, cognitive function
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1. Introduction

Cognitive decline is a major issue in elderly populations (Jia 
et  al., 2020). It reduces personal life quality and increases the 
demand for nursing and social care, which leads to various 
socioeconomic burdens (Livingston et  al., 2017; The Lancet 
Neurology, 2018). There are increasing concerns regarding the brain 
structure basis of cognitive decline. Some studies demonstrate that 
cerebral cortical atrophy is a major predictor of cognitive decline 
both in degenerative diseases, such as Alzheimer’s disease (Poulakis 
et al., 2018; Nunez et al., 2020; Qing et al., 2021), and in vascular 
cognitive impairment, such as cerebral small vessel disease (CSVD; 
Jokinen et al., 2012; Righart et al., 2013). Recently, with advanced 
imaging techniques, such as diffuse tensor imaging (DTI), more and 
more evidences reveal that subcortical white matter lesions, 
including white matter hyperintensity (WMH) volume (Lampe 
et al., 2019), WM microstructure injury (Cremers et al., 2016; Power 
et al., 2019; Caunca et al., 2020), and disrupted network connectivity 
(Lawrence et  al., 2014; Tuladhar et  al., 2016) are independently 
related to impaired cognition, even in non-dementia community 
populations. These evidences imply that both gray matter and white 
matter play important roles in cognitive function. In non-dementia 
populations, white matter lesions may occur earlier and appear to 
be more sensitive to cognitive impairments.

However, cortical gray matter and subcortical white matter are not 
isolated, they are spatially and functionally connected. Cortical 
atrophy can be secondary to the disruption of connecting fibers in the 
subcortical white matter (Lambert et al., 2016; Kim et al., 2020). In 
reverse, cortical atrophy can also lead to Wallerian degeneration of 
white matter tract (McAleese et al., 2017). A longitudinal study found 
that white matter hyperintensity expansion and gray matter atrophy 
were strongly correlated in patients with small vessel disease (Lambert 
et al., 2016), but this association was not found in older community-
dwelling subjects (Dickie et al., 2016). The Northern Manhattan Study 
recently demonstrated that white matter hyperintensity volume was 
related to worse processing speed, both directly and indirectly through 
its effect on regional cortical thickness (Caunca et al., 2020). Lots of 
studies, including our previous work (Wang et al., 2021), tried to 
disentangle the relationship between cortical and subcortical brain 
structure with cognition (Righart et al., 2013; van Uden et al., 2015; 
Cremers et al., 2016; Dickie et al., 2016; Lambert et al., 2016; Vibha 
et al., 2018; Power et al., 2019; Celle et al., 2021; Rizvi et al., 2021). 
However, some of these studies only chose global gray matter or white 
matter parameters, such as total or regional cortical volume (Vibha 
et al., 2018), white matter hyperintensity volume (Celle et al., 2021), 
mean or tract-specific fractional anisotropy (FA) or mean diffusivity 
(MD; van Uden et al., 2015; Cremers et al., 2016; Power et al., 2019). 
Our previous work (Wang et  al., 2021) also only investigated the 
relationship of imaging markers of CSVD and brain volume with 
cognition in the whole brain level. Results of the article showed no 
relationship between global gray matter parameters with cognition. 
Global parameters contained in former studies (van Uden et al., 2015; 
Cremers et al., 2016; Vibha et al., 2018; Power et al., 2019; Celle et al., 
2021; Wang et al., 2021) could not provide precise spatial information 
in cerebral changes. Also, early cerebral changes may happen locally, 
which could not be  detected in global level. Therefore, precise 
evaluation and mapping of white matter microstructure injury and 
cortical morphology would be  expected to provide further 

information about the underlying pathological process of 
cognitive impairment.

In a population-based sample, we investigated the relationship 
between global and topographic changes in white matter and cortical 
structures and cognitive function. Furthermore, we  determined 
whether the association between cortical changes and cognitive 
impairment was influenced by its connecting white matter tract.

2. Materials and methods

2.1. Participants

This cross-sectional analysis was based on the Shunyi study, an 
ongoing prospective population-based cohort study in community-
dwelling adults. Between June 2013 and April 2017, we recruited 1,586 
participants aged 35 years or older from five villages of Shunyi, a 
suburb of Beijing. Among these participants, brain magnetic 
resonance imaging (MRI) was completed in 1,257 subjects. 
We  obtained 1,145 scans with adequate quality for structure 
segmentation. Cognitive tests (at least Mini-Mental State Examination 
and Montreal Cognitive Assessment scores) were applied to 1,069 
participants. A total of 74 participants with previous stroke or 
dementia were excluded, leaving 995 participants in these analyses 
(Supplementary Figure  1). The study was approved by the ethics 
committee at Peking Union Medical College Hospital (reference No. 
B-160) and all participants had signed written informed consent.

2.2. Cognitive measurements

The cognitive tests included the Chinese version of Mini-Mental 
State Examination (MMSE; Zhang et al., 1999), Montreal Cognitive 
Assessment (MoCA; Wen et al., 2008), category Verbal Fluency Test 
(VFT), Digit Span Test (DST), and Trail Making Tests A and B 
(TMT-A and TMT-B; Zhang et al., 1998; Han et al., 2020). MMSE and 
MoCA were used to assess global cognition. In category verbal fluency 
test (VFT), participants were asked to verbally list as many animals/
vegetables/fruits in 60 s. We counted up the total number of the three 
tests as the VFT score. The VFT was a measure of semantic memory, 
language and executive function. In the DST, the participants repeated 
the numbers forward and backward by increasing the series of 
numbers until the answers were incorrect. The forward and backward 
scores were summed. The DST was used to evaluate verbal short-term 
memory by the forward task and working memory by the backward 
task. We also used a digital TMT-A and TMT-B to assess the executive 
function, which was based on our mental status detection system with 
a Wacom template (patent NO. CN 103956171 B). Trail Making Test-
Part B was modified into a Chinese version starting the trail with 
Chinese numeral “one” to the Arabic numeral “1,” Chinese numeral 
“two” to the Arabic numeral “2,” till Chinese numeral “twelve” to the 
Arabic numeral “12.” We extracted the completion time of TMT-A 
and TMT-B in this study.

When participants had MMSE scores ≤ 24 or cognitive 
complaints, they were asked to complete the Clinical Dementia Rating 
Scale (Morris, 1993). A dementia specialist made the dementia 
diagnosis by reviewing the clinical information, comprehensive 
neuropsychological (NP) assessments test results (e.g., abnormal NP 
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test score or CDR ≥ 1), and functional evaluation (Han et al., 2020). 
The diagnosis of dementia needs to satisfy the 2011 NIA-AA Criteria 
for all-cause dementia (McKhann et  al., 2011). A total of 27 
participants with dementia were excluded from this analysis.

2.3. ApoE genotyping

Genomic DNA extracted from whole blood samples were 
amplified by PCR and sequenced with Sanger sequencing. ApoE 
genotype was identified by manually combining the alleles from the 
single nucleotide polymorphisms NM_000041.2:c.388 T > C 
(p.Cys130Arg; rs429358) and c.526C > T (p.Arg176Cys; rs7414) as 
follows: at nucleotides 388 and 526 (amino acids 130 and 176), ε2 = TT 
(CysCys), ε3 = TC (CysArg), and ε4 = CC (ArgArg). APOE ε4+ was 
identified as ε2/ε4, ε3/ε4, and ε4/ε4, and APOE ε4− was identified as 
ε2/ε2, ε2/ε3, and ε3/ε3 (Drogos et al., 2016; Su et al., 2019).

2.4. MR imaging

Details of MRI acquisition were described in our previous 
publications (Han et al., 2020). Relevant to this study, a T1 weighted 
(3D magnetization-prepared rapid gradient-echo sequence with 1 
mm × 1mm × 1.3 mm resolution), a T2 weighted fluid-attenuated 
inversion recovery (FLAIR) sequence (1 mm × 1 mm × 5 mm 
resolution), a single-shell diffusion tensor image (DTI) with 30 
directions at b = 1,000 s/mm2 and a non-diffusion weighted image with 
b = 0 s/mm2 (2.2 mm × 2.2 mm × 2.2 mm resolution, repeat twice) were 
used. We processed the imaging data using United Kingdom Biobank 
processing pipeline (Alfaro-Almagro et al., 2018)1 modified according 
to our MRI parameters.

Raw images with correct imaging parameters were visually 
inspected in the quality check process. Scans with artifacts including 
spikes, severe ghosting, severe head-motion and eye spillover, 
electromagnetic interference/perturbation which affected imaging of 
the brain were excluded from further analysis. Participants with 
congenital dysplasia, severe non-vascular brain structure damage such 
as hydrocephalus, space occupying lesions, significant infarctions were 
also excluded.

2.5. Cortical parcellation and hippocampus 
segmentation

The T1 weighted images were processed for cortical 
reconstruction (Dale and Sereno, 1993; Dale et  al., 1999) and 
volumetric segmentation using the FreeSurfer (v7.2) software 
package.2 Three vertex-wise imaging measures, cortical thickness, 
cortical volume, and cortical surface area, were included to obtain a 
comprehensive description of cognition-related differences in 
cortical morphology. Before statistical analysis, the surface-based 
data were smoothed using a Gaussian kernel with the full-width 

1 https://git.fmrib.ox.ac.uk/falmagro/UK_biobank_pipeline_v_1

2 http://surfer.nmr.mgh.harvard.edu/

half-maximum of 10 mm to increase the signal-to-noise ratio and 
reduce the impact of misregistration. Hippocampus volume was 
acquired from the recon-all pipeline. The estimated total intracranial 
volume was used to correct the brain size.

Freesurfer-processed MRI scans were visually examined based on 
the quality checking protocol of Enhancing Neuro ImaGing through 
Meta-Analysis (ENIGMA).3 Cortical segmentation quality, cortical 
labels and anatomical boundaries of each scan were checked and rated 
as 1 = “Good,” 2 = “Moderate,” 3 = “Fail” based on the severity of 
misclassification defined by the ENIGMA Cortical Control Guide 2.0. 
Scans graded as “Fail” were excluded from further analysis. 
Misclassifications in rest of the scans were manually corrected or 
deleted according to the troubleshooting guide from the FreeSurfer 
team.4 Scans with outliers (>3SD) were re-checked to examine 
segmentation quality.

2.6. White matter hyperintensity 
segmentation

WMH segmentation was carried out using the Brain Intensity 
Abnormality Classification Algorithm (BIANCA; Griffanti et  al., 
2016), which is a fully automated method for classifying voxels based 
on relative intensity and spatial features. White matter hyperintensity 
was manually labeled on FLAIR sequence in 25 participants as 
training data. The BIANCA output is a probability map that is 
thresholded at 0.95 to produce a binary map of lesions. The Dice 
coefficient was 0.87  in our dataset. Obtained white matter 
hyperintensity volumes were log-transformed because of their 
skewed distribution.

2.7. DTI processing

The original DTI data were corrected for eddy currents, head 
motion, and gradient distortion. The output was fed into the DTI 
fitting tool (DTIFIT, part of FSL), creating FA and MD maps. The 
global mean FA and MD were calculated by averaging the diffusion 
metrics within study-specific WM mask (the mean FA map 
thresholded at 0.2). The FA and MD maps were then processed using 
tract-based spatial statistics (TBSS) pipeline (Smith et al., 2006). This 
involves nonlinear registration of the FA images to a standard-space 
white matter skeleton. The resulting standard-space warp is applied to 
the MD map. Then, voxel-wise analysis of the association between 
cognition and DTI measures were conducted on these skeletons via 
FSL Randomize tool using general linear model. The DTI datasets was 
processed using UK Biobank diffusion pipeline.5 Changes made 
according to our MRI parameters include: (a) we did not carry out 
TOPUP in the study, because our diffusion images were scanned only 
in AP direction. Even though we used bipolar diffusion scheme to 
reduce eddy current distortions and corrected eddy current in the 
pre-procession, we  cannot exclude brain distortion especially in 

3 http://enigma.ini.usc.edu/protocols/imaging-protocols

4 https://surfer.nmr.mgh.harvard.edu/fswiki/FsTutorial/TroubleshootingData

5 https://git.fmrib.ox.ac.uk/falmagro/UK_biobank_pipeline_v_1/-/tree/

master/bb_diffusion_pipeline
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frontal and temporal regions. (b) our DTI are single-shell images 
(b = 1,000 s/mm2), therefore, we did not run “bb_select_dwi_vols” 
command for multi-shell images of UKB.

Apart from the imagine-derived phenotypes using 
United Kingdom Biobank pipeline, we also computed the peak 
width of skeletonized mean diffusivity (PSMD) using psmd.sh,6 
which has been considered as a novel imaging marker for small 
vessel disease based on skeletonization of white matter tract 
(Baykara et al., 2016).

2.8. Probabilistic tractography

In order to track the white matter fibers connecting to the 
cortical regions related to cognition, we also conducted probabilistic 
tractography (Supplementary Figure 2). We extracted the cortical 
clusters related to cognition from vertex-wise analysis in Freesurfer 
data as the seeding regions. The transformation matrix from 
Freesurfer surface space to native DTI volume space was constructed 
via mri_surf2surf, mri_surf2vol, tkregister2, and FLIRT (FMRIB’s 
Linear Image Registration Tool). Tractography began with within-
voxel modeling of multi-fiber tract orientation structure via the 
bedpostx tool, and was followed by probabilistic tractography using 
probtractx2 (Behrens et al., 2007). Streamlines were seeded from 
each voxel in the cluster, and in order to tract all possible streamlines, 
we did not set the exclusion mask and termination mask. The default 
0.5 mm step length, 5,000 samples and 2,000 steps were used. To 
avoid artifactual loops, streamlines that loop back on themselves 
were discarded (loopcheck). For each subject, the tracked streamline 
was normalized by the total number of generated streamlines 
(“waytotal” number). A threshold of 1% was used to binarize the 
probabilistic tractography to avoid false-positive streamline (Tian 
et al., 2018). Finally, the mean FA and MD in the resulting tract, 
which was connected to the cortical cluster, were calculated in 
individual native DTI space.

2.9. Covariates

Covariates were selected based on prior literature. Age (years) 
and education (years) were modeled as continuous variables. ApoE 
ε4 carrying situation was dichotomized as yes or no. All analyses 
were adjusted for age, sex, years of education, and ApoE ε4 
carriership. Analyses involving the cortical structure, hippocampus 
volume, and WMH volume, were further adjusted for the total 
intracranial volume.

2.10. Statistical analyses

The baseline characteristics were presented as mean (standard 
deviation), median (interquartile range), or frequency (percentage). 
White matter hyperintensity volume and completion time of TMT-A 
and TMT-B were log-transformed to correct a skewed distribution. 

6 http://www.psmd-marker.com/

The cognitive scores were standardized to z-scores based on the means 
and standard deviations in the analysis to make relative comparisons 
across cognitive domains and accommodate differences in test units 
and scales.

The relationships of global cortical and white matter measures 
with cognition were examined using multiple linear regression with 
brain measures as determinants and cognition scores as dependent 
variables after controlling for the before-mentioned covariates. A total 
of 8 brain structure parameters and 6 cognitive scores were included 
in the study. We corrected for multiple testing across all models by the 
false discovery rate (FDR) correction using the Benjamini-Hochberg 
method (Benjamini and Hochberg, 1995). Results at a p-value < 0.05 
by FDR correction were considered statistically significant. Statistical 
analyses were conducted by SAS 9.4.

Voxel-wise analysis of DTI data was performed using TBSS to 
evaluate the topographical changes of white matter related to 
cognition. We used a linear regression model with age, sex, education 
year, and ApoE ε4 allele carriership as covariates. The number of 
permutation tests was set at 5000 for statistical inference, and 
significant thresholds were determined using a threshold-free cluster 
enhancement with a value of p of 0.05 to correct for multiple 
comparison (Smith and Nichols, 2009).

Vertex-wise analyses of Freesurfer data were conducted to assess 
the relations between cortical changes and cognition using 
Permutation Analysis of Linear Models (PALM).7 Cortical surface area 
and volume analyses were controlled for age, sex, education year, 
APOE-ε4 allele carriership, and total intracranial volume. Cortical 
thickness analyses were controlled for age, sex, education year and 
APOE-ε4 allele carriership. The number of permutation tests was set 
at 5,000 and significant thresholds were determined using a threshold-
free cluster enhancement with a p-value of 0.05.

To examine whether the relationship between cortical regions and 
cognition was influenced by white matter tract connecting to these 
cortical regions, we  further constructed regression models with 
cortical measures in the significant cluster as predictors and cognitive 
scores as outcomes, additionally adjusted for the mean FA or MD of 
white matter tracts connected to the significant cluster.

Moreover, the MMSE scores were relatively lower in our study 
even in the non-dementia participants as all participants are rural 
residents and most of these participants were at a low educational 
level. Sensitivity analyses were performed, excluding the participants 
with MMSE < 17 for illiterate, MMSE < 20 for individuals with 
1–6 years of education, and MMSE < 24 for individuals with 7 or more 
years of education according to the suggested cut-off points for 
dementia screening in a Chinese population-based normative study 
(Li et al., 2016).

2.11. Data availability

Anonymized data will be shared by request from the qualified 
investigator for the sole purpose of replicating procedures and results 
presented in the article after ethics clearance and approval by all 
members of the project group.

7 https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/PALM
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3. Results

3.1. Characteristics of the population

A total of 995 participants were included in this study. The 
demographics, cognitive test results, and neuroimaging characteristics 
of the population are shown in Table 1. The mean age was 56.8 years 
(SD 9.1 years) and 34.8% were male. Most participants were at a low 
educational level and the mean education time was 6.7 years (ranging 
from 0 to 15 years). The mean MMSE and MoCA scores were 26.5 (SD 
3.2) and 19.2 (SD 4.9), respectively. The median white matter 
hyperintensity volume was 2.9 × 103 mm3 (IQR 1.8–5.1 mm3 × 103 mm3).

3.2. Effect of global white matter and 
cortical measures on cognition

Compared with global cortical morphology measures, white 
matter had a stronger association with cognition (Table 2). Before 
FDR correction, global mean FA, MD and PSMD were all associated 

with VFT (FA, β = 0.119, p < 0.001; MD, β = −0.128, p < 0.001; PSMD, 
β = −0.98, p = 0.009) and TMT-A (FA, β = −0.083, p = 0.014; MD, 
β = 0.089, p = 0.014; PSMD, β = 0.105, p = 0.003). The global mean FA 
was also associated with MoCA (β = 0.081, p = 0.010). PSMD was 
associated with MMSE (β = −0.074, p = 0.033) and MoCA (β = −0.071, 
p = 0.031).

After FDR correction, FA and MD were still significantly 
associated with VFT (FA, FDR-p = 0.021; MD, FDR-p = 0.021), and 
PSMD was marginally associated with TMT-A (FDR-p = 0.047). Other 
associations did not survive FDR correction.

For cortical measures, no significant associations were observed 
between global cortical GM volume, surface area, thickness and 
cognitive scores after FDR correction.

3.3. Disruptive WM integrity related to 
cognition

In the TBSS analysis, we found better performances in VFT and 
TMT-A (shorter TMT-A completion time) were significantly 
correlated with increased FA and decreased MD in a wide range of 
voxels (Figure 1; Supplementary Figure 3). A higher MoCA score was 
correlated with increased FA, predominantly in the anterior part of 
the brain. The association of DST score with FA and MD showed a 
different spatial pattern, which concentrated on regional right frontal 
white matter tracts. Performances in MMSE and TMT-B were not 
associated with disruptive WM integrity.

3.4. Regional cortical structure related to 
cognition

In the whole brain vertex-wise analysis, we found that the surface 
area of three clusters was related to cognition (Figure 2). Cortical 
surface area in the left orbitofrontal cortex and the right posterior-
dorsal part of the cingulate gyrus was positively related to MMSE 
score. Cortical surface area in the left central sulcus was positively 
associated with MoCA score. We extracted regional surface area of the 
three clusters. Analysis of the three clusters of interest verified the 
significant association between surface area and cognition score 
(Figure 2; Table 3).

To examine whether the relationship between cortical surface area 
and cognition was influenced by its connecting white matter tract, 
we additionally corrected for the mean FA or MD of white matter 
tracts connecting to the significant clusters. We  found that the 
associations between surface area and cognition were independent of 
the connecting white matter tract (Table 3 model 3).

In the sensitivity analyses, similar results were yielded after 
excluding 50 participants with lower MMSE scores 
(Supplementary Tables 2, 3).

4. Discussion

In this population-based sample, we  investigated global and 
regional changes in white matter and cortical structures related to 
cognitive function. We found that disruptive white matter integrity 
was significantly related to cognition impairment, mainly in 

TABLE 1 Characteristics of the study population (n = 995).

Variables

Age at MRI, year 56.8 (9.1)

Male 346 (34.8%)

Education, year 6.7 (3.2)

ApoE ε4 carrier 143 (15.6%)

Cognition tests

  MMSE 26.5 (3.2)

  MoCA 19.2 (4.9)

  Verbal Fluency Test (n = 945) 37.7 (8.7)

  Digit Span Test (n = 931) 10.5 (2.1)

   Digit Span Test-Forward (n = 931) 6.9 (1.6)

   Digit Span Test-Backward (n = 931) 3.6 (1.0)

  TMT-A, s, median (IQR; n = 961) 58.6 (43.5, 85.3)

  TMT-B, s, median (IQR; n = 921) 90.0 (63.4, 130.4)

Brain structures

  Cortical GM volume, mL 428.6 (39.2)

  Cortical GM surface area, mL 194.5 (16.8)

  Cortical GM thickness, mm 2.4 (0.1)

  Hippocampus volume, mL 8.0 (0.8)

  WMH volume, mL, median (IQR) 2.9 (1.9, 5.1)

  Global FA 0.4 (0.02)

  Global MD × 10−3 mm2/s 0.8 (0.04)

  PSMD×10−3 mm2/s 0.2 (0.05)

  Total intracranial volume, mL 1505.6 (155. 6)

MRI indicates magnetic resonance imaging; MMSE indicates Mini-Mental State 
Examination; MoCA indicates Montreal Cognitive Assessment; TMT-A indicates Trail 
Making Test part A; TMT-B indicates Trail Making Test part B; GM indicates gray matter; 
FA indicates fractional anisotropy; MD indicates mean diffusivity; PSMD indicates peak 
width of skeletonized mean diffusivity. Data are displayed as mean (SD) or n (%) unless 
specified otherwise. Number of missing data of cognitive tests: Verbal Fluent Test, 50; Digit 
Span Test, 64; TMT-A, 34; TMT-B, 74.
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TABLE 2 Association of cortical gray matter, hippocampus, and white matter measures with cognition.

MMSE MoCA Verbal fluency test Digit span test TMT-A TMT-B

Variable β SE p FDR-p β SE p FDR-p β SE p FDR-p β SE p FDR-p β SE p FDR-p β SE p FDR-p

Cortical GM 

volume, mm3,a

0.087 0.052 0.097 0.271 0.069 0.050 0.163 0.337 0.023 0.057 0.691 0.829 0.030 0.058 0.601 0.740 −0.015 0.054 0.785 0.861 0.114 0.054 0.036 0.135

Cortical GM 

surface area,  

mm2, a

0.093 0.057 0.102 0.271 0.093 0.054 0.084 0.252 0.053 0.062 0.391 0.619 0.047 0.063 0.455 0.631 −0.008 0.058 0.885 0.904 0.091 0.059 0.125 0.293

Cortical GM 

thickness, mma

0.010 0.030 0.749 0.861 −0.008 0.029 0.789 0.861 −0.022 0.033 0.499 0.631 −0.007 0.033 0.826 0.881 −0.001 0.031 0.982 0.982 0.046 0.032 0.146 0.319

Hippocampus 

volume, mm3, a

0.089 0.036 0.014 0.086 0.077 0.034 0.027 0.128 0.052 0.039 0.185 0.341 −0.027 0.040 0.498 0.631 −0.007 0.037 0.859 0.896 0.060 0.038 0.114 0.287

WMH volume, 

loga

−0.038 0.044 0.391 0.619 −0.080 0.042 0.057 0.183 −0.106 0.048 0.027 0.128 −0.094 0.049 0.054 0.183 0.063 0.045 0.169 0.337 −0.012 0.046 0.789 0.861

Global FAb 0.023 0.033 0.491 0.631 0.081 0.031 0.010 0.086 0.119 0.035 <0.001 0.021 0.055 0.036 0.128 0.293 −0.083 0.034 0.014 0.086 −0.029 0.034 0.400 0.619

Global MD × 10−3 

mm2/sb

−0.048 0.036 0.175 0.337 −0.043 0.034 0.204 0.364 −0.128 0.038 <0.001 0.021 −0.028 0.039 0.477 0.631 0.089 0.036 0.014 0.086 −0.029 0.037 0.442 0.631

PSMD×10−3 

mm2/sb

−0.074 0.034 0.033 0.130 −0.071 0.033 0.031 0.130 −0.098 0.037 0.009 0.086 −0.045 0.038 0.238 0.408 0.105 0.035 0.003 0.047 −0.026 0.036 0.475 0.631

Bold text indicates a statistically significant correlation with a p-value less than 0.05. MMSE indicates Mini-Mental State Examination; MoCA indicates Montreal Cognitive Assessment; TMT-A indicates Trail Making Test part A; TMT-B indicates Trail Making Test part 
B; GM indicates gray matter; FA indicates fractional anisotropy; MD indicates mean diffusivity; PSMD indicates peak width of skeletonized mean diffusivity. β indicates standardized regression coefficient; SE indicates standard error; FDR-p indicates false discovery 
rate adjusted p-value.aModels adjusted for age, sex, education, ApoE ε4 carrier, and total intracranial volume.
bModels adjusted for age, sex, education, and ApoE ε4 carrier.
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visuomotor processing speed, semantic memory, and executive 
function (TMT-A and VFT), rather than verbal short-term memory 
and working memory (DST). In addition, regional reduced surface 
area in the left orbitofrontal cortex, right posterior-dorsal part of the 
cingulate gyrus and left central sulcus was also associated with global 
cognition, and this association was independent of their connecting 
white matter tract. These results suggest that both widespread white 
matter injury and decreased surface area of gray matter in specific 
regions play roles in cognition.

In our previous study (Wang et al., 2021), we found that reduced 
subcortical white matter fraction was the major contributor to the 
worse global cognition. In extension to this study, we used DTI to 
measure the white matter microstructure and investigated the 
topological changes of white matter related to cognition in the present 
study. The results demonstrated that widespread white matter 
impairment was associated with poor performance in MoCA, VFT, 
and TMT-A. Regional white matter injury in the right frontal lobe was 
associated with lower scores in DST. Disrupted white matter 
microstructures and connectivity networks were common in cerebral 
small vessel disease (Ter Telgte et al., 2018). These parameters were 
shown to be associated with cognitive impairment both in patients 
with cerebral small vessel disease and in community-dwelling 
populations (Lawrence et al., 2014; van Uden et al., 2015; Cremers 
et al., 2016; Tuladhar et al., 2016; Power et al., 2019). The impairment 
of white matter integrity might lead to decreased information transfer 
between different cortical regions and cause cognitive decline.

Interestingly, we also found the regional reduced surface area in 
the left orbitofrontal cortex, right posterior-dorsal part of the cingulate 
gyrus and left central sulcus was associated with global cognition 
(MMSE and MoCA). However, our previous study (Celle et al., 2021) 
did not find the relationships between cortical measures and cognition 
because we only chose global cortical gray matter measures in the 
previous study, and these measures were not sensitive enough to 
detect the subtle and regional changes in normal populations. 
Furthermore, we found only surface area, rather than surface thickness 
and volume, was related to cognition, and these associations were not 
influenced by the connecting white matter tract. These results 
indicated that the reduced surface area was not secondary to the 
disruption of connecting fiber tracts. Similar to our findings, Cox et al. 
revealed that frontal, temporal, and parietal surface area, instead of 
thickness, was associated with cognitive aging in community-dwelling 
older people (Cox et al., 2018). A stronger association between cortical 
surface area and general cognitive ability was also found in a sample 
of children and the authors also found cortical area change trajectories 
in higher and lower cognitive ability groups were parallel through life 
(Walhovd et  al., 2016). These evidences might suggest that the 
observed relations between regional surface area and cognition could 
be  influenced by genetic variants or early life factors, instead of 
secondary degeneration of white matter tracts. Orbitofrontal cortex 
plays important roles in cognition, particularly in executive function 
(Jonker et al., 2015; Zhou et al., 2021) and the shape of the central 
sulcus has been revealed to be a marker of motor reserve in Cerebral 

A C

B D

FIGURE 1

Decreased white matter integrity related to cognition. Decreased fractional anisotropy was associated with lower scores in Montreal Cognitive 
Assessment (MoCA) (A), Verbal Fluency Test (B), Digit Span Test (C), and longer completion time in Trail Making Test part A (D). Models adjusted for age, 
sex, education, and ApoE ε4 carrier. All results were significant at p < 0.05 (threshold-free cluster enhancement corrected) and overlaid on mean 
fractional anisotropy map in Montreal Neurological Institute normalized space. The orange and blue lines indicate positive and negative associations 
between fractional anisotropy and cognition tests.
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Autosomal Dominant Arteriopathy with Subcortical Infarcts and 
Leukoencephalopathy (Jouvent et  al., 2016). Atrophy of posterior 
cingulate cortex was also reported to be  related with cognitive 
impairments (Choo et  al., 2010). The surface area of these three 
clusters was positively associated with global cognition in our analysis. 
However, only small clusters were detected and caution is warranted 

in drawing inferences about this relationship. Additional studies are 
needed to validate these findings.

In the TBSS analysis, we did not find associations between FA or 
MD alteration with MMSE. The possible explanation was that MMSE 
was not sensitive enough to detect cognitive impairment (Jia et al., 
2021). As discussed above, the relationship of orbitofrontal cortex 

A

B

C

FIGURE 2

Association of gray matter surface area with cognition. (A) The cluster in left orbitofrontal cortex with a surface area positively associated with Mini-
Mental State Examination (MMSE) scores, probabilistic tractography of white matter fibers connecting to the cluster, and a scatter plot revealing the 
association between surface area of this cluster and MMSE scores. (B) The cluster in right posterior-dorsal part of the cingulate gyrus with a surface 
area positively related with MMSE scores, probabilistic tractography of white matter fibers connecting to the cluster, and a scatter plot revealing the 
association between surface area of this cluster and MMSE scores. (C) The cluster in left central sulcus with a surface area positively related with 
Montreal Cognitive Assessment (MoCA) scores, probabilistic tractography of white matter fibers connecting to the cluster, and a scatter plot revealing 
the association between surface area of this cluster and MoCA scores.
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with MMSE may be caused by genetic or early life factors, instead of 
aging or secondary degeneration of white matter tract. Therefore, the 
associations of MMSE with white matter and cortical surface area 
were not mutually exclusive. The disrupted white matter integrity was 
mainly associated with visuomotor processing speed, semantic 
memory, and executive function (TMT-A and VFT), but not with 
verbal short-term memory and working memory (DST). These were 
consistent with cognitive decline related to cerebral small vessel 
disease, which primarily affects the frontal-executive domain (Zanon 
Zotin et al., 2021). Hippocampus volume was not related to cognitive 
score in the community-dwelling population.

This study was conducted in a community-based sample. The 
standard cognitive battery and MRI acquisitions allowed a detailed 
and valid assessment of cognition and brain structure. There are also 
some limitations to be addressed. The main limitation of the study is 
the cross-sectional design. Our findings were not able to determine 
the cause-effect relationship between neuroimaging differences and 
cognitive function. Fortunately, the Shunyi study is an ongoing cohort, 
and we are collecting the follow-up imaging and cognitive scores, 
which would validate these findings. Another limitation is the 
generalization of our findings. The participants were collected from 
rural areas and most of these participants were low educated. Previous 
studies showed that cognitive reserve, such as level of education, offers 
increased protection against age-related brain pathology (Cox et al., 
2018). Our observed relationship between brain structure and 
cognition could not be directly generalized to other populations.
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TABLE 3 Association of surface area in three clusters with MMSE and MoCA.

MMSE (Orbitofrontal 
cortex cluster)

MMSE (Cingulate gyrus 
cluster)

MoCA (Central sulcus 
cluster)

Variable β SE p β SE p β SE p

Model 1

Cluster surface area 0.227 0.031 <0.001 0.200 0.031 <0.001 0.162 0.031 <0.001

Model 2

Cluster surface area 0.153 0.032 <0.001 0.115 0.029 <0.001 0.164 0.028 <0.001

Model 3

Cluster surface areaa 0.158 0.033 <0.001 0.118 0.030 <0.001 0.164 0.028 <0.001

Cluster surface areab 0.158 0.033 <0.001 0.117 0.030 <0.001 0.165 0.028 <0.001

MMSE indicates Mini-Mental State Examination; MoCA indicates Montreal Cognitive Assessment; β indicates standardized regression coefficient; SE indicates standard error. Model 1: 
univariate regression. Model 2: adjusted for age, sex, education, ApoE ε4 carrier, and total intracranial volume. Model 3: adjusted for age, sex, education, ApoE ε4 carrier, total intracranial 
volume, and mean fractional anisotropya or mean diffusivityb of connecting white matter tract.
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Background: Depression is a prevalent mental health disorder. Although Internet

use has been associated with depression, there is limited data on the association

between smartphone use and depressive symptoms. The present study aimed to

investigate the relationship between smartphone use and depressive symptoms

among older individuals in China.

Methods: 5,244 Chinese older individuals over the age of 60 were selected

as the sample from the China Longitudinal Aging Social Survey (CLASS) 2018

dataset. The dependent variable "depression symptoms" was measured using

the 9-item Center for Epidemiologic Studies-Depression (CES-D) scale. The

study employed multiple linear regression to investigate the relationship between

smartphone use (independent variable) and depressive symptoms in older people.

Thorough analyses of robustness, sensitivity, and heterogeneity were conducted

to ensure the robustness and sensitivity of the findings. Additionally, mediating

effect analysis was performed to elucidate the mechanism through which the

dependent and independent variables were related.

Results: Empirical study indicated that smartphone use had a negative impact on

depressive symptoms among older adults, specifically leading to a reduction in

such symptoms. The above-mentioned result was verified through endogenous

and robustness tests. The heterogeneity analysis revealed that older individuals

aged 70 years and above, male, and residing in urban areas exhibited a stronger

association between smartphone use and depressive symptoms. Furthermore,

the mediating effect model indicated that political participation, voluntary

participation, and active leisure participation mediated the relationship between

smartphone use and lower levels of depression symptoms among the older

adults. However, passive leisure participation had a suppressing effect on the

relationship between smartphone use and reduced depressive symptoms among

the older adults.

Limitations: The causal relationship between variables required further

investigation with a longitudinal design.
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Conclusion: These findings suggested that smartphone use may be considered

an intervention to reduce depression symptoms among older people by

increasing levels of political participation, voluntary participation, and active

leisure participation.

KEYWORDS

elderly, smartphone use, depression symptoms, influence mechanism, political
participation, voluntary participation, active leisure participation, passive leisure
participation

1. Introduction

Aging has emerged as a major global public health concern
due to the significant rise in the number of older people. As the
country with the largest older population in the world, China’s aging
rate has exceeded the world average level (Chen and Chan, 2014).
It is estimated that China’s older population over 60 will exceed
358 million by the end of 2030 (Peng and He, 2017), posing huge
challenges to the supply of medical and public services. Depression
is a prevalent condition and a public health concern (Reuman
et al., 2022), there is a growing body of evidence suggesting that
depression has a negative impact on the survival of older adults
(Zivin et al., 2015).

The continuous advancements in information and
communication technologies (ICTs) have enabled older adults
to access the Internet and engage in online activities as a part
of their daily lives. The smartphone, one of the world’s fastest-
diffusing communication technologies, integrates audio, video, and
text with a display screen, and combines the characteristics
of interpersonal and mass communication. In China, the
smartphone has experienced unprecedented growth, with
over 950 million individuals owning one in 2021 (Richter,
2022). Among the different types of devices used to access the
Internet, the smartphone is the most accessible in the daily lives of
seniors. Research has indicated that seniors are increasingly using
smartphones to send and receive video/audio calls, download
applications, browse the Internet, and participate in various other
activities (Neves et al., 2019; Brenner, 2022), which will, in turn,
strengthen ties with family and friends, reduce social isolation
and loneliness, and improve the quality of their life. Therefore,
smartphone use may alleviate the depressive symptoms of older
adults (Minagawa and Saito, 2014; Lin et al., 2020). However, little
research has focused on the relationship and mechanism between
smartphone use and depressive symptoms among the older adults.

According to the existing studies, social participation, which is
an integral part of the successful aging strategy (Aw et al., 2017;
Douglas et al., 2017), has a positive impact on older adults’ physical
and mental health (Alma et al., 2012; Liu et al., 2019). Moreover, the
World Health Organization (WHO) proposes social participation
as one of the key policy frameworks in response to concerns about
the globally urgent aging situation (World Health Organization
[WHO], 2015). Is participation in social activities a very important
intermediary factor between smartphone use and the depressive
symptoms of older adults?

Therefore, this study hypothesizes that there is a relationship
between smartphone use and depressive symptoms in older

individuals and that social participation serves as a mediator
between the two variables. Specifically, the hypothesis posits that
augmented smartphone use among the older adults leads to
increased social participation, ultimately resulting in a reduction in
depressive symptoms.

2. Literature review

2.1. Effect of smartphone use on
depressive symptoms of the older adults

Current research generally agrees that smartphone use can
contribute to maintaining the health status of the older population.
Specifically, research findings can be summarized into two aspects.
Specifically, the research results can be summarized in the
following two aspects.

First, it was suggested that technology use had a positive
impact on mental health. Grossman’s health theory supported
the notion that technology use had a stronger correlation with
the mental wellbeing of the older adults. Chopik (2016) found
that social technology use (i.e., social networking sites, online
chatting/instant messaging, using a smartphone) was associated
with fewer depressive symptoms. Kim et al. (2020) reported a
positive relationship between smartphone use and life satisfaction
among older adults in South Korea. Other studies have also
shown that information and communication technology (ICT) is
associated with improved mental health and wellbeing (Cotten
et al., 2012; Chen and Schulz, 2016). Specifically, the informational
use of smartphones can not only enhance health knowledge and
promote a healthy lifestyle for the older adults (Boontarig et al.,
2012) but also provide access to up-to-date news and resources
for regulating affective states and mental health (Hoffner and Lee,
2015).

Second, smartphone use was found to have a statistically
significant negative impact on mental health. Some researchers
found the misuse of smartphones may have a negative effect on
mental health, particularly among adolescents (George and Odgers,
2015). Wang et al. (2018) discovered that using smartphones for
entertainment purposes, such as playing games to pass time, may
decrease the likelihood of face-to-face interactions and lead to
increased feelings of loneliness among the older adults.

One reason for these divergent findings could be differences in
populations studied. For instance, certain studies may concentrate
on older adults who are already proficient in using smartphones,
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while others may analyze older adults who are less familiar with
technological devices. The former group may be more inclined to
reap the benefits of smartphone usage, whereas the latter group
may encounter challenges in utilizing technology, resulting in
frustration and decreased mental wellbeing.

Another potential factor is the methodological approach used
by researchers. For example, studies that rely on self-reported
measures of smartphone use may be subject to bias, as older adults
may not accurately report their actual usage. Additionally, studies
that are cross-sectional in nature may not be able to establish
causality between smartphone use and mental health outcomes.

Smartphones offer a range of features and apps that promote
physical and mental activity, such as fitness trackers, brain training
games, and social media platforms. These activities have been
shown to have a positive impact on mood and cognitive function,
potentially contributing to a reduction in depressive symptoms
among older adults.

Grounded on the above literature, this study proposes the
following hypothesis:

H1: Smartphone use is associated with a decrease in depressive
symptoms among older adults.

2.2. The mediating role of social
participation in the relation between
smartphone use and depressive
symptoms among older adults

Social participation was a very valuable concept in old age,
as it was considered one of the most critical components of
health and a key component of successful aging among the older
adults (Utz et al., 2002). Despite its importance, the concept
of social participation received less attention, and there was no
widely accepted definition of it (Piškur, 2013). Therefore, various
measuring methods were proposed.

According to the international classification of function (ICF),
social participation was defined as the activities and obligations
required to engage in social life outside the family environment,
such as in society, the community, and civil society (Dahan-Oliel
et al., 2008). This study categorized social participation into three
groups, based on the studies by Kobayashi et al. (2015), this
study categorizes social participation into four groups: political
participation, voluntary participation, active leisure participation,
and passive leisure participation.

2.2.1. The mediating role of political participation
in the relation between smartphone use and
depressive symptoms among older adults

Voting in local elections was one of the most common political
behaviors in rural and urban China (Duckett and Wang, 2013).
Earlier research had found that higher ownership of smartphones
enabled older people to connect with a larger network of contacts
(Hutto et al., 2015), and consequently improved their skills
and opportunities for social participation (Quinn, 2018). Ohme
(2019) had observed a rather strong relationship between social
media use and political participation among the older adults.

Empirical findings had suggested that political participation might
be positively associated with mental health for European people
(Croezen et al., 2015). Based on the literature cited above, this study
proposes the following hypothesis:

H2: Political participation mediates the relationship between
smartphone use and lower levels of depressive symptoms
among older adults.

2.2.2. The mediating role of voluntary
participation in the relation between smartphone
use and depressive symptoms among older adults

Volunteering meant any activity in which time is given freely
to benefit another person, group, or organization (Wilson, 2000).
Previous studies had shown that age was an important factor that
motivated people to engage in voluntary activities, implying that
the older adults were more likely to engage in voluntary activities
(Wilson, 2012). For example, some older adults used volunteer
work as a substitute for their jobs after retiring (Hank and Stuck,
2008). In the digital age, technological advances heavily influenced
how voluntary efforts were organized.

First, smartphone and Internet use could encourage older
people to engage in voluntary activities more frequently. Compared
to young people, Internet use could strengthen voluntary
participation among the older adults (Nie and Erbring, 2002). For
instance, Mukherjee’s study had found that older people could
overcome coordination problems in volunteer work by using the
Internet (Mukherjee, 2011). Moreover, smartphones made it easy
for individuals to obtain relevant information about voluntary
activities, which in turn encouraged them to participate (Gao,
2020).

Second, engaging in voluntary activities was linked to a
reduction in depressive symptoms among the older adults. Activity
Theory believed that older people who frequently engage in various
activities tended to report higher levels of health (Fernández-
Ballesteros et al., 2001). Furthermore, some researchers had
found that volunteering is helpful in alleviating depression in
the older adults, especially those over 65 years old (Musick and
Wilson, 2003). Besides, Li and Ferraro (2005) had found that
participation in formal voluntary activities could help reduce
depression symptoms. This was mainly because informal volunteer
work was less socially acceptable and required a stronger sense of
social responsibility than formal volunteer work, which might have
offset the positive effects of volunteering on depression.

Based on the literature cited above, this study proposes the
following hypothesis:

H3: Voluntary participation mediates the relationship between
smartphone use and lower levels of depression symptoms
among the older adults.

2.2.3. The mediating role of leisure participation
in the relation between smartphone use and
depressive symptoms among older adults

Leisure participation was defined as engagement in enjoyable
activities during time free from obligations or responsibilities
(Pressman et al., 2009). From the perspective of leisure engagement

Frontiers in Aging Neuroscience 03 frontiersin.org117

https://doi.org/10.3389/fnagi.2023.1132871
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1132871 March 31, 2023 Time: 18:14 # 4

Ji et al. 10.3389/fnagi.2023.1132871

attributes, some scholars divided it into active and passive leisure
activity (Holder et al., 2009). Gordon and Caltabiano (1996)
classified passive leisure activities as watching television/videos,
reading, sitting around feeling bored, listening to music, writing
correspondence, relaxing, thinking, doing nothing, and telephone
conversations. Active leisure activity often encompassed home
maintenance, physical activities or exercise, special events or
cultural activities, clubs or organizations, and so on (Cho et al.,
2017).

First, the smartphone could encourage older people to engage
in leisure activities more frequently. First, the older adults
could easily obtain relevant information about social activities
and community events through the Internet, which in turn
stimulated them to participate in offline-related activities (Czaja,
2017). Second, the smartphone became the main tool for the
entertainment and online communication of the older adults. Näsi
et al. (2012) found that Internet use in old age had a strong positive
correlation with the number of different leisure activities amongst
Finnish seniors. According to another study (Zhang and Zhu,
2021), smartphone use enriched the entertainment activities and
leisure lives of the Chinese older adults.

Second, regarding the relationship between leisure
participation and the older adult’s depression, the activity
theory suggested that consistent engagement in social and healthy
leisure activities is more likely to result in better mental health for
seniors (Fernández-Ballesteros et al., 2001). Additionally, research
has shown that social media communication is associated with
increased levels of perceived social support and social contact,
which in turn are linked to lower levels of loneliness among older
adults (Zhang et al., 2020). Active leisure was negatively associated
with depressive symptoms, anxiety, and loneliness (Lampinen
et al., 2006). Passive leisure activities such as watching television,
listening to the radio, or reading, had been found to have a negative
or no effect on life satisfaction levels, quality of life, or mental
health (Akbarly et al., 2009). Additionally, passive leisure activities
that were enjoyed alone may impede a socially healthy aging
process (Chul-Ho et al., 2020).

Based on the literature cited above, this study proposes the
following hypotheses:

H4a: Active leisure participation mediates the relationship
between smartphone use and lower levels of depression
symptoms among the older adults.

H4b: Passive leisure participation passive leisure participation
has a noticeable dampening influence on the effect of
smartphone use to reduce levels of depressive symptoms.

3. Materials and methods

3.1. Data sources

We adopt the Data from the China Longitudinal Aging Social
Survey (CLASS) for the downstream empirical analysis. CLASS is a
national longitudinal social survey organized and implemented by

the Renmin University of China, to comprehensively understand
the basic situation of the older adults. The respondents of
CLASS are Chinese older people over 60. Data of CLASS 2018
has an original sample size of 11,418. With the preprocessing
of missing values and outliers, a total of 5,244 valid samples
are obtained. Empirical analyses in our study are realized by
two different statistical software programs: R (a freely available
statistical software, version 4.1.0) and Stata (version 16.0).

3.2. Variables and measurements

3.2.1. Dependent variable
In this study, the dependent variable “depressive symptoms” is

measured by a subset (9 items) from the Center for Epidemiologic
Studies-Depression (CES-D) scale (Radloff, 1977). The 9-item CES-
D scale has been broadly used to measure depressive symptoms
in older persons and also has been validated for studies of
Chinese adults (Wang et al., 2019; Zhou et al., 2020). In the
CLASS questionnaire, depressive symptoms are measured by the
questionnaire: "How often did you have the following nine feelings
in the past week?" The respondents are asked to report the
frequency of feelings positive feelings (feeling happy, enjoying life,
feeling pleasure), negative feelings (feeling lonely, feeling upset),
marginalization feelings (feeling useless, having nothing to do), and
somatic symptoms (having a poor appetite, having trouble sleeping)
(Tang et al., 2019). For each activity (item), the respondents’
answers are coded as 1 = Never, 2 = Sometimes, 3 = Often. The
positive items are recoded, and the average score of above 9 items
is calculated to measure the level of depressive symptoms of the
older adults. A higher score indicated a higher level of depressive
symptoms (Cronbach’s α = 0.706). Depression ranges from 9 to 27
with a mean of 15.766 and a standardized deviation of 3.083.

3.2.2. Independent variable
Referring to the study by Wang (2020), smartphone use is

measured by a single-item question "Are you using a smartphone
now?." It is a binary variable with 1 indicating smartphone use and
0 for others.

3.2.3. Mediating variables
Previous studies have suggested that there is a significant

correlation between smartphone use and social participation (Kim
and Kim, 2021), and social participation might have a contribution
to reducing levels of depressive symptoms (Croezen et al., 2015).
Based on this evidence, we select social participation (e.g., political
participation, voluntary participation, active leisure participation,
and passive leisure participation) as mediating variables.

To measure political participation, referring to the study
by Kong (2021), we use the following question in the CLASS
questionnaire: “Have you participated in the voting of the residents’
committee or villagers’ committee in the past 3 years?.” The
respondents’ answers are coded as 0 = No, 1 = Yes.

To measure voluntary participation, referring to the study
by Chai and Guo (2020), we use the question: In the past
year, have you gotten involved in the following seven volunteer
activities? (1) Community security patrols; (2) Caring for other
elderly/children; (3) Environmental sanitation protection; (4)
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Mediating neighborhood disputes; (5) Accompanying chat; (6)
Volunteering services requiring professional skills; (7) Caring and
educating the next generation. For each activity, the answers are
coded as 1 = Yes and 0 = No. If older adults participated in
any of these activities, they were assigned a score of 1; they were
assigned 0 if they did not participate in any voluntary activities.
Leisure participation is constructed from the question “In the past
year, have you engaged in the following activities (excluding those
who participate through the Internet).” Referring to the study
by Chul-Ho et al. (2020), active leisure participation includes:
(1) “religious activities,” (2) “attending senior college or training
courses,” (3) “playing mahjong, chess, cards, etc.,” and (4) “Public
Square Dance (Guang Chang Wu).” Passive leisure participation
includes watching TV, listening to the radio, reading books, reading
newspapers, and so on. For each activity (item), the options are
0 (No) and 1 (Yes). We created a dummy variable coded 1 if the
respondent reported participation in any of these leisure activities
and 0 if they did not.

3.2.4. Control variables
Referring to Wang et al. (2019) and Liu et al. (2022),

the control variables selected in this study mainly include
gender (male, female), age, marital status (married,
widowed/divorced/unmarried), household (rural, urban),
education (uneducated, primary school, secondary school,
and high school and above), work status (retired, not retired),
housing situation (not owning a house, owning 1 house, owning
2 houses and above), family income, number of children, ADL
score (the activities of daily living), IADL score (the instrumental
activities of daily living), number of comorbid chronic disease, and
living region (eastern, central, and western).

The CLASS survey contains information on eleven ADLs:
making phone calls, grooming, dressing, bathing, feeding, taking
medication, controlling urination, controlling defecation, going to

the toilet, transferring from bed to chair, and indoor mobility.
All of the ADL questions are measured on a three-point scale:
0 = I cannot do it, 1 = I need help, and 2 = I do not need any
help. Adding up the scores for each ADL question, we constructed
an ADL disability variable. The values of this variable range
from 2 (severe ADL disability) to 22 (no ADL disability). The
Cronbach’s alpha coefficient of this variable is 0.85, which indicates
excellent scale reliability. The survey contains information on seven
IADLs including going up and down the stairs, having a fall,
walking outside, traveling on transportation, shopping, managing
money, lifting something that weighs 10 pounds, cooking, and
doing housework. The IADL questions were measured on the
same three-point scale. Adding up the scores for each question,
the IADL disability variable has a value ranging from 2 (severe
IADL disability) to 18 (no IADL disability). The Cronbach’s alpha
coefficient for this variable is 0.81. The physical disability status
is constructed from the question “whether you had one of the
following health problems (covered 23 chronic diseases),” including
hypertension, diabetes mellitus, arthritis, cerebrovascular disease,
liver disease, and so on. The number of comorbid chronic disease
were further categorized into “no chronic illness” = 0, “have
one chronic condition” = 1, and “have two and more chronic
conditions” = 2.

The living region (Eastern, Central, and Western) is
represented by two dummy variables. The descriptive statistical
analysis of all variables is shown in Table 1.

3.3. Empirical model

Since the dependent variable is continuous, linear regression
is adopted to analyze the effect and influence mechanism
of smartphone use on depressive symptoms. Denote X =
(X1, · · · , X14) as all 14 control variables (including dummy

TABLE 1 Descriptive statistics of variables (n = 5,244).

Variable name Mean value/% Variable name Mean value/%

Depression symptoms 15.744 Work status (Not retired) (%) 24.9

Smartphone use (%) 28.5 Family income (Thousand Chinese Yuan per year) 9.45

Social participation (%) Number of children 2.49

–Political participation 41.6 Housing ownership (%)

–Voluntary participation 16.9 –Not owning a house 4.0

–Active leisure participation 40.0 –Owning 1 house 88.2

–Passive leisure participation 80.3 –Owning 2 houses and above 7.8

Gender (Male) (%) 50.3 ADL score 21.59

Age 70.73 IADL score 17.29

Household (%) Number of comorbid chronic disease (%) 1.76

–Rural 47.3 –0 20.0

–Urban 52.7 –1 31.5

Education (%) ≥2 48.5

–Uneducated 26.7 Living region (%)

–Primary and secondary school 61.8 –Eastern 39.0

– High school and above 11.5 –Central 36.3

Marital status (Married) (%) 71.5 –Western 24.7
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variables), smartphone as smartphone use, and Depression as the
dependent variable. For the dependent variable, we construct the
following multiple linear regression

Depressioni = α+ β smartphonei + γXi + εi (1)

Where i denotes the ith individual, Depressioni represents its
depressive symptoms level, smartphonei represents smartphone
use, α is the intercept term, and β and γ = (γ1, · · · , γ14)

T

represent the regression coefficients for the independent and
control variables, respectively. εi is the error term.

We also conduct robustness analysis by adopting the propensity
score matching (PSM) method. Based on the independent variable
of smartphone use, the samples can be divided into the treatment
group (smartphone users) and the control group (non-smartphone
users). We then identify control variables as many as possible
that affect both the dependent variable depressive symptoms and
the independent variable smartphone use. The treatment effect of
smartphone use on the depressive symptoms of older adults is as
follows:

Prob (Di = 1|Xi) =
eα+

∑14
j=1 γjXij

1+ eα+
∑14

j=1 γjXij
(2)

In Equation (2), Zi is the control variable of the ith older adult.
Di is the indicator variable. Di = 1 indicates that the ith older adult
has a smartphone, and Di = 0 indicates that older adults i do not
have a smartphone.

To further obtain robust matching results, this study used
three common matching algorithms, including K-nearest neighbor
matching, radius matching, and kernel matching. The average
treatment effect (ATT) for depressive symptoms is given as

ATT = E
(

DepressionT
i − DepressionC

i /Di = 1
)

= E
(

DepressionT
i /Di = 1

)
− E

(
DepressionC

i /Di = 1
)

(3)

In Equation (3), DepressionT
i and DepressionC

i represent
the depressive symptoms of the treatment and control
groups, respectively.

4. Results

4.1. Descriptive analysis

Table 1 presents the descriptive statistics of all variables. The
results indicate that the overall level of depressive symptoms
among the older adults is relatively high, with a mean of 1.36
and a maximum value of 1.87. Moreover, only 26.4% of the older
participants use a smartphone. The proportions of older adults
participating in political activity, voluntary activity, and leisure
activity are 41.2, 16.1, and 82.3%, respectively.

The average age of the samples is 70.7378, 50.3% are male.
Furthermore, 71.5% of the participants are married, and 52.7%
of them reside in rural areas. A majority of the participants
(61.8%, n = 3,242) have a primary or secondary school education.
The proportion of non-retired participants is 24.9%. Most of the
participants own 1 house (n = 4,626, 88.2%). In terms of geographic
distribution, 39.0% of the older participants live in the eastern
region, while 36.3% live in the central region.

4.2. Benchmark regression

We first conducted a multicollinearity test and found that the
variance inflation factor (VIF) was well below the critical value of
10, with a mean of 1.59 and a maximum value of 2.19. Therefore,
we concluded that multicollinearity did not exist in our data. Next,
we used linear regression to analyze the data further. Based on the
least squares estimation, the results are presented in Table 2.

As shown in Table 2, a significant negative correlation has been
observed between smartphone usage and depressive symptoms in
older adults, indicating lower levels of depression; thus, H1 was
accepted. When examining the control variables in Model 2, we
found that older adults who were married, had higher levels of
education, owned more houses, had higher family income, had
more children, and scored higher on both ADL and IADL measures
had lower levels of depressive symptoms than their counterparts.
Conversely, older adults who were older in age, lived in urban areas,
and had more chronic diseases had higher levels of depression. In
terms of geographic location, those living in the eastern regions
exhibited lower levels of depressive symptoms than those living
in the western region. However, gender and work status had no
significant effect on depressive symptoms.

4.3. Results of robustness analysis

To obtain the net effect of smartphone use on depressive
symptoms in older adults, the propensity score matching (PSM)

TABLE 2 Linear regression of smartphone use on depression symptoms.

Variables Model 1 Model 2

Smartphone use −1.821***
(0.090)

−0.816*** (0.103)

Gender 0.128 (0.081)

Age 0.024*** (0.007)

Marital status −0.362*** (0.094)

Household 0.592*** (0.111)

Education −0.345*** (0.074)

Work status −0.151 (0.104)

Housing ownership −0.726*** (0.119)

Family income −0.272*** (0.041)

Number of children −0.119*** (0.036)

ADL score −0.093** (0.036)

IADL score −0.106*** (0.028)

Number of comorbid
chronic disease

0.475*** (0.051)

Eastern −1.372*** (0.114)

Central −0.105 (0.103)

N 5244 5244

R2 0.072 0.174

F statistic 410.738*** 79.322***

*p < 0.1, **p < 0.05, ***p < 0.01. The parentheses are standard errors.
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method is adopted to test the robustness of the linear regression
results. We first divide the sample into two groups: the treatment
group (using the smartphone) and the control group (not using
the smartphone). Before applying PSM, we conduct a balance
test to ensure that there are no systematic differences between
the two groups in terms of the independent variables after
matching. We then use PSM to generate a matched comparison
group for our analysis. This helps to mitigate the potential biases
that may arise from non-random assignment of smartphone use
and control groups.

The results of the balance tests based on radius matching are
presented in Supplementary Table 1. We can obtain that the
standardized deviation of all variables is controlled within the
desired 5% after matching. All of the t-values are not significant
after matching, which shows that after applying the PSM, the
difference between the treatment and control groups is not
significant, indicating a better matching effect. The results show
that the method of PSM is similar to the results of random
experiments, indicating a better matching effect.

This paper firstly estimates ATT both before and after
matching. As shown in Supplementary Table 2, the ATT before
matching is significantly higher than the ATT after matching. This
suggests that if the selection bias is not considered, the influence of
smartphone use on the depressive symptoms will be overestimated.
Three different matching methods are employed to calculate the
ATT, and the results are consistent across all methods, indicating
the robustness of the findings. In conclusion, the study provides
evidence that smartphone use is associated with a reduction in
depressive symptoms among the older adults.

4.4. Sensitivity analysis

We also conduct a sensitivity analysis to further test the
robustness of the results. We use the command “rbounds” in
STATA to conduct the “Rosenbaum bounds” analysis, which is
commonly used in the existing studies for sensitivity analysis. In
Rosenbaum’s approach, the sensitivity analysis aims to ensure that
no significant hidden biases exist, and 0 (gamma) is an important
index that can indicate the level of sensitivity of the study. 0 = 2 is
a generally used threshold to claim that the study is free of hidden
bias (Lin et al., 1998).

The results of the sensitivity analysis are displayed in
Supplementary Table 3. Ã ranges from 1 to 2.6. When Ã increases
to 2.4 (larger than the threshold 2), we can observe a significant
sensitivity. Therefore, the sensitivity analysis shows that the results
of Table 2 are robust, which can partly support that the PSM
analysis results are reliable.

4.5. Results of heterogeneity analysis

The effect of smartphone use on the depressive symptoms of the
older adults may present heterogeneity among different subgroups.
Therefore, this study conducts a heterogeneity analysis based on
control variables age, gender, and living region.

The results of the heterogeneity analysis are shown in
Table 3. We can see that between the two subgroups of

different ages, the effects of smartphone use on the depressive
symptoms present heterogeneity. Specifically, smartphone use
has a significant negative effect on the depressive symptoms
among the older adults aged 60 to 69, but not so much for
the adults over 70. Between the two subgroups based on gender,
the smartphone presents homogeneous (significant) effects on
depression symptoms. Additionally, the prevalence of depressive
symptoms among older adults appears to be lower in rural areas
compared to their urban counterparts when utilizing smartphone.

4.6. Mechanism analysis

The results of the linear regression discussed above also
suggest smartphone use is negatively associated with lower levels of
depression in older adults. Here, we further explored whether social
participation is an intermediary factor driving this relationship. The
single-step multiple mediation analysis introduced by Hayes (2009)
with bootstrapping using 2,000 bootstrap samples and a 95% Bias
Corrected (BC) bootstrap confidence interval (CI) is used in this
study.

As shown in Table 4, the results indicate that political
participation, voluntary participation, and active leisure
participation all play a mediating role in the relationship
between smartphone use and the depression symptoms, with
indirect effects −0.018, −0.088, and −0.050, and 95% CI
[−0.037, −0.005], [−0.131, −0.055], and [−0.093, −0.009],
respectively; thus, H2, H3, and H4a was accepted. Hence, the
indirect effect of smartphone use to reduce levels of depressive
symptoms is mediated through political participation, voluntary
participation, and leisure participation. Previous studies unveiled
that smartphone use and mobile Internet access have a positive
effect on political participation, voluntary participation, and active
leisure participation (Boulianne, 2017; Wang et al., 2020; Dou,
2021). Meanwhile, political participation, voluntary participation,
and active leisure participation have a negative impact on
depression symptoms among the older adults, which is consistent
with prior studies (Van Willigen, 2000; Lin et al., 2019; Jeong and
Park, 2020).

As for the passive leisure participation, 95% CI [0.014, 0.061]
does not contain zero. Thus, the direct effect (−0.696) and
indirect effect (0.036) have opposite signs; H4b was accepted.
Within a mediation model, a suppression effect would be present
when an indirect effect has a sign that is opposite to that
of the total effect (MacKinnon et al., 2000). Therefore, passive
leisure participation has a noticeable dampening influence on
the effect of smartphone use to reduce levels of depressive
symptoms. Smartphone use and mobile Internet access have a
positive effect on passive leisure participation, and passive leisure
participation has a positive impact on depression symptoms
among the older adults, which is consistent with prior work of
Wion et al. (2021).

5. Discussion

This study investigates the relationship between smartphone
use and depressive symptoms among older adults in China using
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TABLE 3 Heterogeneity analysis of the impact of smartphone use on depression symptoms.

Variables Age Gender Household

60–69 ≥70 Female Male Rural Urban

Smartphone use −1.017*** (0.133) −0.313** (0.172) −0.934*** (0.147) −0.685*** (0.144) −1.087*** (0.182) −0.657*** (0.129)

Control variables Yes Yes Yes Yes Yes Yes

N 2738 2506 2604 2640 2481 2763

R2 0.197 0.110 0.195 0.157 0.150 0.183

F statistic 49.15*** 23.30*** 46.20*** 36.23*** 32.34*** 45.32***

*p < 0.1, **p < 0.05, ***p < 0.01. The parentheses are standard errors.

TABLE 4 Estimation results of mediating effects.

Hypothesis Path Effect Boot SE CI = 95% Significance Decision

LLCI ULCI

Direct effect −0.696 0.107 −0.925 0.498 Significant

TOTAL −0.816 0.105 −1.033 −0.626 Significant

Indirect effect

H2 (1) SU→ PP→ DS −0.018 0.008 −0.037 −0.005 Significant Accepted

H3 (2) SU→ VP→ DS −0.088 0.019 −0.131 −0.055 Significant Accepted

H4a (3) SU→ ALP→ DS −0.050 0.021 −0.093 −0.009 Significant Accepted

H4b (4) SU→ PLP→ DS 0.036 0.012 0.014 0.061 Significant Accepted

Boot SE, bootstrap standard error; LLCI, lower limit confidence interval; ULCI, upper limit confidence interval; SU, smartphone use; PP, political participation; VP, voluntary participation;
ALP, active leisure participation; PLP, passive leisure participation; DS, depressive symptoms.

various complementary methods based on data from the 2018
China Longitudinal Aging Social Survey (CLASS). We conduct a
comprehensive empirical analysis, beginning with a benchmark
linear regression to examine the effect of smartphone use on
depressive symptoms. We then perform robustness tests using
the PSM method and conduct sensitivity analyses to assess the
reliability of our results. Additionally, we conduct heterogeneity
analyses based on control variables such as age, gender, and
household characteristics. Finally, we explore the mediating role
of social participation variables on the effect of smartphone use on
depression symptoms. The results are as follows:

First, older adults who reported higher levels of smartphone
use showed fewer depressive symptoms. The findings presented
above are consistent with the results of several recent studies
(Keane et al., 2013; Chang and Im, 2014). The possible reason
may be that the information and resources on the smartphone
are more abundant, which helps older adults enrich their lives
and maintain regular contact with family and friends, expands
access to healthcare services, and increases entertainment options
or learning opportunities. So the older adults are less prone to
depression and show a high level of mental health.

Second, heterogeneity analysis shows that the depressive
symptoms of the aged 60 to 69 group are significantly lower
than their counterparts for the adults aged 70 years and above
when using the smartphone. Regarding subgroups with gender
differences, smartphone use has a slightly greater impact on the
mental health of female older adults than male older adults.
Additionally, the older adults’ depressive symptoms are lower in
rural areas than that of the group in urban areas when using a

smartphone. The findings presented above appear to be consistent
with the results of several recent studies. Zhao and Liu (2020)
obtained that the impact of the Internet on the mental health of
older adults aged 60 to 69 is significantly higher than the adults
aged 70 years and above. Wang (2020) found that smartphone
use has a slightly greater impact on the mental health of female
older adults than male older adults. Liao et al. (2020) confirmed
that phone use for the Internet is significantly associated with
lower depression inclination among rural older adults. The possible
reason may be partly because the rural older people need the
smartphone to communicate with family and friends who have
relocated to urban areas for work or study. In addition, rural
areas may have limited access to public goods and services
such as transportation infrastructure and public entertainment
venues, making smartphones and the wealth of information and
resources they provide particularly attractive to older adults in these
communities.

Third, our analysis also found that political participation,
voluntary participation, and active leisure participation serve as
mediators between smartphone use and lower levels of depression
among older adults in China. Specifically, our results indicate
that smartphone use is significantly associated with higher
levels of political, voluntary, and active leisure participation
among the older adults. This could be attributed to the fact
that smartphones provide a medium for older adults to access
information about these activities, which may further encourage
their participation (Räsänen and Kouvo, 2007). Moreover, we
found that political participation, voluntary participation, and
active leisure participation have a significant negative impact
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on depression symptoms in the older adults. The findings are
in line with the results of several recent studies. Previous
studies confirmed that political participation (Guo et al., 2018),
voluntary participation (Wahrendorf et al., 2008), and active
leisure participation (Noguchi et al., 2022) significantly reduced
the depressive symptoms of the older adults in China. In contrast,
passive leisure participation appears to play a suppressing role, and
it leads the total effect to appear small. This was consistent with the
research findings of Adjei et al. (2017), who believed that passive
leisure activities, including listening to the radio or tapes, watching
television, and engaging in relaxation, were negatively associated
with the mental health of the older adults. Overall, our findings
suggest that smartphone use can have positive effects on older
adults’ mental health by facilitating their participation in various
activities and promoting social engagement.

Based on the above empirical analysis results, this study
provides suggestions on how to reduce the severity of depression
of the older adults through the use of smartphones, which
are as follows: (1) Improve the attitude of older adults toward
smartphone use. Given that information and communication
technology is thought to be more challenging for the older
adults to learn (Hussain et al., 2018), they may fail to accept
the convenience brought by the smartphone. Therefore, targeted
training services can be provided to enhance the ability of older
adults to use various applications on smartphones, such as health
management, leisure, and social contact. This can bridge the
digital divide and achieve active aging. (2) The government
should help create an elderly friendly environment by building
activity centers and increasing public service fiscal expenditures.
Additionally, social resources can be mobilized for investment
in the elderly care industry. (3) The local community should
organize various forms of social activities among the aged and
publicize them through the smartphones to stimulate their interest
in political participation, voluntary participation, and active
leisure participation.

This study makes important contributions to the research on
the relationship between smartphone use and depressive symptoms
among older adults in China. Firstly, it fills the gap in the
literature by exploring the role of smartphone use in promoting the
psychological health of older adults, which has received relatively
little attention compared to Internet use. Secondly, it demonstrates
the mediating role of social participation in the relationship
between smartphone use and depressive symptoms, which has
not been extensively examined in previous studies. Thirdly, it
employs robustness tests to ensure the reliability and validity of the
findings. Overall, the study provides important insights into how
smartphone use can be leveraged to improve the mental health of
older adults in China, and can inform the development of policies
and interventions to promote active aging.

6. Conclusion

This study contributes to the understanding of the complex
relationship between smartphone use and depressive symptoms in
older adults, and highlights the importance of social participation
as a mediator in this relationship. The findings suggest that
promoting smartphone use among older adults and encouraging

them to engage in social activities such as politics, volunteering,
and active leisure can be effective strategies for reducing depression
symptoms in this population. However, the study also emphasizes
the importance of considering the different types of social
participation, as not all forms may have the same impact on
mental health. Overall, this study provides valuable insights
for policymakers, healthcare providers, and researchers who are
interested in improving the mental health and wellbeing of older
adults in the context of digital technology.

Data availability statement

The original contributions presented in this study are included
in the article/Supplementary material, further inquiries can be
directed to the corresponding author.

Author contributions

W-CC conceptualized the manuscript and designed the
methodology. W-CC and RJ contributed to undertaking the
statistical analysis. W-CC wrote the manuscript, with some
edits from all authors. All authors read and approved the
final manuscript.

Funding

This research was supported by the National Social Science
Fund of China (grant number: 20AXW010) and Natural Science
Foundation of Changsha City (grant number: kq2202180).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.2023.
1132871/full#supplementary-material

Frontiers in Aging Neuroscience 09 frontiersin.org123

https://doi.org/10.3389/fnagi.2023.1132871
https://www.frontiersin.org/articles/10.3389/fnagi.2023.1132871/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2023.1132871/full#supplementary-material
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1132871 March 31, 2023 Time: 18:14 # 10

Ji et al. 10.3389/fnagi.2023.1132871

References

Adjei, N. K., Brand, T., and Zeeb, H. (2017). Gender inequality in self-reported
health among the elderly in contemporary welfare countries: A cross-country analysis
of time use activities, socioeconomic positions and family characteristics. PLoS One
12:e0184676. doi: 10.1371/journal.pone.0184676

Akbarly, T. N., Porter, F., and Fustinoni, S. (2009). Leisure activities and the risk
of dementia in the elderly: Results from the three-city study. Neurology 73, 854–861.
doi: 10.1212/WNL.0b013e3181b7849b

Alma, M. A., Van Der Mei, S. F., Groothoff, J. W., and Suurmeijer, T. P. B. M. (2012).
Determinants of social participation of visually impaired older adults. Qual. Life Res.
21, 87–97. doi: 10.1007/s11136-011-9931-6

Aw, S., Koh, G., Oh, Y. J., Wong, M. L., Vrijhoef, H. J. M., Harding, S. C., et al. (2017).
Explaining the continuum of social participation among older adults in Singapore:
From “closed doors” to active ageing in multi-ethnic community settings. J. Aging Stud.
42, 46–55. doi: 10.1016/j.jaging.2017.07.002

Boontarig, W., Chutimaskul, W., Chongsuphajaisiddhi, V., and Papasratorn, B.
(2012). “Factors influencing the Thai elderly intention to use smartphone for E-health
services,” in Proceedings of the 2012 IEEE symposium on humanities, science and
engineering research (SHUSER), (Kuala Lumpur: IEEE), 479–483. doi: 10.1109/
SHUSER.2012.6268881

Boulianne, S. (2017). Revolution in the making? Social media effects across the
globe. Inf. Commun. Soc. 8, 1–16. doi: 10.1080/1369118X.2017.1353641

Brenner, J. (2022). Pew internet: Mobile [EB/OL]. Available online at: http:
//pewinternet.org/Commentary/2012/February/Pew-Internet-Mobile.aspx (accessed
May 16, 2022).

Chai, Y. F., and Guo, S. (2020). How old is “old”: A new idea to promote voluntary
work involvement among older adults in China. J. Northwest Univ. 50, 167–178.
doi: 10.16152/j.cnki.xdxbsk.2020-03-018

Chang, S. J., and Im, E. O. (2014). A path analysis of Internet health information
seeking behaviors among older adults. Geriatr. Nurs. 35, 137–141. doi: 10.1016/j.
gerinurse.2013.11.005

Chen, K., and Chan, A. H. S. (2014). Predictors of gerontechnology acceptance by
older Hong Kong Chinese. Technovation 34, 126–135. doi: 10.1016/j.technovation.
2013.09.010

Chen, Y. R., and Schulz, P. J. (2016). The effect of information communication
technology interventions on reducing social isolation in the elderly: A systematic
review. J. Med. Internet Res. 18:e18. doi: 10.2196/jmir.4596

Cho, D., Post, J., and Kim, S. K. (2017). Comparison of passive and active leisure
activities and life satisfaction with aging. Geriatr. Gerontol. Int. 18, 380–386. doi:
10.1111/ggi.13188

Chopik, W. J. (2016). The benefits of social technology use among older adults
are mediated by reduced loneliness. Cyberpsychol. Behav. Soc. Netw. 19, 551–556.
doi: 10.1089/cyber.2016.0151

Chul-Ho, B. U. M., Johnson, J. A., and Chulhwan, C. (2020). Healthy aging and
happiness in the Korean elderly based upon leisure activity type. Iran. J. Public Health
49, 454–462. doi: 10.18502/ijph.v49i3.3141

Cotten, S. R., Ford, G., Ford, S., and Hale, T. M. (2012). Internet use and depression
among older adults. Comput. Hum. Behav. 28, 496–499. doi: 10.1016/j.chb.2011.10.021

Croezen, S., Avendano, M., Burdorf, A., and van Lenthe, F. J. (2015). Social
participation and depression in old age: A fixed-effects analysis in 10 European
countries. Am. J. Epidemiol. 182, 168–176. doi: 10.1093/aje/kwv015

Czaja, S. J. (2017). The role of technology in supporting social engagement
among older adults. Public Policy Aging Rep. 27, 145–148. doi: 10.1093/geroni/igx004.
3737

Dahan-Oliel, N., Gelinas, I., and Mazer, B. (2008). Social participation in the elderly:
What does the literature tell us. Crit. Rev. Phys. Rehabil. Med. 20, 159–176. doi:
10.1615/CritRevPhysRehabilMed.v20.i2.40

Dou, H. (2021). “Effect of information communication technology on social
integration of elderly migrants based on smartphone use,” in Proceedings of the 2021
international conference on education, information management and service science
(EIMSS), (Xi’an: IEEE), 337–341.

Douglas, H., Georgiou, A., and Westbrook, J. (2017). Social participation as an
indicator of successful aging: An overview of concepts and their associations with
health. Aust. Health Rev. 41, 455–462. doi: 10.1071/AH16038

Duckett, J., and Wang, H. (2013). Extending political participation in China: New
opportunities for citizens in the policy process. J. Asian Public Policy 6, 263–276.
doi: 10.1080/17516234.2013.850221

Fernández-Ballesteros, R., Zamarrón, M. D., and Ruiz, M. Á. (2001). The
contribution of socio-demographic and psychosocial factors to life satisfaction. Ageing
Soc. 21, 25–43. doi: 10.1017/S0144686X01008078

Gao, X. (2020). Internet use, social cohesion and urban residents’ voluntary service
participation. Mod. Econ. Res. 11, 22–30. doi: 10.13891/j.cnki.mer.2020.11.005

George, M. J., and Odgers, C. L. (2015). Seven fears and the science of how mobile
technologies may be influencing adolescents in the digital age. Perspect. Psychol. Sci.
10, 832–851. doi: 10.1177/1745691615596788

Gordon, W. R., and Caltabiano, M. L. (1996). Urban-rural differences in adolescent
self-esteem, leisure boredom, and sensation-seeking as predictors of leisure-time usage
and satisfaction. Adolescence 31, 883–901.

Guo, Q., Bai, X., and Feng, N. (2018). Social participation and depressive symptoms
among Chinese older adults: A study on rural–urban differences. J. Affect. Disord. 239,
124–130. doi: 10.1016/j.jad.2018.06.036

Hank, K., and Stuck, S. (2008). Volunteer work, informal help, and care among the
50+ in Europe: Further evidence for ‘linked’ productive activities at older ages. Soc. Sci.
Res. 37, 1280–1291. doi: 10.1016/j.ssresearch.2008.03.001

Hayes, A. F. (2009). Beyond Baron and Kenny: Statistical mediation analysis in the
new millennium. Commun. Monogr. 76, 408–420. doi: 10.1080/03637750903310360

Holder, M. D., Coleman, B., and Sehn, Z. L. (2009). The contribution of active and
passive leisure to children’s well-being. J. Health Psychol. 14, 378–386. doi: 10.1177/
1359105308101676

Hoffner, C. A., and Lee, S. (2015). Mobile phone use, emotion regulation, and
well-being. Cyberpsychol. Behav. Soc. Netw. 18, 411–416. doi: 10.1089/cyber.2014.0487

Hussain, D., Ross, P., and Bednar, P. (2018). “The perception of the benefits
and drawbacks of internet usage by the elderly people,” in Digital technology and
organizational change, eds C. Rossignoli, F. Virili, and S. Za (Cham: Springer),
199–212.

Hutto, C. J., Bell, C., Farmer, S., Fausset, C., Harley, L., Nguyen, J., et al. (2015). Social
media gerontology: Understanding social media usage among older adults. Web Intell.
13, 69–87. doi: 10.3233/WEB-150310

Jeong, E. H., and Park, J. H. (2020). The relationship among leisure activities,
depression and quality of life in community-dwelling elderly Koreans. Gerontol.
Geriatr. Med. 6:2333721420923449. doi: 10.1177/2333721420923449

Keane, M. C., Roeger, L. S., Allison, S., and Reed, R. L. (2013). e-Mental health in
South Australia: Impact of age, gender and region of residence. Aust. J. Prim. Health
19, 331–335. doi: 10.1071/PY13027

Kim, K., Park, S. Y., and Kang, H. C. (2020). Smartphone proficiency and use,
loneliness, and ego integrity: An examination of older adult smartphone users in
South Korea. Behav. Inf. Technol. 40, 625–634. doi: 10.1080/0144929X.2020.1713213

Kim, Y., and Kim, B. (2021). Effects of young adults’ smartphone use for social media
on communication network heterogeneity, social capital and civic engagement. Online
Inf. Rev. [Epub ahead of print]. doi: 10.1108/OIR-08-2020-0332

Kobayashi, L. C., Wardle, J., and Wagner, C. (2015). Internet use, social engagement
and health literacy decline during ageing in a longitudinal cohort of older English
adults. J. Epidemiol. Commun. Health 69, 278–283. doi: 10.1136/jech-2014-204733

Kong, Z. (2021). The impact of social participation on the quality of life of the
elderly. World Surv. Res. 4, 72–80. doi: 10.13778/j.cnki.11-3705/c.2021.04.010

Lampinen, P., Heikkinen, R. L., Kauppinen, M., and Heikkinen, E. (2006). Activity as
a predictor of mental well-being among older adults. Aging Ment. Health 10, 454–466.
doi: 10.1080/13607860600640962

Li, Y., and Ferraro, K. F. (2005). Volunteering and depression in later life:
Social benefit or selection processes? J. Health Soc. Behav. 46, 68–84. doi: 10.1177/
002214650504600106

Liao, S., Zhou, Y., Liu, Y., and Wang, L. (2020). Variety, frequency, and type of
Internet use and its association with risk of depression in middle-and older-aged
Chinese: A cross-sectional study. J. Affect. Disord. 273, 280–290. doi: 10.1016/j.jad.
2020.04.022

Lin, D. Y., Psaty, B. M., and Kronmal, R. A. (1998). Assessing the sensitivity of
regression results to unmeasured confounders in observational studies. Biometrics 54,
948–963.

Lin, L., Jing, X., Lv, S., Liang, J., Tian, L., Li, H., et al. (2020). Mobile device use and
the cognitive function and depressive symptoms of older adults living in residential
care homes. BMC Geriatr. 20:41. doi: 10.1186/s12877-020-1427-1

Lin, X., Lu, R., Guo, L., and Liu, B. (2019). Social capital and mental health in rural
and urban China: A composite hypothesis approach. Int. J. Environ. Res. Public Health
16:665. doi: 10.3390/ijerph16040665

Liu, H., Guo, L., and Feng, Z. (2022). Social participation, attitudes towards ageing
and depressive symptoms among Chinese older adults. Ageing Soc. [Epub ahead of
print]. doi: 10.1017/S0144686X22000071

Liu, J., Rozelle, S., Xu, Q., Yu, N., and Zhou, T. (2019). Social engagement and elderly
health in China: Evidence from the China health and retirement longitudinal survey
(CHARLS). Int. J. Environ. Res. Public Health 16:278. doi: 10.3390/ijerph16020278

MacKinnon, D. P., Krull, J. L., and Lockwood, C. M. (2000). Equivalence of the
mediation, confounding and suppression effect. Prev. Sci. 1, 173–181. doi: 10.1023/a:
1026595011371

Frontiers in Aging Neuroscience 10 frontiersin.org124

https://doi.org/10.3389/fnagi.2023.1132871
https://doi.org/10.1371/journal.pone.0184676
https://doi.org/10.1212/WNL.0b013e3181b7849b
https://doi.org/10.1007/s11136-011-9931-6
https://doi.org/10.1016/j.jaging.2017.07.002
https://doi.org/10.1109/SHUSER.2012.6268881
https://doi.org/10.1109/SHUSER.2012.6268881
https://doi.org/10.1080/1369118X.2017.1353641
http://pewinternet.org/Commentary/2012/February/Pew-Internet-Mobile.aspx
http://pewinternet.org/Commentary/2012/February/Pew-Internet-Mobile.aspx
https://doi.org/10.16152/j.cnki.xdxbsk.2020-03-018
https://doi.org/10.1016/j.gerinurse.2013.11.005
https://doi.org/10.1016/j.gerinurse.2013.11.005
https://doi.org/10.1016/j.technovation.2013.09.010
https://doi.org/10.1016/j.technovation.2013.09.010
https://doi.org/10.2196/jmir.4596
https://doi.org/10.1111/ggi.13188
https://doi.org/10.1111/ggi.13188
https://doi.org/10.1089/cyber.2016.0151
https://doi.org/10.18502/ijph.v49i3.3141
https://doi.org/10.1016/j.chb.2011.10.021
https://doi.org/10.1093/aje/kwv015
https://doi.org/10.1093/geroni/igx004.3737
https://doi.org/10.1093/geroni/igx004.3737
https://doi.org/10.1615/CritRevPhysRehabilMed.v20.i2.40
https://doi.org/10.1615/CritRevPhysRehabilMed.v20.i2.40
https://doi.org/10.1071/AH16038
https://doi.org/10.1080/17516234.2013.850221
https://doi.org/10.1017/S0144686X01008078
https://doi.org/10.13891/j.cnki.mer.2020.11.005
https://doi.org/10.1177/1745691615596788
https://doi.org/10.1016/j.jad.2018.06.036
https://doi.org/10.1016/j.ssresearch.2008.03.001
https://doi.org/10.1080/03637750903310360
https://doi.org/10.1177/1359105308101676
https://doi.org/10.1177/1359105308101676
https://doi.org/10.1089/cyber.2014.0487
https://doi.org/10.3233/WEB-150310
https://doi.org/10.1177/2333721420923449
https://doi.org/10.1071/PY13027
https://doi.org/10.1080/0144929X.2020.1713213
https://doi.org/10.1108/OIR-08-2020-0332
https://doi.org/10.1136/jech-2014-204733
https://doi.org/10.13778/j.cnki.11-3705/c.2021.04.010
https://doi.org/10.1080/13607860600640962
https://doi.org/10.1177/002214650504600106
https://doi.org/10.1177/002214650504600106
https://doi.org/10.1016/j.jad.2020.04.022
https://doi.org/10.1016/j.jad.2020.04.022
https://doi.org/10.1186/s12877-020-1427-1
https://doi.org/10.3390/ijerph16040665
https://doi.org/10.1017/S0144686X22000071
https://doi.org/10.3390/ijerph16020278
https://doi.org/10.1023/a:1026595011371
https://doi.org/10.1023/a:1026595011371
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1132871 March 31, 2023 Time: 18:14 # 11

Ji et al. 10.3389/fnagi.2023.1132871

Minagawa, Y., and Saito, Y. (2014). An analysis of the impact of cell phone use on
depressive symptoms among Japanese elders. Gerontology 60, 539–547. doi: 10.1159/
000363059

Mukherjee, D. (2011). Participation of older adults in virtual volunteering: A
qualitative analysis. Ageing Int. 36, 253–266. doi: 10.1007/s12126-010-9088-6

Musick, M. A., and Wilson, J. (2003). Volunteering and depression: The role of
psychological and social resources in different age groups. Soc. Sci. Med. 56, 259–269.
doi: 10.1016/S0277-9536(02)00025-4

Näsi, M., Räsänen, P., and Sarpila, O. (2012). ICT activity in later life: Internet use
and leisure activities amongst senior citizens in Finland. Eur. J. Ageing 9, 169–176.
doi: 10.1007/s10433-011-0210-8

Neves, B. B., Franz, R., Judges, R., Beermann, C., and Baecker, R. (2019). Can digital
technology enhance social connectedness among older adults? A feasibility study.
J. Appl. Gerontol. 38, 49–72. doi: 10.1177/0733464817741369

Nie, N. H., and Erbring, L. (2002). Internet and society: A preliminary report. IT Soc.
1, 275–283.

Noguchi, T., Ishihara, M., Murata, C., Nakagawa, T., Komatsu, A., Kondo, K., et al.
(2022). Art and cultural activity engagement and depressive symptom onset among
older adults: A longitudinal study from the Japanese gerontological evaluation study.
Int. J. Geriatr. Psychiatry 37, 1–39. doi: 10.1002/gps.5685

Ohme, J. (2019). Updating citizenship? The effects of digital media use on
citizenship understanding and political participation. Inf. Commun. Soc. 22, 1903–
1928. doi: 10.1080/1369118X.2018.1469657

Peng, D., and He, C. (2017). Equity in aging in China[EB/OL]. Available online
at: https://mp.weixin.qq.com/s/PP0NXpSGUJfXC0ombedqcA (accessed March 16,
2023).

Piškur, B. (2013). Social participation: Redesign of education, research, and practice
in occupational therapy. Scand. J. Occupat. Ther. 20, 2–8. doi: 10.3109/11038128.2014.
952911

Pressman, S. D., Matthews, K. A., Cohen, S., Martire, L. M., Scheier, M., Baum,
A., et al. (2009). Association of enjoyable leisure activities with psychological and
physical well-being. Psychosom. Med. 71, 721–725. doi: 10.1097/PSY.0b013e3181a
d7978

Quinn, K. (2018). Cognitive effects of social media use: A case of older adults. Soc.
Media Soc. 4:205630511878720. doi: 10.1177/2056305118787203

Radloff, L. S. (1977). The CES-D scale: A self-report depression scale for
research in the general population. Appl. Psychol. Meas. 1, 385–401. doi: 10.1177/
014662167700100306

Räsänen, P., and Kouvo, A. (2007). Linked or divided by the web?: Internet use and
sociability in four European countries. Inf. Commun. Soc. 10, 219–241. doi: 10.1080/
13691180701307461

Reuman, H., Kerr, K., Sidani, J., Felker, J., Escobar-Viera, C., Shensa, A., et al.
(2022). Living in an online world: Social media experiences of adolescents and
young adults with cancer. Pediatr. Blood Cancer 69:e29666. doi: 10.1002/pbc.2
9666

Richter, F. (2022). The world’s largest smartphone markets [EB/OL]. Available online
at: https://www.statista.com/chart/25207/countries-with-the-highest-number-of-
smartphone-users/ (accessed May 18, 2022).

Tang, D., Lin, Z., and Chen, F. (2019). Moving beyond living arrangements: The
role of family and friendship ties in promoting mental health for urban and rural

older adults in China. Aging Ment. Health 24, 1523–1532. doi: 10.1080/13607863.2019.
1602589

Utz, R. L., Carr, D., Nesse, R., and Wortman, C. B. (2002). The effect of widowhood
on older adults’ social participation: An evaluation of activity, disengagement, and
continuity theories. Gerontologist 42, 522–533. doi: 10.1093/geront/42.4.522

Van Willigen, M. (2000). Differential benefits of volunteering across the life course.
J. Gerontol. Soc. Sci. 55, S308–S318. doi: 10.1093/geronb/55.5.s308

Wahrendorf, M., Ribet, C., Zins, M., and Siegrist, J. (2008). Social productivity and
depressive symptoms in early old age-results from the GAZEL study. Aging Ment.
Health 12, 310–316. doi: 10.1080/13607860802120805

Wang, J., Liang, C., and Li, K. (2020). Impact of internet use on elderly health:
Empirical study based on Chinese general social survey (CGSS) data. Healthcare 8:482.
doi: 10.3390/healthcare8040482

Wang, Y. (2020). Study on the effect of smartphone use on the subjective health of
the elderly——Base on the China longitudinal aging social survey of 2016. Popul. Dev.
26, 65–75.

Wang, Y., Matz-Costa, C., Miller, J., Carr, D. C., and Kohlbacher, F. (2018). Uses and
gratifications sought from mobile phones and loneliness among Japanese midlife and
older adults: A mediation analysis. Innov. Aging 2:igy027. doi: 10.1093/geroni/igy023.
2096

Wang, Z., Yang, H., Guo, Z., Liu, B., and Geng, S. (2019). Socio-demographic
characteristics and co-occurrence of depressive symptoms with chronic diseases
among older adults in China: The China longitudinal ageing social survey. BMC
Psychiatry 19:310. doi: 10.1186/s12888-019-2305-2

Wilson, J. (2000). Volunteering. Annu. Rev. Sociol. 26, 215–240. doi: 10.1146/
annurev.soc.26.1.215

Wilson, J. (2012). Volunteerism research: A review essay. Nonprofit Volunt. Sect. Q.
41, 176–212. doi: 10.1177/0899764011434558

Wion, R. K., Fazeli, P. L., and Vance, D. E. (2021). The association between leisure
activity engagement and health-related quality of life in middle-aged and older people
with HIV. Gerontologist 62, 1018–1028. doi: 10.1093/geront/gnab172

World Health Organization [WHO] (2015). World report on ageing and
health [EB/OL]. Available online at: https://www.who.int/publications/i/item/
9789241565042 (accessed May 18, 2022).

Zhang, K., Kim, K., Silverstein, N. M., Song, Q., and Burr, J. A. (2020). Social media
communication and loneliness among older adults: The mediating roles of social
support and social contact. Gerontologist 61, 888–896. doi: 10.1093/geront/gnaa197

Zhang, X., and Zhu, Q. (2021). Research on wechat adoption, use and knowledge
acquisition of the elderly in Wuhan: From the perspective of “digital divide”. Media
Obs. 3, 11–19. doi: 10.19480/j.cnki.cmgc.2021.03.002

Zhao, J. G., and Liu, Z. Q. (2020). The impact of internet use on the health of the
elderly. Chin. J. Popul. Sci. 5, 14–26.

Zhou, J., Yuan, X., Qi, H., Liu, R., Li, Y., Huang, H., et al. (2020). Prevalence of
depression and its correlative factors among female adolescents in China during the
coronavirus disease 2019 outbreak. Global. Health 16:69. doi: 10.1186/s12992-020-
00601-3

Zivin, K., Yosef, M., Miller, E., Valenstein, M., Duffy, S., Kales, H. C., et al. (2015).
Associations between depression and all-cause and cause-specific risk of death: A
retrospective cohort study in the Veterans health administration. J. Psychosom. Res.
78, 324–331. doi: 10.1016/j.jpsychores.2015.01.014

Frontiers in Aging Neuroscience 11 frontiersin.org125

https://doi.org/10.3389/fnagi.2023.1132871
https://doi.org/10.1159/000363059
https://doi.org/10.1159/000363059
https://doi.org/10.1007/s12126-010-9088-6
https://doi.org/10.1016/S0277-9536(02)00025-4
https://doi.org/10.1007/s10433-011-0210-8
https://doi.org/10.1177/0733464817741369
https://doi.org/10.1002/gps.5685
https://doi.org/10.1080/1369118X.2018.1469657
https://mp.weixin.qq.com/s/PP0NXpSGUJfXC0ombedqcA
https://doi.org/10.3109/11038128.2014.952911
https://doi.org/10.3109/11038128.2014.952911
https://doi.org/10.1097/PSY.0b013e3181ad7978
https://doi.org/10.1097/PSY.0b013e3181ad7978
https://doi.org/10.1177/2056305118787203
https://doi.org/10.1177/014662167700100306
https://doi.org/10.1177/014662167700100306
https://doi.org/10.1080/13691180701307461
https://doi.org/10.1080/13691180701307461
https://doi.org/10.1002/pbc.29666
https://doi.org/10.1002/pbc.29666
https://www.statista.com/chart/25207/countries-with-the-highest-number-of-smartphone-users/
https://www.statista.com/chart/25207/countries-with-the-highest-number-of-smartphone-users/
https://doi.org/10.1080/13607863.2019.1602589
https://doi.org/10.1080/13607863.2019.1602589
https://doi.org/10.1093/geront/42.4.522
https://doi.org/10.1093/geronb/55.5.s308
https://doi.org/10.1080/13607860802120805
https://doi.org/10.3390/healthcare8040482
https://doi.org/10.1093/geroni/igy023.2096
https://doi.org/10.1093/geroni/igy023.2096
https://doi.org/10.1186/s12888-019-2305-2
https://doi.org/10.1146/annurev.soc.26.1.215
https://doi.org/10.1146/annurev.soc.26.1.215
https://doi.org/10.1177/0899764011434558
https://doi.org/10.1093/geront/gnab172
https://www.who.int/publications/i/item/9789241565042
https://www.who.int/publications/i/item/9789241565042
https://doi.org/10.1093/geront/gnaa197
https://doi.org/10.19480/j.cnki.cmgc.2021.03.002
https://doi.org/10.1186/s12992-020-00601-3
https://doi.org/10.1186/s12992-020-00601-3
https://doi.org/10.1016/j.jpsychores.2015.01.014
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1114426 April 3, 2023 Time: 15:12 # 1

TYPE Original Research
PUBLISHED 11 April 2023
DOI 10.3389/fnagi.2023.1114426

OPEN ACCESS

EDITED BY

Kristy A. Nielson,
Marquette University, United States

REVIEWED BY

Hongkai Wang,
Northwestern University, United States
Heng Zhou,
Xuzhou Medical University, China
Sen Sheng,
Washington Regional Medical Center,
United States
Sheelakumari Raghavan,
Mayo Clinic, United States

*CORRESPONDENCE

Wenli Hu
wenlihu3366@126.com

Junliang Yuan
junliangyuan@bjmu.edu.cn

†These authors have contributed equally to this
work

SPECIALTY SECTION

This article was submitted to
Neurocognitive Aging and Behavior,
a section of the journal
Frontiers in Aging Neuroscience

RECEIVED 02 December 2022
ACCEPTED 13 March 2023
PUBLISHED 11 April 2023

CITATION

Li X, Yang S, Li Y, Qin W, Yang L, Yuan J and
Hu W (2023) The performance of patients with
cerebral microbleeds in different cognitive
tests: A cross-sectional study.
Front. Aging Neurosci. 15:1114426.
doi: 10.3389/fnagi.2023.1114426

COPYRIGHT

© 2023 Li, Yang, Li, Qin, Yang, Yuan and Hu.
This is an open-access article distributed under
the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with
these terms.

The performance of patients with
cerebral microbleeds in different
cognitive tests: A cross-sectional
study
Xuanting Li1, Shuna Yang1, Yue Li1, Wei Qin1, Lei Yang1,
Junliang Yuan2*† and Wenli Hu1*†

1Department of Neurology, Beijing Chaoyang Hospital, Capital Medical University, Beijing, China,
2Department of Neurology, NHC Key Laboratory of Mental Health (Peking University), National Clinical
Research Center for Mental Disorders, Peking University Sixth Hospital, Peking University Institute
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Background: The clinical features and pathological process of cerebral

microbleed (CMB)-related cognitive impairment are hot topics of cerebral small

vessel disease (CSVD). However, how to choose a more suitable cognitive

assessment battery for CMB patients is still an urgent issue to be solved. This

study aimed to analyze the performance of CMB patients on different cognitive

tests.

Methods: This study was designed as a cross-sectional study. The five main

markers of CSVD (including the CMB, white matter hyperintensities, perivascular

spaces, lacunes and brain atrophy) were assessed according to magnetic

resonance imaging. The burden of CMB was categorized into four grades based

on the total number of lesions. Cognitive function was assessed by Mini-Mental

State Examination (MMSE), Trail-Making Test (TMT, Part A and Part B), Stroop

color-word test (Stroop test, Part A, B and C), Verbal Fluency Test (VF, animal),

Digit-Symbol Substitution Test (DSST), Digit Cancellation Test (DCT) and Maze.

Multiple linear regression analysis was conducted to analyze the association

between CMB and cognitive findings.

Results: A total of 563 participants (median age of 69 years) were enrolled in

this study, including 218 (38.7%) CMB patients. CMB patients showed worse

performance than non-CMB subjects in each cognitive test. Correlation analysis

indicated the total number of CMB lesions had positive correlations with the time

of TMT, Maze and Stroop test, and negative correlations with the performance of

MMSE, VF, DSST, and DCT. After the adjustment for all the potential confounders

by linear regression, the CMB burden grade was correlated with the performance

of VF, Stroop test C, Maze and DCT.
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Conclusion: The presence of CMB lesions was associated with much worse

cognitive performances. In VF, Stroop test C, Maze and DCT, the correlations

between CMB severity and assessment results were more significant. Our study

further confirmed that the attention/executive function domain was the most

commonly evaluated in CMB, which provided a picture of the most utilized tools

to analyze the prognostic and diagnostic value in CMB.

KEYWORDS

cerebral microbleed, cerebral small vessel disease, cognitive impairment, cognitive test,
neuroimaging

Introduction

Increased life expectancy poses a huge public health challenge
to society, and advanced age is also associated with an increased
risk of dementia. The cerebral microbleed (CMB) is one of the
important neuroimaging markers for cerebral small vessel disease
(CSVD), and its’ prevalence increases with age (Poels et al., 2011).
Besides, more and more studies have found that CMB can lead
to cognitive impairment and is an independent risk factor for
dementia (Poels et al., 2012; Akoudad et al., 2016; Ding et al., 2017).

Studies have found that CMB lesions can coexist with
some neurodegenerative diseases such as Parkinson’s disease
and Alzheimer’s disease (AD), and may be related to cognitive
and motor dysfunction (Sparacia et al., 2017; Chiu et al.,
2018; Tsai et al., 2021). CMB lesions have similar pathological
manifestations (β-amyloid accumulation) as AD, while the feature
of the cognitive impairment may be different. CMB may be
useful to expound the overlap between cerebrovascular and
neurodegenerative mechanisms underlying cognitive decline and
dementia (Akoudad et al., 2016).

To date, it is still a hot issue now for the specific characteristic
of the damage to different cognitive domains about CMB numbers
and location. Previous studies have found CMB patients have more
serious impairments in special cognitive domains such as attention,
executive function, processing speed and memory (van Norden
et al., 2011; Poels et al., 2012; Meier et al., 2014; Qian et al., 2021;
Nannoni et al., 2022). However, the performance of CMB patients
on different cognitive domain tests has been poorly studied.

The purpose of this study was to describe the performance of
CMB patients in different cognitive domains and find out which
tests are closely related to the CMB burden independent of other
CSVD markers. Our study may be helpful to design a battery
of neuropsychology assessments, which is more suitable for the
early identification of CMB-related cognitive impairment and the
observation of CMB burden in clinical practice.

Materials and methods

Study population

This was a cross-sectional study. Subjects for the physical
examination were recruited from the department of Neurology

at Beijing Chaoyang Hospital, Capital Medical University from
January 2018 to December 2021. This study was reviewed
and approved by the Ethics Committee of Beijing Chaoyang
Hospital, Capital Medical University. Written informed consent
was obtained from each eligible subject.

Participants aged 40 years or older with available clinical data
and brain magnetic resonance imaging (MRI) were included in the
study. The exclusion criteria included: (1) acute cerebrovascular
diseases; (2) history of the massive relevant cerebral infarction or
cerebral hemorrhage with obvious neurological sequelae; (3) brain
damage caused by neurodegeneration, infection, inflammation,
trauma, tumor, poisoning and metabolic disease; (4) severe
psychiatric disorders; (5) severe organ insufficiency; (6) severe
visual or hearing impairment; (7) taking cognitive-affecting drugs
within 24 h, such as sedative-hypnotic drugs, acetylcholine-esterase
inhibitors and so on (van Norden et al., 2011; Wang et al., 2017);
and (8) incomplete data or brain MRI with poor quality.

Assessment of neuroimaging

Magnetic resonance imaging was performed on the 3.0-T
MRI scanner (Prisma; Siemens AG, Erlangen, Germany) in the
department of Radiology at Beijing Chaoyang Hospital. The
standardized sequences included T1-weighted imaging (repetition
time = 2,000.0 ms, echo time = 9.2 ms, slice thickness = 5.0 mm, and
field of view = 220 × 220 mm2), T2-weighted imaging (repetition
time = 4,500.0 ms, echo time = 84.0 ms, slice thickness = 5.0 mm,
and field of view = 220 × 220 mm2), fluid-attenuated inversion
recovery (repetition time = 8,000.0 ms, echo time = 86.0 ms,
slice thickness = 5.0 mm, and field of view = 199 × 220 mm2),
diffusion weighted imaging (repetition time = 3,300.0 ms, echo
time = 91.0 ms, slice thickness = 5.0 mm, field of view = 230 × 230
mm2, and b = 0 and 1,000 s/mm2), and susceptibility weighted
imaging (repetition time = 27.0 ms, echo time = 20.0 ms, slice
thickness = 3.2 mm, and field of view = 172 × 230 mm2).

Imaging markers of CSVD were defined according to
STandards for ReportIng Vascular changes on nEuroimaging
criteria described previously (Wardlaw et al., 2013). CMB was
evaluated according to Microbleed Anatomical Rating Scale
(Gregoire et al., 2009). The total number of CMB lesions was
recorded. And, the burden of CMB was categorized into four
grades: non-CMB, 1 CMB, 2–4 CMBs, 5–9 CMBs, and ≥10 CMBs.
The white matter hyperintensity (WMH) in periventricular and
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deep areas was graded using the Fazekas scale (range 0 to 3,
respectively) (Fazekas et al., 1987). The severity of perivascular
space (PVS) in basal ganglia (BG) and centrum semiovale was
divided into five grades (range 0 to 4, respectively) (Maclullich et al.,
2004). Brain atrophy was evaluated using the visual rating scale for
posterior atrophy ranging from 0 to 3 (Koedam et al., 2011). The
number of subjects with lacune was recorded.

Assessment of cognitive function

All participants underwent the face-to-face assessment of
cognitive function. The selection strategy of cognitive scales was
based on the characteristics of vascular cognitive impairment and
prior large clinical studies on CSVD-related cognitive dysfunction
(Benisty et al., 2009; Akoudad et al., 2016). The seven tests
in this study included Mini-Mental State Examination (MMSE),
Trail-Making Test (TMT, including Part A and Part B), Stroop
Color-Word Test (Stroop test, including Part A, B and C), Verbal
Fluency Test (VF, animal), Digit-Symbol Substitution Test (DSST),
Digit Cancellation Test (DCT) and Maze. We recorded the time
taken to complete the TMT, Stroop test and Maze, as well as the
number of correct responses in the VF, DSST, and DCT within the
specified time, respectively. The major cognitive domains assessed
by these tests include global cognitive function, executive function,
processing speed, attention, language, and visuospatial function.

Assessment of covariates

Basic clinical information of each participant was collected
according to medical records and questionnaires, including
age, gender, years of education, body mass index, smoking
and drinking status, medication use (hypotensive drugs, statin,
antiplatelet drugs/anticoagulants, hypoglycemic drugs), serological
test (total cholesterol, high-density lipoprotein cholesterol,
low-density lipoprotein cholesterol, triglyceride, glycosylated
hemoglobin, homocysteine), and medical history (hypertension,
diabetes, hyperlipidemia, stroke, transient ischemic attack, and
cardiovascular diseases).

Statistical analysis

Mann–Whitney U test and chi-square test were used to
compare the differences between CMB patients and non-CMB
subjects. The Kruskal–Wallis H test was used to compare the
differences in cognition among subjects with different CMB
burden grades. Spearman’s correlation analysis was used for the
association between the CMB number (abnormal distribution) and
the results of cognitive tests. Multiple linear regression analysis
(stepwise method) was used for the relationship between CMB
burden grades/CMB lesion number and cognitive function after
the confounder adjustment. We performed tests for linear trends
based on the variable containing a median value of each CMB
burden grade. Statistical analysis was performed using Statistical
Product and Service Solutions 26.0. A p-value of less than 0.05 was
considered significant.

Result

A total of 563 subjects were included in this study with a
median age of 69 years, including 324 (57.5%) males and 218
(38.7%) CMB patients. Compared with non-CMB subjects, the
CMB group had more male patients (p < 0.001), fewer years of
education (p = 0.018), higher smoking rate (p = 0.001), more
people with hypertension (p = 0.003) and stroke/TIA (p < 0.001),
higher rates of taking antihypertensive drugs (p = 0.020) and
antithrombotic drugs (p < 0.001), and higher serum levels
of triglyceride (p = 0.008) and homocysteine (p = 0.001). As
for other imaging markers of CSVD, patients with CMB had
a higher prevalence of the lacune (p < 0.001), more severe
WMH (p < 0.001) and BG-PVS (p < 0.001) than non-CMB
subjects. Table 1 shows the clinical characteristics of all enrolled
participants.

Comparing the results of cognitive tests between the two
groups, CMB patients showed significantly worse global cognitive
function (MMSE) than the non-CMB group (p < 0.001). CMB
patients took more time in Maze (p = 0.001), TMT (Part A and
B, p < 0.001) and Stroop test (Part A, B and C; p < 0.001),
and had fewer correct responses in VF (p < 0.001), DSST
(p < 0.001) and DCT (p < 0.001). These results are shown in
Table 2.

All subjects were divided into five CMB burden grades
according to the total number of CMB lesions. There were
345 non-CMB subjects, 67 patients with 1 CMB, 66 patients
with 2–4 CMBs, 41 patients with 5–9 CMBs, and 44 patients
with ≥10 CMBs. We also found the results of all cognitive
function tests were significantly different among five CMB
burden grades (MMSE, p < 0.001; VF, p < 0.001; TMT A
and B, p < 0.001; Stroop test A, p = 0.002; Stroop test B,
p = 0.001; Stroop test C, p < 0.001; Maze, p = 0.001; DSST,
p < 0.001; DCT, p < 0.001). These comparisons are shown in
Figure 1.

The results of Spearman correlation analysis showed the CMB
number had positive correlations with the results of TMT (A,
rho = 0.20; B, rho = 0.25; p < 0.001), Maze (rho = 0.16, p < 0.001)
and Stroop test (A, rho = 0.17; B, rho = 0.18; C, rho = 0.18;
p< 0.001). And, there were negative correlations between the CMB
number and the performance of MMSE (rho = −0.21, p < 0.001),
VF (rho = −0.21, p < 0.001), DSST (rho = −0.25, p < 0.001) and
DCT (rho = −0.36, p < 0.001).

The multiple linear regression analysis showed after adjusting
for age, gender and years of education (Model 1), there were
significant positive correlations between the CMB burden grade
and Stroop test (A, β = 0.10, p = 0.012; B, β = 0.09, p = 0.031;
C, β = 0.19, p < 0.001), TMT (A, β = 0.13, p = 0.001; B,
β = 0.09, p = 0.015) and Maze (β = 0.13, p = 0.001), and
negative correlations between CMB burden and MMSE (β = −0.12,
p = 0.001), VF (β = −0.16, p < 0.001), DSST (β = −0.12,
p < 0.001) and DCT (β = −0.24, p < 0.001). Based on
Model 1, smoking, hypertension, stroke/TIA, antihypertensive
drugs, antithrombotic drugs, triglyceride, homocysteine, lacune,
periventricular and deep WMH, and BG-PVS were added into
the regression equation as Model 2. There were still significant
correlations between the CMB burden grade and VF, Stroop
test C, Maze and DCT (Table 3). However, the relationships
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TABLE 1 Demographic data and clinical characteristics.

Total
(n = 563)

Non-CMB
(n = 345)

CMB
(n = 218)

p

Agea [year] 69 (63, 75) 69 (64, 75) 69 (63, 74) 0.685

Men [n (%)] 324 (57.5%) 177 (51.3%) 147 (67.4%) <0.001*

Years of educationa [year] 9.0 (9.0, 12.0) 9.0 (9.0, 12.0) 9.0 (8.8, 12.0) 0.018*

Cardiovascular risk factors/diseases

BMIa [kg/m2] 25.39 (22.89, 27.64) 25.39 (23.17, 27.55) 25.66 (22.73, 27.68) 0.648

Smoking [n (%)] 196 (34.8%) 101 (29.3%) 95 (43.6%) 0.001*

Drinking [n (%)] 122 (21.7%) 66 (19.1%) 56 (25.7%) 0.066

Hypertension [n (%)] 380 (67.5%) 217 (62.9%) 163 (74.8%) 0.003*

Diabetes mellitus [n (%)] 160 (28.4%) 93 (27.0%) 67 (30.7%) 0.333

Cardiovascular diseases [n (%)] 112 (19.9%) 75 (21.7%) 37 (17.0%) 0.168

Stroke/TIA [n (%)] 124 (22.0%) 48 (13.9%) 76 (34.9%) <0.001*

Hyperlipidemia [n (%)] 173 (30.7%) 101 (29.3%) 72 (33.0%) 0.347

Medication use [n (%)]

Hypotensive drugs [n (%)] 338 (60.0%) 194 (56.2%) 144 (66.1%) 0.020*

Statin [n (%)] 152 (27.0%) 90 (26.1%) 62 (28.4%) 0.540

Antiplatelet drugs/anticoagulants [n (%)] 154 (27.4%) 73 (21.2%) 81 (37.2%) <0.001*

Hypoglycemic drugs [n (%)] 154 (27.4%) 90 (26.1%) 64 (29.4%) 0.396

Serological test

CHOLa [mmol/L] 4.42 (3.72, 5.04) 4.41 (3.65, 5.04) 4.42 (3.88, 5.04) 0.347

HDL-Ca [mmol/L] 1.10 (0.90, 1.30) 1.14 (0.94, 1.30) 1.08 (0.90, 1.30) 0.093

LDL-Ca [mmol/L] 2.70 (2.07, 3.30) 2.70 (1.98, 3.30) 2.70 (2.20, 3.26) 0.397

Triglyceridea [mmol/L] 1.40 (1.03, 1.83) 1.33 (0.96, 1.82) 1.51 (1.13, 1.99) 0.008*

HbA1Ca [%] 6.1 (5.7, 6.6) 6.1 (5.7, 6.5) 6.2 (5.6, 6.7) 0.560

Homocysteinea [µmol/L] 14 (11, 16) 13 (11, 16) 15 (11, 18) <0.001*

Brain MRI markers

Lacune [n (%)] 240 (42.6%) 94 (27.2%) 146 (67.0%) <0.001*

Posterior atrophy [n (%)] 301 (53.5%) 177 (51.3%) 124 (56.9%) 0.196

Fazekas scalea

Periventricular WMH 1 (1, 2) 1 (1, 2) 2 (1, 2) <0.001*

Deep WMH 1 (1, 2) 1 (1, 2) 2 (1, 2) <0.001*

PVSa

BG-PVS 1 (1, 2) 1 (1, 2) 2 (1, 3) <0.001*

CSO-PVS 2 (1, 3) 2 (1, 3) 2 (1, 3) 0.954

BG, basal ganglia; BMI, body mass index; CHOL, total cholesterol; CMB, cerebral microbleed; CSO, centrum semiovale; WMH, white matter hyperintensity; HbA1C, glycosylated hemoglobin;
HDL-C, high-density lipoprotein cholesterol; LDL-L, low-density lipoprotein cholesterol; MRI, magnetic resonance imaging; PVS, perivascular space; TIA, transient ischemic attack.
aMedian (quartiles).
*P < 0.05.

between CMB burden and MMSE, Stroop test A, Stroop test
B, TMT A, TMT B, and DSST were no longer significant
(p > 0.05). There was no statistical difference in the incidence
of posterior atrophy between CMB subjects and non-CMB
subjects (Table 1). So, brain atrophy was not a covariate in
the multifactor linear regression. However, when it was added
to the regression equation, the results were consistent with
Model 2. Brain atrophy was an excluded variable in the stepwise
method.

As for the association between the results of cognitive tests
and the number of CMB lesions, we found the CMB number
is correlated positively with TMT (A, β = 0.10, p = 0.016; B,
β = 0.13, p = 0.001) and Maze (β = 0.11, p = 0.006), and negatively
with MMSE (β = −0.08, p = 0.040), VF (β = −0.10, p = 0.018),
DSST (β = −0.12, p = 0.002) and DCT (β = −0.19, p < 0.001),
after adjusting for all confounding factors (age, gender, years of
education, smoking, hypertension, stroke/TIA, antihypertensive
drugs, antithrombotic drugs, triglyceride, homocysteine, lacune,
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TABLE 2 Comparison of cognitive function between CMB and non-CMB subjects.

Total
(n = 563)

Non-CMB
(n = 345)

CMB
(n = 218)

p

MMSEa 28 (26, 29) 28 (27, 29) 27 (24, 29) <0.001*

VFa 17 (14, 21) 18 (15, 21) 16 (12, 19) <0.001*

TMT Aa (s) 64.91 (46.21, 88.30) 60.08 (44.32, 79.91) 72.14 (52.65, 99.66) <0.001*

TMT Ba (s) 82.00 (60.52, 118.71) 74.79 (54.15, 105.00) 102.43 (70.57, 139.76) <0.001*

Stroop test Aa (s) 31.28 (25.50,38.76) 30.05 (25.00,35.21) 34.48 (27.24,41.15) <0.001*

Stroop test Ba (s) 44.82 (33.78, 55.84) 41.55 (31.80, 52.58) 49.49 (37.99, 59.62) <0.001*

Stroop test Ca (s) 92.90 (72.15, 115.37) 86.00 (70.00, 110.00) 104.49 (79.23, 125.86) <0.001*

DSSTa 27 (20, 33) 27 (23, 35) 24 (18, 28) <0.001*

Mazea (s) 39.30 (27.69, 51.82) 35.90 (26.27, 49.40) 42.27 (31.40, 58.51) 0.001*

DCTa 20 (15, 24) 21 (18, 26) 17 (12, 20) <0.001*

CMB, cerebral microbleed; DCT, digit cancellation test; DSST, digit-symbol substitution test; MMSE, mini-mental state examination; TMT, trail making test; VF, verbal fluency.
aMedian (quartiles).
*P < 0.05.

periventricular and deep WMH, and BG-PVS). There was no
significant relationship between CMB number and Stroop test
(p > 0.05).

Discussion

In our study, CMB patients showed significantly worse
performance in global cognitive function (MMSE) compared with
the non-CMB group. CMB patients took much more time in
Maze, TMT and Stroop test, and had fewer correct responses
in VF, DSST, and DCT. Spearman correlation analysis showed
the total number of CMB lesions had positive correlations with
the TMT, Maze and Stroop test, and negative correlations with
MMSE, VF, DSST, and DCT. After adjusting for age, sex and
education, the CMB burden was significantly associated with
the performances of all seven cognitive function tests. After
further adjustment for all confounders, only the relationship
of CMB burden with VF, Stroop test C, Maze, and DCT
remained significant.

A growing number of studies have found that CMB is
associated with vascular cognitive impairment. A meta-analysis
of prospective studies showed that CMB patients were connected
with overall 1.84 times increased risk of developing dementia than
individuals without CMB, and CMB lesions increased the risk
of progressing to incident dementia over time (Hussein et al.,
2023). Over a mean follow-up of around 5 years, 1.5−4.5% of
participants developed all-cause dementia, and 3.5−4.6% of CMB
patients progressed to dementia (Akoudad et al., 2016; Ding et al.,
2017).

Mini-Mental State Examination is the most well-known and
widely utilized global cognitive function scale (Anderson, 2019).
However, this scale is easily affected by age, education level and
cultural background, and it is short of the evaluation item for
executive function. Therefore, we used other tests focusing on
different cognitive domains to conduct a more comprehensive
assessment of cognitive performance. The Stroop test is commonly
used as an indicator of attentional and executive measures. Stroop

test A is related to the speed of visual search, Stroop test B is
related to the working memory and visual search, and Stroop
test C reflects working memory, conflict monitoring and visual
search (Periáñez et al., 2021). The TMT is considered one sensitive
standard of visual scanning, graphomotor speed and executive
function. The score of TMT A can reflect the performance of
visual scanning, graphomotor speed and visuomotor processing
speed, while the TMT B and derived TMT scores are mainly
related to working memory and inhibition control (Llinàs-Reglà
et al., 2017). The VF is not only associated with language
function but also describes the model of cognitive processes
involved in task performance mainly: semantic memory access
and executive function (Piskunowicz et al., 2013). Besides,
good performances on the DSST, DCT, and Maze require the
intact function of associative learning, motor control, complex
attention, and visuoperceptual function (Jaeger, 2018; Canfora
et al., 2021).

Some researchers combined the findings of several cognitive
tests to represent the function of a specific cognitive domain,
and supported the results that mixed CMB lesions and higher
CMB burden mostly correlated with the dysfunction in global
cognition, executive function, processing speed and memory
(Akoudad et al., 2016; Ding et al., 2017; Gyanwali et al., 2021;
Li et al., 2021). In this study, we described the performance
of CMB patients on seven cognitive tests targeting different
cognition domains. We found CMB burden grades were closely
related to the results of VF, Stroop test C, Maze and DCT,
but not MMSE, TMT (A and B), Stroop test A, Stroop
test B and DSST, after adjusting for all covariates. These
four tests had a better correlation with the severity of CMB,
which may help clinical observation of the progression of
CMB.

Some other studies also evaluated the performance of
CSVD patients on different cognitive tests, but inconsistent
results were found. A recent Chinese study used quantitative
susceptibility mapping (QSM) to quantitatively measure the brain
iron deposition burden of CMB lesions, which showed the iron
deposition burden was one of the influencing factors for TMT
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FIGURE 1

Comparison of cognitive function among subjects with different CMB burden grades (Kruskal–Wallis H test). CMB, cerebral microbleed; DCT, digit
cancellation test; DSST, digit-symbol substitution test; MMSE, mini-mental state examination; TMT, trail making test; VF, verbal fluency.

TABLE 3 Linear regression analysis of the relationship between CMB burden grades and cognitive test results.

Unstandardized
coefficients

B

Standardized
coefficients

β

95% CI p for trend

VF Model 1 −0.16 −0.16 −0.24, −0.09 <0.001*

Model 2 −0.10 −0.10 −0.18, −0.02 0.019*

Stroop test C Model 1 2.07 0.19 1.18, 2.96 <0.001*

Model 2 1.42 0.13 0.48, 2.36 0.003*

Maze Model 1 0.65 0.13 0.26, 1.03 0.001*

Model 2 0.65 0.13 0.26, 1.03 0.001*

DCT Model 1 −0.31 −0.24 −0.40, −0.22 <0.001*

Model 2 −0.20 −0.15 −0.30, −0.10 <0.001*

CMB, cerebral microbleed; DCT, digit cancellation test; VF, verbal fluency 95% CI = 95% confidence interval. Model 1 was adjusted for age, sex and years of education. Model 2 was adjusted for
age, sex, years of education, smoking, hypertension, stroke/TIA, antihypertensive drugs, antiplatelet drugs/anticoagulants, triglyceride, homocysteine, lacune, periventricular and deep WMH,
and BG-PVS.
*P < 0.05.

(TMT A + TMT B) and MoCA scores (Li et al., 2022). A high-
resolution MRI study found subjects with more than 10 CMBs
showed significantly lower scores of VF than the non-CMB group,
while there was no difference in TMT (Part A and B) between the
two groups (Ueda et al., 2016). A community-based longitudinal
study suggested strictly lobar CMBs (not deep or infratentorial)
were related to MMSE and visuospatial executive function (Taylor
complex figure test and clock drawing test) (Chung et al., 2016).
However, another study demonstrated the number of lacunes was
the main predictive factor of cognitive dysfunction in patients
with cerebral autosomal-dominant arteriopathy with subcortical
infarcts and leukoencephalopathy disease, while there was no
significant association between CMB number and MMSE, TMT
B, and Stroop test C (Lee et al., 2011). Differences among the
findings may be caused by heterogeneities in the population, study
design, operation procedure of cognitive tests and covariates in the
regression equation.

The location of CMB lesions may have different effects
on cognitive domains, and it has become one of the focus
topics of CMB-related cognitive impairment. Some studies
found only strictly lobar or lobar CMB was associated with
cognitive impairment (Poels et al., 2012; Chung et al., 2016;
Li et al., 2020), however, some different studies found a close
relationship between deep, infratentorial or mixed CMB lesions
and cognitive dysfunction (Qiu et al., 2010; Wang et al., 2019).
Those inconsistencies may be due to the heterogeneities in study
population, different types of cognitive tests, different grouping
method of CMB locations. In our present study, the number
of CMB patients in each location group is not large enough,
especially in the strictly infratentorial sub-group. As a result, we
did not analyze the relationship between the CMB location and
cognitive function. More studies with large sample sizes will be
needed urgently to quantify the CMB burden in different brain
sub-regions.
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The mechanism of cognitive dysfunction caused by CMB is
still the theoretical speculation, which may be the direct damage
of CMB to the surrounding brain tissue, disruption of white
matter tracts and cortical-subcortical circuits, as well as effects on
brain structure and functional networks (Ter Telgte et al., 2018;
Jo et al., 2022; Nannoni et al., 2022). An animal experiment of
inflammatory response after a cortical microhemorrhage has found
CMB may impact the adjacent brain microenvironment through
the migration and proliferation of brain-resident microglia and the
activation of astrocytes (Ahn et al., 2018).

As for the management of CSVD-related cognitive impairment,
it is centered on preventing and controlling vascular risk factors
such as hypertension, diabetes, smoking and obesity. Symptomatic
treatment includes cholinesterase inhibitors, N-methyl D-aspartate
antagonist and ginkgo biloba. The other protective factors include
higher education, occupation, social networks, good sleep quality,
cognitive, and physical exercise (Zanon Zotin et al., 2021). Some
studies have found that antiplatelet and anticoagulant drugs may
increase the risk of CMB prevalence and intracerebral hemorrhage
in CMB patients (Darweesh et al., 2013; Tsivgoulis et al., 2016).
However, these drugs are crucial for the treatment of ischemic
cerebrovascular disease. A recent study has found that cilostazol
versus aspirin may be a better option in ischemic stroke with a high
CMB burden (Park et al., 2021). More clinical trials are needed to
provide more evidence for antithrombotic therapy in patients with
CMB.

The highlight of this study was the use of multiple cognitive
function tests to compare the cognitive characteristics between
CMB patients and non-CMB subjects from multiple cognitive
domains, and also describe the changes in cognitive performances
with the severity of CMB in Chinese CMB patients. This study
may provide a more theoretical basis for the selection of cognitive
assessment scales for CMB patients in clinical practice.

There were some limitations in our study. Firstly, this was
a single-center study based on one hospital, and there might be
some selection, information or confounding bias. We recruited
subjects strictly, enhanced standardized training of raters, and
used multiple regression analysis to control potential confounders.
However, the extrapolation of these conclusions still needed to be
cautious. Secondly, according to previous studies, CMB lesions had
more serious damage to the executive function, processing speed,
attention and memory (Qiu et al., 2010; Poels et al., 2012; Akoudad
et al., 2016; Ding et al., 2017; Li et al., 2021). So, we selected the
commonly used scales for these cognitive domains. However, not
all subjects completed the auditory vocabulary learning test (15
words), as a result, memory function was not included in our
analysis. Thirdly, the number of CMB patients in different location
groups is relatively small, and we did not analyze the relationship
between the CMB distribution and cognitive scale results. Finally,
the volume of CMB lesions has not been quantitatively evaluated,
which can be improved using the QSM and other post-processing
methods for the magnetic resonance image in the future.

Conclusion

In our present study, subjects with CMB showed obvious
abnormalities in global cognitive function, executive function,

processing speed, attention and language. The cognitive battery we
used, especially VF, Maze, DCT, and Stroop test, may be helpful to
reflect the severity of CMB and play an auxiliary role in clinical
practice. In future studies, quantitative analysis of CMB lesions
and assessments for other cognitive domains should be carried out.
Moreover, it’s essential to conduct more research on the underlying
pathophysiology of CMB and the mechanism for CMB-related
cognitive dysfunction.
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Introduction: Maintaining high cognitive functions is desirable for “wellbeing”

in old age and is particularly relevant to a super-aging society. According to

their individual cognitive functions, optimal intervention for older individuals

facilitates the maintenance of cognitive functions. Cognitive function is a result of

whole-brain interactions. These interactions are reflected in several measures in

graph theory analysis for the topological characteristics of functional connectivity.

Betweenness centrality (BC), which can identify the “hub” node, i.e., the most

important node a�ecting whole-brain network activity, may be appropriate for

capturing whole-brain interactions. During the past decade, BC has been applied

to capture changes in brain networks related to cognitive deficits arising from

pathological conditions. In this study, we hypothesized that the hub structure

of functional networks would reflect cognitive function, even in healthy elderly

individuals.

Method: To test this hypothesis, based on the BC value of the functional

connectivity obtained using the phase lag index from the electroencephalogram

under the eyes closed resting state, we examined the relationship between the

BC value and cognitive function measured using the Five Cognitive Functions test

total score.

Results: We found a significant positive correlation of BC with cognitive

functioning and a significant enhancement in the BC value of individuals with high

cognitive functioning, particularly in the frontal theta network.

Discussion: The hub structure may reflect the sophisticated integration and

transmission of information in whole-brain networks to support high-level

cognitive function. Our findingsmay contribute to the development of biomarkers

for assessing cognitive function, enabling optimal interventions for maintaining

cognitive function in older individuals.

KEYWORDS

aging, betweenness centrality, cognitive function, electroencephalogram, functional

connectivity, phase lag index
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1. Introduction

In a super-aging society, extending a healthy life expectancy

is a pressing issue (Muramatsu and Akiyama, 2011). Physical and

mental health are maintained through social participation (Chiao

et al., 2013). These activities are supported by high cognitive

functioning; however, aging and dementia lead to cognitive decline

(Deary et al., 2009), which prevents a physically and mentally

healthy lifestyle (Deary et al., 2009). Interventions for dementia

can prevent the progression of cognitive decline. Therefore,

early detection is important for early intervention (Sanford,

2017; Porsteinsson et al., 2021). Medical interviews and cognitive

function tests have been widely used clinically to estimate the

cognitive decline in older adults (Boccardi et al., 2016; Arvanitakis

et al., 2019). In addition to these methods, the development of

biomarkers may allow the evaluation of cognitive functions in

a more multifaceted manner (Soria Lopez et al., 2019; Khan

et al., 2020). Furthermore, estimating cognitive functions may be

utilized not only for intervention for dementia but also for optimal

intervention for healthy life for elderly people, according to their

individual cognitive functions. Such interventions for enhancing

cognitive functions may facilitate achieving “wellbeing” in old age

(Bauermeister and Bunce, 2015; Nuzum et al., 2020).

Recently, with the development of methods that can measure

brain activity non-invasively, such as functional magnetic

resonance imaging, electroencephalography (EEG), and positron-

emission tomography, studies to clarify brain functions from

brain activity have been conducted widely (Shibasaki, 2008). In

particular, EEG has the advantages of low cost, user-friendliness,

and high temporal resolution compared to other methods and has

wide clinical and healthcare applications (van Diessen et al., 2015).

Previous studies have shown that people with age-related diseases

exhibit abnormalities in EEG (see review, Jeong, 2004; Yang et al.,

2019). For example, wave slowing is observed in Alzheimer’s disease

(AD), where there is a shift from high-frequency components such

as alpha, beta, and gamma to low-frequency components (Cassani

et al., 2018). In cases of mild cognitive impairment, patients show

an increase in theta power (Prichep et al., 2006; Moretti et al.,

2013) as well as a decrease in alpha power (Huang et al., 2000;

López et al., 2014). Not only in individuals with pathological

conditions but also in healthy individuals, band-specific neural

activity on EEG reflects various brain functions (reviewed in

Helfrich et al., 2019). The phase component of alpha-band activity

supports perceptual functions (De Graaf et al., 2013; Spaak et al.,

2014; Helfrich et al., 2017), whereas in higher cognitive functions,

typified as attention and prediction, neural activity at the delta

and theta bands coordinates the top-down control of cognitive

processing (Landau and Fries, 2012; Fiebelkorn et al., 2013; Dugué

et al., 2015).

Compared with power spectrum analysis, which examines the

activity in intra-brain regions, functional connectivity analysis

focuses on the interactions between brain regions (see review,

Fingelkurts et al., 2005). Functional connectivity, which is

defined as the degree of synchronization and information flow

between neurally activated areas of different brain regions (strong

synchronization and large information flow corresponding to

strong functional connectivity), has been widely utilized for

evaluating pathological and aging brain network changes and

the brain network characteristics that support cognitive functions

in healthy individuals (Stam et al., 2007a; Zhou and Seeley,

2014; Sala-Llonch et al., 2015; Torres-Simón et al., 2022). In

particular, the relationship between functional connectivity and

cognitive status has been elucidated in diverse dementia cases

involving mild cognitive impairment, AD, and dementia with

Lewy bodies (Zhou and Seeley, 2014; van Dellen et al., 2015;

Zhang et al., 2016; Nobukawa et al., 2020a; Torres-Simón et al.,

2022). In this relationship, most of the reduced functional

connectivity correlates with decreasing cognitive functions (Zhou

and Seeley, 2014; van Dellen et al., 2015; Nobukawa et al., 2020a).

However, some functional connectivity is enhanced, especially in

mild cognitive impairments (Zhang et al., 2016). Therefore, to

estimate the cognitive state in older individuals, capturing disease-

specific (Zhou and Seeley, 2014; van Dellen et al., 2015; Zhang

et al., 2016; Nobukawa et al., 2020a; Torres-Simón et al., 2022),

age-specific (Scally et al., 2018; Ando et al., 2022), and level-

of-cognitive-functional-specific (Nobukawa et al., 2020b) spatial

patterns of functional connectivity is important. Moreover, among

the many approaches to estimate functional connectivity, such as

coherence measure and transform entropy, instantaneous phase

synchronization, typified as the phase lag index (PLI), is an effective

approach for estimating functional connectivity with higher spatial

resolution compared to other synchronization approaches, by

virtue of suppressing the influence of volume conduction (Stam

et al., 2007b; Tobe andNobukawa, 2022). In particular, utilizing this

approach, older people have been reported to experience reduced

connectivity in the upper alpha band compared to younger adults,

even in EEG signals that have relatively low spatial resolution

(Scally et al., 2018). Additionally, AD patients have shown a

decrease in functional connectivity in the alpha and beta bands

(Stam et al., 2009; Engels et al., 2015; Nobukawa et al., 2020a),

whereas healthy older individuals with high cognitive functions

exhibit strong whole-brain functional connectivity at the alpha

band (Nobukawa et al., 2020b).

Functional connectivity examines the pair-wise interactions

of neural activity. By contrast, graph theory analysis, which can

examine global topological features consisting of an assembly

of functional connectivities, has been widely applied to explore

whole-brain network abnormalities in many diseases (Rubinov

and Sporns, 2010; Sporns, 2018). For example, in AD, alterations

in topological network characteristics, such as the loss of small-

world characteristics, have been reported (Stam et al., 2007b; de

Haan et al., 2009). In addition, these alterations, typified by the

clustering coefficient and nodal centrality, appear even in healthy

aging individuals (Knyazev et al., 2015; Javaid et al., 2022). Of the

different kinds of topological features, the brain region termed a

“hub,” i.e., the most important brain region affecting the activity of

the whole network, is an essential factor coordinating whole-brain

interactions. In particular, betweenness centrality (BC), which is

defined as centrality based on the shortest paths in the network,

is widely used to detect the “hub” in a functional network (Liu

et al., 2014; van Oort et al., 2014; Engels et al., 2015). By virtue

of focusing on pathways among whole brain regions, BC can

easily capture global “hub” structures (Liu et al., 2014; van Oort

et al., 2014; Engels et al., 2015). Cognitive function emerges by

whole-brain interactions and their integration among many brain

regions (van den Heuvel and Sporns, 2013). Thus, BC is an effective

candidate to reveal the global topological features related to

cognitive functions.
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TABLE 1 Descriptive statistics and demographic information of the total

participants.

Variables

Mean age [Standard deviation (SD)], years 70.84 (3.59)

Mean education history [Standard deviation (SD)], years 12.08 (2.01)

Mean total score of Five Cognitive Functions test (Five-Cog)

[Standard deviation (SD)]

101.11 (15.31)

Mean Mini Mental State Examination (MMSE) [Standard

deviation (SD)]

28.76 (1.13)

Mean body mass index values (kg/m2) 23.48

Mean blood pressure (Systolic, mmHg) 137.63

Mean blood pressure (Diastolic, mmHg) 80.03

Male/Female 12/26

Evaluation of the hub structure in functional networks related

to aging and age-related pathology has been proceeding (Engels

et al., 2015). In particular, Engels et al. (2015) showed that the

alternation of BC was related to the stage of AD severity and

demonstrated the effectiveness of usage of BC in the evaluation

of pathological cognitive deficits. Knyazev et al. (2015) and Javaid

et al. (2022) demonstrated that under healthy aging conditions

the hub structure in the functional networks decreases with aging.

However, Knyazev et al. (2015) captured the hub structure by

modularity based on the average among adjacent connectivity

[called as node degree (ND)], instead of pathways among whole

brain regions as in BC. In the study by Javaid et al. (2022),

frequency-band-specific functional network was not identified,

although BC was evaluated. Moreover, in these previous studies

(Knyazev et al., 2015; Javaid et al., 2022), the relationship between

alteration in cognitive functions with aging and hub structure

remains unclear.

In this context, we hypothesized that the global hub

structure of functional networks reflects cognitive function in

healthy elderly individuals. To investigate this hypothesis, we

examined the relationship between the hub structure obtained

by BC values in functional networks estimated from EEG

using PLI and cognitive functions in healthy older individuals,

measured using the Five Cognitive Functions test (Five-Cog

test) total score (Miyamoto et al., 2009). From the view point

of assessment of cognitive function for social implementations,

easier measurement method is required. Moreover, previous

studies reported that even in the resting state, performance

of cognitive functions reflect the functional connectivity and

its topology (Engels et al., 2015; Nobukawa et al., 2020b).

Therefore, we evaluated the EEG signals under the eyes closed

resting state.

2. Materials and methods

2.1. Participants

In this study, participants were recruited from among older

adults living in the community in Eiheiji-Cho, Japan. We

selected 38 medication-free, healthy, older participants for this

study. Table 1 shows the descriptive statistics and demographic

information of the participants. The sample size for this study

was determined based on those used in previous studies on the

relationship between the evaluation index at the electrode level and

cognitive functions (Nobukawa et al., 2020b; Ando et al., 2022;

Iinuma et al., 2022). We excluded individuals with major medical

or neurological conditions, a history of alcohol or drug dependency,

and systemic diseases, including hypertension, hyperlipidemia, and

diabetes mellitus. To quantify the degree of cognitive function in

each individual, these participants underwent cognitive function

tests, such as the Five-Cog test (Miyamoto et al., 2009) and

the mini mental state examination test (MMSE) (Folstein et al.,

1975). None of the participants had an MMSE test score lower

than the dementia threshold of 24, indicating that there were no

patients with dementia in this study. In this study, the results

of the Five-Cog test were used as a quantification index for the

degree of cognitive function and the participants were divided into

two groups, high- and low-cognitive function groups, according

to the score. The Five-Cog test was developed as a cognitive

function test for mass examination by video among older people

in Japan (Fujii et al., 2021). The stimuli and instructions for the

test were projected on a screen and the examinee followed the

images and filled in the response form in pencil. The Five-Cog

test is composed of six items, including five categories of cognitive

tasks (i.e., attention, memory, visuospatial function, language, and

reasoning) and a finger movement task (Miyamoto et al., 2009;

Kamegaya et al., 2012, 2014; Sugiyama et al., 2015; Fujii et al.,

2021). The sum of the scores for each category was used as a

measure of cognitive function (the detailed explanation for each

task and its sub-score is shown in Supplementary material). The

Five-Cog test is similar to MMSE, because it is used as a screening

test for dementia along with MMSE. However, the Five-Cog test

in comparison with MMSE can assess a more extensive range of

cognitive levels between dementia to healthy cognitive level by

virtue of avoiding ceiling effect (Miyamoto et al., 2009; Kamegaya

et al., 2012, 2014; Fujii et al., 2021). Based on the median (101.5

points) for the distribution of scores, the participants were then

divided into two groups: participants with 101 points or less

were allocated to the low-cognitive function group, and those

with 102 points or more were allocated to the high-cognitive

function group. The high-cognitive function group consisted of 6

men and 13 women (average age, 69.05 years; standard deviation

[SD]), 3.03 years; range, 65–74 years). The low-cognitive function

group consisted of 6 men and 13 women (average age, 72.63

years; SD, 3.25 years; range, 67–78 years). Characteristics of the

participants in the two groups are presented in Table 2. The age

and education history were significantly different between these

groups. All participants provided informed consent before the

start of the study. The study protocol was in agreement with the

Declaration of Helsinki and approved by the Ethics Committee of

the University of Fukui. The data used in this study were evaluated

in our previous study for complexity analysis of EEG. However, the

age distribution in this study was more restricted than that in our

previous study, to ensure a more rigid evaluation (Iinuma et al.,

2022).
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TABLE 2 Descriptive statistics and demographic information.

High-cognitive
function group

Low-cognitive
function group

P-value

Mean age [Standard deviation (SD)], years 69.05 (3.03) 72.63 (3.25) 0.0012

Mean education history [Standard deviation (SD)], years 12.74 (1.52) 11.42 (2.24) 0.0414

Mean total score of Five Cognitive Functions test (Five-Cog) [Standard deviation

(SD)]

113.26 (9.27) 88.95 (9.13) <0.001

Mean Mini Mental State Examination (MMSE) [Standard deviation (SD)] 28.95 (0.97) 28.58 (1.26) 0.32

Mean body mass index values (kg/m2) 23.75 23.21 0.64

Mean blood pressure (Systolic, mmHg) 137.47 137.79 0.95

Mean blood pressure (Diastolic, mmHg) 80 80.05 0.99

Male/Female 6/13 6/13 1.0

For clarity, values with p < 0.05 are shown in bold.

TABLE 3 Mean value, median value, and standard deviation of epoch size

in high- and low-cognitive function groups.

Mean
value

Median
value

Standard
deviation

High-cognitive

function group

79.63 86 26.47

Low-cognitive

function group

70.42 68 31.38

No significant large difference between high- and low-cognitive function groups (t = 0.978,

p = 0.334) was confirmed. (Positive t-value corresponds to larger epoch size of high-cognitive

function groups than one for low-cognitive function group).

2.2. EEG recording

EEG signals were recorded using a 21-channel

electroencephalography system (EEG-4518; Nihon-Koden,

Tokyo, Japan). With the electrode arrangement based on the

International 10–20 system, EEG was recorded from 19 electrodes

(Fp1, Fp2, F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T3, T4, T5, T6,

Fz, Cz, and Pz) equally distributed across the scalp, using the two

ear lobes jointly as the reference. Based on previous studies, even

with this low-density EEG signal, it was reported that functional

connectivity regarding cognitive functions could be elucidated

(Nobukawa et al., 2020b). All the participants were studied while

seated in a soundproof, electrically shielded, light-controlled

recording room. During the EEG recording, they were in a state of

wakefulness, with their eyes closed and rested for at least 3 min. The

sampling frequency of recordings was 500 Hz. The time constant

was 0.3 s. A bandpass filter was applied from 1 to 60 Hz. Because

the line noise located at 60 Hz is the upper limit of the bandpass

filter, a notch filter was not applied. The electrooculogram and

electromyograms were recorded along with EEG measurements.

The electrode impedance was controlled to less than 10 k� for

each electrode using the recording device and its software with a

self-check function. Artifacts caused by several factors, such as eye

movements, blinks, and muscle activity, were manually excluded

from the evaluated epochs by focusing on specific artifact patterns

and monitoring the electrooculogram and electromyograms. In

this study, we removed durations with artifacts at even one channel

from the analyzed epochs. Therefore, in all epochs used in this

analysis, EEG signals from 19 channels were obtained.

2.3. Phase lag index

PLI evaluates the functional connectivity between two time

series (Stam et al., 2007b). PLI is based on the asymmetry of the

phase-difference distribution between the two time series, which

is determined using the Hilbert transform. Designed to ignore the

zero and π phase differences, the PLI can reduce the influence of

volume conduction. The PLI can be obtained from a time series of

phase differences 1ϕ with tk, as follows:

PLI = | < sign(1ϕ(tk)) > |, (1)

where “sign” represents a signum function, <> indicates the mean

values, and || denotes the absolute values. tk represents the time

series (k = 1, 2 . . . , N). PLI values ranged from 0 to 1. A value

of 0 means no coupling or coupling with zero lag, while a value of 1

means perfect phase coupling.

In PLI analyses, the values decrease with increasing epoch

length (Fraschini et al., 2016); therefore, it is difficult to identify

changes with increasing epoch length. Moreover, to increase the

size of the obtained artifact-free epochs, the epoch length must

be shortened. In addition, using short epoch lengths makes it

impossible to capture information on slow-frequency components.

To balance these considerations, we used an epoch length of

4 s. The PLI values for each participant were averaged over

epochs. In addition, as the number of epochs differed for each

individual, the PLI value for each epoch was obtained and

averaged for each participant (mean number of epochs among

individuals: 75.03, maximumnumber of epochs among individuals:

135, minimum number of epochs among individuals: 22). The

statistical values in high- and low-cognitives are shown in Table 3.

No significantly large difference between high- and low-cognitive

function groups (t = 0.978, p = 0.334) was confirmed. (Positive

t-value corresponds to larger epoch size of high-cognitive function

groups rather than one for low-cognitive function group). These

epoch sizes were satisfactory for stabilizing the PLI value through

averaging the epochs (Nobukawa et al., 2020a; Ando et al., 2022).
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FIGURE 1

Correlation coe�cient (rho) between betweenness centrality (BC) values and Five Cognitive Functions test (Five-Cog) total score for each of 4

frequency bands (delta (2–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), and beta (13–30 Hz)) and 19 electrodes. Statistically significant strong positive

correlations were observed at F8 [rho = 0.335 (p = 0.039)] and T4 [rho= 0.343 (p = 0.034)] in the delta band, Fp1 [rho = 0.368 (p = 0.022)] in the

theta band, and F8 [rho = 0.325 (p = 0.046)] and Fz [rho = 0.394 (p = 0.014)] in the alpha band. In contrast, statistically significant strong negative

correlation of the Five-Cog total score with P4 [rho = −0.40 (p = 0.012)] was observed in the delta band.

With regards to the flow for calculating the PLI values, first,

the time-series signal in each electrode was divided into four bands

by finite impulse response (FIR) filter with linear phase: delta (2–4

Hz), theta (4–8 Hz), alpha (8–13 Hz), and beta (13–30 Hz). Here,

the roll-off of filtering process of the recording system, EEG-4518

appear in & 57 Hz; therefore, we did not use the gamma band.

Subsequently, a square 19 × 19-weighted adjacency matrix for the

PLI value was constructed by computing the PLI values between

all pair-wise combinations of 19 electrodes for each epoch in each

frequency band. The PLI was calculated using theHERMES toolbox

(Niso et al., 2013).

2.4. Betweenness centrality

BC is widely used to identify focal nodes in brain networks

(Freeman, 1978). Mathematically, the BC is defined as the fraction

of the number of shortest paths that pass through a given node to
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TABLE 4 Summary of multiple linear regression analysis for betweenness centrality (BC).

R R2 F-vale
(p-value)

β for Five-Cog total
score (p-value)

β for age
(p-value)

β for education
history (p-value)

β for sex (p-value)

Delta

F8 0.51 0.263 2.947 (0.035) 0.260 (0.160) −0.231 (0.188) 0.139 (0.425) 0.075 (0.637)

P4 0.447 0.200 2.061 (0.109) – – – –

T4 0.549 0.301 3.554 (0.016) 0.285 (0.115) −3.67 (0.035) −0.326 (0.060) −0.092 (0.552)

Theta

Fp1 0.496 0.246 2.692 (0.048) 0.538 (0.006) 0.136 (0.440) −0.225 (0.203) −0.184 (0.258)

Alpha

F8 0.446 0.199 2.050 (0.110) – – – –

Fz 0.426 0.182 1.834 (0.146) – – – –

T4 0.344 0.119 1.110 (0.368) – – – –

For clarity, values with p < 0.05 are shown in bold. R, multiple correlation coefficient; R2 , coefficient of determination; β , standardized partial regression coefficient.

FIGURE 2

Scatter plot between BC values and Five-Cog total scores at Fp1 in

the theta band, which exhibited significant large β for Five-Cog total

score in Table 4. The result showed the di�erent tendency of BC

distribution between high- and low-cognitive function groups.

TABLE 5 The results of the repeated-measure analysis of covariance

between the high- and low-cognitive function groups for the value of

betweenness centrality, using age and educational history as covariates.

Group e�ect Group× electrode

Delta F = 0.007 (p = 0.932, η2 = 0.000) F = 0.736 (p = 0.704, η2 = 0.021)

Theta F = 5.148 (p = 0.030, η2 = 0.131) F = 2.726 (p = 0.004, η2 = 0.074)

Alpha F = 0.951 (p = 0.336, η2 = 0.027) F = 1.364 (p = 0.226, η2 = 0.039)

Beta F = 1.268 (p = 0.268, η2 = 0.036) F = 1.000 (p = 0.439, η2 = 0.029)

F, p, and η2 value with p < 0.05 are represented in bold text.

the total number of shortest paths in the network. A node with

a high BC value corresponds to a bridge node in the network

and plays an important role as a hub. The BC value bi of node i

is defined as:

bi =
1

(n− 1)(n− 2)

∑

h,j∈N,h6=i,j6=i

ρhj(i)

ρhj
, (2)

where ρhj is the number of shortest paths from node h to j, and

ρhj(i) is the number of paths passing through node i. N is the

set of all nodes in the network, and n is the number of nodes.

Subsequently, bi was normalized between 0 and 1 by dividing it

by (n − 1)(n − 2). In BC estimation of functional connectivity,

the length of the pathway between nodes is defined as an inverse

number of PLI values. Moreover, to allow focusing on the main

backbone of the network pathway, long pathways were pruned

by using the minimum spanning-tree process; the study adopted

this pruning process (Engels et al., 2015; van Dellen et al., 2018).

This network was evaluated for BC analysis instead of a fully

connected network. To calculate BC, we applied the MATLAB

Brain Connectivity Toolbox (Rubinov and Sporns, 2010).

2.5. Statistical analysis

Spearman’s correlation analysis was performed to analyze

the relationships between Five-Cog total scores and BC values,

between age and BC values, and between education history

and BC values. Against BC values exhibiting significantly strong

correlation with Five-Cog total scores, multiple linear regression

analysis with Five-Cog total score, age, education history, and

sex as explanatory variables was conducted. In these analysis, the

statistical significance level was set at p < 0.05.

For the statistical comparison of BC values between the low-

and high-cognitive function groups, a repeated-measures analysis

of covariance (ANCOVA) was performed at each frequency band.

The within-participants factor was 19 electrodes, the between-

participants factor was group, and the covariates were age and

educational history. Correction of the degrees of freedomwasmade

by Greenhouse–Geisser adjustment and results were considered

significant at a two-tailed α level of 0.05. Post-hoc t-tests were

conducted to assess the significant main effects of group and
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FIGURE 3

(A) Mean value and standard deviation of betweenness centrality (BC) within each group (high- and low-cognitive function groups) in the theta band.

The dots and error bars represent the mean and standard deviation, respectively. (B) The topography of t-values of the value of BC in the theta band.

Warm colors indicate that the high-cognitive function group has a greater value than the low-cognitive function group. The significantly greater BC

value at Fp2 for high-cognitive function than low-cognitive function [t = 3.23 (p = 0.0026)], which satisfied with criteria of FDR (q < 0.05), was

confirmed.

electrode-wise interactions. To control for multiple comparisons,

false discovery rate (FDR) correction was applied with a threshold

of q = 0.05 using the Benjamini–Hochberg method to t-scores

(Benjamini and Hochberg, 1995).

Statistical analyses were performed using MATLAB version

R2022b (Natick, MA, USA) and SPSS software version 28.0 (IBM

SPSS Inc., Armonk, NY, USA).

3. Results

3.1. Betweenness centrality: Multiple linear
regression analysis

First, we investigated demographic characteristics, BC, Five-

Cog total score, age, and education history. Figure 1 shows

the correlation coefficient between the BC values and Five-Cog

total score for 4 frequency bands and 19 electrodes. Statistically

significant strong positive correlations were observed at F8 [rho

= 0.335 (p = 0.039)] and T4 [rho = 0.343 (p = 0.034)] in

the delta band, Fp1 [rho = 0.368 (p = 0.022)] in the theta

band, and F8 [rho = 0.325 (p = 0.046)] and Fz [rho = 0.394

(p = 0.014)] in the alpha band. In contrast, statistically significant

strong negative correlation of the Five-Cog total score with P4

[rho = −0.40 (p = 0.012)] was observed in the delta band.

Statistically significant strong positive and negative correlations

appeared at several electrodes in the delta and theta bands between

the BC values and age and between the BC values and education

history (data not shown). Against the BC values that exhibited

significant strong correlation with Five-Cog total score, multiple

linear regression analysis with Five-Cog total score, age, education

history, and sex was conducted as shown in Table 4. Significant

large multiple correlation coefficients R, R2, and F were observed

at F8 and T4 in the delta band and Fp1 in the theta band. Among

these BC values, the BC values at T4 in the delta band and at Fp1

in the theta band exhibited significantly strong negative β values

for age and positive β values for Five-Cog total score, respectively.

The scatter plot with Five-Cog total score at Fp1 in the theta band

is shown in Figure 2.

3.2. Betweenness centrality: Group
comparisons between the high- and
low-cognitive function groups

Table 5 summarizes the results of the repeated-measures

ANCOVA for BC, with age and educational history as covariates.

We identified both a significant group effect and group× electrode

interaction effect in the theta band. Figures 3A, B show the mean

value of BC in each group for the theta band and the results of the

post-hoc t-test, respectively. The significantly greater BC value at
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Fp2 for high-cognitive function than low-cognitive function [t =

3.23 (p = 0.0026)], which satisfied the criteria of FDR (q < 0.05),

was confirmed.

4. Discussion

In this study, we investigated the relationship between cognitive

function level and hub properties in a functional network structure

in healthy older participants using the BC of PLI in EEG

signals. Through multiple linear regression analysis, statistically

significant positive correlations of Five-Cog total scores were

found mainly in the frontal regions and in the theta band.

Additionally, a comparison of BC between the high- and low-

cognitive function groups revealed significant group differences

with electrode dependence in the theta band. In particular, a high

BCwas observed in the high-cognitive function group in the frontal

region.

First, we considered the region-specificity of changes in

BC in terms of cognitive functions, particularly in the frontal

region in the theta band. Regarding the frequency bands, many

previous studies have revealed that the theta band is related

to cognitive performance (Klimesch, 1999). In particular, many

studies have been conducted on the relationship between theta

activity and cognitive functions, and it has been shown that

theta power is related to cognitive functions such as working

memory control (Sauseng et al., 2005; Hsieh and Ranganath,

2014), cognitive control (Nigbur et al., 2011; Zavala et al.,

2018), and attention (Aftanas and Golocheikine, 2001). Global

neural interactions, which exhibit functional connectivity in

the theta band, more strongly reflect the degree of cognitive

function than local regional activity represented by the intra-

regional power component (Lejko et al., 2020; Nobukawa et al.,

2020b). Functional networks in the frontal regions of the theta

band are involved in top-down control of cognitive processing

(Von Stein and Sarnthein, 2000; Min and Park, 2010). This

sophisticated top-down control approach supports high cognitive

functioning (Edin et al., 2009; Jo et al., 2019). Moreover, recent

studies showed that the top-down projections of frontal-polar

structural/functional connectivity support the extensive cognitive

functions (Souza et al., 2022) (reviewed in Tsujimoto et al., 2011).

The high frontal BC in the theta band obtained in this study

(see Figures 2, 3 and Tables 4, 5) implies the existence of this

top-down control, which achieves high cognitive functioning.

Regarding the lack of correlation with cognitive functions and

group difference in the faster bands, the neural activities at fast

frequency bands do not form long-range functional connections of

extensive cognitive functions in comparison with slow frequency

bands (reviewed in Ishii et al., 2017). Additionally, in extensive

cognitive functions involving attention and prediction, which are

measured by the Five-Cog test, the neural activity at the delta

and theta bands, rather than the faster bands, coordinate the top-

down control of cognitive processing, (Landau and Fries, 2012;

Fiebelkorn et al., 2013; Dugué et al., 2015). Therefore, in the

faster bands the relationship of BC with cognitive functions did

not appear.

Second, we considered the effectiveness of BC in analyzing

functional networks related to cognitive function. Because BC

quantifies the ratio of the shortest path between node pairs

that pass through the node of interest (Freeman, 1978), it can

be used to evaluate the global propagation of neural signals

generated by whole-brain interactions in comparison with pair-

wise functional connectivity for directly adjacent brain regions (see

the results of pair-wise PLI analysis in Supplementary material).

BC can be considered a useful approach to capture these global

interactions in theta-band networks. In particular, during the

last decade, BC has been applied to capture alterations in brain

networks for cognitive functions under pathological conditions

(Dai and He, 2014; Engels et al., 2015; Yun and Kim, 2021).

However, this study showed that BC is useful for capturing the

global network topology involving cognitive functions not only

under pathological conditions (Dai and He, 2014; Engels et al.,

2015; Yun and Kim, 2021) but also in healthy older people.

Thus, this study may have opened a new avenue for studies

involving the assessment of functional connectivity for healthy

cognitive functions.

Third, we must consider the reason why BC captures the

hub structure related to the cognitive function, in contrast to

ND as the hub structure focused on neighbor electrodes (see

the results in the case using ND for Supplementary material).

Previous studies by Sporns et al. (2007) and Mišić et al. (2011)

examined the relationship between the complexity produced

by the interaction of neural activity and the hub structure

captured by ND and BC; consequently, a strong correlation

was observed between the complexity and hub structure in

both cases by ND and BC. In contrast, this study focuses on

the relationship between extensive cognitive functions emerging

from global interactions (Sporns and Betzel, 2016; Battiston

et al., 2020) and hub structures rather than the complexity

of neural activity itself involving local and global interactions.

Therefore, ND cannot capture the hub structure to produce

global interactions because it focuses only on the connectivity

between adjacent electrodes (see Supplementary material). Since

BC can assess the global hub structure, it enables capturing

the relationship with the extensive cognitive functions by global

neural interaction. In comparison with the previous studies on

healthy aging, this study demonstrated the effectiveness of BC in

the evaluation of the global frequency-band specific topological

characteristics for the first time; while the previous studies used

the indices defined by the adjacent connectivity such as clustering

coefficient and nodal centrality (Knyazev et al., 2015; Javaid et al.,

2022).

Fourth, we must discuss the comparison with our previous

study with the same data set (Iinuma et al., 2022). Based on

the findings for complexity analysis of neural activity, global

neural interaction increases the slow temporal-scale complexity

(Wang et al., 2018). Our previous study showed that the

slow temporal-scale complexity increases in the frontal, parietal,

and temporal regions (Iinuma et al., 2022). Considering that

in the frontal region, the global hub structure related to

the top-down cognitive process exists (van den Heuvel and

Sporns, 2013; Powers et al., 2016), we speculate that the

enhanced complexity at the frontal region emerges by the

global neural interactions in the hub structure observed in the

theta band.
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This study had some limitations. First, regarding the slower

functional connectivity analysis, i.e., about the delta band, a

previous study reported the alternation of BC in the delta band

under the condition of cognitive deficits (Engels et al., 2015); the

delta-band frequency network also plays an important role for top-

down cognitive processing, in addition to the theta-band network

(Landau and Fries, 2012; Fiebelkorn et al., 2013; Dugué et al.,

2015). Therefore, more detailed analysis in the delta-band network

is important. In this study, the epoch length for calculating the

PLI was set to 4 s, but this epoch length may be too short to

evaluate delta activity (2–4 Hz) precisely. To reveal the topology

of the delta network by PLI, sequential and prolonged artifact-

free EEG acquisition may be needed. Second, the index used in

this study was unable to detect the direction of neural signal

propagation. To reveal the information regarding integration and

transmission at the hub of a functional network, it is necessary

to evaluate the directional functional connectivity with directed

PLI (Stam and van Straaten, 2012). Moreover, many methods for

functional connectivity have been proposed, which can remove

the influence of volume conduction (Nolte et al., 2004; Pascual-

Marqui et al., 2011; Brookes et al., 2012). Therefore, finding

the optimal evaluation index to evaluate functional connectivity

must be considered. Third, the sample size in this study was

considerably small to assess the respective cognitive functions;

therefore, a larger sample size is required. Fourth, in terms of social

implementation, assessing cognitive function through low-density

EEG is important. However, high-density EEG is also essential for a

more detailed evaluation of network topology involving other types

of topology, such as clustering coefficient and efficiency. Finally,

regarding technical issues, Laplace re-reference was appropriate

to weaken the common source problem. On the other hand,

PLI analysis achieves relatively high spatial resolution without

re-reference (Nobukawa et al., 2020b). It has also been pointed

out that re-reference is not always necessary, especially in an

extended version of PLI called wPLI (Cohen, 2015). However,

the actual effect of re-reference in detecting the hub structure at

the global topology level has not yet been evaluated; therefore,

a detailed verification of the comparison will be necessary in

the future.

5. Conclusion

In this study, by evaluating functional networks in EEG

signals, we identified the hub structure of theta networks

that support a wide range of cognitive functions in healthy

older people. This structure may reflect the sophisticated

integration and transmission of information in whole-

brain networks. Furthermore, we demonstrated that BC

based on PLI of EEG signals is an effective approach for

identifying this topology. Although several limitations

remain, our findings may contribute to the development

of biomarkers for assessing cognitive function, which is

desirable for maintaining high cognitive functioning by

optimal intervention for older individuals in the upcoming

super-aging society.
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Long-term environmental 
enrichment overcomes 
depression, learning, and memory 
impairment in elderly CD-1 mice 
with maternal sleep deprivation 
exposure
Yue-Ming Zhang 1†, Ru-Meng Wei 1†, Xue-Yan Li 1, Yi-Zhou Feng 1, 
Kai-Xuan Zhang 1, Yi-Jun Ge 1, Xiao-Yi Kong 1, Xue-Chun Liu 2* and 
Gui-Hai Chen 1*
1 Department of Neurology (Sleep Disorders), The Affiliated Chaohu Hospital of Anhui Medical 
University, Hefei, Anhui, China, 2 Department of Neurology, The Second People’s Hospital of Hefei, Hefei 
Hospital Affiliated to Anhui Medical University, Hefei, Anhui, China

Early-life stress disrupts central nervous system development and increases the 
risk of neuropsychiatric disorder in offspring based on rodent studies. Maternal 
sleep deprivation (MSD) in rodents has also been associated with depression 
and cognitive decline in adult offspring. However, it is not known whether these 
issues persist into old age. Environmental enrichment is a non-pharmacological 
intervention with proven benefits in improving depression and cognitive 
impairment; however, it is unclear whether these benefits hold for aging mice 
following MSD exposure. The aim of this study was to explore the effects of MSD 
on depression and cognition in elderly offspring CD-1 mice and to determine 
whether long-term environmental enrichment could alleviate these effects by 
improving neuroinflammation and synaptic plasticity. The offspring mice subjected 
to MSD were randomly assigned to either a standard environment or an enriched 
environment. At 18 months of age, the forced swimming and tail suspension tests 
were used to evaluated depression-like behaviors, and the Morris water maze test 
was used to evaluate cognitive function. The expression levels of hippocampal 
proinflammatory cytokines and synaptic plasticity-associated proteins were also 
measured. MSD increased depression-like behaviors and impaired cognition 
function in aging CD-1 offspring mice. These effects were accompanied by 
upregulated interleukin (IL)-1β, IL-6, and tumor necrosis factor-α expression, and 
downregulated brain-derived neurotrophic factor, tyrosine kinase receptor B, 
postsynaptic density-95, and synaptophysin expression in the hippocampus. All of 
these changes were reversed by long-term exposure to an enriched environment. 
These findings suggest that MSD exerts long-term effects on the behaviors of 
offspring in mice, leading to depression and cognitive impairment in older age. 
Importantly, long-term environmental enrichment could counteract the behavior 
difficulties induced by MSD through improving hippocampal proinflammatory 
cytokines and synaptic plasticity-associated proteins.

KEYWORDS

maternal sleep deprivation, enriched environment, aging, depression, cognition, 
inflammation, synaptic proteins
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1. Introduction

During intrauterine development, the central nervous system goes 
through several essential developmental periods and is highly 
susceptible to external interference, resulting in fetal developmental 
reprogramming that leads to anxiety, depression, and learning and 
memory impairment (Babenko et  al., 2015; Biney et  al., 2022; 
Laugesen et al., 2022). Owing to pregnancy-related anatomical and 
hormonal alterations, especially during the third trimester, 
approximately two-thirds of pregnant women experience sleep 
dysfunction, including short sleep duration, poor sleep quality, and 
frequent awakenings, which have detrimental effects on both the 
mother and offspring (Alvarenga et al., 2013; Trzepizur et al., 2017; 
Silvestri and Aricò, 2019). Zhao et al. (2014) showed that offspring 
(21 days old) of rats subjected to maternal sleep deprivation (MSD) 
exhibited hippocampus-dependent learning and memory impairment 
based on the Morris water maze (MWM) test. Moreover, Peng et al. 
(2016) demonstrated that MSD in rats at different stages of pregnancy 
increased anxiety-and depression-like behaviors and impaired 
cognitive function in their young adult offspring from postnatal days 
42–56. However, previous studies on the adverse effects of MSD on 
offspring have mainly focused on young adulthood, and it is not clear 
whether these effects persist in elderly offspring rodents.

The hippocampus is an important region of the limbic system 
associated with depression and cognitive function (Jia et al., 2023; 
Yoon et al., 2023). Under stimulation of various pathological factors, 
hippocampal immune cells release large amounts of proinflammatory 
cytokines that contribute to neuroinflammation, which could increase 
the risk of depression and cognitive decline (Wu et al., 2021; Hao et al., 
2022). MSD has been found to activate the microglial cells and 
increase the expression levels of proinflammatory cytokines, including 
interleukin (IL)-1β, IL-6, and tumor necrosis factor-alpha (TNF-α), 
in the hippocampus, accompanied by depression and cognitive 
impairment (Zhao et al., 2014). Furthermore, minocycline was found 
to effectively reverse the learning and memory dysfunction induced 
by MSD through suppressing the inflammatory response (Zhao et al., 
2015). Accumulating evidence indicates that hippocampal synaptic 
function is closely related to the underlying mechanisms of depression 
and cognitive impairment (Duman et al., 2016; Raven et al., 2018). 
The depression and cognitive dysfunction induced by MSD have been 
reported to be associated with neurogenesis inhibition and impaired 
long-term potentiation in the hippocampal CA1 region (Zhao et al., 
2014; Peng et  al., 2016). Moreover, the expression of synaptic 
plasticity-associated proteins plays an important role in maintaining 
structural synaptic plasticity in the hippocampus. Our previous study 
showed that MSD significantly downregulated brain-derived 
neurotrophic factor (BDNF) expression and upregulated 
synaptotagmin-1 (Syt-1) expression in the hippocampus, which was 
associated with spatial learning and memory impairment detected in 
the MWM (Zhang Y. M. et al., 2022). Together, these lines of evidence 
indicate that the hippocampal inflammatory response and synaptic 
dysfunction are involved in the development of depression and 
cognitive decline caused by MSD.

Environmental enrichment (EE), by providing larger cages 
containing different toys and running wheels, is well-established to 
stimulate the brains through sensory, physical, and intellectual 
surroundings. EE can strengthen the bidirectional connection between 
the brain and the surrounding environment to help resist different 

pathological factors and maintain the brain’s complete function 
(Mohammadian et al., 2019; Yu et al., 2020a). A large body of evidence 
suggests that EE can improve different types of stress-induced anxiety, 
depression, and cognitive impairment through a range of signaling 
pathways involved in inflammation, oxidative stress, mitochondrial 
function, insulin resistance, and synaptic plasticity (Liew et al., 2022). 
For example, one study showed that EE normalized the inflammation 
balance in the brain to reduce anxiety-and depression-like behaviors 
associated with infant nerve injury (Gong et al., 2018). Another study 
demonstrated that EE compensated for the spatial learning and 
memory impairment induced by social isolation in a young mice 
model of Alzheimer’s disease by reducing synaptic loss, inflammation, 
and cell apoptosis (Cao et al., 2018). Our previous studies further 
indicated that long-term EE could ameliorate cognitive dysfunction 
and synaptic proteins expression under prenatal inflammatory 
exposure in elderly CD-1 mice (Wu et al., 2020; Zhuang et al., 2021). 
However, whether long-term EE exposure improves depression and 
cognitive decline in elderly CD-1 mice after MSD is unclear.

Therefore, the aim of this study was to investigate the long-term 
adverse effects of MSD on depression and cognitive function in elderly 
CD-1 offspring mice. Furthermore, whether long-term EE exposure 
exerts beneficial effects on depression and cognitive dysfunction by 
altering the levels of proinflammatory cytokines and synaptic 
plasticity-associated proteins in the hippocampus of elderly CD-1 
mice with MSD.

2. Materials and methods

2.1. Animals and treatments

Eight-week-old female and male CD-1 mice were obtained from 
Beijing Vital River Laboratory Animal Company (Shanghai, China). 
After 2 weeks of acclimatization feeding, males and females were 
mated at a 1:2 ratio in a standard environment with a 12-h light/dark 
cycle (lights on at 8:00 AM), humidity of 50 ± 5%, and temperature of 
22–25°C. Presence of a vaginal plug was observed at 8:00 AM the 
following day and was considered day 0 of gestation (GD 0) when 
detected. All mice had free access to food and water. Pregnant female 
mice were housed individually in cages and randomly divided into 
two groups: a sleep deprivation group and control group. After 
delivery, the offspring mice were breastfed and separated from their 
mothers on postnatal day 21. Offspring mice from mothers in the 
sleep deprivation group were divided into two groups with or without 
EE. Using the offspring mice as the study subjects, the analysis was 
based on three groups according to maternal and offspring treatment 
(Sixteen mice per group, including eight males and eight females): 
Control, MSD, MSD + EE (see Figure 1). All animal experimental 
procedures were performed in accordance with the guidelines for 
humane treatment set by the Center for Laboratory Animal Sciences 
and the Association of Laboratory Animal Sciences at Anhui Medical 
University (No. LLSC20190710).

2.2. Induction of sleep deprivation

A specific sleep deprivation apparatus (BW-NSD404, Shanghai 
Bio-will Co., Ltd.) was used to deprive the pregnant mice of sleep, as 
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described previously (Zhang Y. M. et al., 2022). Pregnant mice were 
placed in the sleep deprivation apparatus daily for sleep deprivation 
of 6 h (12:00–18:00) during GD 15–21. The sleep deprivation 
apparatus was operated continuously at a rate of 0.5 m/min to ensure 
that the animals remained awake and the mice had free access to food 
and water during this time.

2.3. Establishment of the enriched 
environment

Offspring mice were provided with an enriched environment 
from postnatal day 21 to 18 months. Mice in the EE groups were 
housed in larger cages (52 × 40 × 20 cm3) including a variety of colorful 
toys, running wheels, stairs, plastic tunnels, and wooden houses, with 
7–8 mice per cage. Mice not provided with EE were housed in 
standard cages (36 × 18 × 14 cm3) with three mice/cage and without 
any objects.

2.4. Tail suspension test

The tail suspension test was performed by fixing the end of the 
tails of the mice with tape attached to a metal hook placed 35 cm above 
the ground. Importantly, the tail was passed through a cylindrical 
plastic tube to prevent tail climbing behaviors. The entire 6-min 
experiment was recorded by video and the immobility time in the last 
4 min was monitored and recorded by an observer blinded to 
the grouping.

2.5. Forced swimming test

The forced swimming test was performed by placing the mouse in 
a glass cylindrical container (28 cm in height and 18 cm in diameter) 
containing water (22 ± 1°C) of 15 cm depth. The entire experiment 
lasted for 6 min and the immobility time of the last 4 min was 
quantified by an observer blinded to the group. Immobility time was 
considered to be the time when the mouse did not exhibit any active 
struggling behaviors except for maintaining balance in the water. A 

longer immobility time in the water was considered to indicate an 
increase in depressive-like behavior (Ding et al., 2021).

2.6. Morris water maze test

The MWM test was performed in accordance with previous 
studies (Wu et  al., 2020; Zhuang et  al., 2021). The water maze 
apparatus consisted of a black circular pool (150 cm in diameter, 30 cm 
in height) containing opaque water maintained at 22°C and a target 
platform (10 cm in diameter, 24 cm in height). The water maze was 
surrounded by a white curtain with three different cue markings 
(triangle, square, and circle). In the spatial acquisition phase, the target 
platform was placed in the center of the target quadrant and located 
1 cm underwater, and the position was kept fixed. Mice were randomly 
placed in the water from different quadrants facing the wall of the pool 
and allowed to explore freely for 60 s four times a day for 5 days. The 
mice were allowed to stay on the platform for 30 s regardless of 
whether they could find the target platform within 60 s. Notably, mice 
that did not find the target platform within 60 s were guided toward 
the target platform. In the probe trial phase, the target platform was 
removed 2 h after the end of the last training on the fifth day of the 
learning period. Mice were placed in the water from the quadrant 
opposite to the target quadrant and were allowed to explore freely for 
60 s. All experimental procedures were recorded by a camera placed 
above the water maze. ANY-Maze (Stoeling, United States) software 
was used to analyze the escape latency (time spent finding the target 
platform), distance, and swimming velocity during the learning 
period, and the percentage of time and distance in the target quadrant 
during the memory period.

2.7. Enzyme-linked immunoassay

After the behavioral tests, mice were euthanized with 2% sodium 
pentobarbital anesthesia. The hippocampal tissue was collected from 
all mice at the end of the experiments, weighed, and homogenized. 
The supernatant was carefully collected by centrifugation for 
approximately 20 min (2000 × g). The levels of proinflammatory 
cytokines IL-1β, IL-6, and TNF-α were quantified using respective 

FIGURE 1

Experimental protocol. GD, gestational day; PND, postnatal day; MSD, maternal sleep deprivation; EE, environmental enrichment; TST, tail suspension 
test; FST, forced swimming test; MWM, Morris water maze test.
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A B

FIGURE 2

Effects of an environmental enrichment (EE) on depression-like behavior in elderly offspring mice exposed to maternal sleep deprivation (MSD). 
(A) Immobility time in the forced swimming test. (B) Immobility time in the tail suspension test. **p < 0.01 vs. Control group in males; $$p < 0.01 vs. 
Control group in females; ##p < 0.01 vs. MSD group in males; &&p < 0.01 vs. MSD group in females.

ELISA kits (JYM0531Mo, JYM0012Mo, and JYM0218Mo; Wuhan 
Colorful Gene Biotechnology Co.) according to the manufacturer’s 
protocol. The optical density was measured using an enzyme-
labeled instrument.

2.8. Western blotting

Hippocampal tissues were homogenized in RIPA cell lysate 
(Beyotime, P0013B), centrifuged at 12,000 × g for 15 min, and the 
supernatant was collected. Each protein sample was loaded into the 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel spiked 
wells. Electrophoresis was performed at constant pressure of 80 V for 
approximately 1 h. The proteins were transferred to a polyvinylidene 
fluoride membrane (Millipore, IPVH00010), fixed with western 
closure solution (5% skim milk powder), slowly shaken on a shaker 
for 2 h at room temperature, and then incubated with the following 
primary antibodies: rabbit anti-postsynaptic density-95 (PSD-95) 
antibody (1:2000, abcam, ab238135), rabbit anti-synaptophysin (SYN) 
antibody (1:1000, Bioss, bs-8845R), rabbit anti-BDNF antibody 
(1:1000, abcam, ab108319), and rabbit tyrosine kinase receptor B 
(TrkB) antibody (1:5000, abcam, ab187041). The samples were further 
incubated with horseradish peroxidase-conjugated goat anti-rabbit 
IgG secondary antibody (1:20000, Zsbio, ZB-2301) for 1.2 h. The 
membranes were washed with phosphate-buffered saline with Tween 
and the ECL luminescence kit (Thermo, 340,958) was used to detect 
the proteins. Finally, the intensity of the bands was analyzed by Image 
J software (Media Cybernetics, United States).

2.9. Statistical analysis

All data were statistically analyzed using GraphPad Prism 8.0 
software and are expressed as mean ± standard error of the mean for 
each group. Differences in behavioral and biochemical outcomes were 
analyzed using a two-way analysis of variance (ANOVA) followed by 
Tukey’s post-hoc test. Repeated-measures ANOVA was used to analyze 
escape latency, distance, and swimming velocity in the learning period 
of the Morris water maze. Pearson’s correlation coefficient (r) was 
calculated to determine the specific relationships between BDNF, 
PSD-95, SYN, TrkB, IL-1β, IL-6, and TNF-α levels in the hippocampus 
and mouse behaviors, respectively. The differences were considered 
statistically significant when the p value was <0.05.

3. Results

3.1. EE improves depression-like behaviors 
induced by MSD in elderly CD-1 mice

The depression-like behavior was evaluated by the tail suspension 
test and forced swimming test. The immobility time was significantly 
different among the three groups (Control, MSD, and MSD + EE 
groups) during the forced swimming test [F(2, 42) = 26.22, p < 0.01; 
Figure  2A]. Post-hoc analysis showed that MSD increased the 
immobility time when compared with that of the Control group 
(p < 0.05), which was reversed by EE (p < 0.05). Similarly, the immobility 
time was significantly different among the three groups during the tail 
suspension test [F(2, 42) = 22.85, p < 0.01; Figure 2B]. Post-hoc analysis 
showed that the immobility time of the MSD group was significantly 
higher than that of the Control group (p < 0.05); however, the 
immobility time of the MSD + EE group was similar to that of the 
Control group. There was no sex difference in immobility time among 
the three groups in the forced swimming test or tail suspension test.

3.2. EE improves the learning and memory 
impairment induced by MSD in elderly 
CD-1 mice

The MWM test was used to evaluate hippocampus-dependent 
learning and memory function in elderly CD-1 mice following MSD 
exposure. In the learning phase, with the increase of training days, the 
escape latency and distance for each group to locate the  
hidden platform gradually decreased (Figures  3A–C,G,H; 
Supplementary Figures S1A–E). Controlling for treatment, there were 
no significant differences found in escape latency and distance among 
the three groups (Figures  3A–C; Supplementary Figures S1A–C). 
However, when the analysis was controlled for sex, the escape latency 
and distance were significantly different among the three groups 
(escape latency: males: F(2,21) = 6.66, p < 0.01; females: F(2,21) = 7.90, 
p < 0.01; Figures 3G,H; distance: males: F(2,21) = 8.19, p < 0.01; females: 
F(2,21) = 7.21, p < 0.01; Supplementary Figures S1D,E). Post-hoc analysis 
revealed that the MSD group spent longer and moved a greater distance 
locating the hidden platform than the Control group (Ps < 0.05). Both 
the time and distance were decreased in the MSD + EE group compared 
with those of the MSD group (Ps < 0.05). There was no difference in the 
escape latency and distance between the Control group and MSD + EE 
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group. There were no statistical differences in swimming velocity 
between groups when controlling for sex or treatment (Figures 3D–F,I,J).

In the memory phase, the time and distance in the target quadrant 
were significantly different among the three groups (time: F(2,42) = 21.73, 
p < 0.01; Figure  3K; distance: F(2,42) = 18.77, p < 0.01; 
Supplementary Figure S1F). Furthermore, the MSD group had a 
shorter time and distance in the target quadrant than the Control group 
or MSD + EE group (Ps < 0.05). There was no significant difference in 
the time and distance between the Control and MSD + EE groups.

3.3. EE improves proinflammatory 
cytokines induced by MSD in hippocampus 
of elderly CD-1 mice

The expression levels of hippocampal proinflammatory cytokines, 
including IL-1β, IL-6, and TNF-α, were significantly different among 

the three groups (IL-1β: F(2,42) = 18.23, p < 0.01; IL-6: F(2,42) = 40.83, 
p < 0.01; TNF-α: F(2,42) = 61.89, p < 0.01; Figures  4A–C). Post-hoc 
analysis showed that the levels of these proinflammatory cytokines in 
the hippocampus of the MSD group were significantly higher than 
those of the Control group (Ps < 0.05), whereas these levels were 
significantly decreased in the MSD + EE group compared with those 
of the MSD group (Ps < 0.05).

3.4. EE improves the MSD-induced 
decrease in synaptic plasticity-associated 
proteins in hippocampus of elderly CD-1 
mice

The western blotting results showed that the protein expression 
levels of BDNF, TrkB, PSD-95, and SYN in the hippocampus were 
significantly different among the three groups (BDNF: F(2,30) = 65.29, 

A

D

G

B

E

H

I J

C

F

K

FIGURE 3

Effects of an environmental enrichment (EE) on spatial learning and memory impairment in elderly offspring mice exposed to maternal sleep 
deprivation (MSD). (A–C,G,H) Escape latency and (D-F,I,J) swimming velocity during the Morris water maze test. (K) Time spent in the target quadrant. 
**p < 0.01 vs. Control group in males; $$p < 0.01 vs. Control group in females; ##p < 0.01 vs. MSD group in males; &&p < 0.01 vs. MSD group in females.
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p < 0.01; TrkB: F(2,30) = 52.88, p < 0.01; PSD-95: F(2,30) = 60.92, p < 0.01; 
SYN: F(2,42) = 75.96, p < 0.01; Figures 5A–E). Post-hoc analysis showed 
that the expression levels of BDNF, TrkB, PSD-95, and SYN in the 
hippocampus of the MSD group were all significantly lower than those 
of the Control group (Ps < 0.05). However, EE reversed this effect, with 
increased expression levels of BDNF, TrkB, PSD-95, and SYN in the 
MSD + EE group compared with those of the MSD group (Ps < 0.05).

3.5. Correlations between depression/
cognitive performance and the expression 
levels of proinflammatory cytokines/
synaptic plasticity associated proteins

The immobility time of the tail suspension test and forced 
swimming test (as a proxy of depression-like behavior) was positively 
correlated with the levels of proinflammatory cytokines (IL-1β, IL-6, 
and TNF-α) and was negatively correlated with the levels of synaptic 
plasticity-associated proteins (BDNF, TrkB, PSD-95, and SYN), as 
shown in Table 1.

With respect to cognitive tasks, the average escape latency and 
distance in the learning phase were negatively correlated with the 
levels of synaptic plasticity-associated proteins, whereas the percent 
time and distance in the memory phase were positively correlated 
with the levels of synaptic plasticity-associated proteins. The average 
escape latency and distance in the learning phase were positively 
correlated with the levels of proinflammatory cytokines, whereas the 
percent time and distance of the memory phase were negatively 
correlated with the levels of proinflammatory cytokines (Table 2; 
Supplementary Tables S1, S2).

4. Discussion

In this study, we performed a series of behavioral tests (forced 
swimming test, tail suspension test, and MWM test) to evaluate the 
long-term detrimental effects of MSD on depression and cognitive 
function, and further measured the levels of hippocampal 
inflammatory cytokines and synaptic plasticity-associated proteins to 
identify the beneficial effects of long-term EE from weaning in aging 
CD-1 mice exposed to MSD. Our results demonstrated that MSD 
resulted in depression and cognitive impairment in elderly CD-1 
mice, whereas the EE intervention improved depression-like behaviors 
and cognitive impairment through limiting the hippocampal 
inflammation response and synaptic dysfunction.

4.1. EE improves MSD-induced depression 
and cognitive impairment in elderly CD-1 
mice

Accumulating evidence suggests that perinatal insults and stress 
could have long-term effects on brain tissue and structure in later 
life, thereby increasing the risk of neuropsychiatric disorders. Aged 
offspring rats exposed to cocaine and/or nicotine during GD 8–20 
showed anxiety-and depression-like behaviors in the elevated plus 
maze and sucrose preference test (Sobrian et  al., 2003). Prenatal 
long-term exposure to electromagnetic radiation exerted adverse 
effects on the cognitive function of elderly rats as assessed in the 
MWM test (Hong et al., 2020). In line with these previous findings, 
in the present study, we  found that MSD increased the level of 
depression in aging offspring mice, as evidenced by increased 

A B

C

FIGURE 4

Effects of an environmental enrichment (EE) on inflammation mediators in the hippocampus of elderly offspring mice exposed to maternal sleep 
deprivation (MSD). (A) Expression level of IL-1β in the hippocampus. (B) Expression level of IL-6 in the hippocampus. (C) Expression level of TNF-α in the 
hippocampus. **p < 0.01 vs. Control group in males; $p < 0.05, $$p < 0.01 vs. Control group in females; ##p < 0.01 vs. MSD group in males; &&p < 0.01 vs. MSD 
group in females.
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immobility time in the MSD group compared to the Control group 
during the forced swimming and tail suspension tests. The MWM 
test is a traditional and effective tool to measure hippocampus-
dependent learning and memory function (Bromley-Brits et  al., 
2011). We also found that MSD increased the escape latency and 
distance in the learning phase and decreased the target quadrant 
time and distance in the memory phase of the MWM, implying 
impaired spatial learning and memory in elderly offspring after 
MSD exposure.

It is well known that hippocampal neurogenesis, dendritic 
arborization, synaptic plasticity, and neuronal connections are 
continuously modified by experiences and learning. EE has been 
reported to improve impaired brain function by providing more 
sensory, cognitive, and social stimuli to reverse depression and 
cognitive impairment (Vrinda et  al., 2017; Akbari et  al., 2020; 
Wang et al., 2020). A previous study showed that EE effectively 
improved depression-like behaviors induced by chronic 
unpredictable mild stress as assessed in forced swimming and 
sucrose preference tests (Shen et al., 2019). In humans, enriching 

the community environment by providing social activities, 
spiritual consolation services, and health care services was found 
to slow age-related cognitive decline (Yu and Wei, 2021). The 
present study demonstrated that long-term EE exposure improved 
MSD-induced depression and cognitive impairment in elderly 
mice. This result is consistent with the findings of our previous 
studies that EE alleviated the age-related cognitive impairment 
induced by prenatal inflammatory exposure (Ni et al., 2022; Zhang 
Z. Z. et al., 2022). Collectively, these findings suggest that MSD 
results in behavioral difficulties in offspring that can persist into 
old age, which could be reversed by long-term EE. This should 
highlight the importance of paying more attention to the mental 
health of older people who have experienced perinatal stress, and 
if possible, try to help pregnant mothers avoid stress events and 
subsequent psychological trauma.

Additionally, the MSD and EE had no effect on the swimming 
velocity in the elderly mice during the MWM test, suggesting that the 
beneficial effect of EE on spatial learning and memory was not related 
to changes in motor activity.

A

C

B

D

E

FIGURE 5

Effects of an environmental enrichment (EE) on synaptic plasticity-associated proteins in the hippocampus of elderly offspring mice exposed to 
maternal sleep deprivation (MSD). (A) Expression level of BDNF in the hippocampus. (B) Expression level of TrkB in the hippocampus. (C) Representative 
western blotting of BDNF, TrkB, PSD-95, and SYN proteins in the hippocampus: band 1, Control group-male; band 2, MSD-group male; band 3, 
MSD + EE group-male; band 4, Control group-female; band 5, MSD group-female; band 6, MSD + EE group-female. (D) Expression level of PSD-95 in 
the hippocampus. (E) Expression level of SYN in the hippocampus. **p < 0.01 vs. Control group in males; $$p < 0.01 vs. Control group in females; ##p < 0.01 
vs. MSD group in males; &&p < 0.01 vs. MSD group in females.
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4.2. EE improves MSD-induced 
inflammatory response and synaptic 
plasticity

Previous studies found that hippocampal microglial cells activated 
by different stress could transform their morphology and increase 
their motility to activate a series of inflammatory signaling pathways, 
leading to the upregulation of proinflammatory cytokines in the 
hippocampus (Karve et  al., 2016; Yang et  al., 2021). Moreover, 
upregulated inflammatory cytokines in the hippocampus are closely 
related to depression and cognitive impairment. For example, long-
term corticosterone treatment significantly increased the mRNA levels 
of IL-1β, IL-6, and TNF-α in the hippocampus and hypothalamus, 
which in turn increased the anxiety-and depression-like behaviors in 
mice (Chabry et al., 2015). The elevated IL-1 and IL-10 expression 
induced by lipopolysaccharide (LPS) impaired learning and memory 
assessed in the Morris water maze test (Keymoradzadeh et al., 2020). 
Furthermore, the progression of cognitive impairment associated with 
Alzheimer’s disease involves the accumulation of proinflammatory 
cytokines in the hippocampus (Ates et al., 2020; Chen C. et al., 2022). 
Consistently, the present study showed that MSD increased the 
expression levels of the proinflammatory factors IL-1β, IL-6, and 
TNF-α in the hippocampus, which may have contributed to the 
depression and cognitive dysfunction in the elderly offspring mice.

Activated microglial cells can be divided into the M1 classical 
phenotype and M2 replacement phenotype. The activated M1 

microglial cells contribute to the secretion of proinflammatory 
cytokines and nervous system dysfunction, whereas M2 microglial 
cells can secrete neurotrophic factors to alleviate the inflammation 
associated with central nervous system damage (Liao et al., 2012; 
Kobayashi et  al., 2013). A recent study suggested that anti-
inflammatory treatment reversed MSD-induced spatial learning and 
memory deficits in offspring mice, which was related to decreased 
levels of inflammatory cytokines and inhibition of the M1-biased 
microglial response (Zhao et al., 2015). Our present results showed 
that long-term EE effectively decreased the expression levels of IL-1β, 
IL-6, and TNF-α, and improved depression and cognitive deficits in 
the MSD + EE group compared with those of the MSD group. The 
association between the brain’s immune function and living 
environment has been well studied. EE increased the markers of the 
M2 microglial phenotype and reduced the production of inflammatory 
cytokines induced by chronic stress (Gu et al., 2021). Additionally, EE 
could enhance autophagy function to inhibit unpredictable chronic 
stress-increased inflammation activation and proinflammatory 
cytokines production (Xu et al., 2022). In view of the above evidence, 
it is reasonable to hypothesize that EE alleviated MSD-induced 
proinflammatory cytokines by inhibiting microglial activation and 
increasing autophagy function.

Hippocampal synaptic plasticity is considered to be a mechanism 
of depression and cognitive dysfunction (Xu et al., 2021; Tartt et al., 
2022). BDNF is a well-studied neurotrophic factor that plays an 
important role in the regulation of synaptic plasticity (Spies et al., 

TABLE 1 Correlations between performance in the depression/cognition-related tasks and hippocampal proinflammatory cytokines.

Tasks Indexes Groups
Proinflammatory cytokines

IL-1β IL-6 TNF-α

Tail suspension test Immobility time

Control-male 0.776 (0.024)* 0.546 (0.161) 0.763 (0.028)*

MSD-male 0.930 (0.001)** 0.824 (0.012)* 0.809 (0.015)*

MSD + EE-male 0.889 (0.003)** 0.899 (0.002)** 0.935 (0.001)**

Control-female 0.804 (0.016)* 0.445 (0.269) 0.470 (0.240)

MSD-female 0.856 (0.007)** 0.922 (0.001)** 0.896 (0.003)**

MSD + EE-female 0.829 (0.011)* 0.784 (0.021)* 0.759 (0.029)*

Forced swimming test Immobility time

Control-male 0.505 (0.202) 0.718 (0.045)* 0.701 (0.053)

MSD-male 0.846 (0.008)** 0.769 (0.026)* 0.807 (0.015)*

MSD + EE-male 0.910 (0.002)** 0.950 (0.000)** 0.852 (0.007)**

Control-female 0.827 (0.011)* 0.559 (0.150) 0.574 (0.137)

MSD-female 0.905 (0.002)** 0.762 (0.028)* 0.893 (0.003)**

MSD + EE-female 0.852 (0.007)** 0.825 (0.012)* 0.760 (0.029)*

Morris water maze test

Escape latency

Control-male 0.741 (0.036)* 0.575 (0.136) 0.750 (0.032)*

MSD-male 0.872 (0.005)** 0.814 (0.014)* 0.947 (0.000)**

MSD + EE-male 0.899 (0.002)** 0.859 (0.006)** 0.771 (0.025)*

Control-female 0.560 (0.149) 0.789 (0.020)* 0.711 (0.048)*

MSD-female 0.758 (0.029)* 0.836 (0.010)** 0.780 (0.022)*

MSD + EE-female 0.751 (0.032)* 0.807 (0.015)* 0.834 (0.010)*

Percentage of time swam

Control-male −0.709 (0.049)* −0.819 (0.013)* −0.826 (0.011)*

MSD-male −0.753 (0.031)* −0.909 (0.002)** −0.806 (0.016)*

MSD + EE-male −0.748 (0.033)* −0.827 (0.011)* −0.856 (0.007)**

Control-female −0.758 (0.029)* −0.743 (0.035)* −0.740 (0.036)*

MSD-female −0.844 (0.008)** −0.837 (0.009)** −0.834 (0.010)*

MSD + EE-female −0.755 (0.030)* −0.812 (0.014)* −0.905 (0.002)**

*Denotes a significant correlation (*P < 0.05; **P < 0.01). 
MSD, maternal sleep deprivation; EE, environmental enrichment; IL, interleukin; TNF, tumor necrosis factor.
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2023). BDNF binds to its receptor TrkB to control cell proliferation, 
differentiation, survival, dendritic sprouting, and synaptic 
transmission (Numakawa et al., 2010). Chronic restraint-stressed mice 
showed increased depression-like behavior and downregulation of the 
BDNF/TrkB signaling pathway. Inversely, upregulation of the BDNF/
TrkB signaling pathway exerted anti-depression effects on chronic 
restraint-stress-induced depression (Wu et al., 2023). Downregulation 
of the BDNF/TrkB signaling pathway was also found in mice with 
LPS-induced learning and memory dysfunction (Li et al., 2017). The 
present results showed that MSD decreased the protein expression 
levels of BDNF and TrkB in the elderly offspring, which further 
supports that decreased expression of BDNF and TrkB may be  a 
potential cause of depression and cognitive impairment. A previous 
study showed that the downregulation of BDNF expression induced 
by maternal sevoflurane exposure was reversed by EE through 
increasing the level of histone acetylation (Yu et  al., 2020b). 
Consistently, we  found that EE reversed the MSD-induced 
downregulation of the BDNF/TrkB signaling pathway to improve 
depression and cognitive impairment. These results are also in 
accordance with a previous study showing that EE improved autism 

spectrum disorder-associated cognitive impairment by activating the 
BDNF/TrkB signaling pathway (Chen Y. S. et al., 2022).

SYN and PSD-95 are synaptic proteins that promote synaptic 
plasticity, and their brain expression levels are reduced in cases of 
depression and cognitive impairment, which could be reversed by 
exposure to an enriched environment (Sifonios et al., 2009; Hong 
et al., 2020). Similarly, we found that EE reversed MSD-decreased SYN 
and PSD-95 expression in the hippocampus of elderly offspring mice, 
implying that EE exerts anti-depression and cognitive protection by 
improving the expression of synaptic proteins.

4.3. Correlations between the markers of 
inflammation/synaptic plasticity and 
depression/cognitive impairment

Emerging evidence indicates that the expression levels of 
proinflammatory cytokines and synaptic plasticity-associated proteins 
are strongly associated with depression and cognitive dysfunction. 
Previous studies suggested that the expression levels of BDNF and 

TABLE 2 Correlations between depression/cognition-related tasks and hippocampal synaptic plasticity-associated proteins.

Tasks Indexes Groups
Synaptic proteins

BDNF TrkB PSD-95 SYN

Tail suspension test immobility time

Control-male −0.823 (0.044)* −0.888 (0.018)* −0.668 (0.147) −0.755 (0.083)

MSD-male −0.820 (0.046)* −0.758 (0.081) −0.874 (0.023)* −0.887 (0.019)*

MSD + EE-male −0.938 (0.006)** −0.963 (0.002)** −0.919 (0.010)** −0.939 (0.005)**

Control-female −0.806 (0.053) −0.905 (0.013)* −0.826 (0.043)* −0.790 (0.062)

MSD-female −0.943 (0.005)** −0.926 (0.008)** −0.843 (0.035)* −0.921 (0.009)**

MSD + EE-female −0.908 (0.012)* −0.910 (0.012)* −0.854 (0.031)* −0.812 (0.050)*

Forced swimming test Immobility time

Control-male −0.970 (0.001)** −0.939 (0.006)** −0.902 (0.014)* −0.935 (0.006)**

MSD-male −0.911 (0.012)* −0.831 (0.040)* −0.878 (0.021)* −0.865 (0.026)*

MSD + EE-male −0.915 (0.011)* −0.992 (0.000)** −0.839 (0.037)* −0.810 (0.051)

Control-female −0.968 (0.002)** −0.946 (0.004)** −0.984 (0.000)** −0.962 (0.002)**

MSD-female −0.873 (0.023)* −0.848 (0.033)* −0.976 (0.001)** −0.924 (0.008)**

MSD + EE-female −0.874 (0.023)* −0.873 (0.023)* −0.851 (0.032)* −0.794 (0.059)

Morris water maze 

test

Escape latency

Control-male −0.334 (0.518) −0.492 (0.322) −0.179 (0.734) −0.219 (0.677)

MSD-male −0.838 (0.037)* −0.848 (0.033)* −0.918 (0.010)** −0.891 (0.017)*

MSD + EE-male −0.965 (0.002)** −0.994 (0.000)** −0.876 (0.022)* −0.901 (0.014)*

Control-female −0.866 (0.026)* −0.707 (0.116) −0.885 (0.019)* −0.874 (0.023)*

MSD-female −0.985 (0.000)** −0.967 (0.002)** −0.892 (0.017)* −0.963 (0.002)**

MSD + EE-female −0.904 (0.013)* −0.863 (0.027)* −0.954 (0.003)** −0.933 (0.007)**

Percentage of time 

swam

Control-male 0.926 (0.008)** 0.950 (0.004)** 0.762 (0.078) 0.838 (0.037)*

MSD-male 0.909 (0.012)* 0.965 (0.002)** 0.875 (0.022)* 0.847 (0.033)*

MSD + EE-male 0.943 (0.005)** 0.843 (0.035)* 0.879 (0.021)* 0.979 (0.001)**

Control-female 0.913 (0.011)* 0.826 (0.043)* 0.948 (0.004)** 0.914 (0.011)*

MSD-female 0.914 (0.011)* 0.865 (0.026)* 0.956 (0.003)** 0.919 (0.010)**

MSD + EE-female 0.962 (0.002)** 0.927 (0.008)** 0.919 (0.010)** 0.905 (0.013)*

*Denotes significant correlation (*P < 0.05; **P < 0.01). 
MSD, maternal sleep deprivation; EE, environmental enrichment; BDNF, brain-derived neurotrophic factor; TrkB, tyrosine kinase receptor B; PSD-95, postsynaptic density-95; SYN, 
synaptophysin.
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inflammatory cytokines in the peripheral blood are related to the 
degree of depression and cognitive impairment of patients (Gelle et al., 
2021; He et al., 2021). Our recent studies showed that upregulated 
expression of proinflammatory cytokines and downregulated 
expression of synaptic proteins are associated with age-related 
cognitive impairment (Ni et  al., 2022; Zhang Z. Z. et al., 2022). 
Similarly, we found significant correlations between the expression 
levels of proinflammatory cytokines or synaptic plasticity-associated 
proteins and indicators of the tail suspension test, forced swimming 
test, and MWM test. Our findings therefore suggest that the beneficial 
effects of EE on the behavioral dysfunction induced by MSD may 
be  associated with decreased production of proinflammatory 
cytokines and increased production of synaptic plasticity-associated 
proteins in the hippocampus.

Previous studies have suggested that there are sex differences in 
the effects of early life stress on behavioral phenotype of offspring 
rodents. For example, one study showed that cognitive decline and 
synaptic dysfunction were observed in male offspring mice suffered 
from maternal separation, but not in female offspring mice (Talani 
et  al., 2023). Other study found that prenatal restraint stress 
significantly increased anxiety-like behavior in male offspring mice 
and attenuated it in female offspring mice (Zuena et al., 2008). In the 
present study, MSD and EE had similar effects on behaviors, 
inflammatory response, and synaptic function between male and 
female aging offspring CD-1 mice, which is inconsistent with previous 
study showed that MSD has a sex-dependent effect on the sexual 
behavior in young offspring Wistar-Hannover rats (Alvarenga et al., 
2013). The inconsistent results may be attributed to the time, duration, 
frequency of MSD, conditions of MSD, strain, as well as individual 
characteristics such as age.

There are some limitations of this study. First, we  only 
demonstrated a link between behavior dysfunction, the 
inflammatory response, and synaptic plasticity-associated 
proteins at the phenomenal level, and did not demonstrate that 
improvement in inflammation and synaptic plasticity-associated 
proteins could ameliorate depression and cognitive dysfunction 
directly. Second, we  did not set up an additional Control+EE 
group because the beneficial effects of EE on cognition and 
BDNF expression have been reported previously (Lores-Arnaiz 
et  al., 2006). Finally, we  did not detect alterations of 
proinflammatory cytokines and synaptic plasticity-associated 
proteins in other regions associated with depression and 
cognition, such as the prefrontal cortex and hypothalamus (Bao 
and Swaab, 2018; Chakraborty et al., 2019).

5. Conclusion

In summary, the present study showed the long-term adverse 
effects induced by MSD in elderly offspring mice, and confirmed 
that MSD resulted in depression and spatial learning and memory 
impairment, accompanied by increased levels of proinflammatory 
cytokines and decreased levels of synaptic plasticity-associated 
proteins in the hippocampus of mice. Moreover, long-term EE 
could ameliorate MSD-induced depression and spatial learning 
and memory impairment by reversing alterations in 
proinflammatory cytokines and synaptic plasticity-associated  
proteins.

Data availability statement

The original contributions presented in the study are included in 
the article Supplementary material, further inquiries can be directed 
to the corresponding author/s.

Ethics statement

All animal experiments complied with the guidelines for humane 
treatment established by the Association of Laboratory Animal 
Sciences and the Center for Laboratory Animal Sciences of the Anhui 
Medical University (NO. LLSC20190710).

Author contributions

Y-MZ and R-MW designed the study, performed the behavioral 
tests, and drafted the manuscript. X-YL, Y-ZF, and K-XZ were 
responsible for the western blotting and enzyme-linked immunoassay. 
Y-JG and X-YK analyzed the data and constructed the graphs. X-CL 
and G-HC revised the manuscript and were responsible for the 
completeness and accuracy of the data. All authors read and approved 
the final manuscript.

Funding

This work was financially supported by the National Natural 
Science Foundation of China (grant number: 81671316), College of 
the Natural Science Foundation of Anhui Province (2022AH050759), 
and 2022 Key Research and Development Plan of Anhui Province 
(2022e07020029).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

The reviewer FW declared a shared parent affiliation with the 
authors to the handling editor at the time of review.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnagi.2023.1177250/
full#supplementary-material

154

https://doi.org/10.3389/fnagi.2023.1177250
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnagi.2023.1177250/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2023.1177250/full#supplementary-material


Zhang et al. 10.3389/fnagi.2023.1177250

Frontiers in Aging Neuroscience 11 frontiersin.org

References
Akbari, P., Najafi, M., Rezaei, A. M., and Miladi-Gorji, H. (2020). Enriched 

environment ameliorates cognitive deficits and locomotor sensitization in morphine-
withdrawn rats receiving methadone maintenance treatment. Neuropsychobiology 79, 
437–444. doi: 10.1159/000506598

Alvarenga, T. A., Aguiar, M. F., Mazaro-Costa, R., Tufik, S., and Andersen, M. L. 
(2013). Effects of sleep deprivation during pregnancy on the reproductive capability of 
the offspring. Fertil. Steril. 100, 1752–1757. doi: 10.1016/j.fertnstert.2013.08.014

Ates, G., Goldberg, J., Currais, A., and Maher, P. (2020). CMS121, a fatty acid synthase 
inhibitor, protects against excess lipid peroxidation and inflammation and alleviates 
cognitive loss in a transgenic mouse model of Alzheimer's disease. Redox Biol. 
36:101648. doi: 10.1016/j.redox.2020.101648

Babenko, O., Kovalchuk, I., and Metz, G. A. (2015). Stress-induced perinatal and 
transgenerational epigenetic programming of brain development and mental health. 
Neurosci. Biobehav. Rev. 48, 70–91. doi: 10.1016/j.neubiorev.2014.11.013

Bao, A. M., and Swaab, D. F. (2018). The human hypothalamus in mood disorders: the 
HPA axis in the center. IBRO Rep. 6, 45–53. doi: 10.1016/j.ibror.2018.11.008

Biney, R. P., Djankpa, F. T., Osei, S. A., Egbenya, D. L., Aboagye, B., Karikari, A. A., 
et al. (2022). Effects of in utero exposure to monosodium glutamate on locomotion, 
anxiety, depression, memory and KCC2 expression in offspring. Int. J. Dev. Neurosci. 82, 
50–62. doi: 10.1002/jdn.10158

Bromley-Brits, K., Deng, Y., and Song, W. (2011). Morris water maze test for learning 
and memory deficits in Alzheimer's disease model mice. J. Vis. Exp. 53:2920. doi: 
10.3791/2920

Cao, M., Hu, P. P., Zhang, Y. L., Yan, Y. X., Shields, C. B., Zhang, Y. P., et al. (2018). 
Enriched physical environment reverses spatial cognitive impairment of socially isolated 
APPswe/PS1dE9 transgenic mice before amyloidosis onset. CNS Neurosci. Ther. 24, 
202–211. doi: 10.1111/cns.12790

Chabry, J., Nicolas, S., Cazareth, J., Murris, E., Guyon, A., Glaichenhaus, N., et al. 
(2015). Enriched environment decreases microglia and brain macrophages inflammatory 
phenotypes through adiponectin-dependent mechanisms: relevance to depressive-like 
behavior. Brain Behav. Immun. 50, 275–287. doi: 10.1016/j.bbi.2015.07.018

Chakraborty, S., Tripathi, S. J., Srikumar, B. N., Raju, T. R., and Shankaranarayana 
Rao, B. S. (2019). Chronic brain stimulation rewarding experience ameliorates 
depression-induced cognitive deficits and restores aberrant plasticity in the prefrontal 
cortex. Brain Stimul. 12, 752–766. doi: 10.1016/j.brs.2019.01.020

Chen, C., Liao, J., Xia, Y., Liu, X., Jones, R., Haran, J., et al. (2022). Gut microbiota 
regulate Alzheimer's disease pathologies and cognitive disorders via PUFA-associated 
neuroinflammation. Gut 71, 2233–2252. doi: 10.1136/gutjnl-2021-326269

Chen, Y. S., Zhang, S. M., Yue, C. X., Xiang, P., Li, J. Q., Wei, Z., et al. (2022). Early 
environmental enrichment for autism spectrum disorder Fmr1 mice models has positive 
behavioral and molecular effects. Exp. Neurol. 352:114033. doi: 10.1016/j.
expneurol.2022.114033

Ding, Y., Bu, F., Chen, T., Shi, G., Yuan, X., Feng, Z., et al. (2021). A next-generation 
probiotic: Akkermansia muciniphila ameliorates chronic stress-induced depressive-like 
behavior in mice by regulating gut microbiota and metabolites. Appl. Microbiol. 
Biotechnol. 105, 8411–8426. doi: 10.1007/s00253-021-11622-2

Duman, R. S., Aghajanian, G. K., Sanacora, G., and Krystal, J. H. (2016). Synaptic 
plasticity and depression: new insights from stress and rapid-acting antidepressants. Nat. 
Med. 22, 238–249. doi: 10.1038/nm.4050

Gelle, T., Samey, R. A., Plansont, B., Bessette, B., Jauberteau-Marchan, M. O., 
Lalloué, F., et al. (2021). BDNF and pro-BDNF in serum and exosomes in major 
depression: evolution after antidepressant treatment. Prog. Neuro-Psychopharmacol. Biol. 
Psychiatry 109:110229. doi: 10.1016/j.pnpbp.2020.110229

Gong, X., Chen, Y., Chang, J., Huang, Y., Cai, M., and Zhang, M. (2018). 
Environmental enrichment reduces adolescent anxiety-and depression-like behaviors 
of rats subjected to infant nerve injury. J. Neuroinflammation 15:262. doi: 10.1186/
s12974-018-1301-7

Gu, J. Y., Xu, Y. W., Feng, L. P., Dong, J., Zhao, L. Q., Liu, C., et al. (2021). Enriched 
environment mitigates depressive behavior by changing the inflammatory activation 
phenotype of microglia in the hippocampus of depression model rats. Brain Res. Bull. 
177, 252–262. doi: 10.1016/j.brainresbull.2021.10.005

Hao, K., Wang, H., Zhang, Y., Xie, X., Huang, H., Chen, C., et al. (2022). Nicotinamide 
reverses deficits in puberty-born neurons and cognitive function after maternal 
separation. J. Neuroinflammation 19:232. doi: 10.1186/s12974-022-02591-y

He, S., Chen, X. X., Ge, W., Yang, S., Chen, J. T., Niu, J. W., et al. (2021). Are anti-
inflammatory cytokines associated with cognitive impairment in patients with insomnia 
comorbid with depression? A pilot study. Nat. Sci. Sleep 13, 989–1000. doi: 10.2147/NSS.
S312272

Hong, S., Huang, H., Yang, M., Wu, H., and Wang, L. (2020). Enriched environment 
decreases cognitive impairment in elderly rats with prenatal Mobile phone exposure. 
Front. Aging Neurosci. 12:162. doi: 10.3389/fnagi.2020.00162

Jia, X., Wang, Q., Ji, J., Lu, W., Liu, Z., Tian, H., et al. (2023). Mitochondrial 
transplantation ameliorates hippocampal damage following status epilepticus. Anim. 
Mod. Exp. Med. 6, 41–50. doi: 10.1002/ame2.12310. Advance online publication. 
doi:10.1002/ame2.12310

Karve, I. P., Taylor, J. M., and Crack, P. J. (2016). The contribution of astrocytes and 
microglia to traumatic brain injury. Br. J. Pharmacol. 173, 692–702. doi: 10.1111/
bph.13125

Keymoradzadeh, A., Hedayati, C. H. M., Abedinzade, M., Gazor, R., Rostampour, M., 
and Taleghani, B. K. (2020). Enriched environment effect on lipopolysaccharide-induced 
spatial learning, memory impairment and hippocampal inflammatory cytokine levels 
in male rats. Behav. Brain Res. 394:112814. doi: 10.1016/j.bbr.2020.112814

Kobayashi, K., Imagama, S., Ohgomori, T., Hirano, K., Uchimura, K., Sakamoto, K., 
et al. (2013). Minocycline selectively inhibits M1 polarization of microglia. Cell Death 
Dis. 4:e525. doi: 10.1038/cddis.2013.54

Laugesen, K., Sørensen, H. T., Jørgensen, J. O. L., and Petersen, I. (2022). In utero 
exposure to glucocorticoids and risk of anxiety and depression in childhood or 
adolescence. Psychoneuroendocrinology 141:105766. doi: 10.1016/j.psyneuen.2022.105766

Li, C., Li, M., Yu, H., Shen, X., Wang, J., Sun, X., et al. (2017). Neuropeptide VGF 
C-terminal peptide TLQP-62 alleviates lipopolysaccharide-induced memory deficits and 
anxiety-like and depression-like behaviors in mice: the role of BDNF/TrkB signaling. 
ACS Chem. Neurosci. 8, 2005–2018. doi: 10.1021/acschemneuro.7b00154

Liao, B., Zhao, W., Beers, D. R., Henkel, J. S., and Appel, S. H. (2012). Transformation 
from a neuroprotective to a neurotoxic microglial phenotype in a mouse model of ALS. 
Exp. Neurol. 237, 147–152. doi: 10.1016/j.expneurol.2012.06.011

Liew, A. K. Y., Teo, C. H., and Soga, T. (2022). The molecular effects of environmental 
enrichment on Alzheimer's disease. Mol. Neurobiol. 59, 7095–7118. doi: 10.1007/
s12035-022-03016-w

Lores-Arnaiz, S., Bustamante, J., Arismendi, M., Vilas, S., Paglia, N., Basso, N., et al. 
(2006). Extensive enriched environments protect old rats from the aging dependent 
impairment of spatial cognition, synaptic plasticity and nitric oxide production. Behav. 
Brain Res. 169, 294–302. doi: 10.1016/j.bbr.2006.01.016

Mohammadian, J., Najafi, M., and Miladi-Gorji, H. (2019). Effect of enriched 
environment during adolescence on spatial learning and memory, and voluntary 
consumption of morphine in maternally separated rats in adulthood. Dev. Psychobiol. 
61, 615–625. doi: 10.1002/dev.21808

Ni, M. Z., Zhang, Y. M., Li, Y., Wu, Q. T., Zhang, Z. Z., Chen, J., et al. (2022). 
Environmental enrichment improves declined cognition induced by prenatal 
inflammatory exposure in aged CD-1 mice: role of NGPF2 and PSD-95. Front. Aging 
Neurosci. 14:1021237. doi: 10.3389/fnagi.2022.1021237

Numakawa, T., Suzuki, S., Kumamaru, E., Adachi, N., Richards, M., and Kunugi, H. 
(2010). BDNF function and intracellular signaling in neurons. Histol. Histopathol. 25, 
237–258. doi: 10.14670/HH-25.237

Peng, Y., Wang, W., Tan, T., He, W., Dong, Z., Wang, Y. T., et al. (2016). Maternal sleep 
deprivation at different stages of pregnancy impairs the emotional and cognitive 
functions, and suppresses hippocampal long-term potentiation in the offspring rats. Mol. 
Brain 9:17. doi: 10.1186/s13041-016-0197-3

Raven, F., Van der Zee, E. A., Meerlo, P., and Havekes, R. (2018). The role of sleep in 
regulating structural plasticity and synaptic strength: implications for memory and 
cognitive function. Sleep Med. Rev. 39, 3–11. doi: 10.1016/j.smrv.2017.05.002

Shen, J., Li, Y., Qu, C., Xu, L., Sun, H., and Zhang, J. (2019). The enriched environment 
ameliorates chronic unpredictable mild stress-induced depressive-like behaviors and 
cognitive impairment by activating the SIRT1/miR-134 signaling pathway in 
hippocampus. J. Affect. Disord. 248, 81–90. doi: 10.1016/j.jad.2019.01.031

Sifonios, L., Trinchero, M., Cereseto, M., Ferrero, A., Cladouchos, M. L., Macedo, G. F., 
et al. (2009). An enriched environment restores normal behavior while providing cytoskeletal 
restoration and synaptic changes in the hippocampus of rats exposed to an experimental 
model of depression. Neuroscience 164, 929–940. doi: 10.1016/j.neuroscience.2009.08.059

Silvestri, R., and Aricò, I. (2019). Sleep disorders in pregnancy. Sleep Sci. (Sao Paulo, 
Brazil) 12, 232–239. doi: 10.5935/1984-0063.20190098

Sobrian, S. K., Marr, L., and Ressman, K. (2003). Prenatal cocaine and/or nicotine 
exposure produces depression and anxiety in aging rats. Prog. Neuro-Psychopharmacol. 
Biol. Psychiatry 27, 501–518. doi: 10.1016/S0278-5846(03)00042-3

Spies, J., Covarrubias-Pinto, A., Carcamo, C., Arancibia, Y., Salazar, F., Paredes-Martinez, C., 
et al. (2023). Modulation of synaptic plasticity genes associated to DNA damage in a model 
of Huntington's disease. Neurochem. Res. 2023:3889. doi: 10.1007/s11064-023-03889-w

Talani, G., Biggio, F., Gorule, A. A., Licheri, V., Saolini, E., Colombo, D., et al. (2023). 
Sex-dependent changes of hippocampal synaptic plasticity and cognitive performance 
in C57BL/6J mice exposed to neonatal repeated maternal separation. Neuropharmacology 
222:109301. doi: 10.1016/j.neuropharm.2022.109301

Tartt, A. N., Mariani, M. B., Hen, R., Mann, J. J., and Boldrini, M. (2022). Dysregulation 
of adult hippocampal neuroplasticity in major depression: pathogenesis and therapeutic 
implications. Mol. Psychiatry 27, 2689–2699. doi: 10.1038/s41380-022-01520-y

Trzepizur, W., Khalyfa, A., Qiao, Z., Popko, B., and Gozal, D. (2017). Integrated stress 
response activation by sleep fragmentation during late gestation in mice leads to 
emergence of adverse metabolic phenotype in offspring. Metab. Clin. Exp. 69, 188–198. 
doi: 10.1016/j.metabol.2017.01.026

Vrinda, M., Sasidharan, A., Aparna, S., Srikumar, B. N., Kutty, B. M., and Shankaranarayana 
Rao, B. S. (2017). Enriched environment attenuates behavioral seizures and depression in 
chronic temporal lobe epilepsy. Epilepsia 58, 1148–1158. doi: 10.1111/epi.13767

155

https://doi.org/10.3389/fnagi.2023.1177250
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1159/000506598
https://doi.org/10.1016/j.fertnstert.2013.08.014
https://doi.org/10.1016/j.redox.2020.101648
https://doi.org/10.1016/j.neubiorev.2014.11.013
https://doi.org/10.1016/j.ibror.2018.11.008
https://doi.org/10.1002/jdn.10158
https://doi.org/10.3791/2920
https://doi.org/10.1111/cns.12790
https://doi.org/10.1016/j.bbi.2015.07.018
https://doi.org/10.1016/j.brs.2019.01.020
https://doi.org/10.1136/gutjnl-2021-326269
https://doi.org/10.1016/j.expneurol.2022.114033
https://doi.org/10.1016/j.expneurol.2022.114033
https://doi.org/10.1007/s00253-021-11622-2
https://doi.org/10.1038/nm.4050
https://doi.org/10.1016/j.pnpbp.2020.110229
https://doi.org/10.1186/s12974-018-1301-7
https://doi.org/10.1186/s12974-018-1301-7
https://doi.org/10.1016/j.brainresbull.2021.10.005
https://doi.org/10.1186/s12974-022-02591-y
https://doi.org/10.2147/NSS.S312272
https://doi.org/10.2147/NSS.S312272
https://doi.org/10.3389/fnagi.2020.00162
https://doi.org/10.1002/ame2.12310. Advance online publication. 10.1002/ame2.12310
https://doi.org/10.1002/ame2.12310. Advance online publication. 10.1002/ame2.12310
https://doi.org/10.1111/bph.13125
https://doi.org/10.1111/bph.13125
https://doi.org/10.1016/j.bbr.2020.112814
https://doi.org/10.1038/cddis.2013.54
https://doi.org/10.1016/j.psyneuen.2022.105766
https://doi.org/10.1021/acschemneuro.7b00154
https://doi.org/10.1016/j.expneurol.2012.06.011
https://doi.org/10.1007/s12035-022-03016-w
https://doi.org/10.1007/s12035-022-03016-w
https://doi.org/10.1016/j.bbr.2006.01.016
https://doi.org/10.1002/dev.21808
https://doi.org/10.3389/fnagi.2022.1021237
https://doi.org/10.14670/HH-25.237
https://doi.org/10.1186/s13041-016-0197-3
https://doi.org/10.1016/j.smrv.2017.05.002
https://doi.org/10.1016/j.jad.2019.01.031
https://doi.org/10.1016/j.neuroscience.2009.08.059
https://doi.org/10.5935/1984-0063.20190098
https://doi.org/10.1016/S0278-5846(03)00042-3
https://doi.org/10.1007/s11064-023-03889-w
https://doi.org/10.1016/j.neuropharm.2022.109301
https://doi.org/10.1038/s41380-022-01520-y
https://doi.org/10.1016/j.metabol.2017.01.026
https://doi.org/10.1111/epi.13767


Zhang et al. 10.3389/fnagi.2023.1177250

Frontiers in Aging Neuroscience 12 frontiersin.org

Wang, H., Xu, X., Xu, X., Gao, J., and Zhang, T. (2020). Enriched environment and social 
isolation affect cognition ability via altering excitatory and inhibitory synaptic density in mice 
hippocampus. Neurochem. Res. 45, 2417–2432. doi: 10.1007/s11064-020-03102-2

Wu, S., Ning, K., Wang, Y., Zhang, L., and Liu, J. (2023). Up-regulation of BDNF/TrkB 
signaling by δ opioid receptor agonist SNC80 modulates depressive-like behaviors in chronic 
restraint-stressed mice. Eur. J. Pharmacol. 942:175532. doi: 10.1016/j.ejphar.2023.175532

Wu, Z., Xiao, L., Wang, H., and Wang, G. (2021). Neurogenic hypothesis of positive 
psychology in stress-induced depression: adult hippocampal neurogenesis, 
neuroinflammation, and stress resilience. Int. Immunopharmacol. 97:107653. doi: 
10.1016/j.intimp.2021.107653

Wu, Y. F., Zhang, Y. M., Ge, H. H., Ren, C. Y., Zhang, Z. Z., Cao, L., et al. (2020). Effects 
of embryonic inflammation and adolescent psychosocial environment on cognition and 
hippocampal Staufen in middle-aged mice. Front. Aging Neurosci. 12:578719. doi: 
10.3389/fnagi.2020.578719

Xu, L., Sun, H., Qu, C., Shen, J., Qu, C., Song, H., et al. (2022). The environmental 
enrichment ameliorates chronic unpredictable mild stress-induced depressive-like 
behaviors and cognitive decline by inducing autophagy-mediated inflammation 
inhibition. Brain Res. Bull. 187, 98–110. doi: 10.1016/j.brainresbull.2022.07.001

Xu, X., Xiao, X., Yan, Y., and Zhang, T. (2021). Activation of liver X receptors prevents 
emotional and cognitive dysfunction by suppressing microglial M1-polarization and 
restoring synaptic plasticity in the hippocampus of mice. Brain Behav. Immun. 94, 
111–124. doi: 10.1016/j.bbi.2021.02.026

Yang, S., Zhang, S., Tang, W., Fang, S., Zhang, H., Zheng, J., et al. (2021). Enriched 
environment prevents surgery-induced persistent neural inhibition and cognitive 
dysfunction. Front. Aging Neurosci. 13:744719. doi: 10.3389/fnagi.2021.744719

Yoon, S., Iqbal, H., Kim, S. M., and Jin, M. (2023). Phytochemicals that act on synaptic 
plasticity as potential prophylaxis against stress-induced depressive disorder. Biomol. 
Ther. 31, 148–160. doi: 10.4062/biomolther.2022.116

Yu, Z., Wang, J., Wang, H., Wang, J., Cui, J., and Junzhang, P. (2020a). Effects of 
sevoflurane exposure during late pregnancy on brain development and beneficial effects 
of enriched environment on offspring cognition. Cell. Mol. Neurobiol. 40, 1339–1352. 
doi: 10.1007/s10571-020-00821-6

Yu, Z., Wang, J., Zhang, P., Wang, J., Cui, J., and Wang, H. (2020b). Enriched 
environment improves sevoflurane-induced cognitive impairment during late-
pregnancy via hippocampal histone acetylation. Brazilian journal of medical and 
biological research =. Rev. Bras. Pesq. Med. Biol. 53:e9861. doi: 10.1590/1414- 
431x20209861

Yu, S., and Wei, M. (2021). The influences of community-enriched environment on 
the cognitive trajectories of elderly people. Int. J. Environ. Res. Public Health 18:8866. 
doi: 10.3390/ijerph18168866

Zhang, Y. M., Cheng, Y. Z., Wang, Y. T., Wei, R. M., Ge, Y. J., Kong, X. Y., et al. (2022). 
Environmental enrichment reverses maternal sleep deprivation-induced anxiety-like 
behavior and cognitive impairment in CD-1 mice. Front. Behav. Neurosci. 16:943900. 
doi: 10.3389/fnbeh.2022.943900

Zhang, Z. Z., Zeng, L. P., Chen, J., Wu, Y. F., Wang, Y. T., Xia, L., et al. (2022). Long-
term environmental enrichment relieves dysfunctional cognition and synaptic protein 
levels induced by prenatal inflammation in older CD-1 mice. Neural Plast. 2022, 
1483101–1483115. doi: 10.1155/2022/1483101

Zhao, Q., Peng, C., Wu, X., Chen, Y., Wang, C., and You, Z. (2014). Maternal sleep 
deprivation inhibits hippocampal neurogenesis associated with inflammatory 
response in young offspring rats. Neurobiol. Dis. 68, 57–65. doi: 10.1016/j.
nbd.2014.04.008

Zhao, Q., Xie, X., Fan, Y., Zhang, J., Jiang, W., Wu, X., et al. (2015). Phenotypic 
dysregulation of microglial activation in young offspring rats with maternal sleep 
deprivation-induced cognitive impairment. Sci. Rep. 5:9513. doi: 10.1038/srep09513

Zhuang, Z. Q., Zhang, Z. Z., Zhang, Y. M., Ge, H. H., Sun, S. Y., Zhang, P., et al. (2021). 
A long-term enriched environment ameliorates the accelerated age-related memory 
impairment induced by gestational Administration of Lipopolysaccharide: role of plastic 
mitochondrial quality control. Front. Cell. Neurosci. 14:559182. doi: 10.3389/
fncel.2020.559182

Zuena, A. R., Mairesse, J., Casolini, P., Cinque, C., Alemà, G. S., Morley-Fletcher, S., 
et al. (2008). Prenatal restraint stress generates two distinct behavioral and 
neurochemical profiles in male and female rats. PLoS One 3:e2170. doi: 10.1371/journal.
pone.0002170

156

https://doi.org/10.3389/fnagi.2023.1177250
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1007/s11064-020-03102-2
https://doi.org/10.1016/j.ejphar.2023.175532
https://doi.org/10.1016/j.intimp.2021.107653
https://doi.org/10.3389/fnagi.2020.578719
https://doi.org/10.1016/j.brainresbull.2022.07.001
https://doi.org/10.1016/j.bbi.2021.02.026
https://doi.org/10.3389/fnagi.2021.744719
https://doi.org/10.4062/biomolther.2022.116
https://doi.org/10.1007/s10571-020-00821-6
https://doi.org/10.1590/1414-431x20209861
https://doi.org/10.1590/1414-431x20209861
https://doi.org/10.3390/ijerph18168866
https://doi.org/10.3389/fnbeh.2022.943900
https://doi.org/10.1155/2022/1483101
https://doi.org/10.1016/j.nbd.2014.04.008
https://doi.org/10.1016/j.nbd.2014.04.008
https://doi.org/10.1038/srep09513
https://doi.org/10.3389/fncel.2020.559182
https://doi.org/10.3389/fncel.2020.559182
https://doi.org/10.1371/journal.pone.0002170
https://doi.org/10.1371/journal.pone.0002170


Frontiers in Aging Neuroscience 01 frontiersin.org

Age-related changes in mice 
behavior and the contribution of 
lipocalin-2
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Gualtar, Braga, Portugal, 2 ICVS/3B’s—PT Government Associate Laboratory, Braga/Guimarães, Portugal

Aging causes considerable changes in the nervous system, inducing progressive 
and long-lasting loss of physiological integrity and synaptic plasticity, leading to 
impaired brain functioning. These age-related changes quite often culminate 
in behavioral dysfunctions, such as impaired cognition, which can ultimately 
result in various forms of neurodegenerative disorders. Still, little is known 
regarding the effects of aging on behavior. Moreover, the identification of factors 
involved in regenerative plasticity, in both the young and aged brain, is scarce 
but crucial from a regenerative point of view and for our understanding on 
the mechanisms that control the process of normal aging. Recently, we  have 
identified the iron-trafficking protein lipocalin-2 (LCN2) as novel regulator of 
animal behavior and neuronal plasticity in the young adult brain. On the other 
hand, others have proposed LCN2 as a biological marker for disease progression 
in neurodegenerative disorders such as Alzheimer’s disease and multiple sclerosis. 
Still, and even though LCN2 is well accepted as a regulator of neural processes in 
the healthy and diseased brain, its contribution in the process of normal aging is 
not known. Here, we performed a broad analysis on the effects of aging in mice 
behavior, from young adulthood to middle and late ages (2-, 12-, and 18-months 
of age), and in the absence of LCN2. Significant behavioral differences between 
aging groups were observed in all the dimensions analyzed and, in mice deficient 
in LCN2, aging mainly reduced anxiety, while sustained depressive-like behavior 
observed at younger ages. These behavioral changes imposed by age were further 
accompanied by a significant decrease in cell survival and neuronal differentiation 
at the hippocampus. Our results provide insights into the role of LCN2  in the 
neurobiological processes underlying brain function and behavior attributed to 
age-related changes.

KEYWORDS

aging, behavior, lipocalin-2, hippocampus, cell survival

Introduction

Aging is a complex process that causes significant structural and physiological changes in 
the brain, often culminating in behavioral impairments and increased occurrence of 
neuropsychiatric and neurodegenerative disorders (Perna et al., 2016; Shoji et al., 2016). Several 
studies have, in fact, explored the impact of aging on brain physiology and behavior (Shoji et al., 
2016; Botton et  al., 2017), demonstrating age-related impairments on cognitive functions 
(Benice et al., 2006), exploratory and locomotor activities (Fahlstrom et al., 2011), sensorimotor 
behavior (Lau et al., 2008), and depressive-like states (Malatynska et al., 2012). Still, there are 
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only few reports (Shoji et al., 2016) describing age-related changes in 
behavior, from young adulthood to middle and late ages.

Functional changes in the brain imposed by aging include the 
gradual loss of neural regenerative capacity. Specifically, in the 
hippocampus, morphological and functional changes associated with 
aging includes neuronal loss (Mattson and Magnus, 2006), decreased 
synaptic density (Bach et al., 1999; Barnes, 2003) and synaptogenesis 
(Geinisman et al., 1992), increased oxidative (Forster et al., 1996; Hu 
et al., 2006), and metabolic stress (Yin et al., 2016), and diminished 
neurogenesis (Kuhn et al., 1996; Kempermann et al., 2002). These 
changes strongly correlate with age-associated cognitive decline and 
memory impairments (Rapp and Heindel, 1994). Particularly, reduced 
adult hippocampal neurogenesis during aging was shown to 
be associated with decreased cognitive and learning performances 
(Lazarov et al., 2010; Mu and Gage, 2011; Merkley et al., 2014), which 
could be restored by increasing neurogenesis with exercise (van Praag 
et  al., 2005; Merkley et  al., 2014; Wu et  al., 2015). In this sense, 
manipulations aimed at increasing neurogenesis constitute a 
promising approach for alleviating disease- or age-related impairments 
in brain function and behavior (Drew and Hen, 2007; Bolognin et al., 
2014). Still, the nature of the causal factors responsible for 
neurodegeneration during aging are poorly understood. The 
identification of regulators that can control both hippocampal 
plasticity and function is crucial from a regenerative point of view, and 
for our understanding on the neurobiological mechanisms that 
underlie the aging process.

In recent years, the secreted protein lipocalin-2 (LCN2) was 
identified as a regulator of brain physiological process, by controlling 
neuronal structural and remodeling, synaptic activity and behavior at 
young adulthood (Mucha et  al., 2011; Ferreira et  al., 2013), with 
additional described roles in neural stem cells physiology and 
proliferation (Ferreira et al., 2018). On the other hand, LCN2 has also 
been described with important roles in the diseased brain, particularly 
in mild cognitive impairment (Choi et al., 2011), Alzheimer’s disease 
(Naude et al., 2012), multiple sclerosis (Marques et al., 2012) and, 
more recently, in Parkinson’s disease (Kim et  al., 2016). Whether 
detrimental or protective (Ferreira et al., 2015), the described roles of 
LCN2 in brain homeostasis, along with its presence in brain regions 
affected by degeneration, has even proposed the usage of LCN2 as a 
biological marker for disease progression (Ferreira et al., 2015). Still, 
the contribution of LCN2 for the process of normal aging is 
currently unknown.

In this study, we performed mice behavioral analysis during aging, 
from young adulthood to middle and late ages (2-, 12-, and 18-months 
of age), and further analyzed the impact of LCN2 absence in the 
course of the behavioral effects related to aging. Moreover, 
we  estimated cell survival and neuronal differentiation in the 
hippocampus as a measure of neural plasticity in the aged brain.

Materials and methods

Ethics statement

All animal procedures were conducted in accordance with the 
guidelines for the care and handling of laboratory animals in the 
Directive 2010/63/EU of the European Parliament and the Council 
and were approved by the Portuguese national authority for animal 

experimentation, Direção Geral de Alimentação e Veterinária (ID: 
DGAV9457). Animals were housed and maintained in a controlled 
environment at 22–24°C and 55% humidity, on 12 h light/dark cycles 
and fed with regular rodent’s chow and tap water ad libitum.

Animal model and experimental groups

Experiments were conducted in male mice lacking LCN2 (LCN2-
null), and the respective wild-type (Wt) littermate controls, in a 
C57BL/6 J mice background, obtained from heterozygous crossings. 
Mice were divided into three groups, accordingly to their age: 2-, 12- 
and 18-months. Both LCN2-null mice and age-matched Wt littermates 
were used for behavioral and cellular analysis. As a measure of general 
welfare of animals, body weight was monitored throughout the 
aging process.

Behavior

Animals from two different cohorts, and at each selected age, were 
assessed for their behavior that included general evaluation of anxiety, 
mood and cognition (Figure 1A).

Elevated plus maze

Anxious behavior was analyzed through the elevated plus maze 
(EPM) test. The behavioral apparatus (ENV-560; Med Associates Inc., 
St. Albans, VT, USA) consisted of two opposite open arms 
(50.8 cm Å ~ 10.2 cm) and two closed arms (50.8–10.2 cm Å ~ 40.6 cm), 
elevated 72.4 cm above the floor and dimly illuminated. Mice were 
individually placed in the center of the maze and allowed to freely 
explore it for 5 min. The percentage of time spent in the open arms, 
monitored through an infrared photobeam system (MedPCIV, Med 
Associates Inc.), was used as an index of anxiety-like behavior, and the 
number of total entries in the arms of the maze as an indicator of 
locomotor activity.

Light/dark box test

Anxiety behavior was also assessed in the light/dark box test, 
consisting of an open field arena divided in equal parts. One part was 
open and brightly illuminated, with the other consisting of a black 
Plexiglas insert with an entrance at the center of the arena. Each 
animal was placed at the center of the arena facing the lateral wall and 
allowed to explore it for 10 min. An infrared automatic system (Med 
Associates Inc.) allowed monitoring the time spent in each 
compartment of the arena, and anxiety was calculated by the ratio of 
time spent in the dark versus the light compartment.

Forced-swim test

Learned-helplessness was assessed through the forced-swim test 
(FST), as a measure of depressive-like behavior. The test was 
conducted by placing each animal individually in transparent 
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cylinders filled with tap water (25°C; depth 30 cm) for a 5 min period. 
The trials were videotaped and manually scored using the EthoLog V 
2.2 software (Ottoni, 2000). Learned-helplessness behavior was 
defined as an increase in immobility time and a decrease in the latency 
of time to immobility (in sec).

Morris water maze

Cognitive function, by means of spatial reference memory, was 
evaluated using the Morris water maze (MWM) paradigm. The water 
maze consisted of a white circular pool (170 cm in diameter, 50 cm in 
height) filled with tap water (23°C; 25 cm of depth) and placed in a 
poorly lit room with extrinsic clues. The water tank was divided into 
four imaginary quadrants and a transparent escape platform (14 cm 
in diameter; 30 cm high), invisible to the animals, was placed in the 
center of one of the quadrants. Mice were randomly placed in the 
water facing the wall in each of the quadrants, and allowed to search 
for the hidden platform maintained in the same position during the 
4 days of the acquisition. The trial was considered as concluded when 
the platform was reached within the limit time of 120 s. If failing to 
reach the platform within this time-period, animals were guided to 
the platform and allowed to stay in it for 30 s and an escape latency 
time of 120 s was registered. During the 4 days of the acquisition 
phase, each animal was given four trials per day. Trials were video-
captured by a tracking system (Viewpoint, Champagne-au-Mont-d’Or, 
France) and the time required to reach the platform (latency of time) 
was recorded for the consecutive trials/days.

Contextual fear conditioning

Contextual fear conditioning (CFC) was conducted for 2 days, as 
previously described (Ferreira et al., 2018), to assess fear memory. 
Briefly, on day 1, mice were placed in the conditioning chamber and 

received three pairings of light and a terminating shock (1 s, 0.5 mA), 
spared from each other with an interval of 20 s. On the following day, 
to test for conditioned fear to the training context, animals were 
placed in the same chamber for 3 min as before, but with no 
presentation of the conditioned stimulus, and the entire session was 
scored for freezing. Two hours after, animals were presented to a novel 
context, with no grid, black plastic inserts covering the floor and the 
walls of the chamber and scent with vanilla extract. Each mouse was 
placed into the novel context for 3 min and freezing was scored for the 
entire session. Freezing behavior was manually scored by a blind 
observer using the EthoLog V2.2 software and defined as the complete 
absence of motion for a minimum of 1 s. Parameters analyzed included 
the total percentage of time freezing in the context (A) and (B), and 
the index of discrimination between contexts as the ratio of percentage 
of time freezing (contexts A-B)/percentage of time freezing 
(contexts A + B).

BrdU injections

In the end of the behavioral assessments, and prior to sacrifice 
(Figure 1A), animals at the described ages were intraperitoneally (i.p.) 
injected with BrdU (50 mg/kg; Sigma Aldrich, St. Louis, MO, USA) 
twice a day for 5 consecutive days, followed by a chase period of 
28 days. This allowed the analysis of the effect of aging on the progeny 
of stem cells and progenitors survival.

Tissue preparation and 
immunohistochemistry

For tissue processing, brains from anesthetized mice [i.p. mixture 
of ketamine hydrochloride (150 mg/kg) plus medetomidine (0.3 mg/
kg)] were perfused transcardially with 0.9% cold saline, coronally 
sectioned in a cryostat (20 μm), and further processed for 

A B

FIGURE 1

Body weight increases in aged animals, irrespectively of the genotype. (A) Schematic diagram of the experimental approach and the group of animals used 
at the respective ages. (B) Body weight measurements at selected ages revealed an age-related effect, with aged animals presenting increased body weight, 
when compared to genotype-matched 2-months old animals (n = 10–12 mice per group). Data are presented as mean ± SEM, analyzed by two-way analysis 
of variance (ANOVA) with Bonferroni’s multiple comparison test. ΦDenotes differences between young and aged Wt; #between young and aged lipocalin-2 
(LCN2)-null mice. ΦΦΦΦ, ####p ≤ 0.0001. EPM, elevated plus maze; CFC, contextual fear conditioning; FST, forced-swim test; MWM, Morris water maze.
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FIGURE 2

Age-related alterations of anxiety-like behaviors in Wt and lipocalin-2 (LCN2)-null mice. (A) Assessment of anxiety-like behavior in the elevated plus 
maze (EPM) showed an increase in the percentage of time spent in the open arms across age, specifically in LCN2-null mice (n = 10–12 mice per 
group). (B) General locomotor activity assessed by the total number of entries in the maze revealed no major aging and genotype effects. (C) In the 
light/dark box test, anxiety-like behavior of LCN2-null mice at 2-months of old is reduced at 18-months of age. (D) Representative progression of EPM 
performance by the animals during the course of normal aging, evidencing the reduction in anxiety behavior (as an increased time in the EPM open 
arms) observed in LCN2-null mice. At 12-months of age, Wt mice become more anxious, a phenotype that was lost at 18-months. Data are presented 
as mean ± SEM, analyzed by two-way ANOVA with Bonferroni’s multiple comparison test. #Denotes differences between young and aged LCN2-null 
mice; *between Wt and LCN2-null mice at each matched age. *p ≤ 0.05, ##p ≤ 0.01, ####p ≤ 0.0001.

immunohistochemistry. For BrdU immunostaining, antigen retrieval 
by heat with citrate buffer (10 mM; Sigma) was performed, followed 
by DNA denaturation with HCl (Sigma) for 30 min. An additional 
blocking step with a solution of PBS 0.3% Triton X-100 (PBS-T; 
Sigma) and 10% normal fetal bovine serum (FBS; Invitrogen, 
Carlsbad, CA, USA) for 30 min at room temperature (RT) was also 
performed. Primary antibodies incubation, diluted in blocking 
solution, occurred overnight at RT and included rat anti-BrdU 
(1:100; Abcam, Cambridge, UK) and mouse anti-NeuN (1,200; 
Millipore, Billerica, MA, USA). The respective fluorescent secondary 
antibodies anti-rat and anti-mouse combined to Alexa 594 or to 
Alexa 488 (Invitrogen) were used to detect the respective primary 
antibodies at a dilution of 1:500 (in PBS-T) for 2 h at RT. To stain the 
nucleus, sections were incubated with 4′,6-diamidino-2-phenylindole 
(DAPI, 1:1000; Sigma), after which slides were mounted with Immu-
Mount (ThermoFisher Scientific, Waltham, MA, United  States). 
Fluorescence images of the dentate gyrus (DG) of the hippocampus 
were acquired using the Olympus Fluoview FV1000 confocal 
microscope (Olympus, Hamburg, Germany) and the number of 
double-positive cells further calculated using Olympus Fluoview 
FV1000 software (Olympus), and normalized for the respective 
area (mm2).

Statistical analysis

All experiments were performed and analyzed by the same 
experimenter, blind to the animals’ genotype or group under 
assessment. Variables followed a Gaussian distribution as revealed by 
the D’Agostino & Pearson normality test. Data are reported as 
mean ± standard error (S.E.M.). The number of biological replicates 
(n) is specified in the legend of each figure. Statistically significant 
differences between groups were determined using two-way ANOVA, 
followed by Bonferroni’s multiple comparison test. Values were 
considered statistically significant for p ≤ 0.05 (*, # or Φ), p ≤ 0.01  

(**, ## or ΦΦ), p ≤ 0.001(***, ### or ΦΦΦ) and p ≤ 0.0001(****, #### 
or ΦΦΦΦ).

Results

Depressive-like behaviors, but not anxiety, 
persists in aged LCN2-null mice

In order to assess the effects of aging in animal behavior, and in 
the absence of LCN2, Wt and LCN2-null mice were aged until 12- and 
18-months of age, and evaluated for anxiety, depressive-like and 
cognitive behavioral dimensions (Figure 1A). Firstly, we examined 
age-related changes on the body weight of Wt and LCN2-null mice, 
and compared to young 2-months old mice. We observed a significant 
effect of age on body weight (F2,60 = 142.0, p < 0.0001), independently 
of the genotype (genotype*age: F2,60 = 0.53, p = 0.59; Figure 1B). Both 
aged Wt and LCN2-null mice were significantly heavier than younger 
genotype-matched animals (12- and 18-months >2-months, 
p < 0.0001; Figure 1B).

To assess anxiety-like behaviors, we tested the animals of both 
genotypes and at the different ages in the EPM test. Analysis of the 
effect of age in the time spent in the open arms revealed that it 
significantly influenced animal’s performance in the maze (age effect: 
F2,52 = 16.05, p < 0.0001). Specifically, Wt 12-months old animals spent 
less time in the open arms of the maze (12- < 2-months, p = 0.59), 
which suggested the appearance of an anxious-like behavior with 
aging. However, at the oldest age of 18-months, Wt animals exhibited 
a surprisingly increased percentage of time spent in the open arms 
(18- > 12-months, p = 0.07; Figure 2A). In addition, aging also induced 
a reduction in the anxiety state presented by LCN2-null mice at 
2-months of age. We have previously described that young LCN2-null 
mice present an increased anxiety-like behavior in the EPM test 
(Ferreira et al., 2013), which we confirmed here (Wt: 29%, LCN2-null: 
18%; Figure 2A). Analysis of aged LCN2-null mice in the EPM showed 
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that animals significantly increased the time spent in the open arms 
of the maze, when compared to younger mice (12- > 2-months, 
p = 0.006; 18- > 2-months, p < 0.0001), and to age-matched Wt animals 
(Wt versus LCN2-null: 12-months, p = 0.05; 18-months, p = 0.01; 
Figure 2A).

In addition, the evaluation of the total number of entries in the 
EPM maze, as a measure of general locomotor activity, revealed no 
aging effect in this parameter (F1,29 = 1.16, p = 0.29), neither between 
ages or genotypes (Figure 2B). To confirm the observations obtained 
in the time spent in the open arms of the EPM maze, we also tested 
the animals, but only at 18-months of age in the light/dark box test, 
another commonly used test to assess anxiety-like behavior. Indeed, a 
similar phenotype was observed when testing 18-months old Wt and 
LCN2-null mice in the light/dark box test. In this test, a decreased 
ratio time dark/light was observed in older LCN2-null animals, when 
compared to younger mice (18- < 2-months, p = 0.002; Figure 2C), 
confirming the reduction in anxiety by aging in LCN2-null mice. For 
aged Wt mice, this was not evident (p = 0.67; Figure 2C). Overall, these 
results suggest that, along with the process of aging, a reduction in 
anxiety behavior occurs in the absence of LCN2 (Figure 2D).

Following, we  assessed learned helplessness as an index of 
depressive-like behavior, by the immobility time and the latency to 
immobility in the FST. Aging had an overall significant effect on the 
immobility time (F2,41 = 71.96, p < 0.0001) and the latency to immobility 
(F2,37 = 33.56, p < 0.0001; Figures 3A,B) presented by the animals. Older 
Wt mice significantly decreased their immobility time in the FST, 
when compared to 2-months old mice (2- > 12-, 18-months, p < 0.0001; 
Figure 3A). In line with this, aged Wt animals also increased their 
latency of time to immobility (2- < 12-, 18-months, p < 0.0001), 
suggesting that aging does not promote a depressive-like behavior 
(Figure 3B). Notably, aged LCN2-null mice also decreased the time 
spent immobile, when comparing to 2-months old null mice (2- > 12-, 
18-months, p < 0.0001; Figure  3A), and increased their latency to 

immobility (2- > 12-months, p = 0.0005; 2- > 18-months, p < 0.0001; 
Figure 3B). Still, animals presented a depressive-like phenotype when 
compared to Wt age-matched animals (immobility time—Wt versus 
LCN2-null: 12-months, p = 0.0005; 18-months, p = 0.09; latency—Wt 
versus LCN2-null: 12-months, p < 0.0001; 18-months, p = 0.05).

Together, this suggests that learned helplessness in the FST 
revealed an age-related decrease in depressive-like behavior in both 
group of animals, but still LCN2-null mice sustained a depressive-like 
behavior across the aging process (Figure 3C).

Spatial learning and contextual 
discrimination are affected through the 
course of aging

To examine age-related changes in spatial learning and memory, 
we tested the animals, at the different ages, in the MWM paradigm. In 
this task, all animals, regardless of the genotype, learned to find the 
position of the hidden platform, as they improved the time required 
to find it along the 4 days of the test (Figure 4A). The only difference 
obtained concerned the behavioral performance of 2-months old 
LCN2-null mice on the day 2 of testing (p = 0.0002), in accordance to 
what we have previously reported (Ferreira et al., 2013). Moreover, the 
specific analysis of the learning process of Wt animals revealed that it 
was affected by aging (F5,53 = 3.06, p = 0.02). We observed a higher 
latency of time required by 12- and 18-months old Wt mice to reach 
the hidden platform, more evident on the second day of testing 
(12- > 2-months, p = 0.02; 18- > 2-months, p = 0.005; Figure 4B). On the 
other hand, the learning profile of LCN2-null mice remained similar 
across ages (F2,33 = 0.69, p = 0.51; Figure  4B): the observed 
compromised spatial learning of LCN2-null mice at 2-months old 
persisted throughout the aging process (Figure 4B). Although aging 
induced memory and learning deficits in Wt mice, LCN2-null animals 

A B C

FIGURE 3

Wt and lipocalin-2 (LCN2)-null mice depressive-like behavior in the course of aging. (A) Depressive-like behavior evaluated as learned helplessness in 
the forced-swim test (FST) revealed decreased immobility time in older Wt and LCN2-null mice, with null aged mice continuing to present a 
depressive-like behavior (n = 10–12 mice per group). (B) Mood alterations in older mice were also observed by the latency of time to immobility. 
(C) Depressive-like behavior in the progress of aging remains in LCN2-null mice, compared to controls, while older Wt animals decreased their 
immobility time. Data are presented as mean ± SEM, analyzed by two-way ANOVA with Bonferroni’s multiple comparison test. ΦDenotes differences 
between young and aged Wt mice; #between differences between young and aged LCN2-null mice; *between Wt and LCN2-null mice at each 
matched age. *p ≤ 0.05, ##p ≤ 0.01, ***p ≤ 0.001, ΦΦΦΦ, ####, ****p ≤ 0.0001.
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required always increased time to find the platform in the MWM task 
(Figure 4C). Altogether, the increased latency of time in the MWM 
indicates that spatial learning performances decreased during aging 
in Wt conditions, remaining poorer in LCN2-null mice (as depicted 
in Figure 4C).

Additionally, to the MWM test, we have also used the CFC to 
assess contextual discrimination, as a measure of fear memory. After 
training the animals to a cued conditioning task, animals were 
re-exposed to the conditioning context and freezing behavior was 
scored as a measure of memory contextual retrieval. Analysis of the 
effect of age in the freezing time revealed that it significantly 
influenced animal’s performance (age effect: F2,34 = 20.83, p < 0.0001). 
Specifically, we observed that older Wt animals significantly decreased 
their freezing behavior, in comparison to younger animals 
(12- < 2-months, p < 0.0001; 18- < 2-months, p = 0.02; Figure 4D). On 
the other hand, freezing behavior of LCN2-null mice remained similar 
throughout ages. The decreased freezing behavior observed already at 
2-months old (Wt versus LCN2-null, p = 0.0005) persisted in aged null 
animals [more pronounced in 12-months animals (12- < 2-months, 
p = 0.02; Figure 4D)]. In addition, analysis of contextual discrimination 

index, after presentation of a novel context, revealed that aging 
affected discrimination indexes. Similarly, for contextual retrieval, 
aging significantly decreased the index of contextual discrimination 
in Wt animals (12- < 2-months, p = 0.05; Figures 4E,F), while LCN2-
null mice presented the same ratios of contextual discrimination 
across ages, similar to younger animals (Wt versus LCN2-null: 
2-months, p = 0.001; Figure 4E). Aging significantly affected the ability 
of animals to discriminative different contexts presentation, thus 
influencing fear memory (Figure 4F).

The generation of newborn neurons in the 
hippocampus decreases with aging

In order to disclose the contribution of hippocampal plasticity to 
the described age-related alterations in behavior, in both Wt and 
LCN2-null mice, we next analyzed the generation of adult newborn 
neurons in the DG of the hippocampus. With this purpose, animals 
at the described ages were daily injected with BrdU for 5 days, followed 
by a chase period of 28 days (Figure 5A). Density of BrdU+ cells in the 

A B C

D E F

FIGURE 4

Spatial learning and memory retrieval and consolidation decreases during normal aging. (A) Analysis of spatial learning and memory in the Morris water 
maze (MWM) test revealed that all groups learned to find the position of the hidden platform across the 4 days of acquisition. (B) Older Wt mice 
required more time to find the platform, while lipocalin-2 (LCN2)-null animals presented similar impaired learning curves throughout aging (n = 10–12 
mice per group). (C) Cognitive deficits in the course of normal aging, measured by the reduced latency of time in the MWM. (D) Freezing behavior 
upon re-exposure to conditioning context revealed a major effect of aging in Wt animals, as freezing behavior decreased in older animals. (E) Impaired 
memory retrieval and consolidation was confirmed by the decreased ratio of discrimination index in aged Wt mice, which was sustained in LCN2-null 
mice throughout aging (n = 10–12 mice per group). (F) Impaired contextual discrimination along aging in Wt and LCN2-null mice. Data are presented as 
mean ± SEM, analyzed by two-way ANOVA with Bonferroni’s multiple comparison test. ΦDenotes differences between young and aged Wt mice; 
#between differences between young and aged LCN2-null mice; *between Wt and LCN2-null mice at each matched age. Φ, #p ≤ 0.05, ΦΦΦΦp ≤ 0.0001, 
***p ≤ 0.001.
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DG, as a mean of cell survival, revealed a significant effect of aging 
(F1,13 = 246.3, p < 0.0001). Animals at 12-months of age presented a 
significant decrease in the number of labeled survival cells (Figure 5B). 
Both Wt and LCN2-null mice, in comparison to younger animals, 
presented a significant decreased in the total number of BrdU+ cells in 
the DG (Wt: 12- < 2-months, p < 0.0001; LCN2-null mice: 
12- < 2-months, p < 0.0001; Figure  5B). Despite the observed 
significant decreased cell survival in LCN2-null animals at 2-months 
(Wt versus LCN2-null, p = 0.002), it was evident that this cell 
population was similarly affected during the course of the aging 
process, as in the Wt animals.

Additionally, analysis of the percentage of newborn neurons 
generated in the DG, within the 28-day period of labeling, showed 
that aging significantly impaired the formation of new neurons 
(F1,14 = 28.50, p < 0.0001). Specifically, aged Wt mice presented a 
significant reduction in the percentage of newborn neurons 
(12- < 2-months, p = 0.0007; Figure 5C), similarly observed in LCN2-
null mice at 12-months of age (12- < 2-months, p = 0.02; Figure 5C). 
Again, despite the observed impairments at 2-months in LCN2-null 
mice (Wt versus LCN2-null, p = 0.02), cell differentiation was 
significantly affected by aging.

Discussion

In the present study, we evaluated the impact of aging in several 
dimensions of animal behavior, including mood, anxiety and 
cognition, and upon the absence of LCN2. Moreover, we evaluated 
brain plasticity in the form of hippocampal neurogenesis as one of the 
neurobiological mechanisms playing a more determining role in the 
observed behavioral outcomes across aging. Our results indicate that 
aged Wt animals presented progressive cognitive deficits, in both 
contextual discrimination and spatial learning, but not of anxiety and 
learned helplessness, when comparing to behavioral performances at 
younger ages (Figure 6). Similarly, the effects of LCN2 absence in 

learned helplessness and cognition, already observed at 2-months of 
age (Ferreira et al., 2013), were sustained throughout aging (Figure 6). 
The exception concerned the anxiety domain, since the time spent in 
the open arms by LCN2-null mice increased with aging (Figure 6). 
Moreover, age also significantly impacted on hippocampal 
neurogenesis, in both Wt and LCN2-null mice, as seen by the 
prominent decrease in cell survival and in the generation of 
new neurons.

Evaluation of anxiety-like behavior along the process of aging 
revealed that 12-months old Wt mice present an anxious-like behavior, 
when compared to younger mice. However, at later ages, a reduced 
anxiety was observed (Figure 6). This reduction was independent of 
LCN2, since aged LCN2-null mice, at both EPM and light/dark box 
tests, decreased the time spent in the open arms and in the light 
compartment, respectively. Although not so evident in aged Wt mice 
(Figure  6), our observations are similar to what others have also 
reported when analyzing age-related changes in C57BL/6 J mice 
behavior (Shoji et al., 2016; Botton et al., 2017). Particularly for the 
EPM, some authors speculate that the decrease in the time spent in 
the open arms of the maze, as we demonstrated here for our LCN2-
null mice aging cohort, may reflect an increased panic-like escape 
response to the novel environment (Holmes et al., 2000; Hattori et al., 
2012). Moreover, anxiety-like behavior assessments in aged mice are 
described to be test-dependent: a same cohort of aged animals, that 
were less anxious in the EPM, showed aversive behavior to the center 
area of the open field test (Botton et al., 2017). These differences have 
been attributed to the sensitivity of anxiety responses inherent to each 
behavioral apparatus, which also varies with age (Botton et al., 2017). 
Nevertheless, here we observed the same phenotype on both EPM and 
light/dark box test (at least for the 18-months timepoint) in LCN2-
null animals.

Regarding depressive-like behavioral domain, while some 
hypothesis in the literature suggest that aging is associated with an 
increased risk of depression (Hattori et al., 2012), some inconsistences 
are also reported on the effects of aging in this type of behavior 

A B C D

FIGURE 5

Aging reduces hippocampal neurogenesis in both Wt and lipocalin-2 (LCN2)-null animals. (A) Schematic diagram of the BrdU protocol used to label 
cell survival and neuronal differentiation. (B) Quantification of total number of BrdU+ cells in the DG of Wt and LCN2-null mice disclosed a significant 
effect of aging in cell survival (n = 4–5 mice per group). (C) Percentage of newly born neurons are significantly affected by aging, independently of 
animal’s genotype. (D) Representative images of BrdU and NeuN staining in the DG of Wt and LCN2-null mice. Data are presented as mean ± SEM, 
analyzed by two-way ANOVA with Bonferroni’s multiple comparison test. ΦDenotes differences between young and aged Wt mice; #between 
differences between young and aged LCN2-null mice; *between Wt and LCN2-null mice at each matched age. #,*p ≤ 0.05, **p ≤ 0.01, ΦΦΦp ≤ 0.001; ΦΦΦΦ, 

####p ≤ 0.0001. IHC, immunohistochemistry.
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(Godbout et al., 2008; Malatynska et al., 2012; Shoji et al., 2016). The 
described contradictions have been mainly attributed to the different 
ages used, animal species and strains, or even to behavioral procedures. 
While some described a lack of affective deficits in 18-months old 
C57BL/6 mice in the FST (Malatynska et al., 2012), others reported 
that immobility time in the FST decreases from young adulthood to 
middle age [8–12-months old; (Shoji et al., 2016)]. In fact, our results 
are in agreement, as we observed decreased immobility time at 12- 
and 18-months of age, when compared to the younger ages (Figure 6), 
in both Wt and LCN2-null mice. This decrease might be explained by 
the fact that the same animals also decreased their anxiety across ages 
(although only evident in Wt mice at 18-months). In addition, several 
factors are able to influence FST performance (Bogdanova et al., 2013) 
as for instance the levels of corticosterone in the day of the test 
(Martínez-Mota et al., 2011). In addition, it was previously suggested 
that FST is a suitable model to evaluate depressive-like behaviors in 
prepubertal rats and that the changes in corticosterone and gonadal 
hormones could mediate the sex and age differences in the behavioral 
responses in the FST (Martínez-Mota et al., 2011). It is well known 
that increased anxiety is an important feature of depressive states, and 
the observed decreased anxiety, at least for the LCN2-null mice, may 
account to the reduced behavioral despair observed in the FST by aged 
mice. Still, and even though the immobility time in LCN2-null mice 
decreased with age, learned helplessness persisted in aged mice 
(Figure 6) when compared to aged-matched Wt mice, which may 
suggest a putative involvement of LCN2  in late depression. The 
prevalence of depression is elevated in older people (Glaesmer et al., 
2011) and, taking into consideration our results, aged LCN2-null mice 
could constitute an effective animal model to explore putative novel 
therapeutic approaches in late-life depression. In fact, increased LCN2 
plasma levels were observed in depressed older patients, proposing 
LCN2 as a marker in the pathophysiology of late-life depression 
(Naude et al., 2013).

One prominent feature associated with aging, and extensively 
explored and reported in aged animal models, concerns the 

progressive loss of cognitive functions, especially in certain types of 
learning and memory (Bach et al., 1999). In line with other reports 
(Magnusson et  al., 2003; Bergado et  al., 2011; Shoji et  al., 2016), 
we here observed, in Wt mice, an aged-related spatial learning and 
memory defect in the MWM task (Figure 6). In contrast, LCN2-null 
mice performance was sustained throughout aging (Figure 6). The 
very mild behavioral performance presented by LCN2-null mice at 
2-months of age (Ferreira et al., 2013) remained the same, regardless 
of the aging process. Of interest the impairment of the LCN2-null 
mice in the hippocampal spatial learning and memory is very mild 
and only verified at day 2 of the MWM training phase protocol. This 
data is also in accordance with Dekens et al., in which it was shown 
that, LCN2-null mice showed significantly slower MWM learning 
curves compared to WT mice, possibly indicating mild memory 
impairment during the training phase (Dekens et  al., 2018). In 
addition, it was previously demonstrated, that LCN2-null mice 
performed similar to WT mice in the first and second probe trial and 
so, we cannot describe here an alteration in memory (Ferreira et al., 
2013; Dekens et al., 2018). Moreover, when tested for contextual fear 
memory, a more DG-dependent task, age-related deficits in the ability 
to discriminate between contexts was observed in both genotypes. 
With age, Wt mice decreased their contextual discrimination, as 
observed by the impaired discrimination indexes, while LCN2-null 
mice, similarly to the MWM performance, presented a constant 
impaired contextual discrimination across aging (Figure 6). These 
findings are, in fact, relevant and should be  contemplated when 
considering the usage of LCN2 levels as predictors of cognitive 
impairments. The description of increased LCN2 plasma levels during 
mild-cognitive impairment, and the consequent suggestion that it 
might be  helpful in predicting the progression of this state to 
Alzheimer’s disease (Choi et al., 2011), should be considered with 
caution in light of the present results.

Associated with age-related poor cognitive performances are also 
the descriptions of functional changes in the hippocampus, the brain 
region mostly involved in learning and memory (Jarrard, 1995). 

FIGURE 6

Schematic representation on the progression of the behavioral dimensions assessed throughout aging, in both Wt and lipocalin-2 (LCN2)-null mice. 
Comparison of behavioral performances of aged animals with younger ages revealed that aging, in Wt mice, slightly decreased their anxiety state at 
18-months (as observed by the increased open arms time), but did not promote depressive-like behaviors (immobility time is decreased). Cognitive 
domains, both spatial learning and contextual discrimination, was significantly impaired with aging. On the other hand, aged LCN2-null mice sustained 
their impaired behavior observed already at 2-months of age, specifically in depressive-like behavior and cognitive domains, with the exception of 
anxiety that was significantly decreased (represented as the increased in the time spent in the open arms).
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Alterations include hippocampus structural atrophy (Small et  al., 
2002) and decreased volume (Mattson and Magnus, 2006), as well as 
reduced hippocampal neurogenesis (Kuhn et al., 1996) and synaptic 
plasticity (Barnes, 1994). In fact, deficits in hippocampal long-term 
potentiation (LTP) imposed by aging have been correlated with 
defects in spatial memory (Bach et al., 1999; Barnes, 2003). In this 
sense, it is interest to observe that LCN2-null mice, at 2-months of age, 
were described to present neuronal atrophy in the dorsal hippocampus 
and synaptic impairments in hippocampal LTP (Ferreira et al., 2013). 
Even though we do not know if this is the case, these differences may 
be accounting to the sustained impaired cognitive function described. 
We can only speculate that these impairments might persist until older 
ages and, therefore, contribute for the cognitive decline maintenance 
in these animals. Nevertheless, further electrophysiological 
assessments and morphological reconstructions would be required to 
confirm this. Other signs of age-associate decline in hippocampal 
plasticity include hippocampal neurogenesis, which diminishes with 
aging (Kuhn et  al., 1996; Heine et  al., 2004). Hippocampal 
neurogenesis largely contributes to cognition and memory and, in 
fact, age-related decreased hippocampal neurogenesis has been 
suggested as the basis for learning and memory decline (Bizon et al., 
2004) and impaired contextual discrimination (Moyer and Brown, 
2006) during aging. In accordance, our descriptions of impaired 
learning and cognition and fear memory in aging were further 
accompanied by a decreased cell survival and neuronal differentiation 
in the hippocampus of aged mice. Herein, we only performed the 
analysis of the newborn neurons in 2- and 12-month-old mice, which 
is certainly a limitation of the study, this is certainly a great contributor 
to the observed impaired phenotypes. However, in the future, the 
quantification of newborn neurons also in the 18-month-old mice, to 
correlate the information with the behavioral outcomes, will 
be  relevant. Moreover, we  have recently reported LCN2 to be  an 
important regulator of hippocampal neurogenesis (Ferreira et  al., 
2018). In young LCN2-null mice, decreased neurogenesis contributes 
to impaired contextual discriminative behaviors (Ferreira et al., 2018). 
Still, and although the generation of newborn neurons similarly 
decreased in aged LCN2-null DG, as in the Wt, this did not translate 
into a worsen cognitive phenotype. Probably, in this case, is not just a 
matter of down-regulated neurogenesis but rather of impaired 
functionality of the new neurons added into the hippocampal 
circuitry. Moreover, oxidative stress imposed by the absence of LCN2, 
as we have previously described to impair neurogenesis and contextual 
discrimination at younger ages (Ferreira et al., 2018), may also account 
for the sustained impaired behavior in aging. Oxidative stress is also 
considered to underlie aging-related cognitive impairments and 
degeneration (Nicolle et al., 2001; Hu et al., 2006).

Concluding remarks

With the average age of the world’s population rapidly rising 
(United Nations World Population Aging, 2013), the need for studies 
investigating aging-related cognitive impairments has become 
increasingly important. In the literature, the usage of animal models 
of aging has proven useful not only for understanding the aging 
process, but also for understanding the functioning of the 
hippocampus. In addition, the plasticity and regeneration capacity 
intrinsic to the hippocampus, in part explained by the neurogenesis 

process, opens novel perspectives on the neurobiology of aging. 
We believe that, with the present report, we have contributed to this 
field, by describing the behavioral performance of Wt mice during the 
process of aging, in addition to the elucidation on how a single protein 
involved in plasticity modulation contributes to such process.
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Objectives: In healthy aging, the way people cope differently with cognitive and

neural decline is influenced by exposure to cognitively enriching life-experiences.

Education is one of them, so that in general, the higher the education, the better

the expected cognitive performance in aging. At the neural level, it is not clear

yet how education can differentiate resting state functional connectivity profiles

and their cognitive underpinnings. Thus, with this study, we aimed to investigate

whether the variable education allowed for a finer description of age-related

differences in cognition and resting state FC.

Methods: We analyzed in 197 healthy individuals (137 young adults aged 20–35

and 60 older adults aged 55–80 from the publicly available LEMON database),

a pool of cognitive and neural variables, derived from magnetic resonance

imaging, in relation to education. Firstly, we assessed age-related differences,

by comparing young and older adults. Then, we investigated the possible role

of education in outlining such differences, by splitting the group of older adults

based on their education.

Results: In terms of cognitive performance, older adults with higher education

and young adults were comparable in language and executive functions.

Interestingly, they had a wider vocabulary compared to young adults and older

adults with lower education. Concerning functional connectivity, the results

showed significant age- and education-related differences within three networks:

the Visual-Medial, the Dorsal Attentional, and the Default Mode network (DMN).

For the DMN, we also found a relationship with memory performance, which

strengthen the evidence that this network has a specific role in linking cognitive

maintenance and FC at rest in healthy aging.

Discussion: Our study revealed that education contributes to differentiating

cognitive and neural profiles in healthy older adults. Also, the DMN could be a

key network in this context, as it may reflect some compensatory mechanisms

relative to memory capacities in older adults with higher education.

KEYWORDS

education, resting state, fMRI, default mode network, memory, aging, cognitive
semanticization
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1. Introduction

Age-related changes on cognitive function may influence
the quality of life (Harada et al., 2013; Murman, 2015). For
example, memory performance worsens with age and well-
maintained memory capacities could be considered as a “tract”
of a preserved cognitive function in healthy aging (Harada et al.,
2013; Nyberg and Pudas, 2019). Conversely, some cognitive abilities
reflecting “crystallized” capacities, i.e., accumulated throughout
the life-course, like vocabulary size, are resistant to aging (as
compared to abilities that are considered “fluid” like processing
speed) (Verhaeghen, 2003), and they may even improve across
life (Murman, 2015). In this context, the concept of cognitive
reserve (Lojo-Seoane et al., 2018) may help to explain differences
in the way people get older and cope with different cognitive
demands, which depend on the cognitive “resources” accrued
during life (Barulli and Stern, 2013). Interestingly, although
many other proxies like occupational attainment or IQ may
determine CR (Lojo-Seoane et al., 2018; Montemurro et al.,
2022), the quantity and type of achieved education is one of
the most used. In this context, previous research has suggested
that people with higher education tend to perform better in
older age than those with lower education (Lovden et al.,
2020). This means that older people with higher education
would experience a larger age-related decline to achieve the
same level of cognitive impairment as their peers with lower
education. Indeed, education influences late-life cognitive function
by contributing to individual differences in cognitive skills (Lovden
et al., 2020); the more years of education, the better the
expected cognitive performance in aging (Elkins et al., 2006;
Montemurro et al., 2019a,b). This is also in line with recent
research from our group reporting that education represents a
protective factor against age-related cognitive decline (Mondini
et al., 2022). In addition, education is one of the most
accessible and suitable CR proxies (e.g., easy to collect) for aging
populations (Chapko et al., 2018; Montemurro et al., 2021),
besides being one of the most commonly used in clinical and
experimental contexts (Meng and D’Arcy, 2012; Anaturk et al.,
2021).

Whilst education has been so far mainly used to explain
cognitive decline in aging as a confound (i.e., nuisance) or a
predictor (i.e., proxy), a full comprehension of its role in outlining
brain functioning and its relationship with cognitive function
still remains challenging. Brain aging has been investigated
through magnetic resonance imaging (MRI) in terms of structural
changes (e.g., atrophy of cortical gray matter or increased
cerebrospinal fluid volume, (Reuter-Lorenz, 2002; Raz et al.,
2005; Fjell et al., 2009; Park and Reuter-Lorenz, 2009; Salthouse,
2011; Orellana et al., 2016; Oschwald et al., 2019), and functional
changes (Vidal-Pineiro et al., 2014; Yoshimura et al., 2020),
showing that some brain networks, like the Default Mode
Network (DMN), are affected by aging. Functional connectivity,
measured with functional MRI (fMRI), allows to investigate
the relationship between fluctuations among different brain
areas (Sporns, 2013). This technique has been largely used
to study brain networks in aging (Vidal-Pineiro et al., 2014;
Yoshimura et al., 2020) and their behavioral correlates (Farras-
Permanyer et al., 2019; Varangis et al., 2019). For example,

it has been shown that brain network integrity provides a
helpful outlook on the preservation of cognitive functioning
(Geerligs et al., 2015; Jockwitz and Caspers, 2021), and that
such integrity is mainly investigated by resting state networks
(RSNs), whose topology recalls the ones of brain networks
emerging during active tasks (Smith et al., 2009). Previous
studies have primarily shown that age-related decline affects
DMN connectivity (Andrews-Hanna et al., 2007; Ferreira
and Busatto, 2013; Dennis and Thompson, 2014; Hirsiger
et al., 2016), however, more recent research has revealed
that other “higher-order cognitive” networks, including the
Dorsal Attention Network (DAN), are vulnerable to aging
(Geerligs et al., 2015; Siman-Tov et al., 2016; Hausman
et al., 2020). However, while changes in RSNs have been
linked to cognitive decline in aging, a high heterogeneity has
limited the understanding of the impact of aging on brain
function.

In this context, CR has gained relevance and has been
integrated in neuroimaging research (Bastin et al., 2012; Menardi
et al., 2018). CR should be ideally helpful for a better
comprehension of individual differences in aging, by using
proxies that allow to estimate the individuals’ potential resilience.
However, this field of research is still presenting challenges.
Several theories have been already proposed to explain functional
changes in aging, i.e., the Hemispheric Asymmetry Reduction in
Older Adults model (HAROLD, (Cabeza, 2002), the Posterior-
Anterior Shift in Aging theory (PASA, (Davis et al., 2008) the
Compensation-Related Utilization of Neural Circuits Hypothesis
CRUNCH, (Reuter-Lorenz and Cappell, 2008), and the Scaffolding
Theory of Aging and Cognition (STAC, (Park and Reuter-Lorenz,
2009). Among them, the STAC, lately revised in the STAC-r
(Reuter-Lorenz and Park, 2014), introduced education (and other
CR proxies) as a crucial variable to interpret the mechanisms
of aging (Nyberg et al., 2012). In STAC-r, a high level of
education is conceived as being associated with an enhanced
neurocognitive scaffolding, so that, despite neural deterioration,
cognitive function should be maintained in older adults (Reuter-
Lorenz and Park, 2014). Nevertheless, the role of education in
determining cognitive and brain characteristics in healthy aging
populations has also displayed some diverging findings (Nyberg
et al., 2012), and although education has been much discussed
such a factor that may better explain inter-individual differences
in aging, it is still unclear how neurocognitive profiles could
be characterized based on differences in such an important
variable.

In the present study, starting from the premise that, in healthy
aging, cognitive performance is better maintained with a higher
education, we tested whether education could differentiate healthy
older adults in terms of not only cognitive performance but
also fMRI connectivity, especially for RSNs involved in high-level
cognitive functions. To this end, we first compared older adults to
a more preserved population, i.e., younger adults, to identify age-
related differences. Then, by splitting the older adult group in two
subgroups based on education (higher and lower), we specified the
effect of education in healthy aging. Accordingly, we expected that
cognitive and neural variables would show age-related differences
and more importantly, at the basis of this study, that education
would provide definite information about age-related differences in
resting state fMRI connectivity and its relationship with cognition.
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2. Materials and methods

2.1. Participants and materials

All participants included in this study were taken from the
publicly available database “Leipzig Study for Mind-Body-Emotion
Interactions” (LEMON) (Babayan et al., 2019). Data collection
was performed in accordance with the Declaration of Helsinki,
approved by the local ethics committee and all participants
provided written informed consent prior to data acquisition
for the study (including agreement to their data being shared
anonymously). Following the application of exclusion criteria,
which are listed in detail in Babayan et al. (2019), the total
sample included 227 participants. Due to missing data of specific
cognitive variables of interest, 30 participants were excluded from
the analysis, thus the total number of participants was n = 197. In
the LEMON database, the subjects were separated into two groups
based on their age, resulting in one group of younger adults (young,
Y, n = 137, range 20–35 years) and one of older adults (old, O,
n = 60, range 55–80 years). Also, the old group was further divided
into two subgroups based on their education that was collected
and reported as a dichotomous variable as: higher education (old-
high, OH, n = 30), i.e., lyceum/gymnasium (12 years), and lower
education (old-low, OL, n = 30), i.e., technical high school/realschule
(10 years). Notably, all younger adults had higher education, as the
old-high group. Five cognitive tests addressing memory, language,
and vocabulary were used. The behavioral tasks included: a) Short-
and b) Long-term Memory tests (California Verbal Learning Task,
CVLT, (Niemann et al., 2008), used to assess verbal learning and
memory capacity, and to provide information about different
learning strategies by testing Immediate Memory Recall and
Delayed Memory Recall; c) Vocabulary test (Wortschatztest, WST,
(Schmidt and Metzler, 1992), used to measure verbal intelligence,
and to assess language comprehension; d) Phonemic and e)
Semantic Fluency tests (Regensburger Wortflüssigkeitstest, RWT,
(Aschenbrenner et al., 2000), used to assess verbal fluency. Notably,
higher scores correspond to a better cognitive performance in all
cognitive tests. A full description about the cognitive assessment
can be found in Babayan et al. (2019). Demographic variables, such
as sex and Body Mass Index (BMI) were also assessed.

2.2. MRI data acquisition

MRI scans were performed on a Siemens 3 Tesla (3T)
MAGNETOM Verio MR scanner (Siemens Healthcare GmbH,
Erlangen, Germany) equipped with a 32-channel receiver head coil.
Briefly, the data used in this study included anatomical and resting
state fMRI (rs-fMRI) scans. The anatomical scans were acquired
using a 3D T1-weighted (T1w) Magnetization-Prepared 2 Rapid
Acquisition Gradient Echoes sequence (MP2RAGE) (Marques
et al., 2010), with a MP2RAGE block time = 5,000 ms, a repetition
time (TR) = 6.9 ms, an echo time (TE) = 2.92 ms, inversion time
(TI1) = 700 ms, TI2 = 2,500 ms, flip angle (FA1) = 4◦, FA2 = 5◦,
voxel dimension = 1 mm isotropic, acquisition time = 8 min
22 s. The rs-fMRI scans were acquired using a T2∗-weighted echo
planar imaging (EPI) sequence with a multiband factor MB = 4,
TR = 1,400 ms, TE = 30 ms, FA = 69◦, voxel dimension = 2.3 mm
isotropic, number of volumes (N) = 657 volumes, acquisition

time = 15 min 30 s. The two images acquired at TI1 and TI2 are
fused into a unique anatomical image with enhanced T1 contrast
and reduced bias field.

During the rs-fMRI run, participants were instructed to remain
awake and lie down with their eyes open while looking at a
low-contrast fixation cross. Spin echo EPI with reversed phase
encoding were also acquired and used for rs-fMRI distortion
correction. These scans were acquired with TR = 2,200 ms,
TE = 50 ms, FA = 90◦, voxel dimension = 2.3 mm isotropic,
phase encoding = anterior to posterior (AP) and posterior to
anterior (PA), acquisition time = 29 s each. Further details
about the MRI protocol can be found in Babayan et al. (2019).
To quantify eventual head motion artifacts, we calculated the
framewise displacement [FD (Power et al., 2012)] computed as the
sum of the absolute values of the derivatives of the translational
and rotational realignment estimates at every timepoint, for which
we reported values below 0.5 for all groups (FDHC = 0.18 ± 0.06,
FDOH = 0.22 ± 0.14, FDOL = 0.23 ± 0.09).

2.3. Data processing

2.3.1. MRI data analysis
Anatomical scans: Voxel-Based-Morphometry (VBM) was used

to study GM differences between young and older adult groups.
Preprocessing was carried out using FSL1 and included: brain
extraction and brain tissues segmentation (using FAST), which
allows extracting measures of the total gray matter (GM), the
white matter (WM) and the cerebrospinal fluid (CSF). Brain
structural imaging features, including total brain volume (TBV)
and segmented GM, WM, and CSF, were computed for each
participant. Whole-brain analysis was carried out with FSL-VBM
(Douaud et al., 2007), using default settings. In brief, brain
extraction and tissue-type segmentation were performed and
resulting GM partial volume images were aligned to the standard
space using FMRIB’s Linear Image Registration Tool (FLIRT)
and then non-linear (FNIRT) registration tools. The resulting
images were averaged, modulated, and smoothed with an isotropic
Gaussian kernel of 3 mm to create a study-specific template. Finally,
voxel-wise GLM was applied using permutation non-parametric
testing (5,000 permutations), correcting for multiple comparisons
across space.

rs-fMRI scans: Motion correction was performed using
MCFLIRT, included in the fMRI Expert Analysis Tool (FEAT)
toolbox (Woolrich et al., 2001). Then, distortion correction
was performed using the fMRI datasets acquired with AP and
PA phase-encoding directions. These were used to estimate a
susceptibility induced off-resonance distortion field (Smith et al.,
2004). The computed field was used to correct the, previously
motion-corrected, time-averaged fMRI dataset. Following this,
rigid registration of the motion and distortion corrected time-
averaged fMRI data onto the individual structural T1w data
was performed. After linear registration to the T1w image was
performed to register the rs-fMRI data from the individual space to
the Montreal Neurological Institute (MNI) standard space, a non-
linear transformation was computed by processing the anatomical
T1w image alone. In particular, the T1w image was registered to the

1 www.fmrib.ox.ac.uk/fsl
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MNI space in two sequential steps. First, an affine transformation
(12 degrees of freedom) was computed. Then, a further non-rigid
transformation was employed to reach fine-grained alignment.
Note that, in this context, the affine transformation was employed
as seed for the minimization of the non-linear registration step.
After all these steps were performed, the off-resonance distortion
field, the linear transformation mapping the fMRI data onto the
T1w image, and the non-linear transformation mapping the T1w
data onto the MNI space, were combined into an unique warping
field, which was applied at once to the motion and distortion
corrected fMRI time-series. After alignment was achieved, the
fMRI data on the MNI space was finally spatially smoothed using
a Gaussian kernel of full-width at half-maximum (FWHM) of
5 mm, and a high-pass temporal filtering equivalent to 100 s
applied. fMRI connectivity analysis at rest was carried out using the
Multivariate Exploratory Linear Optimized Decomposition into
Independent Components (MELODIC) (Beckmann and Smith,
2004). Preprocessed functional data containing N = 657 volumes
for each subject were temporally concatenated across subjects to
create a single 4D dataset. The between-subject analysis of the rs-
fMRI data was carried out using the “dual regression” approach
(Filippini et al., 2009) that allows for voxel-wise comparisons of
resting state functional connectivity. In this analysis, the dataset
was decomposed into 25 components, in which the model order
was estimated using the Laplace approximation to the Bayesian
evidence for a probabilistic principal component model (Beckmann
and Smith, 2004; Filippini et al., 2009). The resulting group-
ICA (Independent Component Analysis) components were visually
inspected and then labelled as resting state networks (RSNs)
based on the topology of their thresholded spatial maps. Thirty
subjects for each of the three groups were considered to create
the group-components. The mean connectivity values associated
with each subject RSN maps were extracted and used as a
measure of connectivity strength, referring to the spontaneous
and synchronous activity within a given network for a specific
subject. Statistical analysis, described in more detail in the following
section (2.3.2), consisted of an Analysis of Covariance (ANCOVA),
including TBV, BMI and sex as nuisances, which was run to
test for differences in neural variables between the different
groups.

2.3.2. Statistical analyses
Statistical analyses on continuous variables (i.e., socio-

demographic, cognitive scores and brain measures) and dichotomic
variables (i.e., sex) were carried out using SPSS software (SPSS,
Inc.). A t-test was used to compare those variables between younger
and older participants, whereas the Analysis of Variance (ANOVA)
was used to compare socio-demographic variables and structural
brain measures between the young, old-high, and old-low groups.
The ANCOVA was then used to compare cognitive scores and RSN
measures among all groups. The ANCOVA analysis included TBV,
BMI and sex as nuisances (Table 1). Both ANOVA and ANCOVA
post-hoc analyses were Bonferroni-corrected. Pearson’s correlation
coefficients between cognitive scores and connectivity strength of
RSNs that revealed significant group differences were calculated
through a partial correlation analysis including TBV, BMI and sex
as nuisances. The Fisher’s-r-to-Z transformation of the Pearson’s
correlation was used to compare the partial correlation coefficients.
Notably, in this study, TBV, BMI and sex were used as nuisances

as, on the one hand, they presented significant differences between
the younger and older groups, and, on the other hand, they are
commonly used variables in neuroimaging studies (Hyatt et al.,
2020).

3. Results

3.1. Age-related and education-related
differences of socio-demographic
variables and brain measures

The analysis of socio-demographic variables revealed that
the young group differed from the old group in terms of
BMI and sex (Table 1). VBM analysis showed widespread
reduction in GM volume in the old group compared to the
young group. Brain regions with group differences included the
anterior cingulate, precuneus, superior, middle and inferior frontal
gyri, supramarginal gyrus, insular cortex, temporal, parietal and
lateral occipital regions bilaterally (Supplementary Figure 1).
These results are in line with previously reported findings for
this type of comparison (Filippini et al., 2012). No voxel-wise
structural differences were observed between old-high and old-
low participants. For completeness and descriptive purposes, we
presented further structural MRI data analysis showing that the
young group had higher TBV, GM, and WM, and lower CSF values,
compared to the old group (Table 1). Differences were found
between the old-high and the old-low groups in terms of TBV and
CSF.

3.2. Age-related and education-related
differences in cognitive performance and
functional connectivity

The analysis of cognitive scores showed that the young
group performed better than the old group in all the cognitive
tests, apart from vocabulary (Table 2). For this variable, the old
group did not differ from the young group. However, when
splitting the older participants according to their educational
level, the old-high, who had both higher word knowledge and
higher education, showed the largest vocabulary size (p < 0.01).
Overall, the old-high group showed lower scores on cognitive
tests as compared to the young group, but higher scores as
compared to the old-low group, see Table 2. Moreover, the
old-high participants did not differ from the young participants
in two cognitive tests requiring the use of high-level cognitive
function (i.e., verbal fluency), see Table 2. The rs-fMRI analysis
revealed both age- and education-related differences in functional
connectivity values. From the derived 25 components representing
temporally correlated fMRI signals in different brain regions,
we were able to identify eight spatial maps showing topological
patterns associated with well-known RSNs (Figure 1). The RSNs
included Somatomotor network (SMN), Visual-Medial network
(VMN), Visual-Peripheral network (VPN), Salience network (SN),
Dorsal Attention network (DAN), Default Mode network (DMN),
right Fronto-Parietal network (rFPN), and left Fronto-Parietal
network (lFPN).
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TABLE 1 Descriptive analyses and Analysis of Variance (ANOVA) of socio-demographic variables, and brain measures for all the groups, i.e., younger (Y),
older (O), older with higher level of education (OH), and older with lower level of education (OL).

Y
(N = 137)

O
(N = 60)

Y vs O
p-value

OH
(N = 30)

OL
(N = 30)

p-
ANOVA

Post-hoc comparisons (Bonferroni-corrected)

Y vs OH Y vs OL OH vs OL

Socio-demographic variables

Age 22.83 ± 3.42 64.50 ± 4.84 <0.001* 64.16 ± 5.88 64.83 ± 3.59 <0.001* <0.001* <0.001* 1

Sex 93 M 44 F 30 M 30 F 0.02* 18 M 12 F 12 M 18 F 0.006 – – –

BMI 23.01 ± 2.92 26.31 ± 4.12 <0.001* 26.51 ± 4.08 26.10 ± 4.22 <0.001* <0.001* <0.001* 1

Brain measures

Total brain
volume

1.57 ± 0.01 1.49 ± 0.02 <0.01* 1.55 ± 0.03 1.44 ± 0.03 <0.001* 1 <0.001* 0.02*

GM volume 0.46 ± 0.01 0.41 ± 0.01 <0.001* 0.41 ± 0.01 0.42 ± 0.01 <0.001* <0.001* <0.001* 0.07

WM volume 0.35 ± 0.01 0.34 ± 0.01 <0.001* 0.34 ± 0.01 0.35 ± 0.01 <0.001* <0.001* 0.01* 1

CSF volume 0.18 ± 0.01 0.23 ± 0.01 <0.001* 0.24 ± 0.01 0.23 ± 0.01 <0.001* <0.001* <0.001* 0.02*

The table shows for each variable mean and standard deviation or number of subjects. Columns show the values of the descriptive statistics for each group separately, i.e., young, old, old-high,
and old-low, and for each comparison between groups, i.e., young vs old (third column), young vs old-high (seventh column), young vs old-low (eighth column), and old-high vs old-low
(ninth column) contrasts. The Bonferroni-corrected p-values associated with the one-way ANOVA (sixth column) are reported for each contrast. Asterisks indicate significant results.

TABLE 2 Descriptive analyses and Analysis of Covariance (ANCOVA) of cognitive performance and resting state networks connectivity strength for all
the groups, i.e., younger (Y), older (O), older with higher level of education (OH), and older with lower level of education (OL).

Y
(N = 137)

O
(N = 60)

Y vs O
p-value

OH
(N = 30)

OL
(N = 30)

p-ANCOVA Post-hoc comparisons
(Bonferroni-corrected)

Y vs OH Y vs OL OH vs OL

Cognitive performance

Immediate memory recall 13.43 ± 2.39 10.90 ± 2.90 <0.001* 10.66 ± 3.16 11.13 ± 2.66 <0.001* <0.001* <0.001* 1

Delayed memory recall 13.14 ± 2.43 10.13 ± 2.67 <0.001* 9.77 ± 2.94 10.50 ± 2.35 <0.001* <0.001* <0.001* 1

Phonemic fluency 24.70 ± 6.40 21.28 ± 5.23 <0.001* 21.97 ± 5.89 20.60 ± 4.46 <0.01* 0.10 <0.01* 0.85

Semantic fluency 41.19 ± 9.04 35.90 ± 9.65 <0.001* 37.70 ± 8.38 34.10 ± 10.61 <0.01* 0.41 <0.01* 0.41

Vocabulary 33.26 ± 2.68 33.63 ± 2.57 0.37 34.83 ± 2.40 32.43 ± 2.17 0.001* <0.01* 1 <0.01*

Resting state networks - connectivity strength

SMN 17.23 ± 8.28 17.75 ± 9.84 0.69 18.92 ± 11.27 16.58 ± 8.20 0.84 1 1 1

VMN 27.62 ± 9.12 24.01 ± 9.01 0.01* 23.63 ± 10.30 24.39 ± 7.66 0.03* 0.03* 0.17 1

VPN 11.40 ± 6.97 13.38 ± 5.51 0.05 12.75 ± 4.12 14.03 ± 6.64 0.38 1 0.52 0.90

SN 14.63 ± 4.75 16.65 ± 5.73 0.009* 17.05 ± 7.01 16.26 ± 4.14 0.09 0.23 0.11 1

DAN 12.73 ± 2.90 10.62 ± 3.25 <0.001* 11.32 ± 3.44 9.92 ± 2.94 <0.001* 0.04* 0.001* 0.77

DMN 18.03 ± 3.56 16.16 ± 4.28 0.002* 15.75 ± 5.06 16.56 ± 3.37 0.04* 0.02* 0.52 0.88

rFPN 12.95 ± 3.34 12.46 ± 5.86 0.39 13.05 ± 4.70 11.86 ± 2.71 0.64 1 1 1

lFPN 12.45 ± 3.29 11.26 ± 4.51 0.04* 11.42 ± 5.30 11.11 ± 6.63 0.36 0.42 1 1

The table shows for each variable mean and standard deviation. Columns show the values of the descriptive statistics for each group separately, i.e., young, old, old-high, and old-low, and
for each comparison between groups, i.e., young vs old (third column), young vs old-high (seventh column), young vs old-low (eighth column), and old-high vs old-low (ninth column)
contrasts. The Bonferroni-corrected p-values associated with the one-way ANCOVA (sixth column) are also reported for each contrast. The results of the ANCOVA and post-hoc comparisons
are corrected for the effect of TBV BMI, and sex. Asterisks indicate significant results.

Overall, t-tests showed significant differences in connectivity
strength, between the young and the old group for the VMN, the
SN, the DAN, the DMN, and the lFPN (Table 2). By splitting the old
group based on education, in ANCOVA, we identified some specific
findings. In particular, the VMN showed that the old-high group
had significantly lower network connectivity strength compared to
the young group (p = 0.03), which was not reported in the case
of the old-low group. Similarly, in the DMN, the old-high group
showed significantly lower connectivity strength compared to the
young group (p = 0.02), which was not reported in the case of the
old-low group. Differently from the above reported RSNs showing
significant differences between the young and the old group, the
DAN showed significant differences for both the old-high and
the old-low groups compared to the young group (old-high vs

young p = 0.04; old-low vs young p = 0.001) also in the post-hoc
comparisons.

3.3. Association between cognitive
performance and resting state network
connectivity strength: an exploratory
correlation analysis

An exploratory correlation analysis between network
connectivity strength and cognitive scores was performed for
those RSNs revealing significant differences between groups, i.e.,
the VMN, the DAN, and the DMN (Table 2). The correlation
analysis showed a significant negative relationship between
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FIGURE 1

Large-scale brain networks reconstructed using rs-fMRI data considering all the subjects. RSNs were selected and labeled following visual check as:
SMN, somatomotor network; VMN, visual-medial network; VPN, visual-peripheral network; SN, salience network; DAN, dorsal attention network;
DMN, default mode network; rFPN, right fronto-parietal network; lFPN, left fronto-parietal network. Group-level RSN maps (N = 197) are
thresholded at z = 3. Red to yellow colors represent z-scores > 3.

the DMN connectivity strength and the memory scores
(Supplementary Table 1). The Fisher’s-r-to-Z transformation
of the Pearson’s correlation relative to the DMN-memory showed
that the correlation slopes of the young and the old groups were
significantly different between each other, in both Immediate
Memory (two-tailed p = 0.02) and Delayed Memory recall (two-
tailed p = 0.02). Such differences were substantially carried out by
the old-high group, which showed preserved significance (two-
tailed p = 0.04) for the Delayed Memory recall and approached
significance (two-tailed p = 0.06) for the Immediate Memory.
The relationship between both memory scores and the DMN
connectivity strength were clearly not significant in the old-
low group Indeed, the differences between correlation slopes
approached a significant result in the comparison between the old-
high and the young groups (two-tailed p = 0.05), while they were
clearly non-significant in the comparison between the old-high
and the old-low groups (two-tailed p = 0.20), see Figure 2.

4. Discussion

In this study, we investigated whether education differentiates
cognitive performance and resting state fMRI connectivity in
healthy aging. To this end, we analyzed cognitive, structural and
functional brain imaging variables and we considered education
like a crucial socio-demographic aspect. Older adults typically
show cognitive, structural, and functional age-related differences

compared to younger adults (e.g., lower accuracy and slower
response times in cognitive tasks, as also cortical thinning and brain
atrophy) as the possible result of a reduced neural activity [see in
Festini et al. (2018)]. However, this is not always the case, as brain
overactivation has also been reported in healthy aging, in response
to a compensatory necessity (e.g., Cabeza, 2002). Accordingly, age-
related differences at the cognitive level are not always associated
with the differences at brain structural and functional level. These
differences might also be linked to education, which has been used
in previous literature as a predictor of cognitive performance in
healthy aging (Montemurro et al., 2021). Notably, education helps
to estimate resources possibly accumulated from early life, that may
support cognition also in later life (Mondini et al., 2022), although
some studies have reported different findings (Nyberg et al., 2012).
For this reason, we wanted to analyze whether cognitive and neural
variables in aging could be further specified whereby a difference at
the level of education is taken int account. In this study, the variable
education did not vary within the young adults, who were all highly
educated (i.e., gymnasium), but varied within the older adults, who
were divided in two subgroups based on their level of education
(i.e., gymnasium and realschule for old-high and old-low groups,
respectively). With this procedure, we first examined whether there
were any age-related differences between young adults and older
adults. In this context, we used the group of young adults as a sort
of “control condition” which was characterized by a homogenous
level of education (i.e., higher), to provide a measure of efficient
cognitive performance, as it is expected in young age stages. Then,
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FIGURE 2

Correlation analysis (Pearson’s correlation) between DMN connectivity strength and delayed memory recall. The panel on the left-hand side shows
the slopes, the residuals and the Pearson’s r associated with the partial correlation analyses between DMN connectivity strength and the memory
score, in the young and the old groups. The panel on the right-hand side shows the slopes, the residuals and the Pearson’s r associated with the
partial correlation analyses between DMN connectivity strength and the memory score in the young, the old-high, and the old-low groups. The
asterisk indicates the result of significant two-tailed differences between slopes.

we investigated whether education-specific features were identified
in the old-high and the old-low groups, which is the core novelty of
this study.

In line with previous literature, younger adults performed
better than older adults in all cognitive tests, except for the
vocabulary in which older adults performed better than younger
adults (Bettio et al., 2017; Nyberg and Pudas, 2019). Importantly,
the young and the old-high groups did not differ between each
other in terms of language performance (i.e., verbal fluency tests) as
a possible effect of education (Barulli and Stern, 2013) but the old-
high group had a significantly higher vocabulary score compared
to the other two groups. Overall, these results confirmed that
higher education may provide for a more “youth-like” performance
on language tasks requiring flexibility and cognitive control. In
addition, vocabulary may have increased both along the lifespan
and through the education level, which may have played as a sort
of reserve/storage of verbal capacities too [see also the DACHA
theoretical model in Verhaeghen (2003), Spreng and Turner
(2019)].

We found between-group differences in terms of brain
structure, with the older adults showing signs of deterioration,
i.e., reduced gray and white matter, increased CSF, compared
to young adults (Fjell et al., 2009; Salthouse, 2011; Orellana
et al., 2016; Oschwald et al., 2019), regardless the level of their
education. From a functional point of view, the derived RSNs
(i.e., SMN, VMN, VPN, SN, DAN, DMN, rFPN, and lFPN)
presented a more heterogeneous scenario. A significantly higher
RSN connectivity strength was found in the young group compared
to the old group in the VMN, the DAN, and the DMN, which
notably may be affected by aging (Onoda et al., 2012; Jockwitz
et al., 2017; Farras-Permanyer et al., 2019), while the SN showed
an opposite trend (higher connectivity strength for the older
adults, especially for those with a high level of education). When
accounting for education, the results significantly differed in the

RSN connectivity strength for the VMN, the DAN, and the DMN
(Table 2). In the DAN, the highest level of network connectivity
strength was found for the young group, followed by the old-
high, and then the by the old-low group. Interestingly, in the
DAN, both the old-high and the old-low groups significantly
differed from the young group, which suggested a clear age-
related effect for this network (Jockwitz and Caspers, 2021).
For both the VMN and the DMN, the old-high group had the
lowest network connectivity strength in line with previous research
that showed an age-related decreased connectivity of these RSNs
(Farras-Permanyer et al., 2019; Jockwitz and Caspers, 2021) which
in turn display the potential compensatory effects carried out by
education. These findings are also in line with the STAC-r model
(Reuter-Lorenz and Park, 2014), which highlighted education for
explaining compensation processes in aging. Interestingly, despite
the high similarities between the two older groups, we revealed
that subtle differences in education (i.e., 10 years versus 12, and
technical high school versus lyceum, for the lower versus higher
education groups, respectively) are associated with dissimilarities
in both cognitive and neuroimaging variables. More specifically,
despite subtle differences in education, results showed significant
differences between the two older populations in the performance
of vocabulary, which notably is considered a crystallized ability,
but not in the performance of memory, for example, which
is considered a fluid ability. This suggests that some variables
more than others, such as vocabulary, for cognition, and DMN
connectivity, for neuroimaging variables, might allow to focusing,
depending on education, on specific features that could allow the
detection at an earlier stage of a possible cognitive decline.

The results of this study suggest that higher education makes
older individuals possibly more cognitively specialized in terms of
verbal abilities, which is shown by the highest vocabulary skills
in the old-high group compared to the other two groups, and
by the non-significant differences between the old-high and the
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young group on verbal fluency (which also requires executive
control). This suggests that a higher education defines specific
neural patterns in the brain at rest. Critically, the old-high
group not only displayed the lowest connectivity strength in
the DMN, but, in this group, the DMN was the only network
showing a selective, negative, association with memory capacities
(Supplementary Table 1). Although the correlation analyses were
only observational and exploratory, we may explain these results
by underlining that the DMN, which is known to “deactivate”
proportionally with the increasing cognitive demand (Anticevic
et al., 2012), may reflect a peculiar compensatory effect carried
out by education at the level of memory capacities, which are
typically vulnerable to aging (Farras-Permanyer et al., 2019). Age-
related dysregulation in the connectivity of the DMN has been
previously found in association with compensatory mechanisms,
expressed in terms of recruitment of alternative brain areas
(Park and Reuter-Lorenz, 2009; Reuter-Lorenz and Park, 2010).
Moreover, our findings fit with the DECHA theoretical model
(i.e., Default-Executive Coupling Hypothesis of Aging, (Spreng
and Turner, 2019), which has more recently been developed
for investigating complex compensatory mechanisms in aging.
According to DECHA, education might help in the shift toward a
more “semanticized” cognition (Spreng and Turner, 2019), which
in turn would explain how the old-high group in this study have
also better coped with cognitive demands in the semantic verbal
fluency tasks compared with the old-low group. The DECHA
model has been developed to describe the shift, or the inversion,
of some cognitive capacities, due to aging. Fluid abilities (which
require goal-directed, or controlled, processing) and crystallized
abilities (which require the accumulation of semantic knowledge
about ourselves and the world), are indeed known to age differently.
More specifically, along with age, fluid abilities are expected to
decline, and crystalized ones are expected to enhance. The DECHA
model intriguingly describes aging as a process in which older
adults show both losses and gains. Individuals in fact, across their
lifespan, are observed in their “cognitive semanticization” which
reflects the natural shift from exploration and novelty seeking at
young age, to greater exploitation of existing knowledge stores
in later life (Spreng and Turner, 2019). In this study, education
seems to represent a crucial variable for a deeper understanding of
the DECHA model. The results of this study in fact indicate that
education may “boost” cognitive semanticization. However, future
research, with a broader range of cognitive reserve proxies and
methods of investigation, is necessary to comprehend the potential
effect of compensatory indices in the DECHA theoretical model.

The cross-sectional nature of this dataset represents a limitation
in this study. Longitudinal studies would be warranted to
properly study age-related differences by detecting changes in
brain structure and function over time (Damoiseaux, 2017).
Furthermore, criteria used to define the level of education might
be considered to some extent suboptimal, as we could not use
the continuous education values but two broad classes. Indeed, by
considering a continuous measure of education, further insights
into the relationship between education and cognitive performance
in healthy aging might have been unveiled. Further research could
expand the present results, accounting for other variables that could
affect cognition, such as occupational complexity, leisure activities
and life-style, as also with socio-economic status. However, such
limitations were not specifically linked to the experimental choices

of this study, but continuous values for education were not available
in the database (LEMON).

An important aspect to consider is that the level of education
of the sample is high, as compared with low-and-middle income
countries in other parts of the world. It is possible that larger
differences would be observed in cognitive and neural indices,
with larger ranges in socio-economic variables. This will further
open to advances in research, not only considering participants
with heterogeneous socio-economic status, but also considering
cross-cultural investigations.

5. Conclusion

Education maintains its modulatory role in neurocognitive
functioning. It is able to differentiate cognitive and neural
profiles of healthy older adults, based on their high-order verbal
proficiency and resting-state connectivity of neural networks
typically employed in high-order cognitive functioning. A key
network in this context is the DMN as it might reflect memory
compensatory mechanisms in older adults with higher education,
who may have, at the cognitive level, a higher potential amount of
resources to employ in their every-day lives.
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Neurodegenerative diseases have reached alarming numbers in the past decade.

Unfortunately, clinical trials testing potential therapeutics have proven futile. In

the absence of disease-modifying therapies, physical activity has emerged as

the single most accessible lifestyle modification with the potential to fight o�

cognitive decline and neurodegeneration. In this review, we discuss findings

from epidemiological, clinical, and molecular studies investigating the potential of

lifestyle modifications in promoting brain health. We propose an evidence-based

multidomain approach that includes physical activity, diet, cognitive training, and

sleep hygiene to treat and prevent neurodegenerative diseases.

KEYWORDS

neurodegeneration, neuroprotection, physical activity, dementia, Alzheimer’s disease,

Parkinson’s disease, ALS

Introduction

The World Health Organization (WHO) declared neurological disorders as the leading

cause of disability and the second leading cause of death worldwide in 2022 (https://

www.who.int/). The number of deaths from all neurological disorders combined was

estimated to be 9 million in 2016, representing an increase of 39% between 1990 and

2016 according to the Global Burden of Diseases, Injuries, and Risk Factors Study (GBD)

(GBDNeurologyCollaborators, 2019). The rising prevalence of major disabling neurological

disorders has been accompanied by increased demand for treatment and medical costs

estimated to be nearly $300 billion (GBDNeurologyCollaborators, 2019), exacerbatedmainly

due to the COVID-19 pandemic (Alzheimer’s Association, 2022).

A key shared feature among neurodegenerative diseases is their progressive and

incurable nature. Prescribed drugs for neurodegenerative diseases provide symptomatic

treatment, but disease-modifying therapeutics are lacking. Moreover, many potential

pharmacological therapies have been proven futile in clinical trials. Neurodegenerative

diseases, namely Alzheimer’s (AD), Parkinson’s (PD), Huntington’s disease (HD),

amyotrophic lateral sclerosis (ALS), frontotemporal dementia (FTD), and multiple sclerosis

(MS), are debilitating and chronic diseases affecting older adults and represent a significant

threat to human health (GBDNeurologyCollaborators, 2019; Yang et al., 2020).

The etiology of neurodegenerative diseases is highly complex; genetic, environmental

factors, and comorbidities influence disease pathogenesis and treatments. It has

become evident that a single drug is unlikely to confer neuroprotection. Despite

numerous research studies investigating potential biomarkers, the lack of robust

diagnostic and prognostic biomarkers for identifying early-stage patients is

among the most significant hurdles in clinical trials. In the absence of effective

therapeutics, research into lifestyle modifications, including physical activity
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and diet, for example, has sparked interest among scientists

and clinicians.

WHO defines physical activity as any bodily movement of

skeletal muscles resulting in energy expenditure (https://www.

who.int/news-room/fact-sheets/detail/physical-activity). Physical

activity thus encompasses all actions during leisure time and

planned exercise in various forms and modalities ranging from

low, moderate, to vigorous intensities. In other words, physical

activitiesmay include walking, running, and cycling, for example, at

any given intensity and frequency. The terms physical activity and

exercise are used interchangeably, but some noteworthy differences

exist. Physical activity is an umbrella term that covers a wide

range of activities conducted in a relatively unstructured manner

but includes specific, planned, and structured forms of activities

collectively known as physical exercise (Herold et al., 2019).

It is well-documented that regular physical activity confers

numerous beneficial effects across multiple domains, including the

cardiovascular, immune, digestive, and central nervous systems

(Ruegsegger and Booth, 2018; Figure 1). In the context of

brain health, physical activity has been shown to reduce stress,

anxiety, and depression and counteract the effects of aging by

improving memory and cognitive abilities (Alanko et al., 2022;

Ross et al., 2023). Nevertheless, the specific molecular determinants

and neuroprotective mechanisms afforded by physical activity

still need to be fully characterized. Here, we discuss the

studies exploring the effects of physical activity on brain health

from several lines of evidence, including but not limited to

epidemiological, animal, molecular, and bioinformatic analyses.

We provide evidence supporting a multidimensional approach

involving physical activity, diet, cognitive training, and sleep for

preventing and treating neurodegenerative diseases.

Physical activity and exercise in
Alzheimer’s disease dementia

Alzheimer’s disease (AD) is a degenerative brain disease and the

most common cause of dementia (Arvanitakis et al., 2019). The

terms “Alzheimer’s disease,” “Alzheimer’s disease dementia,” and

“dementia” are frequently used interchangeably; however, dementia

is not a single disease but rather an umbrella term that covers the

characteristic symptoms, which include difficulties with memory,

language, problem-solving skills, and other executive functions

(Arvanitakis et al., 2019). Misfolded extracellular amyloid β

aggregates and intraneuronal neurofibrillary tangles are key disease

features (Knopman et al., 2021). According to the Alzheimer’s

Disease Association, the number of people aged 65 and older with

AD dementia is currently 6.5 million and it is expected to reach 13.8

million by 2060, and roughly 10–15% of people with mild cognitive

impairment will develop overt dementia each year (Alzheimer’s

Association, 2022).

As of January 2022, 143 potential drugs were tested in 172

clinical trials for AD (Cummings et al., 2022). However, these

medications would only help manage symptoms in people with

mild andmoderate AD. Numerous clinical trials in AD have proven

futile, and many are still ongoing. A recent phase 3 double-blind

clinical trial showed moderate clinical benefits of lecanemab, a

humanized monoclonal antibody that binds to Aβ soluble fibrils,

in early-stage AD (van Dyck et al., 2023). Patients receiving

lecanemab displayed a greater reduction in amyloid burden and less

cognitive decline than placebo. Notably, adverse events, including

infusion reactions and edema, were reported in 26.4% and 12% of

participants, respectively. Although promising, extended trials are

warranted to evaluate the safety and efficacy of lecanemab in AD.

Given the absence of a modifying treatment for AD,

investigations on lifestyle factors, including diet, physical activity,

and exercise, have become an appealing alternative for therapeutic

development. Different levels of physical activity have been

suggested to slow and prevent cognitive decline and progression to

dementia. Growing evidence from epidemiological studies suggests

that different modalities of physical activity, including light

and moderate exercise, can slow cognitive decline and improve

behavioral problems in mild cognitive impairment (MCI) and AD

patients (Buchman et al., 2012; Table 1). Interestingly, even light

physical activity like walking is protective against cognitive decline

in older adults (Stubbs et al., 2017). Supporting these findings, a

meta-analysis of 15 prospective studies determined that all physical

activity levels were protective against cognitive decline in non-

demented adults (Sofi et al., 2011). These results are supported by

recent studies that have reported the benefits of physical activity

against cognitive decline and dementia in several populations. For

instance, a prospective cohort in Japan found that a higher level

of moderate to vigorous physical activity was associated with a

decreased risk of dementia in men (Ihira et al., 2022). Similarly,

an increase in physical activity, including light-intensity physical

activity, was associated with a reduction in the risk of dementia in

Korea (Yoon et al., 2021). In addition, a prospective cohort study

in the United Kingdom suggested that a dose of just under 10,000

steps daily was associated with a lower risk of dementia onset (Del

Pozo Cruz et al., 2022).

In contrast, mixed results and inconclusive evidence have

been reported by other investigations (Brasure et al., 2018; Du

et al., 2018). For instance, a meta-analysis of 19 prospective

studies showed no significant association between dementia and

physical activity when assessing physical activity ≥10 years before

dementia onset (Kivimaki et al., 2019). Similarly, other clinical

studies have not found a significant association between physical

activities and cognitive function, and the risk of AD (Young

et al., 2015; Baumeister et al., 2020). Evidence for short-term and

single-component physical activity interventions in the prevention

of cognitive impairment and dementia is largely insufficient,

indicating that multidomain interventions are necessary (Brasure

et al., 2018). Reverse causation is a possible explanation for the

negative findings. In other words, older adults might stop engaging

in physical activities due to symptoms either in the prodromal

phase or later in the disease course. The mixed evidence calls

for larger randomized multicenter clinical trials assessing different

modalities and multidomain interventions in older adults at risk

for AD.

Physical activity and exercise in
Parkinson’s disease

Parkinson’s disease (PD) is the second most common

neurodegenerative disease affecting over 8.5 million people
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FIGURE 1

Engaging in daily physical activity and exercise has been shown to promote brain health through the regulation of multiple organ systems. Physical

activity improves the regulation of metabolic pathways, including insulin signaling, glucose, carbohydrates, and fatty acid metabolism. Proper control

of these pathways is linked to reduced inflammation, insulin resistance, obesity, and diabetes. Additionally, physical activity and exercise improve

blood circulation, blood pressure, and respiration. Notably, physical activity and exercise regulate the microbiome and metabolism of essential

nutrients. Furthermore, exercising regularly improves bone mass and may prevent osteoporosis. Exercise-induced benefits of sleep include changes

in the core body temperature, reduced inflammation, neurotransmitter release, melatonin regulation, and increased expression of growth hormone

and BDNF. The release of endorphins during exercise is known to improve mood and depression. Collectively, lifestyle modifications may

independently or synergistically guard the brain against neurodegeneration.

globally (https://www.who.int/). Accumulation of misfolded α-

synuclein aggregates into intraneuronal inclusions named Lewy

bodies is a characteristic pathological feature of the disease.

Clinically, PD is characterized by prominent motor symptoms,

resting tremors, rigidity, postural instability, and bradykinesia

(Poewe et al., 2017). Multiple non-motor symptoms, including

cognitive decline, dementia, constipation, hyposmia, restless leg

syndrome, and sleep behavior disorder, have been frequently

reported in clinical studies (Santiago et al., 2017). Current

treatments using carbidopa/levodopa formulations improve motor

symptoms, but a disease-modifying drug is yet to be discovered.

The search for diagnostic biomarkers for identifying patients at

earlier stages of the disease is a pressing matter in the field

(Chen-Plotkin et al., 2018).

Cognitive impairment is common in PD patients. Several

studies have explored the effects of physical activity on cognition,

motor symptoms, and the risk of PD (Table 2). Clinical trials

have demonstrated that physical activity is safe, tolerable, and

effective in PD patients. For example, a phase 2 randomized trial

showed that high-intensity but not moderate treadmill exercise

reached the non-futility threshold and decreased motor symptoms

in de novo PD patients (Schenkman et al., 2018). Phase 3 of this

trial is currently underway and will determine the efficacy of high-

intensity treadmill exercise in delaying the progression of PD.

Recently, moderate-intensity physical activity following the WHO

recommendations, but not light physical activity, was associated

with improved global cognition, visuospatial function, memory,

and executive function in mild-moderate PD patients (Donahue

et al., 2022).

Long-term adherence to exercise routines can be challenging

for patients with chronic conditions like PD and AD. A

randomized trial employing a motivational mobile application for

remote supervision determined that aerobic exercise at home can

effectively alleviate somemotor symptoms in PD patients with mild

disease severity (van der Kolk et al., 2019). In this context, wearable

devices can provide real-time monitoring of movements, tremors,

and physical activity patterns that may be useful in the clinical

management of PD patients (Rovini et al., 2017). Furthermore,

wearable technologies are being developed to suppress motor

symptoms in PD patients, including hand tremors (Faizan and

Muzammil, 2020).

Gait disturbances and falls are common among PD

patients, and these may limit the ability to perform physical

activities. A small pilot study suggested that intensive
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TABLE 1 Epidemiological and clinical studies of physical activity and exercise in mild cognitive impairment and Alzheimer’s disease dementia.

Study type,
country, year

Sample size Follow
up, years

Physical activity
category, intensity

Statistics Main outcome

Prospective, USA,

2012 (Buchman

et al., 2012)

Non-demented: 716 4 yrs TPA HR= 0.48

[0.273, 0.832]

A higher level of TPA is associated

with a reduced risk of AD.

Prospective,

Taiwan, 2017

(Stubbs et al., 2017)

Non-demented: 274 1.84 yrs LPA RR= 0.75

[0.60, 0.92]

LPA is associated with reduced

cognitive decline.

Meta-analysis,

multiple countries,

2011 (Sofi et al.,

2011)

15 prospective

studies,

non-demented:

33,816

1–12 yrs HPA, LMPA HPA (HR= 0.62

[0.54, 0.70]) LMPA

(HR= 0.65

[0.57, 0.75])

High PA and low to moderate PA

were associated with reduced

cognitive decline.

Prospective, Japan,

2022 (Ihira et al.,

2022)

Non-demented:

43,896

10 yrs TPA, leisure-time MVPA TPA (men, HR=

0.75 [0.66, 0.85],

women, 0.75 [0.67,

0.84]) and

leisure-time MVPA

(men, HR= 0.74

[0.65, 0.84] women,

0.74 [0.66–0.83])

TPA and leisure-time MVPA were

associated with reduced risk of

dementia.

Prospective, Korea,

2021 (Yoon et al.,

2021)

Non-demented:

62,286

3.5 yrs 1–499 MET-min/wk Active:

500–999 MET-min/wk Highly

active: >1,000 MET-min/wk

Insufficiently active

(HR= 0.90

[0.81–0.99]) Active

(HR= 0.80

[0.71–0.92]) Highly

active (HR=

0.72 [0.60–0.83])

Increased PA was associated with a

reduced risk of dementia.

Prospective,

United Kingdom,

2022 (Del Pozo

Cruz et al., 2022)

Non-demented:

78,328

6.9 yrs Daily step count Optimal dose: 9,826

steps (HR= 0.49

[0.39–0.62])

Minimal dose: 3,826

steps (HR=

0.75 [0.67–0.83])

Approximately 10k steps may be

optimally associated with a lower

risk of dementia.

Meta-analysis,

multiple countries,

2016 (Groot et al.,

2016)

18 RCTs, dementia:

802

N. A Aerobic and non-aerobic

exercise

HR=

0.41 [0.05–0.76]

Aerobic exercise had a positive

effect on cognition in patients with

dementia.

Meta-analysis,

multiple countries,

2020 (Law et al.,

2020)

46 RCTs, MCI and

dementia: 5099

N. A Aerobic exercise HR=

0.44 [0.27–0.61]

Aerobic exercise reduced cognitive

decline in MCI or dementia

patients.

Meta-analysis,

multiple countries,

2020 (Zhu et al.,

2020)

MCI: 842 N. A Aerobic exercise HR=

1.43 [0.59–2.27]

Aerobic exercise improves global

cognition and executive functions

in MCI patients.

Meta-analysis,

multiple countries,

2020 (Demurtas

et al., 2020)

MCI and dementia:

28,205

N. A Mixed physical activity MCI (SMD= 0.30

[0.11–0.49])

Dementia (SMD=

1.10 [0.65–1.64])

PA improved global cognition in

MCI and dementia.

Meta-analysis,

multiple countries,

2022 (Lopez-Ortiz

et al., 2022)

21 studies,

>150,000

N. A Physical activity AD (OR= 0.60

[0.51–0.71]) Global

cognition (SMD=

0.41 [0.24–0.58])

Meeting the WHO

recommendations for PA

associated with a lower risk of AD

and improved global cognition in

AD patients.

PA, physical activity; LPA, light physical activity; TPA, total physical activity; LMPA, low to moderate physical activity; MVPA, moderate to vigorous physical activity; OR, odds ratio; HR, hazard

ratio; SMD, standardized mean difference; MET, metabolic equivalent of task; RR, risk ratio; N.A, not applicable.

treadmill training for 6 weeks improved motor symptoms

and enhanced gait rhythmicity in PD (Herman et al., 2007).

The therapeutic effect afforded by treadmill training may be

facilitated via modifications in cerebellum activity (Maidan

et al., 2017), reduced pre-frontal cortex activation (Thumm

et al., 2018), and changes in interregional connectivity

between cortical and subcortical brain regions (Ding et al.,

2022).

Tai Chi, sometimes described as “meditation in motion,” is

a low-impact and slow-motion exercise with breathing control

that has been shown to improve gait and balance in PD. Tai Chi

outperformed brisk walking in improving balance, gait, and motor
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TABLE 2 Epidemiological and clinical studies of physical activity and exercise in PD.

Study type,
country, year

Sample size Follow up
period

Physical activity
category, intensity

Statistics Main outcome

Meta-analysis,

USA, Finland,

Sweden, 2018 (Fang

et al., 2018)

544,336 (PD: 2,192) 12 yrs TPA, LPA MVPA TPA (RR= 0.79 [0.68–0.91])

MVPA (RR= 0.71

[0.58–0.87]), LPA (RR=

0.86 [0.60–1.23])

TPA and MVPA but not LPA were

associated with a reduced risk of

PD with stronger associations in

men.

Meta-analysis,

multiple countries,

2022 (Zhen et al.,

2022)

PD: 802 N.A Aerobic exercise Balance (SMD= 0.99

[0.76–1.23]), gait

(SMD= 0.49 [0.20–0.78]),

motor function UPDRS-III

(SMD=−0.40 [−0.55

to (−0.24)])

Aerobic exercise improved balance

(gait and motor function in PD

patients.

Cross-sectional,

USA, 2018,

(Loprinzi et al.,

2018)

PD: 25 2 weeks MVPA MVPA (MoCA, β = 0.09

[−0.003 to 0.19])

MVPA improved cognition in PD

patients.

RCT, phase II, USA,

2022, (Schenkman

et al., 2018)

PD: 128 6 months Treadmill exercise: high and

moderate intensity

High-intensity treadmill

(UPDRS, 0.3 [−1.7 to 2.3])

High-intensity treadmill but not

moderate reached the non-futility

threshold.

RCT, phase I/II,

USA, 2014, (Uc

et al., 2014)

PD: 60 6 months Aerobic walking UPDRS-I: Pre (2.1± 1.9) Post

(1.6± 1.3) UPDRS-III: Pre

(18.8± 10.4) Post (15.9± 8.4)

Continuous aerobic exercise

improves motor function in mild

to moderate PD patients.

Cross-sectional,

USA, 2022

(Donahue et al.,

2022)

PD: 96 1 week LPA, MVPA MVPA, MoCA: β = 0.40

[0.003–0.076] Global

cognition: β = 0.015

[0.005–0.025] Executive

function: β = 0.017

[0.003–0.030] Memory: β =

0.014 [0.002–0.026]

Visuospatial function: β =

0.02 [0.006–0.034]

MVPA but not LPA improved

cognition, executive function, and

memory in mild-moderate PD

patients.

Population-based

cohort, USA, 2022

(Zhang et al.,

2022b)

PD: 1251 32–24 yrs Daily physical activity (MET) HR= 0.35 [0.23–0.52] Daily physical activity and a

healthy diet are associated with a

lower rate of all-cause mortality.

RCT, Netherlands,

2019, (van der Kolk

et al., 2019)

PD: 130 6 months Aerobic exercise or stretching Aerobic exercise: UPDRS

4.2 [1.6–6.9]

Aerobic exercise attenuated motor

symptoms assessed by UPDRS.

Open-label, pilot

study, Israel, 2007

(Herman et al.,

2007)

PD: 9 6 weeks Intensive treadmill Pre (UPDRS= 29), gait 1.11

m/s) Post (UPDRS= 22, gait

1.26 m/s)

Intensive treadmill training

improved motor symptoms

assessed by UPDRS and gait speed.

RCT, China, 2022

(Li et al., 2022)

PD: 95 1 yr Tai Chi, brisk walking Tai Chi: Berg balance score (p

= 0.022), UPDRS total (p=

0.015) UPDRS-III (p= 0.001)

PD patients in the Tai Chi group

had better improvements in

balance and motor symptoms.

PA, physical activity, PD, Parkinson’s disease, LPA, light physical activity, TPA, total physical activity, LMPA, low to moderate physical activity, MVPA, moderate to vigorous physical activity,

OR, odds ratio, HR, hazard ratio, SMD, standardized mean difference, MET, metabolic equivalent of task, MoCA, Montreal Cognitive Assessment, UPDRS, Unified Parkinson’s Disease Rating

Scale, RCT, randomized controlled trial, RR, risk ratio, N.A, not applicable.

symptoms in PD patients (Li et al., 2022). The improvement of

motor symptoms correlated with reduced interleukin 1 beta (IL-

1β), L-malic, and phosphoglyceric acids. Additionally, arginine

biosynthesis, urea cycle, tricarboxylic acid cycle, and β oxidation

of very long chain fatty acids were also improved by Tai Chi.

These studies suggest that moderate-intensity physical activity

including aerobic exercise, treadmill training, and low-impact

activities like Tai Chi can improvemotor and non-motor symptoms

in PD.

Physical activity and exercise in rare
neurodegenerative diseases

The effects of physical activity have been primarily investigated

in aging, AD, and PD studies. Still, its actions on other

neurodegenerative diseases, such as ALS, FTD, and HD, have

been largely neglected. Contrary to AD and PD, prescribing

physical activity interventions in rare neurodegenerative diseases

can be challenging due to the disabling nature of these conditions.
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For example, the progressive degeneration of motor functions

and respiratory muscles in ALS significantly limits the ability

to perform physical activities. Nevertheless, several studies have

shown that various modalities of physical activity can be safe and

may be effective in improving the quality of life of ALS patients

(Clawson et al., 2018) and other rare neurodegenerative diseases

(Table 3). For instance, a small study showed that resistance

exercise improved the functional capacity of the upper and lower

extremities in ALS patients with no adverse events (Bello-Haas

et al., 2007). The combination of aerobic and resistance training

improved or maintained the physical function of ALS patients

(Ferri et al., 2019; Zhu et al., 2022), albeit without improvement

in muscle function. Recently, the use of motor-assisted movement

exercisers (MME) for a minimum of five sessions per week had a

beneficial effect on preserving and improving muscle strength and

general wellbeing in ALS (Maier et al., 2022).

In contrast, several studies have shown no benefit from physical

activity and that it may be a risk factor for ALS. For example,

a resistance training program did not improve neuromuscular

function in ALS patients (Jensen et al., 2017). Similarly, an exercise

regime consisting of aerobic exercise, endurance, and stretching did

not improve motor and respiratory functions, and the quality of life

of ALS patients (Zucchi et al., 2019).

Evidence from larger studies has suggested that physical activity

may increase the risk of ALS. For instance, a higher level of

leisure-time physical activity was associated with an increased risk

of ALS, and no differences were found in the level of physical

activities, including marathons and triathlons (Huisman et al.,

2013). Amulticenter study of three European countries determined

a positive association between physical activity and the risk of ALS

(Visser et al., 2018). Recently, a Mendelian randomization study

observed that moderate to vigorous physical activity could increase

the risk of ALS in individuals of European ancestry (Liao et al.,

2022). Several studies have reported a higher risk of ALS among

athletes, particularly professional soccer, and football players (Chio

et al., 2005; Lehman et al., 2012).

Several hypotheses to explain these associations have been

posited. Concussions and traumatic brain injuries are common

among athletes, and it has been suggested that repetitive head

injuries contribute to lower resilience to neurodegeneration and

increased risk of ALS (Chen et al., 2007), AD-like dementias

(Ramos-Cejudo et al., 2018), and PD (Delic et al., 2020).

Nevertheless, this association remains debated (Armon andNelson,

2012). Indeed, a history of head injury did not correlate with disease

progression or neuropathological changes in ALS (Fournier et al.,

2015).

Frontotemporal dementia (FTD) shares remarkably similar

pathogenic mechanisms with ALS. FTD is characterized by the

progressive degeneration of the frontal and temporal lobes of

the brain. Approximately 50% of FTD cases are familial and

associated with mutations in microtubule-associated protein tau

(MAPT), progranulin (GRN), and C9orF72 (Wood et al., 2013).

The first study showed that greater physical and cognitive activities

were associated with an estimated 55% less functional decline

in autosomal dominant FTD (Casaletto et al., 2020). Strikingly,

autosomal dominant FTD-mutation carriers in C9orF72, MAPT,

and GRN, who engaged in physical and cognitive activities, showed

improved functional and cognitive trajectories despite their brain

atrophy compared to their less active peers. This study suggested

that physical activity confers neuroprotection through mechanisms

that can influence brain structure functions, such as inflammation

and synaptic signaling, rather than directly altering brain structure

(Casaletto et al., 2020). A recent follow-up study by the same group

showed that FTD subjects carrying autosomal dominant variants

who engaged in higher physical activity displayed lower levels of

neurofilament light chain (NfL), a marker of axonal degeneration

(Casaletto et al., 2023).

Huntington’s disease (HD) is a rare autosomal dominant

neurodegenerative disease with an estimated prevalence of 2.71 per

100,000 people (Pringsheim et al., 2012). The mean age of onset

is 45 years, and some characteristic symptoms include involuntary

movements, memory loss, and personality changes (Tucci et al.,

2022). Several clinical trials have shown that physical activity is safe,

feasible, and effective in improving motor and cognitive function

in HD patients. A small randomized trial showed that physical

activity improved the cognitive scores assessed by the SF-36 Mental

Component Summary but did not improve the UnifiedHuntington

Disease Rating Scale cognitive scores (Busse et al., 2013). Another

trial indicated that aerobic and resistance exercises reduced motor

symptoms, including chorea and postural instability (Thompson

et al., 2013). These studies demonstrate that engaging in physical

activity has the potential to modify disease even in autosomal

dominant disorders.

Physical activity in multiple sclerosis

Multiple sclerosis (MS) is an immune-mediated

neurodegenerative disease characterized by the degeneration

of myelin sheaths by auto-reactive lymphocytes. MS usually

presents with earlier onset than other neurodegenerative diseases.

The worldwide prevalence of MS is estimated to be approximately

2.8 million people, with an increased prevalence in women (Walton

et al., 2020). Strikingly, in the United States, nearly one million

people live with MS, and 74% are female patients (https://www.

nationalmssociety.org/). Drugs prescribed to MS patients work by

downregulating the immune response and have shown beneficial

effects during the early stages of the disease (Torkildsen et al.,

2016). Therapeutics targeting the immune system have gained

interest since a recent study found a link between the Epstein-Barr

virus and MS (Lanz et al., 2022).

Decades ago, clinicians did not recommend exercise to MS

patients because it would increase fatigue and worsen symptoms

(Proschinger et al., 2022). This assumption, however, was proven

erroneous when physical activity and exercise programs were

shown to be safe and effective in improving symptoms, restoring

functions, and optimizing the overall quality of life of MS patients

(Motl et al., 2017). Several clinical studies have indicated that

physical activity and exercise benefit patients withMS. For example,

aerobic exercise with low to moderate intensity, stretching, and

flexibility exercises have successfully improved fatigue and reduced

muscle spasticity and painful contractions in patients with mild or

moderate MS (Halabchi et al., 2017). Indeed, clinical studies have

demonstrated improvement in clinically relevant scales used to

assess disability inMS patients. For instance, cross-sectional studies

have shown a negative correlation between physical activity and
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TABLE 3 Epidemiological and clinical studies of physical activity and exercise in rare neurodegenerative diseases.

Study type,
country, year

Sample size,
disease

Follow up
period

Physical activity
category, intensity

Statistics Main outcome

RCT, USA, 2018

(Clawson et al.,

2018)

ALS: 59 12 and 24

weeks

Resistance, endurance,

stretching/range of motion

N.A All three forms of exercise are safe

and tolerated.

RCT, Canada, 2007

(Bello-Haas et al.,

2007)

ALS: 33 6 months Resistance Total ALSFRS score (t =

−2.05, df = 23, p= 0.05)

Resistance training improved

ALSFRS functional scores.

Meta-analysis,

multiple countries,

2022 (Zhu et al.,

2022)

10 RCT studies,

ALS

N.A Aerobic, resistance, standard

rehabilitation, passive

exercise, daily activity

Probability rank: quality of life

(probability= 0.64), fatigue

(probability= 0.39), physical

function (probability= 0.51)

Combined aerobic and resistance

exercises and traditional

rehabilitation reduced fatigue and

improved quality of life.

Cross-sectional,

Germany, 2022

(Maier et al., 2022)

ALS: 144 N.A Motor-assisted movement

exerciser

Reduction of muscle stiffness

(p= 0.011), limbs rigidity (p

= 0.0280, improved general

wellbeing (p= 0.048)

MME improved rigidity, muscle

stiffness, and general wellbeing.

RCT, Italy, 2019

(Ferri et al., 2019)

ALS: 16 12 weeks Aerobic and strength The gas exchange threshold

increased from 0.94± 0.08 to

1.06± 0.10 (p= 0.009, ES=

0.47)

Combined aerobic and strength

training 60min 3 times per week

improved aerobic fitness and

maintained physical function.

Open-label,

Denmark, 2017

(Jensen et al., 2017)

ALS: 12 12 weeks Resistance ALSFRS-R scores Baseline:

40.2± 2.3 Pre-exercise: 38.6

± 1.9 Post-exercise: 35.2± 4.3

Resistance training did not

improve physical function.

RCT, Italy, 2019

(Zucchi et al., 2019)

ALS: 65 2 yr High intensity (Aerobic,

endurance, stretching)

ALFRS-R scores 3 months:

34.87± 8.49, p= 0.48 12

months: 30.16± 9.78, p=

0.72 24 months:27.25± 9.20,

p= 0.73

High-intensity physical exercise

did not improve ALSFRS scores,

motor, and respiratory functions,

fatigue, and survival.

Population-based,

case-control,

Netherlands, 2013

(Huisman et al.,

2013)

ALS: 636 N.A Leisure time PA OR= 1.08 [1.02,1.14] Leisure time PA associated with an

increased risk of ALS.

Prospective cohort,

USA, 2020

(Casaletto et al.,

2020)

105 mutation

carriers (C9orf72,

MAPT, GRN)

69 non-carriers

3 yrs Leisure time PA PASE× time β =−0.11, p=

0.016 CAS× time β =−0.13,

p= 0.003

Greater physical and cognitive

activities were associated with less

functional decline and better

cognitive performance.

Prospective cohort,

USA, 2022

(Casaletto et al.,

2023)

160 mutation

carriers (C9orf72,

MAPT, GRN)

4 yrs Leisure time PA Plasma Nfl (β =−0.13; b=

−0.002, SE= 0.001, p= 0.03)

Higher PA was associated with

lower levels of plasma Nfl, a marker

indicative of axonal damage.

ALSFRS, ALS functional rating scale; CAS, Cognitive Activity Scale; df, degrees of freedom; ES, effect size; GRN, progranulin; PA, physical activity; LPA, light physical activity; TPA, total physical

activity; LMPA, low to moderate physical activity; MAPT, microtubule-associated protein tau; MVPA, moderate to vigorous physical activity; OR, odds ratio; PASE, Physical Activity Scale for

the Elderly RCT, randomized controlled trial; t, t-test; N.A, not applicable.

the Expanded Disability Status Scale (EDSS), a reliable indicator

of disability in MS (Table 4). Furthermore, some studies indicate

that physical activity is associated with gray and white matter

brain volumes in brain structures involved in motor and cognitive

functions (Klaren et al., 2015; Kalron et al., 2020). Recently,

moderate to vigorous physical activity was positively associated

with axonal and neuronal integrity in MS patients (Kim et al.,

2022). These studies suggest that different physical activity levels

improve symptoms and maintain and preserve brain structures

important for motor and cognitive abilities in MS patients. The

epidemiological and clinical studies addressing the impact of

physical activity and exercise in MS patients have been described

in detail elsewhere (Proschinger et al., 2022).

In addition to physical activity and exercise, nutrition is an

important determinant of health outcomes in MS patients and

other neurodegenerative diseases. Several dietary approaches have

shown promise in improving symptoms in MS patients. Low

saturated fat, low fat vegan, modified Paleolithic (Wahls), gluten-

free, Mediterranean, intermittent fasting, and calorie restriction

have been investigated, showing promising results in alleviating

symptoms inMS patients (Chenard et al., 2019;Wahls, 2022). Some

of these dietary approaches, including the modified Paleolithic

and Mediterranean diets, have been associated with significant

clinical improvement (Lee et al., 2021; Katz Sand et al., 2023).

Notably, these dietary approaches have proven useful in modifying

comorbidities, including diabetes, cardiovascular disease, and
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TABLE 4 Epidemiological and clinical studies of physical activity and exercise in multiple sclerosis.

Study type,
country, year

Sample
size

Follow-up,
time

Physical activity
category, intensity

Statistics Main outcome

Cross-sectional,

USA, 2011

(Cavanaugh et al.,

2011)

MS:21 1 week Daily step count r =−0.90, p < 0.01 Total step counts count correlated

negatively with EDSS.

Cross-sectional,

USA, 2015

(Fjeldstad et al.,

2015)

MS: 13 HC: 12 1 week Daily step count

(accelerometer)

r =−0.61, p < 0.05 Total weekly step counts correlated

negatively with EDSS.

Cross-sectional,

USA, 2015 (Klaren

et al., 2015)

MS: 39 1 week PA level (accelerometer)

Sedentary (≤100 counts/min)

LPA (100–1,722 counts/min)

MVPA (≥1,723 counts/min)

Hippocampus (pr = 0.49,

p < 0.01)

Thalamus (pr = 0.38, p < 0.05)

Caudate (pr = 0.54, p < 0.01)

Putamen (pr = 0.37, p < 0.05)

Pallidum (pr = 0.50, p < 0.01)

MVPA was associated with whole

brain gray and white matter

volumes and brain structures

involved in motor and cognition in

MS patients.

Cross-sectional,

2017, USA (Block

et al., 2017)

MS: 99 >4 weeks Daily step count

(accelerometer)

r =−0.71, p < 0.001 Daily step count correlated

negatively with EDS. Lower PA was

associated with greater disability.

Prospective, 2019,

USA (Block et al.,

2019)

MS: 95 1 year Daily step count

(accelerometer)

OR= 4.01, 95% CI

[1.17–13.78], p= 0.03

Participants with an average daily

step count below 4,766 had higher

odds of disability according to the

EDSS score.

Cross-sectional,

retrospective, 2020,

Israel (Kalron et al.,

2020)

MS: 153 N.A Leisure time PA Physically active: hippocampus

(48.5, S.D= 32.2)

Insufficiently active:

hippocampus (34.6, S.D= 30.8,

p= 0.004)

Patients who engaged in regular PA

maintain their hippocampal

volume.

RCT, 2004, Finland

(Romberg et al.,

2004)

MS: 95 6 months Strength and aerobic training Physically active: the 7.62m

walk test time decreased by 12%

(95% CI 15% to 7%, p < 0.001).

Exercising patients improved their

walking speed assessed with the

7.62m and 500m walking tests.

RCT, 2015, Belgium

(Wens et al., 2015)

MS: 34 12 weeks High-intensity exercise

High-intensity

cardiovascular training

Mean muscle fibers

crossectional area (HIT:+21±

7%, HCT:+23± 7%)

High-intensity interval (HIT) and

continuous cardiovascular exercise

(HCT) was safe and increased

mean muscle fibers‘crossectional

area.

Cross-sectional,

2022, USA (Kim

et al., 2022)

MS: 41 HC: 79 1 week MVPA RFNL (r = 0.38, p < 0.01) TMV

(r = 0.49, p < 0.01)

MVPA correlated with retinal

nerve fiber thickness (RNFL) and

total macular volume (TMV).

EDSS, Expanded Disability Status Scale PA, physical activity; LPA, light physical activity; MVPA, moderate to vigorous physical activity; OR, odds ratio; pr, partial correlation; RCT, randomized

controlled trial; N.A, not applicable.

depression, which are largely implicated in neurodegenerative

diseases. Larger longitudinal trials evaluating these dietary

interventions are warranted.

Physical activity modifies risk factors
associated with neurodegenerative
diseases

A sedentary lifestyle is a prime contributor to the development

of chronic diseases such as obesity, type II diabetes mellitus

(T2DM), and cardiovascular disease. Physical inactivity was

declared the fourth cause of death worldwide, according to the

WHO (Bull et al., 2020). The 2022 Global status report by theWHO

indicates that approximately 500 million people will develop heart

disease, obesity, and T2DM resulting from physical inactivity by

2030 (https://www.who.int/publications/i/item/9789240059153).

Epidemiological studies have indicated that physical activity

modifies cardiovascular disease, obesity, and T2DM. Earlier

prospective cohort studies suggested that greater physical activity

was associated with a reduced risk of T2DM in women (Hu et al.,

1999), cardiovascular disease, and mortality in adults with T2DM

(Gregg et al., 2003; Tanasescu et al., 2003). In addition, randomized

controlled trials have indicated that engaging in physical activity

is inversely associated with the risk of cardiovascular events in

patients with impaired glucose tolerance (Yates et al., 2014).

Interestingly, lifestyle intervention alone was more effective at

reducing the risk of T2DM than metformin. A 67% reduced risk

of T2DM was observed in subjects who received instructions

on lifestyle interventions, including physical activity and diet

(Kosaka et al., 2005). These findings are important considering the

numerous studies that have shown a potential link between T2DM,

cardiovascular disease, and neurodegenerative diseases (Santiago

and Potashkin, 2013, 2021; Potashkin et al., 2020). Similarly, these
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results highlight the potential of physical activity and diet as adjunct

therapies for disease modification.

T2DM shares several molecular pathways with AD and

PD, suggesting a common disease etiology. Mitochondrial

dysfunction, endoplasmic reticulum stress, insulin resistance,

vascular abnormalities, and inflammation are some shared

mechanisms between T2DM, PD, and AD (Santiago and Potashkin,

2013, 2021). In addition, a diagnosis of T2DM has been shown

to impact the worsening of symptoms and disease progression in

AD and PD (Santiago and Potashkin, 2021; Athauda et al., 2022).

The ample evidence from epidemiological and molecular studies

has fueled the investigations on commonly prescribed anti-diabetic

drugs as potential therapeutics for AD and PD (Reich andHolscher,

2022).

These studies on T2DM and neurodegeneration have

underscored the critical importance of studying comorbidities

in personalized medicine applications and have paved the way

for new therapeutic interventions in neurodegenerative diseases.

One plausible neuroprotective mechanism afforded by physical

activity is the modification and prevention of T2DM and obesity,

frequently associated with an increased risk of neurodegeneration.

Neuroprotective mechanisms
mediated by physical activity:
evidence from pre-clinical models and
bioinformatic approaches

Pre-clinical studies have reported beneficial effects of exercise

in cognitive functions, memory preservation, and the prevention

of neurodegenerative diseases. Regular exercise reduced the

expression of amyloid-β and phosphorylated tau and increased

synaptic activity and expression of glucose transporters GLUT1

and GLUT3 in AD model mice (Pang et al., 2019). Voluntary

running exercise increased microglial glucose metabolism and

protein expression of GLUT5, triggering receptor expressed on

myeloid cells 2 (TREM2), secreted phosphoprotein 1 (SPP1),

and phosphorylated spleen tyrosine kinase (p-SYK) in the

hippocampus of APP/PS1 mice compared to the sedentary group

(Zhang et al., 2022a). Short-term resistance exercise improved

cognition, reduced amyloid-β, and hyperphosphorylated tau brain

deposits, and inhibited the expression of neuroinflammatory

markers tumor necrosis factor alpha (TNF-α) and IL-1β (Liu

et al., 2020). Treadmill running lowered amyloid β burden and

neuroinflammatory markers and improvedmitochondrial function

in the hippocampus and cerebral cortex of triple transgenic AD

mice (3xTg-AD) (Kim et al., 2019).

Similarly, prolonged voluntary wheel running improved spatial

memory performance, increased dendritic spines, and reduced

extracellular amyloid β accumulation in 3xTg-AD mice (Xu

et al., 2022). Long-term voluntary running reversed cognitive

impairment, increased glial fibrillary acidic protein (GFAP)

immunoreactivity, and astrocytic brain-derived neurotrophic

factor (BDNF) in the hippocampus of 5xFAD mice (Belaya et al.,

2020). Treadmill exercise alleviated cognitive decline and β-

amyloid neurotoxicity via furin-mediated iron regulation (Choi

et al., 2021). Physical activity alleviated cognitive impairment and

neuroinflammation via upregulation of miR-129-5p in APP/PS1

AD mice (Li et al., 2020). Boosting the expression of irisin, an

exercise-induced myokine, rescued synaptic plasticity and memory

in APP/PS1 AD mice (Lourenco et al., 2019). Infusion of plasma

from mice exposed to exercise for 3 months into 3xTg AD mice

improved cognitive function and neuroplasticity and suppressed

apoptosis (Kim et al., 2020).

Running exercise slowed the decline in spatial learning and

memory abilities in male and female APP/PS1 mice. In addition,

there was an increase in the myelinated fibers of the white matter

in male AD mice compared to females (Zhou et al., 2018). Aerobic

exercise decreased cognitive impairment and increasedmyelination

in C57/BL-aged mice through the upregulation of ROCK signaling

(Bao et al., 2021), a central pathway inmyelination and axon growth

in the central nervous system (Fujita and Yamashita, 2014).

In the context of PD, physical exercise improved motor

function, reduced cognitive impairment, and modulated the

expression of L-DOPA, cAMP-responsive element binding

protein 1 (CREB1), and RPTOR independent companion of

MTOR complex 2 (RICTOR), genes involved in mitochondrial

function and dopamine signaling in 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP)-treated mice (Aguiar et al., 2016;

Klemann et al., 2018). Furthermore, it has been suggested that the

observed recovery in motor functions afforded by physical activity

is facilitated via the enhancement of dopamine transporters and

the downregulation of the inflammatory response (Churchill et al.,

2017). In addition, physical exercise normalized the expression of

genes involved in the receptor for advanced glycation products

(RAGE), critical effectors of the innate immune response (Viana

et al., 2017). Furthermore, physical activity upregulated the

neuroprotective factor PD-related DJ-1 in the frontal cortex of

MPTP-treated rats (Viana et al., 2017).

Bioinformatic approaches from human gene expression

datasets have been instrumental in delineating important

biological and molecular mechanisms associated with physical

activity in the brain. Differentially expressed genes in the

hippocampus of physically active subjects inversely correlated

with those from AD and aging individuals (Berchtold et al.,

2019). These genes were enriched in mitochondrial energy

production and synaptic function. Similarly, high physical activity

induced the expression of genes associated with neurogenesis

and T-cell-mediated inflammation in the hippocampus of

cognitively intact individuals (Sanfilippo et al., 2021). Similarly,

our studies showed that physical activity induces dramatic

transcriptional changes in the hippocampus of cognitively

intact individuals. We found that gene expression patterns

induced by physical activity inversely correlated with those from

neurodegenerative diseases, including AD, PD, FTD, and HD

(Santiago et al., 2022).

Interestingly, physical activity mediated its effects through

different pathways across neurodegenerative diseases. For

instance, physical activity induced the upregulation of

genes involved in synaptic signaling in AD, PD, and

HD. In FTD, differentially expressed genes were enriched

in bioenergetic processes and the generation of energy

precursors (Santiago et al., 2022). Furthermore, physical

activity mediated the downregulation of inflammation-related

genes in AD.
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Metabolomic studies have helped study gut microbiome

alterations in neurodegenerative diseases. Low physical activity

was associated with fecal metabolome differences in PD patients.

Reduced short-chain fatty acids and butyrate levels correlated

with cognitive impairment and worse postural instability-gait

scores (Tan et al., 2021). Metabolomic analysis revealed that

treadmill training increased polyunsaturated fatty acids, cathepsin

B (CTSB), and reduced ceramides, sphingolipids, and BDNF

levels in the plasma of asymptomatic late middle-aged adults

at risk for AD (Gaitan et al., 2021). Increased levels of

plasma CTSB correlated positively with cognitive performance.

Similarly, treadmill exercise reduced depressive symptoms and

increased the Firmicutes/Bacteroidetes ratio, improving gut

dysbiosis in mice treated with Aβ1−40 (Johnston and Barker,

1987). These studies indicate that physical activity helps regulate

the microbiome and metabolism of essential nutrients, thereby

promoting neuroprotection. Recently, a microbiome-dependent

gut–brain axis was found to regulate motivation for exercise

and performance. An intact gut microbiome contributes to the

generation of intestinal fatty acid amides that trigger cannabinoid

receptor 1-expressing neurons to send a signal to the brain that

promotes the downregulation of monoamine oxidase, thereby

increasing dopamine signaling in the brain and enhancing physical

performance and motivation (Dohnalova et al., 2022).

Physical activity, nutrition, sleep, and
mindfulness meditation: a
multidimensional approach to brain
health

Though engaging in physical activity has been well-established

to promote brain health overall, environmental, genetic, and

socioeconomic factors also play a fundamental role in human

health. Indeed, a recent study indicated that the environment in

which exercise is performed plays an equally important role as

the exercise itself, suggesting that outdoor physical activity may be

better for brain health (Boere et al., 2023).

Given the complex etiology of neurodegenerative diseases,

multidomain interventions are more likely to delay or prevent

disease onset. Emerging studies geared toward personalized

medicine have begun investigating the adjunct use of physical

activity with other lifestyle interventions (Figure 2). For

instance, several studies have investigated the synergy between

physical activity, and cognitive training, for the prevention of

neurodegenerative diseases. Both cognitive therapy and physical

activity improved global cognitive function in patients with MCI

and dementia (Wang et al., 2014; Karssemeijer et al., 2017). This is

an important finding considering recent investigations that have

found that reducing time spent in cognitively passive activities such

as watching TV and increasing those that require active cognition

may be more effective at reducing the risk of dementia (Raichlen

et al., 2022). While physical activity alone can be beneficial,

sedentary behaviors can dangerously counteract the benefits of

physical activity and trigger neurodegeneration.

Diet is another key element in promoting overall health.

Engaging in physical activity and healthy dietary patterns were

associated with a lower rate of all causes of mortality in PD patients

(Zhang et al., 2022b). In addition, a multidomain intervention

showed that following a Mediterranean diet, engaging in physical

activity, and cognitive training improved cognitive function in

older adults at risk of dementia (Ngandu et al., 2015). Additional

multidomain trials to increase Mediterranean diet adherence

and physical activity in older adults at risk of dementia are

underway. These trials will be crucial to determine if combined

lifestyle interventions can prevent dementia (Heffernan et al., 2019;

Shannon et al., 2021).

Sleep disorders are common in neurodegenerative diseases and

correlate with cognitive and neuropsychiatric problems (Memon

et al., 2020). Dysregulation in the sleep–wake cycle has been shown

to promote the accumulation of amyloid-β, tau, and synuclein in

the interstitial fluid of mice and CSF in humans (Holth et al.,

2019). Strikingly, sleep deprivation increased tau by 50% and

amyloid- β by 30% in human CSF (Lucey et al., 2018; Holth et al.,

2019). Evidence from animal models showed that chronic sleep

deprivation increased tau pathology spreading (Holth et al., 2019).

A longitudinal study using data from 7959 subjects and a 25-year

follow-up determined that sleeping less than 6 h at ages 50, 60, and

70 was associated with a 30% increased dementia risk (Sabia et al.,

2021). Another study found that midlife and late-life insomnia were

associated with a higher dementia risk (Sindi et al., 2018). The same

study determined that sleeping more than 9 h was also associated

with an increased risk of dementia.

Several exercise modalities, including aerobic, resistance,

and Tai Chi, have improved sleep outcomes in patients with

neurodegenerative diseases. Randomized trials have indicated that

walking daily for 30min improved sleep outcomes in patients with

AD (McCurry et al., 2005, 2011). Mild to moderate aerobic exercise

attenuated sleep disturbances in AD and PD patients (Nascimento

et al., 2014).

Several potential mechanisms underlying exercise-induced

benefits of sleep include changes in the core body temperature,

reduced inflammation, serotonin, norepinephrine, and melatonin

regulation, and increased expression of growth hormone and

BDNF (Memon et al., 2020). Despite the benefits shown in AD and

PD, to the best of our knowledge, there is a lack of studies exploring

the effects of physical activity on sleep disturbances in ALS andHD.

In addition to sleep disturbances, stress, depression, and

anxiety are commonly observed in older adults and increase

the risk of dementia (Wilson et al., 2002). Meditation and

mindfulness practices have been shown to reduce these psycho-

affective states, improve cognition, and preserve brain structure

and function (Gard et al., 2014; Chetelat et al., 2018). For example,

a randomized trial showed that mindfulness training prevented

depression in early-stage AD patients in a 2-year follow-up

(Quintana-Hernandez et al., 2023). Another trial demonstrated

that mindfulness meditation improved cognitive performance and

connectivity between the hippocampus and posteromedial cortex

in healthy adults (Sevinc et al., 2021). Interestingly, neuroimaging

studies in expert meditators revealed increases in gray matter

volume and glucose metabolism in sensitive regions affected by

AD, including the prefrontal, anterior, and posterior cingular

cortices, insula, and temporoparietal regions (Chetelat et al.,

2017). Long-term meditation is associated with thickening in the

prefrontal cortex and right anterior insula (Lazar et al., 2005).
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FIGURE 2

Multidomain clinical trials integrating physical activity, diet, cognitive training, mindfulness, and sleep hygiene in patients at risk of neurodegenerative

diseases can inform lifestyle interventions that promote neuroprotection. Lifestyle modifications have been shown to reduce the risk of diabetes,

obesity, cardiovascular disease, and depression, common conditions associated with dementia and neurodegenerative diseases. Incorporating

lifestyle changes such as physical activity, eating a nutrient-rich diet, restful sleep, cognitive training, and mindfulness will reduce the risk of these

chronic diseases. The implementation of wearable technologies to track participants’ sleep patterns and physical activity in conjunction with the

collection of biofluids for gene expression studies can lead to the identification of biomarkers and potential therapeutics for clinical intervention.

In addition, increased telomerase activity in blood leukocytes and

reduced expression of inflammatory markers have been reported

in experienced meditators (Schutte and Malouff, 2014). Finally,

it has been proposed that mindfulness and cognitive training

improve cognition through increased BDNF levels (Angelucci

et al., 2015; Nicastri et al., 2022). These studies suggest that

mindfulness training can reduce psycho-affective risk factors

associated with dementia and preserve the function of brain regions

implicated in cognition, memory, and emotions. Additional trials

incorporating sleep, diet, cognitive therapy, and physical activity

will help determine whether multidomain interventions are more

effective than single interventions in preventing and treating

neurodegenerative diseases.

Challenges and future directions

Physical activity is the single most accessible lifestyle

modification that has been shown to confer protection against

many diseases. For example, a recent study indicated that 10,000

steps a day are associated with a lower risk of all-cause mortality,

including cancer and cardiovascular disease (Del Pozo Cruz et al.,

2022). Protection against neurodegenerative diseases is mediated

through a wide range of biological mechanisms, including reduced

inflammation, increased synaptic signaling, improved blood

circulation, homeostatic control of glucose and cholesterol levels,

regulation of the sleep–wake cycle, and the intestinal microbiome.

More indirectly, physical activity modifies well-established risk

factors and comorbidities associated with neurodegeneration,

including T2DM, obesity, cardiovascular disease, and depression.

Following the WHO recommendations of daily physical

activity has shown promise in slowing cognitive decline and

mortality. However, prescribing physical activity as an adjunct

treatment poses several challenges to clinicians. The intensity,

frequency, and modality of exercise may vary from person to

person and the target disease. For example, walking and treadmill

running have shown benefits for AD and PD patients, whereas

resistance training has been a better modality in ALS patients. The

challenges of prescribing physical activity as an adjunct treatment

for neurodegenerative diseases are not any different from those of

personalized medicine. The prescription of exercise as an adjuvant

therapy should consider factors beyond those that are non-

modifiable such as sex and genotype. Interindividual heterogeneity

of patients suffering from different neurodegenerative diseases in

response to acute, chronic, and different intensities of exercises

should be considered (Herold et al., 2019). An exercise regime

tailored for each patient according to their neurodegenerative

disease phenotype and comorbid conditions would be ideal for

improving health outcomes. Similarly, incorporating a diet plan

and a sleep hygiene protocol for each patient would be ideal. Finally,

implementing wearable technologies for improving diagnosis,

tracking the progression of motor symptoms, encouraging
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increased physical activity, and tracking compliance may help

transform many aspects of the clinical management of patients.

Multidomain clinical trials investigating the integrative effect

of exercise, diet, cognitive therapy, mindfulness, and sleep on

individuals at high risk will be crucial in determining the best

combination of lifestyle modifications for the prevention and

treatment of neurodegenerative diseases.

Author contributions

JS: writing—original draft preparation. JS and JP:

writing—review and editing. JP: funding acquisition. All

authors have read and agreed to the published version of

the manuscript.

Funding

This study was funded by the National Institute on Aging

(NIA) grant number R01AG062176 to JP. In addition, funds

were provided by Rosalind Franklin University of Medicine

and Science.

Conflict of interest

JS is the founder of NeuroHub Analytics, LLC.

The remaining author declares that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Aguiar, A. S. Jr., Lopes, S. C., Tristao, F. S., Rial, D., de Oliveira, G., da Cunha, C.,
et al. (2016). Exercise improves cognitive impairment and dopamine metabolism in
MPTP-treated mice. Neurotox Res. 29, 118–125. doi: 10.1007/s12640-015-9566-4

Alanko, V., Udeh-Momoh, C., Kivipelto, M., and Sandebring-Matton, A. (2022).
Mechanisms underlying non-pharmacological dementia prevention strategies: a
translational perspective. J. Prev. Alzheimers Dis. 9, 3–11. doi: 10.14283/jpad.2022.9

Alzheimer’s Association (2022). 2022 Alzheimer’s disease facts and figures.
Alzheimers Dement. 18, 700–789. doi: 10.1002/alz.12638

Angelucci, F., Peppe, A., Carlesimo, G. A., Serafini, F., Zabberoni, S., Barban,
F., et al. (2015). A pilot study on the effect of cognitive training on BDNF
serum levels in individuals with Parkinson’s disease. Front. Hum. Neurosci. 9, 130.
doi: 10.3389/fnhum.2015.00130

Armon, C., and Nelson, L. M. (2012). Is head trauma a risk factor for amyotrophic
lateral sclerosis? An evidence based review. Amyotroph Lateral Scler. 13, 351–356.
doi: 10.3109/17482968.2012.660954

Arvanitakis, Z., Shah, R. C., and Bennett, D. A. (2019). Diagnosis and management
of dementia: review. JAMA 322, 1589–1599. doi: 10.1001/jama.2019.4782

Athauda, D., Evans, J., Wernick, A., Virdi, G., Choi, M. L., Lawton, M., et al. (2022).
The impact of type 2 diabetes in Parkinson’s disease. Mov. Disord. 37, 1612–1623.
doi: 10.1002/mds.29122

Bao, C., He, C., Shu, B., Meng, T., Cai, Q., Li, B., et al. (2021). Aerobic
exercise training decreases cognitive impairment caused by demyelination by
regulating ROCK signaling pathway in aging mice. Brain Res. Bull. 168, 52–62.
doi: 10.1016/j.brainresbull.2020.12.010

Baumeister, S. E., Karch, A., Bahls, M., Teumer, A., Leitzmann, M. F.,
and Baurecht, H. (2020). Physical activity and risk of Alzheimer disease:
A 2-sample mendelian randomization study. Neurology 95, e1897–e1905.
doi: 10.1212/WNL.0000000000010013

Belaya, I., Ivanova, M., Sorvari, A., Ilicic, M., Loppi, S., Koivisto, H., et al. (2020).
Astrocyte remodeling in the beneficial effects of long-term voluntary exercise in
Alzheimer’s disease. J. Neuroinflammation 17, 271. doi: 10.1186/s12974-020-01935-w

Bello-Haas, V. D., Florence, J. M., Kloos, A. D., Scheirbecker, J., Lopate, G., Hayes,
S. M., et al. (2007). A randomized controlled trial of resistance exercise in individuals
with ALS. Neurology 68, 2003–2007. doi: 10.1212/01.wnl.0000264418.92308.a4

Berchtold, N. C., Prieto, G. A., Phelan, M., Gillen, D. L., Baldi, P., Bennett, D. A.,
et al. (2019). Hippocampal gene expression patterns linked to late-life physical activity
oppose age and AD-related transcriptional decline. Neurobiol. Aging 78, 142–154.
doi: 10.1016/j.neurobiolaging.2019.02.012

Block, V. J., Bove, R., Zhao, C., Garcha, P., Graves, J., Romeo, A. R., et al.
(2019). Association of continuous assessment of step count by remote monitoring

with disability progression among adults with multiple sclerosis. JAMA Netw. Open
2, e190570. doi: 10.1001/jamanetworkopen.2019.0570

Block, V. J., Lizee, A., Crabtree-Hartman, E., Bevan, C. J., Graves, J. S., Bove, R., et al.
(2017). Continuous daily assessment of multiple sclerosis disability using remote step
count monitoring. J. Neurol. 264, 316–326. doi: 10.1007/s00415-016-8334-6

Boere, K., Lloyd, K., Binsted, G., and Krigolson, O. E. (2023). Exercising is
good for the brain but exercising outside is potentially better. Sci. Rep. 13, 1140.
doi: 10.1038/s41598-022-26093-2

Brasure, M., Desai, P., Davila, H., Nelson, V. A., Calvert, C., Jutkowitz, E.,
et al. (2018). Physical activity interventions in preventing cognitive decline and
Alzheimer-type dementia: a systematic review. Ann. Intern. Med. 168, 30–38.
doi: 10.7326/M17-1528

Buchman, A. S., Boyle, P. A., Yu, L., Shah, R. C., Wilson, R. S., and Bennett, D. A.
(2012). Total daily physical activity and the risk of AD and cognitive decline in older
adults. Neurology 78, 1323–1329. doi: 10.1212/WNL.0b013e3182535d35

Bull, F. C., Al-Ansari, S. S., Biddle, S., Borodulin, K., Buman, M. P., Cardon, G.,
et al. (2020). World Health Organization 2020 guidelines on physical activity and
sedentary behaviour. Br. J. Sports Med. 54, 1451–1462. doi: 10.1136/bjsports-2020-
102955

Busse, M., Quinn, L., Debono, K., Jones, K., Collett, J., Playle, R., et al.
(2013). A randomized feasibility study of a 12-week community-based exercise
program for people with Huntington’s disease. J. Neurol. Phys. Ther. 37, 149–158.
doi: 10.1097/NPT.0000000000000016

Casaletto, K. B., Kornack, J., Paolillo, E. W., Rojas, J. C., VandeBunte, A., Staffaroni,
A. S., et al. (2023). Association of physical activity with neurofilament light chain
trajectories in autosomal dominant frontotemporal lobar degeneration variant carriers.
JAMA Neurol. 80, 82–90. doi: 10.1001/jamaneurol.2022.4178

Casaletto, K. B., Staffaroni, A. M., Wolf, A., Appleby, B., Brushaber, D.,
Coppola, G., et al. (2020). Active lifestyles moderate clinical outcomes in autosomal
dominant frontotemporal degeneration. Alzheimers Dement. 16, 91–105. doi: 10.1002/
alz.12001

Cavanaugh, J. T., Gappmaier, V. O., Dibble, L. E., and Gappmaier, E. (2011).
Ambulatory activity in individuals with multiple sclerosis. J. Neurol. Phys. Ther. 35,
26–33. doi: 10.1097/NPT.0b013e3182097190

Chen, H., Richard, M., Sandler, D. P., Umbach, D. M., and Kamel, F. (2007).
Head injury and amyotrophic lateral sclerosis. Am. J. Epidemiol. 166, 810–816.
doi: 10.1093/aje/kwm153

Chenard, C. A., Rubenstein, L. M., Snetselaar, L. G., and Wahls, T. L. (2019).
Nutrient composition comparison between a modified paleolithic diet for multiple
sclerosis and the recommended healthy U.S.-style eating pattern. Nutrients 11, 537.
doi: 10.3390/nu11030537

Frontiers in AgingNeuroscience 12 frontiersin.org189

https://doi.org/10.3389/fnagi.2023.1185671
https://doi.org/10.1007/s12640-015-9566-4
https://doi.org/10.14283/jpad.2022.9
https://doi.org/10.1002/alz.12638
https://doi.org/10.3389/fnhum.2015.00130
https://doi.org/10.3109/17482968.2012.660954
https://doi.org/10.1001/jama.2019.4782
https://doi.org/10.1002/mds.29122
https://doi.org/10.1016/j.brainresbull.2020.12.010
https://doi.org/10.1212/WNL.0000000000010013
https://doi.org/10.1186/s12974-020-01935-w
https://doi.org/10.1212/01.wnl.0000264418.92308.a4
https://doi.org/10.1016/j.neurobiolaging.2019.02.012
https://doi.org/10.1001/jamanetworkopen.2019.0570
https://doi.org/10.1007/s00415-016-8334-6
https://doi.org/10.1038/s41598-022-26093-2
https://doi.org/10.7326/M17-1528
https://doi.org/10.1212/WNL.0b013e3182535d35
https://doi.org/10.1136/bjsports-2020-102955
https://doi.org/10.1097/NPT.0000000000000016
https://doi.org/10.1001/jamaneurol.2022.4178
https://doi.org/10.1002/alz.12001
https://doi.org/10.1097/NPT.0b013e3182097190
https://doi.org/10.1093/aje/kwm153
https://doi.org/10.3390/nu11030537
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Santiago and Potashkin 10.3389/fnagi.2023.1185671

Chen-Plotkin, A. S., Albin, R., Alcalay, R., Babcock, D., Bajaj, V., Bowman, D.,
et al. (2018). Finding useful biomarkers for Parkinson’s disease. Sci. Transl. Med. 10,
eaam6003. doi: 10.1126/scitranslmed.aam6003

Chetelat, G., Lutz, A., Arenaza-Urquijo, E., Collette, F., Klimecki, O., andMarchant,
N. (2018). Why could meditation practice help promote mental health and well-being
in aging? Alzheimers Res. Ther. 10, 57. doi: 10.1186/s13195-018-0388-5

Chetelat, G., Mezenge, F., Tomadesso, C., Landeau, B., Arenaza-Urquijo,
E., Rauchs, G., et al. (2017). Reduced age-associated brain changes in expert
meditators: a multimodal neuroimaging pilot study. Sci. Rep. 7, 10160.
doi: 10.1038/s41598-017-07764-x

Chio, A., Benzi, G., Dossena, M., Mutani, R., and Mora, G. (2005). Severely
increased risk of amyotrophic lateral sclerosis among Italian professional football
players. Brain 128(Pt 3), 472–476. doi: 10.1093/brain/awh373

Choi, D. H., Kwon, K. C., Hwang, D. J., Koo, J. H., Um, H. S., Song, H. S.,
et al. (2021). Treadmill exercise alleviates brain iron dyshomeostasis accelerating
neuronal amyloid-beta production, neuronal cell death, and cognitive impairment
in transgenic mice model of Alzheimer’s disease. Mol. Neurobiol. 58, 3208–3223.
doi: 10.1007/s12035-021-02335-8

Churchill, M. J., Pflibsen, L., Sconce, M. D., Moore, C., Kim, K., and Meshul,
C. K. (2017). Exercise in an animal model of Parkinson’s disease: Motor recovery
but not restoration of the nigrostriatal pathway. Neuroscience 359, 224–247.
doi: 10.1016/j.neuroscience.2017.07.031

Clawson, L. L., Cudkowicz, M., Krivickas, L., Brooks, B. R., Sanjak, M., Allred, P.,
et al. (2018). A randomized controlled trial of resistance and endurance exercise in
amyotrophic lateral sclerosis. Amyotroph Lateral Scler. Frontotemporal Degener. 19,
250–258. doi: 10.1080/21678421.2017.1404108

Cummings, J., Lee, G., Nahed, P., Kambar, M., Zhong, K., Fonseca, J., et al. (2022).
Alzheimer’s disease drug development pipeline: 2022. Alzheimers Dement. 8, e12295.
doi: 10.1002/trc2.12295

Del Pozo Cruz, B., Ahmadi, M., Naismith, S. L., and Stamatakis, E. (2022).
Association of daily step count and intensity with incident dementia in 78 430 adults
living in the UK. JAMA Neurol. 79, 1059–1063. doi: 10.1001/jamaneurol.2022.2672

Delic, V., Beck, K. D., Pang, K. C. H., and Citron, B. A. (2020). Biological links
between traumatic brain injury and Parkinson’s disease. Acta Neuropathol. Commun.
8, 45. doi: 10.1186/s40478-020-00924-7

Demurtas, J., Schoene, D., Torbahn, G., Marengoni, A., Grande, G., Zou, L., et al.
(2020). Physical activity and exercise in mild cognitive impairment and dementia: an
umbrella review of intervention and observational studies. J. Am. Med. Dir. Assoc. 21,
1415.e16–1422.e16. doi: 10.1016/j.jamda.2020.08.031

Ding, H., Droby, A., Anwar, A. R., Bange, M., Hausdorff, J. M., Nasseroleslami,
B., et al. (2022). Treadmill training in Parkinson’s disease is underpinned by the
interregional connectivity in cortical-subcortical network. NPJ Parkinsons Dis. 8, 153.
doi: 10.1038/s41531-022-00427-3

Dohnalova, L., Lundgren, P., Carty, J. R. E., Goldstein, N., Wenski, S. L., Nanudorn,
P., et al. (2022). A microbiome-dependent gut-brain pathway regulates motivation for
exercise. Nature 612, 739–747. doi: 10.1038/s41586-022-05525-z

Donahue, E. K., Venkadesh, S., Bui, V., Tuazon, A. C., Wang, R. K., Haase,
D., et al. (2022). Physical activity intensity is associated with cognition and
functional connectivity in Parkinson’s disease. Parkinsonism Relat. Disord. 104, 7–14.
doi: 10.1016/j.parkreldis.2022.09.005

Du, Z., Li, Y., Li, J., Zhou, C., Li, F., and Yang, X. (2018). Physical activity can
improve cognition in patients with Alzheimer’s disease: a systematic review and
meta-analysis of randomized controlled trials. Clin. Interv. Aging 13, 1593–1603.
doi: 10.2147/CIA.S169565

Faizan, M. S., and Muzammil, M. (2020). Hand tremor suppression device for
patients suffering from Parkinson’s disease. J. Med. Eng. Technol. 44, 190–197.
doi: 10.1080/03091902.2020.1759708

Fang, X., Han, D., Cheng, Q., Zhang, P., Zhao, C.,Min, J., et al. (2018). Association of
levels of physical activity with risk of Parkinson disease: a systematic review and meta-
analysis. JAMA Netw. Open 1, e182421. doi: 10.1001/jamanetworkopen.2018.2421

Ferri, A., Lanfranconi, F., Corna, G., Bonazzi, R., Marchese, S., Magnoni, A., et al.
(2019). Tailored exercise training counteracts muscle disuse and attenuates reductions
in physical function in individuals with amyotrophic lateral sclerosis. Front. Physiol.
10, 1537. doi: 10.3389/fphys.2019.01537

Fjeldstad, C., Fjeldstad, A. S., and Pardo, G. (2015). Use of accelerometers tomeasure
real-life physical activity in ambulatory individuals with multiple sclerosis: a pilot
study. Int. J. MS Care 17, 215–220. doi: 10.7224/1537-2073.2014-037

Fournier, C. N., Gearing, M., Upadhyayula, S. R., Klein, M., and Glass, J. D. (2015).
Head injury does not alter disease progression or neuropathologic outcomes in ALS.
Neurology 84, 1788–1795. doi: 10.1212/WNL.0000000000001522

Fujita, Y., and Yamashita, T. (2014). Axon growth inhibition by RhoA/ROCK in the
central nervous system. Front. Neurosci. 8, 338. doi: 10.3389/fnins.2014.00338

Gaitan, J. M., Moon, H. Y., Stremlau, M., Dubal, D. B., Cook, D. B., Okonkwo, O. C.,
et al. (2021). Effects of aerobic exercise training on systemic biomarkers and cognition
in late middle-aged adults at risk for Alzheimer’s disease. Front. Endocrinol. 12, 660181.
doi: 10.3389/fendo.2021.660181

Gard, T., Holzel, B. K., and Lazar, S. W. (2014). The potential effects of meditation
on age-related cognitive decline: a systematic review. Ann. N. Y. Acad. Sci. 1307,
89–103. doi: 10.1111/nyas.12348

GBDNeurologyCollaborators (2019). Global, regional, and national burden of
neurological disorders, 1990-2016: a systematic analysis for the Global Burden of
Disease Study 2016. Lancet Neurol. 18, 459–480. doi: 10.1016/S1474-4422(18)30499-X

Gregg, E. W., Gerzoff, R. B., Caspersen, C. J., Williamson, D. F., and Narayan, K.
M. (2003). Relationship of walking to mortality among US adults with diabetes. Arch.
Intern. Med. 163, 1440–1447. doi: 10.1001/archinte.163.12.1440

Groot, C., Hooghiemstra, A. M., Raijmakers, P. G., van Berckel, B. N., Scheltens,
P., Scherder, E. J., et al. (2016). The effect of physical activity on cognitive function in
patients with dementia: a meta-analysis of randomized control trials. Ageing Res. Rev.
25, 13–23. doi: 10.1016/j.arr.2015.11.005

Halabchi, F., Alizadeh, Z., Sahraian, M. A., and Abolhasani, M. (2017). Exercise
prescription for patients with multiple sclerosis; potential benefits and practical
recommendations. BMC Neurol. 17, 185. doi: 10.1186/s12883-017-0960-9

Heffernan, M., Andrews, G., Fiatarone Singh, M. A., Valenzuela, M., Anstey, K.
J., Maeder, A. J., et al. (2019). Maintain your brain: protocol of a 3-year randomized
controlled trial of a personalized multi-modal digital health intervention to prevent
cognitive decline among community dwelling 55 to 77 year olds. J. Alzheimers Dis. 70,
S221–S237. doi: 10.3233/JAD-180572

Herman, T., Giladi, N., Gruendlinger, L., and Hausdorff, J. M. (2007). Six
weeks of intensive treadmill training improves gait and quality of life in patients
with Parkinson’s disease: a pilot study. Arch. Phys. Med. Rehabil. 88, 1154–1158.
doi: 10.1016/j.apmr.2007.05.015

Herold, F., Muller, P., Gronwald, T., and Muller, N. G. (2019). Dose-response
matters! - A perspective on the exercise prescription in exercise-cognition research.
Front. Psychol. 10, 2338. doi: 10.3389/fpsyg.2019.02338

Holth, J. K., Fritschi, S. K., Wang, C., Pedersen, N. P., Cirrito, J. R., Mahan, T. E.,
et al. (2019). The sleep-wake cycle regulates brain interstitial fluid tau in mice and CSF
tau in humans. Science 363, 880–884. doi: 10.1126/science.aav2546

Hu, F. B., Sigal, R. J., Rich-Edwards, J. W., Colditz, G. A., Solomon, C. G.,
Willett, W. C., et al. (1999). Walking compared with vigorous physical activity
and risk of type 2 diabetes in women: a prospective study. JAMA 282, 1433–1439.
doi: 10.1001/jama.282.15.1433

Huisman, M. H., Seelen, M., de Jong, S. W., Dorresteijn, K. R., van Doormaal,
P. T., van der Kooi, A. J., et al. (2013). Lifetime physical activity and the risk
of amyotrophic lateral sclerosis. J. Neurol. Neurosurg. Psychiatry 84, 976–981.
doi: 10.1136/jnnp-2012-304724

Ihira, H., Sawada, N., Inoue, M., Yasuda, N., Yamagishi, K., Charvat, H., et al. (2022).
Association between physical activity and risk of disabling dementia in Japan. JAMA
Netw. Open 5, e224590. doi: 10.1001/jamanetworkopen.2022.4590

Jensen, L., Djurtoft, J. B., Bech, R. D., Nielsen, J. L., Jorgensen, L. H.,
Schroder, H. D., et al. (2017). Influence of resistance training on neuromuscular
function and physical capacity in ALS patients. J. Neurodegener. Dis. 2017, 1436519.
doi: 10.1155/2017/1436519

Johnston, L. H., and Barker, D. G. (1987). Characterisation of an autonomously
replicating sequence from the fission yeast Schizosaccharomyces pombe. Mol. Gen.
Genet. 207, 161–164. doi: 10.1007/BF00331504

Kalron, A., Menascu, S., Hoffmann, C., and Achiron, A. (2020). The importance of
physical activity to preserve hippocampal volume in people with multiple sclerosis: a
structural MRI study. J. Neurol. 267, 3723–3730. doi: 10.1007/s00415-020-10085-1

Karssemeijer, E. G. A., Aaronson, J. A., Bossers, W. J., Smits, T., Olde Rikkert, M.
G. M., and Kessels, R. P. C. (2017). Positive effects of combined cognitive and physical
exercise training on cognitive function in older adults with mild cognitive impairment
or dementia: a meta-analysis. Ageing Res. Rev. 40, 75–83. doi: 10.1016/j.arr.2017.09.003

Katz Sand, I., Levy, S., Fitzgerald, K., Sorets, T., and Sumowski, J. F. (2023).
Mediterranean diet is linked to less objective disability in multiple sclerosis.Mult. Scler.
29, 248–260. doi: 10.1177/13524585221127414

Kim, D., Cho, J., and Kang, H. (2019). Protective effect of exercise training against
the progression of Alzheimer’s disease in 3xTg-ADmice. Behav. Brain Res. 374, 112105.
doi: 10.1016/j.bbr.2019.112105

Kim, J., Bollaert, R. E., Cerna, J., Adamson, B. C., Robbs, C. M., Khan, N. A., et al.
(2022). Moderate-to-vigorous physical activity is related with retinal neuronal and
axonal integrity in persons with multiple sclerosis. Neurorehabil. Neural Repair. 36,
810–815. doi: 10.1177/15459683221131787

Kim, T. W., Park, S. S., Park, J. Y., and Park, H. S. (2020). Infusion of plasma
from exercised mice ameliorates cognitive dysfunction by increasing hippocampal
neuroplasticity andmitochondrial functions in 3xTg-ADmice. Int. J. Mol. Sci. 21, 3291.
doi: 10.3390/ijms21093291

Kivimaki, M., Singh-Manoux, A., Pentti, J., Sabia, S., Nyberg, S. T., Alfredsson,
L., et al. (2019). Physical inactivity, cardiometabolic disease, and risk of
dementia: an individual-participant meta-analysis. BMJ 365, l1495. doi: 10.1136/
bmj.l1495

Klaren, R. E., Hubbard, E. A., Motl, R. W., Pilutti, L. A., Wetter, N. C.,
and Sutton, B. P. (2015). Objectively measured physical activity is associated with

Frontiers in AgingNeuroscience 13 frontiersin.org190

https://doi.org/10.3389/fnagi.2023.1185671
https://doi.org/10.1126/scitranslmed.aam6003
https://doi.org/10.1186/s13195-018-0388-5
https://doi.org/10.1038/s41598-017-07764-x
https://doi.org/10.1093/brain/awh373
https://doi.org/10.1007/s12035-021-02335-8
https://doi.org/10.1016/j.neuroscience.2017.07.031
https://doi.org/10.1080/21678421.2017.1404108
https://doi.org/10.1002/trc2.12295
https://doi.org/10.1001/jamaneurol.2022.2672
https://doi.org/10.1186/s40478-020-00924-7
https://doi.org/10.1016/j.jamda.2020.08.031
https://doi.org/10.1038/s41531-022-00427-3
https://doi.org/10.1038/s41586-022-05525-z
https://doi.org/10.1016/j.parkreldis.2022.09.005
https://doi.org/10.2147/CIA.S169565
https://doi.org/10.1080/03091902.2020.1759708
https://doi.org/10.1001/jamanetworkopen.2018.2421
https://doi.org/10.3389/fphys.2019.01537
https://doi.org/10.7224/1537-2073.2014-037
https://doi.org/10.1212/WNL.0000000000001522
https://doi.org/10.3389/fnins.2014.00338
https://doi.org/10.3389/fendo.2021.660181
https://doi.org/10.1111/nyas.12348
https://doi.org/10.1016/S1474-4422(18)30499-X
https://doi.org/10.1001/archinte.163.12.1440
https://doi.org/10.1016/j.arr.2015.11.005
https://doi.org/10.1186/s12883-017-0960-9
https://doi.org/10.3233/JAD-180572
https://doi.org/10.1016/j.apmr.2007.05.015
https://doi.org/10.3389/fpsyg.2019.02338
https://doi.org/10.1126/science.aav2546
https://doi.org/10.1001/jama.282.15.1433
https://doi.org/10.1136/jnnp-2012-304724
https://doi.org/10.1001/jamanetworkopen.2022.4590
https://doi.org/10.1155/2017/1436519
https://doi.org/10.1007/BF00331504
https://doi.org/10.1007/s00415-020-10085-1
https://doi.org/10.1016/j.arr.2017.09.003
https://doi.org/10.1177/13524585221127414
https://doi.org/10.1016/j.bbr.2019.112105
https://doi.org/10.1177/15459683221131787
https://doi.org/10.3390/ijms21093291
https://doi.org/10.1136/bmj.l1495
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Santiago and Potashkin 10.3389/fnagi.2023.1185671

brain volumetric measurements in multiple sclerosis. Behav. Neurol. 2015, 482536.
doi: 10.1155/2015/482536

Klemann, C., Xicoy, H., Poelmans, G., Bloem, B. R., Martens, G. J. M., and
Visser, J. E. (2018). Physical exercise modulates L-DOPA-regulated molecular pathways
in the MPTP mouse model of Parkinson’s disease. Mol. Neurobiol. 55, 5639–5657.
doi: 10.1007/s12035-017-0775-0

Knopman, D. S., Amieva, H., Petersen, R. C., Chetelat, G., Holtzman, D. M.,
Hyman, B. T., et al. (2021). Alzheimer disease. Nat. Rev. Dis. Primers 7, 33.
doi: 10.1038/s41572-021-00269-y

Kosaka, K., Noda, M., and Kuzuya, T. (2005). Prevention of type 2 diabetes by
lifestyle intervention: a Japanese trial in IGT males. Diabetes Res. Clin. Pract. 67,
152–162. doi: 10.1016/j.diabres.2004.06.010

Lanz, T. V., Brewer, R. C., Ho, P. P., Moon, J. S., Jude, K. M., Fernandez, D.,
et al. (2022). Clonally expanded B cells in multiple sclerosis bind EBV EBNA1 and
GlialCAM. Nature 603, 321–327. doi: 10.1038/s41586-022-04432-7

Law, C. K., Lam, F. M., Chung, R. C., and Pang, M. Y. (2020). Physical exercise
attenuates cognitive decline and reduces behavioural problems in people with mild
cognitive impairment and dementia: a systematic review. J. Physiother. 66, 9–18.
doi: 10.1016/j.jphys.2019.11.014

Lazar, S. W., Kerr, C. E., Wasserman, R. H., Gray, J. R., Greve, D. N., Treadway, M.
T., et al. (2005). Meditation experience is associated with increased cortical thickness.
Neuroreport 16, 1893–1897. doi: 10.1097/01.wnr.0000186598.66243.19

Lee, J. E., Titcomb, T. J., Bisht, B., Rubenstein, L. M., Louison, R., and Wahls, T. L.
(2021). A modified MCT-based ketogenic diet increases plasma beta-hydroxybutyrate
but has less effect on fatigue and quality of life in people with multiple sclerosis
compared to a modified paleolithic diet: a waitlist-controlled, randomized pilot study.
J. Am. Coll. Nutr. 40, 13–25. doi: 10.1080/07315724.2020.1734988

Lehman, E. J., Hein, M. J., Baron, S. L., and Gersic, C. M. (2012). Neurodegenerative
causes of death among retired National Football League players. Neurology 79,
1970–1974. doi: 10.1212/WNL.0b013e31826daf50

Li, G., Huang, P., Cui, S. S., Tan, Y. Y., He, Y. C., Shen, X., et al. (2022). Mechanisms
of motor symptom improvement by long-term Tai Chi training in Parkinson’s disease
patients. Transl. Neurodegener. 11, 6. doi: 10.1186/s40035-022-00280-7

Li, Z., Chen, Q., Liu, J., andDu, Y. (2020). Physical exercise ameliorates the cognitive
function and attenuates the neuroinflammation of Alzheimer’s disease via miR-129-5p.
Dement. Geriatr. Cogn. Disord. 49, 163–169. doi: 10.1159/000507285

Liao, Q., He, J., and Huang, K. (2022). Physical activities and risk of
neurodegenerative diseases: a two-sample Mendelian randomization study. Front.
Aging Neurosci. 14, 991140. doi: 10.3389/fnagi.2022.991140

Liu, Y., Chu, J. M. T., Yan, T., Zhang, Y., Chen, Y., Chang, R. C. C., et al.
(2020). Short-term resistance exercise inhibits neuroinflammation and attenuates
neuropathological changes in 3xTg Alzheimer’s disease mice. J. Neuroinflammation 17,
4. doi: 10.1186/s12974-019-1653-7

Lopez-Ortiz, S., Lista, S., Valenzuela, P. L., Pinto-Fraga, J., Carmona, R., Caraci,
F., et al. (2022). Effects of physical activity and exercise interventions on Alzheimer’s
disease: an umbrella review of existing meta-analyses. J. Neurol. 270, 711–725.
doi: 10.1007/s00415-022-11454-8

Loprinzi, P. D., Danzl, M. M., Ulanowski, E., and Paydo, C. (2018). A pilot study
evaluating the association between physical activity and cognition among individuals
with Parkinson’s disease.Disabil. Health J. 11, 165–168. doi: 10.1016/j.dhjo.2017.05.004

Lourenco, M. V., Frozza, R. L., de Freitas, G. B., Zhang, H., Kincheski, G.
C., Ribeiro, F. C., et al. (2019). Exercise-linked FNDC5/irisin rescues synaptic
plasticity and memory defects in Alzheimer’s models. Nat. Med. 25, 165–175.
doi: 10.1038/s41591-018-0275-4

Lucey, B. P., Hicks, T. J., McLeland, J. S., Toedebusch, C. D., Boyd, J., Elbert, D. L.,
et al. (2018). Effect of sleep on overnight cerebrospinal fluid amyloid beta kinetics.Ann.
Neurol. 83, 197–204. doi: 10.1002/ana.25117

Maidan, I., Rosenberg-Katz, K., Jacob, Y., Giladi, N., Hausdorff, J. M., and
Mirelman, A. (2017). Disparate effects of training on brain activation in Parkinson
disease. Neurology 89, 1804–1810. doi: 10.1212/WNL.0000000000004576

Maier, A., Gaudlitz, M., Grehl, T., Weyen, U., Steinbach, R., Grosskreutz, J., et al.
(2022). Use and subjective experience of the impact of motor-assisted movement
exercisers in people with amyotrophic lateral sclerosis: a multicenter observational
study. Sci. Rep. 12, 9657. doi: 10.1038/s41598-022-13761-6

McCurry, S. M., Gibbons, L. E., Logsdon, R. G., Vitiello, M. V., and Teri, L. (2005).
Nighttime insomnia treatment and education for Alzheimer’s disease: a randomized,
controlled trial. J. Am. Geriatr. Soc. 53, 793–802. doi: 10.1111/j.1532-5415.2005.53252.x

McCurry, S. M., Pike, K. C., Vitiello, M. V., Logsdon, R. G., Larson, E. B., and Teri, L.
(2011). Increasing walking and bright light exposure to improve sleep in community-
dwelling persons with Alzheimer’s disease: results of a randomized, controlled trial. J.
Am. Geriatr. Soc. 59, 1393–1402. doi: 10.1111/j.1532-5415.2011.03519.x

Memon, A. A., Coleman, J. J., and Amara, A. W. (2020). Effects of
exercise on sleep in neurodegenerative disease. Neurobiol. Dis. 140, 104859.
doi: 10.1016/j.nbd.2020.104859

Motl, R. W., Sandroff, B. M., Kwakkel, G., Dalgas, U., Feinstein, A., Heesen, C.,
et al. (2017). Exercise in patients with multiple sclerosis. Lancet Neurol. 16, 848–856.
doi: 10.1016/S1474-4422(17)30281-8

Nascimento, C. M., Ayan, C., Cancela, J. M., Gobbi, L. T., Gobbi, S., and Stella, F.
(2014). Effect of amultimodal exercise program on sleep disturbances and instrumental
activities of daily living performance on Parkinson’s and Alzheimer’s disease patients.
Geriatr. Gerontol. Int. 14, 259–266. doi: 10.1111/ggi.12082

Ngandu, T., Lehtisalo, J., Solomon, A., Levalahti, E., Ahtiluoto, S., Antikainen, R.,
et al. (2015). A 2 year multidomain intervention of diet, exercise, cognitive training,
and vascular risk monitoring versus control to prevent cognitive decline in at-risk
elderly people (FINGER): a randomised controlled trial. Lancet 385, 2255–2263.
doi: 10.1016/S0140-6736(15)60461-5

Nicastri, C. M., McFeeley, B. M., Simon, S. S., Ledreux, A., Hakansson, K.,
Granholm, A. C., et al. (2022). BDNFmediates improvement in cognitive performance
after computerized cognitive training in healthy older adults. Alzheimers Dement. 8,
e12337. doi: 10.1002/trc2.12337

Pang, R., Wang, X., Pei, F., Zhang, W., Shen, J., Gao, X., et al. (2019).
Regular exercise enhances cognitive function and intracephalic GLUT expression in
Alzheimer’s disease model mice. J. Alzheimers Dis. 72, 83–96. doi: 10.3233/JAD-190328

Poewe,W., Seppi, K., Tanner, C.M., Halliday, G.M., Brundin, P., Volkmann, J., et al.
(2017). Parkinson disease. Nat. Rev. Dis. Primers 3, 17013. doi: 10.1038/nrdp.2017.13

Potashkin, J., Huang, X., Becker, C., Chen, H., Foltynie, T., and Marras, C. (2020).
Understanding the links between cardiovascular disease and Parkinson’s disease.Mov.
Disord. 35, 55–74. doi: 10.1002/mds.27836

Pringsheim, T., Wiltshire, K., Day, L., Dykeman, J., Steeves, T., and Jette, N.
(2012). The incidence and prevalence of Huntington’s disease: a systematic review and
meta-analysis.Mov. Disord. 27, 1083–1091. doi: 10.1002/mds.25075

Proschinger, S., Kuhwand, P., Rademacher, A., Walzik, D., Warnke, C., Zimmer, P.,
et al. (2022). Fitness, physical activity, and exercise in multiple sclerosis: a systematic
review on current evidence for interactions with disease activity and progression. J.
Neurol. 269, 2922–2940. doi: 10.1007/s00415-021-10935-6

Quintana-Hernandez, D. J., Rojas-Hernandez, J., Santana-Del Pino, A., Cespedes
Suarez, C., Pellejero Silva, M., Miro-Barrachina, M. T., et al. (2023). Mindfulness
prevents depression and psychopathology in elderly people with mild to moderate
Alzheimer’s disease: a randomized clinical trial. J. Alzheimers Dis. 91, 471–481.
doi: 10.3233/JAD-220889

Raichlen, D. A., Klimentidis, Y. C., Sayre, M. K., Bharadwaj, P. K., Lai, M. H.
C., Wilcox, R. R., et al. (2022). Leisure-time sedentary behaviors are differentially
associated with all-cause dementia regardless of engagement in physical activity. Proc.
Natl. Acad. Sci. U.S.A. 119, e2206931119. doi: 10.1073/pnas.2206931119

Ramos-Cejudo, J.,Wisniewski, T.,Marmar, C., Zetterberg, H., Blennow, K., de Leon,
M. J., et al. (2018). Traumatic brain injury and Alzheimer’s disease: the cerebrovascular
link. EBioMedicine 28, 21–30. doi: 10.1016/j.ebiom.2018.01.021

Reich, N., and Holscher, C. (2022). The neuroprotective effects of glucagon-like
peptide 1 in Alzheimer’s and Parkinson’s disease: an in-depth review. Front. Neurosci.
16, 970925. doi: 10.3389/fnins.2022.970925

Romberg, A., Virtanen, A., Ruutiainen, J., Aunola, S., Karppi, S. L.,
Vaara, M., et al. (2004). Effects of a 6-month exercise program on patients
with multiple sclerosis: a randomized study. Neurology 63, 2034–2038.
doi: 10.1212/01.wnl.0000145761.38400.65

Ross, R. E., VanDerwerker, C. J., Saladin, M. E., and Gregory, C. M. (2023). The
role of exercise in the treatment of depression: biological underpinnings and clinical
outcomes.Mol. Psychiatry 28, 298–328. doi: 10.1038/s41380-022-01819-w

Rovini, E., Maremmani, C., and Cavallo, F. (2017). How wearable sensors can
support Parkinson’s disease diagnosis and treatment: a systematic review. Front.
Neurosci. 11, 555. doi: 10.3389/fnins.2017.00555

Ruegsegger, G. N., and Booth, F. W. (2018). Health benefits of exercise. Cold Spring
Harb. Perspect. Med. 8, a029694. doi: 10.1101/cshperspect.a029694

Sabia, S., Fayosse, A., Dumurgier, J., vanHees, V. T., Paquet, C., Sommerlad, A., et al.
(2021). Association of sleep duration in middle and old age with incidence of dementia.
Nat. Commun. 12, 2289. doi: 10.1038/s41467-021-22354-2

Sanfilippo, C., Musumeci, G., Castrogiovanni, P., Fazio, F., Li Volti, G.,
Barbagallo, I., et al. (2021). Hippocampal transcriptome deconvolution reveals
differences in cell architecture of not demented elderly subjects underwent late-life
physical activity. J. Chem. Neuroanat. 113, 101934. doi: 10.1016/j.jchemneu.2021.
101934

Santiago, J. A., Bottero, V., and Potashkin, J. A. (2017). Biological and clinical
implications of comorbidities in Parkinson’s disease. Front. Aging. Neurosci. 9, 394.
doi: 10.3389/fnagi.2017.00394

Santiago, J. A., and Potashkin, J. A. (2013). Shared dysregulated pathways
lead to Parkinson’s disease and diabetes. Trends Mol. Med. 19, 176–186.
doi: 10.1016/j.molmed.2013.01.002

Santiago, J. A., and Potashkin, J. A. (2021). The impact of disease comorbidities in
Alzheimer’s disease. Front. Aging Neurosci. 13, 631770. doi: 10.3389/fnagi.2021.631770

Frontiers in AgingNeuroscience 14 frontiersin.org191

https://doi.org/10.3389/fnagi.2023.1185671
https://doi.org/10.1155/2015/482536
https://doi.org/10.1007/s12035-017-0775-0
https://doi.org/10.1038/s41572-021-00269-y
https://doi.org/10.1016/j.diabres.2004.06.010
https://doi.org/10.1038/s41586-022-04432-7
https://doi.org/10.1016/j.jphys.2019.11.014
https://doi.org/10.1097/01.wnr.0000186598.66243.19
https://doi.org/10.1080/07315724.2020.1734988
https://doi.org/10.1212/WNL.0b013e31826daf50
https://doi.org/10.1186/s40035-022-00280-7
https://doi.org/10.1159/000507285
https://doi.org/10.3389/fnagi.2022.991140
https://doi.org/10.1186/s12974-019-1653-7
https://doi.org/10.1007/s00415-022-11454-8
https://doi.org/10.1016/j.dhjo.2017.05.004
https://doi.org/10.1038/s41591-018-0275-4
https://doi.org/10.1002/ana.25117
https://doi.org/10.1212/WNL.0000000000004576
https://doi.org/10.1038/s41598-022-13761-6
https://doi.org/10.1111/j.1532-5415.2005.53252.x
https://doi.org/10.1111/j.1532-5415.2011.03519.x
https://doi.org/10.1016/j.nbd.2020.104859
https://doi.org/10.1016/S1474-4422(17)30281-8
https://doi.org/10.1111/ggi.12082
https://doi.org/10.1016/S0140-6736(15)60461-5
https://doi.org/10.1002/trc2.12337
https://doi.org/10.3233/JAD-190328
https://doi.org/10.1038/nrdp.2017.13
https://doi.org/10.1002/mds.27836
https://doi.org/10.1002/mds.25075
https://doi.org/10.1007/s00415-021-10935-6
https://doi.org/10.3233/JAD-220889
https://doi.org/10.1073/pnas.2206931119
https://doi.org/10.1016/j.ebiom.2018.01.021
https://doi.org/10.3389/fnins.2022.970925
https://doi.org/10.1212/01.wnl.0000145761.38400.65
https://doi.org/10.1038/s41380-022-01819-w
https://doi.org/10.3389/fnins.2017.00555
https://doi.org/10.1101/cshperspect.a029694
https://doi.org/10.1038/s41467-021-22354-2
https://doi.org/10.1016/j.jchemneu.2021.101934
https://doi.org/10.3389/fnagi.2017.00394
https://doi.org/10.1016/j.molmed.2013.01.002
https://doi.org/10.3389/fnagi.2021.631770
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Santiago and Potashkin 10.3389/fnagi.2023.1185671

Santiago, J. A., Quinn, J. P., and Potashkin, J. A. (2022). Physical activity
rewires the human brain against neurodegeneration. Int. J. Mol. Sci. 23, 6223.
doi: 10.3390/ijms23116223

Schenkman, M., Moore, C. G., Kohrt, W. M., Hall, D. A., Delitto, A., Comella, C. L.,
et al. (2018). Effect of high-intensity treadmill exercise on motor symptoms in patients
with de novo Parkinson disease: a phase 2 randomized clinical trial. JAMA Neurol. 75,
219–226. doi: 10.1001/jamaneurol.2017.3517

Schutte, N. S., and Malouff, J. M. (2014). A meta-analytic review of the effects of
mindfulness meditation on telomerase activity. Psychoneuroendocrinology 42, 45–48.
doi: 10.1016/j.psyneuen.2013.12.017

Sevinc, G., Rusche, J., Wong, B., Datta, T., Kaufman, R., Gutz, S. E., et al.
(2021).Mindfulness training improves cognition and strengthens intrinsic connectivity
between the hippocampus and posteromedial cortex in healthy older adults. Front.
Aging Neurosci. 13, 702796. doi: 10.3389/fnagi.2021.702796

Shannon, O. M., Lee, V., Bundy, R., Gillings, R., Jennings, A., Stephan, B.,
et al. (2021). Feasibility and acceptability of a multi-domain intervention to increase
Mediterranean diet adherence and physical activity in older UK adults at risk of
dementia: protocol for the MedEx-UK randomised controlled trial. BMJ Open 11,
e042823. doi: 10.1136/bmjopen-2020-042823

Sindi, S., Kareholt, I., Johansson, L., Skoog, J., Sjoberg, L., Wang, H. X., et al. (2018).
Sleep disturbances and dementia risk: a multicenter study. Alzheimers Dement. 14,
1235–1242. doi: 10.1016/j.jalz.2018.05.012

Sofi, F., Valecchi, D., Bacci, D., Abbate, R., Gensini, G. F., Casini, A., et al. (2011).
Physical activity and risk of cognitive decline: a meta-analysis of prospective studies. J.
Intern. Med. 269, 107–117. doi: 10.1111/j.1365-2796.2010.02281.x

Stubbs, B., Chen, L. J., Chang, C. Y., Sun, W. J., and Ku, P. W. (2017).
Accelerometer-assessed light physical activity is protective of future cognitive ability:
a longitudinal study among community dwelling older adults. Exp. Gerontol. 91,
104–109. doi: 10.1016/j.exger.2017.03.003

Tan, A. H., Chong, C. W., Lim, S. Y., Yap, I. K. S., Teh, C. S. J., Loke, M. F., et al.
(2021). Gut microbial ecosystem in Parkinson disease: new clinicobiological insights
from multi-omics. Ann. Neurol. 89, 546–559. doi: 10.1002/ana.25982

Tanasescu, M., Leitzmann, M. F., Rimm, E. B., and Hu, F. B. (2003). Physical
activity in relation to cardiovascular disease and total mortality among men with type
2 diabetes. Circulation 107, 2435–2439. doi: 10.1161/01.CIR.0000066906.11109.1F

Thompson, J. A., Cruickshank, T. M., Penailillo, L. E., Lee, J. W., Newton, R. U.,
Barker, R. A., et al. (2013). The effects of multidisciplinary rehabilitation in patients
with early-to-middle-stage Huntington’s disease: a pilot study. Eur. J. Neurol. 20,
1325–1329. doi: 10.1111/ene.12053

Thumm, P. C., Maidan, I., Brozgol, M., Shustak, S., Gazit, E., Shema Shiratzki,
S., et al. (2018). Treadmill walking reduces pre-frontal activation in patients with
Parkinson’s disease. Gait Post. 62, 384–387. doi: 10.1016/j.gaitpost.2018.03.041

Torkildsen, O., Myhr, K. M., and Bo, L. (2016). Disease-modifying treatments for
multiple sclerosis - a review of approved medications. Eur. J. Neurol. 23(Suppl 1),
18–27. doi: 10.1111/ene.12883

Tucci, P., Lattanzi, R., Severini, C., and Saso, L. (2022). Nrf2 pathway
in Huntington’s disease (HD): what is its role? Int. J. Mol. Sci. 23,15272.
doi: 10.3390/ijms232315272

Uc, E. Y., Doerschug, K. C., Magnotta, V., Dawson, J. D., Thomsen, T. R., Kline,
J. N., et al. (2014). Phase I/II randomized trial of aerobic exercise in Parkinson
disease in a community setting. Neurology 83, 413–425. doi: 10.1212/WNL.00000000
00000644

van der Kolk, N. M., de Vries, N. M., Kessels, R. P. C., Joosten, H., Zwinderman,
A. H., Post, B., et al. (2019). Effectiveness of home-based and remotely supervised
aerobic exercise in Parkinson’s disease: a double-blind, randomised controlled trial.
Lancet Neurol. 18, 998–1008. doi: 10.1016/S1474-4422(19)30285-6

van Dyck, C. H., Swanson, C. J., Aisen, P., Bateman, R. J., Chen, C., Gee, M.,
et al. (2023). Lecanemab in early Alzheimer’s disease. N. Engl. J. Med. 388, 9–21.
doi: 10.1056/NEJMoa2212948

Viana, S. D., Pita, I. R., Lemos, C., Rial, D., Couceiro, P., Rodrigues-Santos,
P., et al. (2017). The effects of physical exercise on nonmotor symptoms and on
neuroimmune RAGE network in experimental parkinsonism. J. Appl. Physiol. 123,
161–171. doi: 10.1152/japplphysiol.01120.2016

Visser, A. E., Rooney, J. P. K., D’Ovidio, F., Westeneng, H. J., Vermeulen, R. C.
H., Beghi, E., et al. (2018). Multicentre, cross-cultural, population-based, case-control

study of physical activity as risk factor for amyotrophic lateral sclerosis. J. Neurol.
Neurosurg. Psychiatry 89, 797–803. doi: 10.1136/jnnp-2017-317724

Wahls, T. L. (2022). Dietary approaches to treating multiple sclerosis-
related symptoms. Phys. Med. Rehabil. Clin. N. Am. 33, 605–620.
doi: 10.1016/j.pmr.2022.04.004

Walton, C., King, R., Rechtman, L., Kaye, W., Leray, E., Marrie, R. A., et al. (2020).
Rising prevalence of multiple sclerosis worldwide: insights from the Atlas of MS, third
edition.Mult. Scler. 26, 1816–1821. doi: 10.1177/1352458520970841

Wang, C., Yu, J. T., Wang, H. F., Tan, C. C., Meng, X. F., and Tan, L. (2014). Non-
pharmacological interventions for patients with mild cognitive impairment: a meta-
analysis of randomized controlled trials of cognition-based and exercise interventions.
J. Alzheimers Dis. 42, 663–678. doi: 10.3233/JAD-140660

Wens, I., Dalgas, U., Vandenabeele, F., Grevendonk, L., Verboven, K., Hansen, D.,
et al. (2015). High intensity exercise in multiple sclerosis: effects on muscle contractile
characteristics and exercise capacity, a randomised controlled trial. PLoS ONE 10,
e0133697. doi: 10.1371/journal.pone.0133697

Wilson, R. S., Barnes, L. L., Mendes de Leon, C. F., Aggarwal, N. T., Schneider, J. S.,
Bach, J., et al. (2002). Depressive symptoms, cognitive decline, and risk of AD in older
persons. Neurology 59, 364–370. doi: 10.1212/wnl.59.3.364

Wood, E. M., Falcone, D., Suh, E., Irwin, D. J., Chen-Plotkin, A. S.,
Lee, E. B., et al. (2013). Development and validation of pedigree classification
criteria for frontotemporal lobar degeneration. JAMA Neurol. 70, 1411–1417.
doi: 10.1001/jamaneurol.2013.3956

Xu, B., He, Y., Liu, L., Ye, G., Chen, L.,Wang, Q., et al. (2022). The effects of physical
running on dendritic spines and amyloid-beta pathology in 3xTg-ADmale mice. Aging
Dis. 13, 1293–1310. doi: 10.14336/AD.2022.0110

Yang, W., Hamilton, J. L., Kopil, C., Beck, J. C., Tanner, C. M., Albin, R. L., et al.
(2020). Current and projected future economic burden of Parkinson’s disease in the
U.S. NPJ Parkinsons Dis. 6, 15. doi: 10.1038/s41531-020-0117-1

Yates, T., Haffner, S.M., Schulte, P. J., Thomas, L., Huffman, K.M., Bales, C.W., et al.
(2014). Association between change in daily ambulatory activity and cardiovascular
events in people with impaired glucose tolerance (NAVIGATOR trial): a cohort
analysis. Lancet 383, 1059–1066. doi: 10.1016/S0140-6736(13)62061-9

Yoon, M., Yang, P. S., Jin, M. N., Yu, H. T., Kim, T. H., Jang, E., et al. (2021).
Association of physical activity level with risk of dementia in a nationwide cohort in
Korea. JAMA Netw Open 4, e2138526. doi: 10.1001/jamanetworkopen.2021.38526

Young, J., Angevaren, M., Rusted, J., and Tabet, N. (2015). Aerobic exercise to
improve cognitive function in older people without known cognitive impairment.
Cochrane Database Syst. Rev. 4, CD005381. doi: 10.1002/14651858.CD005381.pub4

Zhang, S. S., Zhu, L., Peng, Y., Zhang, L., Chao, F. L., Jiang, L., et al. (2022a). Long-
term running exercise improves cognitive function and promotes microglial glucose
metabolism and morphological plasticity in the hippocampus of APP/PS1 mice. J.
Neuroinflammation 19, 34. doi: 10.1186/s12974-022-02401-5

Zhang, X., Molsberry, S. A., Schwarzschild, M. A., Ascherio, A., and
Gao, X. (2022b). Association of diet and physical activity with all-cause
mortality among adults with Parkinson disease. JAMA Netw. Open 5, e2227738.
doi: 10.1001/jamanetworkopen.2022.27738

Zhen, K., Zhang, S., Tao, X., Li, G., Lv, Y., and Yu, L. (2022). A systematic review
and meta-analysis on effects of aerobic exercise in people with Parkinson’s disease. NPJ
Parkinsons Dis. 8, 146. doi: 10.1038/s41531-022-00418-4

Zhou, C. N., Chao, F. L., Zhang, Y., Jiang, L., Zhang, L., Luo, Y. M., et al. (2018). Sex
differences in the white matter and myelinated fibers of APP/PS1 mice and the effects
of running exercise on the sex differences of AD mice. Front. Aging Neurosci. 10, 243.
doi: 10.3389/fnagi.2018.00243

Zhu, Y., Xu, Y., Xuan, R., Huang, J., Istvan, B., Fekete, G., et al. (2022).
Mixed comparison of different exercise interventions for function, respiratory,
fatigue, and quality of life in adults with amyotrophic lateral sclerosis:
systematic review and network meta-analysis. Front. Aging Neurosci. 14, 919059.
doi: 10.3389/fnagi.2022.919059

Zhu, Y., Zhong, Q., Ji, J., Ma, J., Wu, H., Gao, Y., et al. (2020). Effects of aerobic
dance on cognition in older adults with mild cognitive impairment: a systematic review
and meta-analysis. J. Alzheimers Dis. 74, 679–690. doi: 10.3233/JAD-190681

Zucchi, E., Vinceti, M., Malagoli, C., Fini, N., Gessani, A., Fasano, A., et al. (2019).
High-frequency motor rehabilitation in amyotrophic lateral sclerosis: a randomized
clinical trial. Ann. Clin. Transl. Neurol. 6, 893–901. doi: 10.1002/acn3.765

Frontiers in AgingNeuroscience 15 frontiersin.org192

https://doi.org/10.3389/fnagi.2023.1185671
https://doi.org/10.3390/ijms23116223
https://doi.org/10.1001/jamaneurol.2017.3517
https://doi.org/10.1016/j.psyneuen.2013.12.017
https://doi.org/10.3389/fnagi.2021.702796
https://doi.org/10.1136/bmjopen-2020-042823
https://doi.org/10.1016/j.jalz.2018.05.012
https://doi.org/10.1111/j.1365-2796.2010.02281.x
https://doi.org/10.1016/j.exger.2017.03.003
https://doi.org/10.1002/ana.25982
https://doi.org/10.1161/01.CIR.0000066906.11109.1F
https://doi.org/10.1111/ene.12053
https://doi.org/10.1016/j.gaitpost.2018.03.041
https://doi.org/10.1111/ene.12883
https://doi.org/10.3390/ijms232315272
https://doi.org/10.1212/WNL.0000000000000644
https://doi.org/10.1016/S1474-4422(19)30285-6
https://doi.org/10.1056/NEJMoa2212948
https://doi.org/10.1152/japplphysiol.01120.2016
https://doi.org/10.1136/jnnp-2017-317724
https://doi.org/10.1016/j.pmr.2022.04.004
https://doi.org/10.1177/1352458520970841
https://doi.org/10.3233/JAD-140660
https://doi.org/10.1371/journal.pone.0133697
https://doi.org/10.1212/wnl.59.3.364
https://doi.org/10.1001/jamaneurol.2013.3956
https://doi.org/10.14336/AD.2022.0110
https://doi.org/10.1038/s41531-020-0117-1
https://doi.org/10.1016/S0140-6736(13)62061-9
https://doi.org/10.1001/jamanetworkopen.2021.38526
https://doi.org/10.1002/14651858.CD005381.pub4
https://doi.org/10.1186/s12974-022-02401-5
https://doi.org/10.1001/jamanetworkopen.2022.27738
https://doi.org/10.1038/s41531-022-00418-4
https://doi.org/10.3389/fnagi.2018.00243
https://doi.org/10.3389/fnagi.2022.919059
https://doi.org/10.3233/JAD-190681
https://doi.org/10.1002/acn3.765
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Frontiers in Aging Neuroscience 01 frontiersin.org

Distinct and shared 
neuropsychiatric phenotypes in 
FTLD-tauopathies
Rachel Keszycki 1,2*, Allegra Kawles 1,2, Grace Minogue 1, 
Antonia Zouridakis 1, Alyssa Macomber 1,2, Nathan Gill 1,3, My Vu 1, 
Hui Zhang 1,3, Christina Coventry 1, Emily Rogalski 1, 
Sandra Weintraub 1,2, M-Marsel Mesulam 1, Changiz Geula 1,4 and 
Tamar Gefen 1,2

1 Mesulam Center for Cognitive Neurology and Alzheimer’s Disease, Feinberg School of Medicine, 
Northwestern University, Chicago, IL, United States, 2 Department of Psychiatry and Behavioral Sciences, 
Feinberg School of Medicine, Northwestern University, Chicago, IL, United States, 3 Department of 
Preventative Medicine, Feinberg School of Medicine, Northwestern University, Chicago, IL,  
United States, 4 Department of Cell and Molecular Biology, Feinberg School of Medicine, Northwestern 
University, Chicago, IL, United States

Frontotemporal lobar degeneration (FTLD) with tau pathology (FTLD-tau) 
commonly causes dementia syndromes that include primary progressive 
aphasia (PPA) and behavioral variant frontotemporal dementia (bvFTD). Cognitive 
decline in PPA and bvFTD is often accompanied by debilitating neuropsychiatric 
symptoms. In 44 participants with PPA or bvFTD due to autopsy-confirmed 
FTLD-tau, we characterized neuropsychiatric symptoms at early and late disease 
stages and determined whether the presence of certain symptoms predicted 
a specific underlying FTLD-tauopathy. Participants completed annual research 
visits at the Northwestern University Alzheimer’s Disease Research Center. All 
participants had an initial Global Clinical Dementia Rating (CDR) Scale score 
≤ 2, and neuropsychiatric symptoms were evaluated via the Neuropsychiatric 
Inventory-Questionnaire (NPI-Q). We assessed the frequency of neuropsychiatric 
symptoms across all participants at their initial and final visits and performed 
logistic regression to determine whether symptoms predicted a specific FTLD-
tau pathologic diagnosis. Across the FTLD-tau cohort, irritability and apathy were 
most frequently endorsed at initial and final visits, respectively, whereas psychosis 
was highly uncommon at both timepoints. Irritability at initial visit predicted greater 
odds of a 4-repeat compared to a 3-repeat tauopathy (OR = 3.95, 95% CI = 1.10–
15.83, p < 0.05). Initial sleep disturbance predicted greater odds of progressive 
supranuclear palsy (PSP) compared to other FTLD-tau subtypes (OR = 10.68, 
95% CI = 2.05–72.40, p < 0.01). Appetite disturbance at final evaluation predicted 
lower odds of PSP (OR = 0.15, 95% CI = 0.02–0.74, p < 0.05). Our findings suggest 
that characterization of neuropsychiatric symptoms can aid in the prediction 
of underlying FTLD-tauopathies. Given considerable pathologic heterogeneity 
underlying dementias, neuropsychiatric symptoms may be useful for differential 
diagnosis and treatment planning.

KEYWORDS

neuropsychiatric symptoms, frontotemporal lobar degeneration, primary progressive 
aphasia, behavioral variant frontotemporal dementia, pick disease, corticobasal 
degeneration, progressive supranuclear palsy
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1. Introduction

Frontotemporal lobar degeneration (FTLD) with tau pathology 
refers to a group of neurodegenerative diseases characterized by 
pathological accumulation of 3-repeat (3R) or 4-repeat (4R) tau 
species (Dickson et al., 2011; Irwin et al., 2015). The 3R FTLD-tau 
subtype is Pick disease (PiD), whereas the 4R subtypes include 
corticobasal degeneration (CBD) and progressive supranuclear palsy 
(PSP). FTLD-tauopathies typically cause clinical dementia syndromes 
with symptom onset before age 65 (Irwin et  al., 2015). The most 
common clinical phenotypes include primary progressive aphasia 
(PPA), characterized by initially isolated language decline (Mesulam 
et al., 2021), and behavioral variant frontotemporal dementia (bvFTD), 
characterized by changes in comportment and personality with or 
without executive dysfunction (Rascovsky et al., 2011). Heterogeneity 
in the underlying neuropathologies causing PPA and bvFTD presents 
a challenge to differential diagnosis and treatment, and clinicians often 
employ a combination of antemortem biomarkers. However, 
FTLD-tau is diagnosed at autopsy, and there are currently no 
definitive, antemortem biomarkers to diagnose FTLD-tauopathies. 
Outside of the “primary” neuropathologic etiology driving clinical 
symptoms, most patients with neurodegenerative dementias also have 
one or more comorbid neuropathologies, such as Alzheimer’s disease 
neuropathologic change (ADNC), that may impact clinical phenotype 
and disease trajectory and further complicate differential diagnosis 
and treatment (Spires-Jones et al., 2017).

Over the course of the disease, deficits in PPA and bvFTD progress 
to impact patients’ functional status and are often coupled with 
devastating neuropsychiatric symptoms (Banks and Weintraub, 2008; 
Scarioni et al., 2020). In addition to pathological heterogeneity, the 
presence of neuropsychiatric symptoms in this younger patient 
population, particularly early in the disease course, may obfuscate 
differential diagnosis from primary psychiatric disorders (Ducharme 
et al., 2020). Neuroimaging studies suggest considerable overlap in 
frontal, limbic, and subcortical circuits and in monoaminergic 
brainstem nuclei that are vulnerable to FTLD-tau pathologies and are 
implicated in both primary psychiatric disorders and neuropsychiatric 
symptoms (Peet et  al., 2021; Scarioni et  al., 2023). Accordingly, 
neuropsychiatric symptoms in neurodegenerative dementias are often 
treated with existing psychiatric medications (Le and Finger, 2021); 
however, these approaches are non-standardized, and there are 
currently no FDA-approved medications for this purpose.

The present study investigated the following in a cohort of 
participants with PPA and bvFTD due to autopsy-confirmed FTLD-
tau: (1) the distinct and shared neuropsychiatric phenotypes of FTLD-
tauopathies and (2) whether the presence of certain neuropsychiatric 
symptoms predicts the odds of specific underlying FTLD-tauopathies. 
Characterization of neuropsychiatric symptoms in FTLD-associated 
dementias has significant implications for prognosis, diagnosis, and 
refinement of antemortem biomarkers for underlying pathology, 
particularly in early stages of disease when symptoms are most distinct 
and responsive to intervention (Dickson et al., 2011; Irwin et al., 2015).

2. Methods

Participants with PPA or bvFTD completed two or more research 
visits at the Northwestern University Alzheimer’s Disease Research 

Center from 2006 to 2020. Participants underwent neuropsychological 
testing at each visit following the National Alzheimer’s Coordinating 
Center (NACC) Uniform Data Set (UDS) Versions 2.0 (Weintraub 
et  al., 2009) and 3.0 (Weintraub et  al., 2018), which occurred 
approximately annually (M = 1.19, SD = 0.63 years between visits). 
Most PPA participants were enrolled through Northwestern’s PPA 
Research Program. A consensus of clinicians rated dementia severity 
at each visit via the Clinical Dementia Rating (CDR) Scale (Morris, 
1993). Study partners, most of whom were primary caregivers, 
completed the informant-based Neuropsychiatric Inventory-
Questionnaire (NPI-Q) (Kaufer et  al., 2000), answering whether 
participants exhibited 12 core neuropsychiatric symptoms in the 
month prior to their research visit. The following symptoms were 
assessed: apathy, disinhibition, motor stereotypies, appetite 
disturbance, depression, anxiety, elation, irritability, delusions, 
hallucinations, sleep disturbance, and agitation. This study focused 
analyses on neuropsychiatric symptoms from participants’ initial and 
final research visits to gauge neuropsychiatric phenotypes at earlier 
and later stages of disease, respectively. A Northwestern University 
institutional review board approved this study.

Participants consented to brain donation and underwent 
semiquantitative neuropathological evaluation at autopsy for gross 
atrophy, pathologic inclusions, neuronal loss and gliosis, and 
superficial microvacuolation (Gefen et  al., 2020a). We  initially 
identified 60 cases with PPA or bvFTD due to primary PiD, PSP, or 
CBD neuropathology using established clinical (Rascovsky et  al., 
2011; Mesulam et al., 2021) and neuropathologic (Dickson et al., 2011) 
criteria. We then excluded cases with an initial Global CDR score > 2 
(i.e., “severe” dementia) and/or those with NPI-Q data for only one 
research visit. Cases with comorbid “high” Alzheimer’s disease 
neuropathological change (ADNC), “severe” cerebrovascular disease, 
and/or neocortical or limbic Lewy body disease were also excluded. 
Our final sample consisted of 44 participants (50% female) with PPA 
(N = 21) or bvFTD (N = 23) due to FTLD-tau who met these criteria 
(see Table 1).

Statistical analyses were performed in RStudio (v1.1.456). 
We conducted one-way Welch’s ANOVA with Tukey post-hoc tests to 
compare FTLD-tau subtype group demographics. We  performed 
Fisher’s exact test to assess whether the frequency of APOE alleles or 
comorbid ADNC pathology differed by FTLD-tau subtype group. 
We  conducted logistic regression to determine whether specific 
NPI-Q symptoms predicted FTLD-tau species (3R or 4R) or subtype 
(PiD, CBD, or PSP) at autopsy. Regressions covaried for the proportion 
of each participant’s total disease duration elapsed [i.e., (disease 
duration at visiti/total disease durationi)].

3. Results

3.1. Participant characteristics and 
demographics

The PSP group was significantly older at symptom onset  
(F2, 21.81 = 7.83, p < 0.01) than the PiD (p < 0.01) and CBD (p < 0.05) 
groups. Accordingly, age at death was also significantly older for PSP 
participants (F2, 24.52 = 11.68, p < 0.001) compared to PiD (p < 0.001) and 
CBD (p < 0.01) participants. Education, initial Global CDR score, and 
disease duration did not significantly differ between FTLD-tau 
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subtype groups. Among 37 participants with APOE genotype 
available, 80% of alleles were ε3, and the distribution of APOE alleles 
did not differ significantly by FTLD-tau subtype. Secondary ADNC 
(mild or intermediate only) was present in 52.3% of total FTLD-tau 
cases at autopsy, and the frequency of comorbid ADNC did not vary 
significantly between FTLD-tau groups. Final visits occurred within 
a year before death on average (M = 0.71; SD = 0.66 years). Refer to 
Table 1 for participant characteristics and demographic information.

3.2. Frequency of neuropsychiatric 
symptoms across all FTLD-tau participants

Irritability was the most frequently endorsed symptom across the 
cohort at initial visit (55% endorsed) followed by apathy and 
depression (41% endorsed for both) (Figure 1A). At initial visit, 54.5% 
of participants were prescribed psychoactive medications based on 
report collected by the NACC UDS; of these medications, 35.3% were 
acetylcholinesterase or cholinesterase inhibitors (e.g., memantine), 
and 32.4% were selective serotonin reuptake inhibitors (SSRIs, e.g., 
escitalopram) (Supplementary Figure 1A). At final visit, the most 
endorsed symptom across all participants was apathy (73% endorsed) 
followed by appetite disturbance (55% endorsed) (Figure 1B). The 

frequency of participants prescribed psychoactive medication 
increased to 77.3%, and SSRIs were most common, comprising 30.8% 
of these prescriptions (Supplementary Figure  1B). Psychosis (i.e., 
delusions and hallucinations) was highly uncommon at both 
timepoints (0–5% endorsed).

3.3. Prediction of FTLD-tau pathologic 
diagnosis given neuropsychiatric symptom 
endorsement

3.3.1. FTLD-tau species (3R or 4R)
At initial visit, the presence of irritability predicted significantly 

greater odds of having a 4R FTLD-tauopathy (i.e., CBD or PSP) at 
autopsy compared to a 3R (PiD) FTLD-tauopathy (67% 4R vs. 35% 3R 
endorsed, OR = 3.95, 95% CI = 1.10–15.83, p < 0.05; Figure  2A). 
Endorsement of other NPI-Q symptoms at initial visit did not reliably 
predict FTLD-tau species. NPI-Q symptoms were not significant 
predictors of FTLD-tau species at final visit (Figure 2B).

3.3.2. FTLD-tau subtype (PSP, CBD, or PiD)
The presence of sleep disturbance at initial visit predicted 

significantly greater odds of PSP pathologic diagnosis compared to 

TABLE 1 Participant characteristics and demographics.

PiD (n = 17) PSP (n = 10) CBD (n = 17) Total (n = 44)

Gender – n (%)

Male 9 (52.94%) 5 (50%) 8 (47.06%) 22 (50%)

Female 8 (47.06%) 5 (50%) 9 (52.94%) 22 (50%)

Education (years)

M (SD) 15.76 (2.91) 16.30 (1.89) 15.76 (1.99) 15.89 (2.32)

APOE Allele* – n (%)

ε2 2 (7.14%) 2 (10%) 1 (3.85%) 5 (6.76%)

ε3 22 (78.57%) 17 (85%) 20 (76.92%) 59 (79.73%)

ε4 4 (14.29%) 1 (5%) 5 (19.23%) 10 (13.51%)

Comorbid ADNC – n (%)

Yes 9 (52.94%) 5 (50%) 9 (52.94%) 23 (52.27%)

No 8 (47.06%) 5 (50%) 8 (47.06%) 21 (47.73%)

Initial CDR scores* – M (SD)

Standard Global 0.85 (0.58) 0.55 (0.50) 0.47 (0.51) 0.64 (0.55)

Supplemental n = 13 n = 7 n = 15 n = 35

Comportment 1.19 (0.93) 0.86 (0.90) 0.73 (0.84) 0.93 (0.88)

Language 1.00 (0.71) 1.29 (1.22) 1.07 (0.78) 1.09 (0.84)

Age at onset (years)

M (SD) 59.06 (6.49)b 71 (8.03) 62.71 (5.83)a 63.18 (7.93)

Age at death (years)

M (SD) 69.18 (6.04)c 80.40 (8.63) 71 (8.30)b 72.43 (8.09)

Disease duration (years)

M (SD) 10.12 (2.98) 9.30 (5.14) 8.29 (3.79) 9.23 (3.85)

Significant difference compared to PSP at ap < 0.05, bp < 0.01, and cp < 0.001. PiD, Pick disease; CBD, corticobasal degeneration; PSP, progressive supranuclear palsy; ADNC, Alzheimer’s disease 
neuropathologic change; CDR, Clinical Dementia Rating Scale. *APOE allele status was unavailable for N = 3 PiD and N = 4 CBD participants. Initial supplemental CDR scores unavailable for 
N = 4 PiD, N = 3 PSP, and N = 2 CBD participants.
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non-PSP (i.e., PiD and CBD) subtypes (60% PSP vs. 15% non-PSP 
endorsed, OR = 10.68, 95% CI = 2.05–72.40, p < 0.01; Figure 3A). Other 
NPI-Q symptoms did not reliably predict FTLD-tau subtype at initial 
visit. At final visit, the presence of appetite disturbance predicted 
significantly lower odds of PSP pathologic diagnosis compared to 
non-PSP subtypes (20% PSP vs. 65% non-PSP endorsed, OR = 0.15, 
95% CI = 0.02–0.74, p < 0.05; Figure  3B). Endorsement of other 
neuropsychiatric symptoms was not a significant predictor of 
FTLD-tau subtype at final visit.

4. Discussion

To our knowledge, this is the first study to characterize 
neuropsychiatric phenotypes in a longitudinally evaluated case series 
of patients with PPA and bvFTD due to autopsy-confirmed FTLD-tau. 
Analyses led to 3 main findings: (1) patients with PPA or bvFTD due 
to FTLD-tau commonly present with symptoms of affective 

disturbance (e.g., irritability, depression) and behavioral/
comportmental disruption (e.g., apathy, appetite disturbance) but not 
psychosis, (2) the presence of initial irritability predicts greater odds 
of having an underlying 4R FTLD-tauopathy, and (3) the presence of 
early-stage sleep disturbance and late-stage appetite disturbance 
predict greater and lesser odds, respectively, of PSP 
pathologic diagnosis.

As with prior studies, symptoms of affective and behavioral/
comportmental disruption were common in the mild to moderate 
stages of FTLD-tau overall with apathy predominating in later stages 
(Banks and Weintraub, 2008; Castillo-García et al., 2022; see Figure 1). 
Altered amygdala activation and connectivity to the ventromedial 
prefrontal cortex (vmPFC), orbitofrontal cortex (OFC), and anterior 
cingulate cortex (ACC) are implicated in both primary mood 
disorders (Frodl et al., 2002; Makovac et al., 2016) and in affective 
neuropsychiatric symptoms in dementia (Poulin et al., 2011; Trnka 
et  al., 2018). In FTLD, symptoms of behavioral/comportmental 
disruption, particularly apathy and/or disinhibition, are hypothesized 
to result from altered connectivity between the vmPFC, OFC, ACC, 
thalamus, and striatum (Massimo et al., 2009; Rohrer and Warren, 
2010; Fernández-Matarrubia et al., 2018). The prominence of affective 
and behavioral/comportmental symptoms in our cohort map well 
onto studies of FTLD-tau showing that the aforementioned regions 
undergo significant atrophy and tau accumulation (Irwin et al., 2016; 
Kovacs et al., 2020).

Psychosis was nearly absent in our FTLD-tau cohort, paralleling 
prior reports of infrequent delusions and visual hallucinations in 
FTLD-tau compared to Lewy body disease or FTLD with TDP-43 
pathology (Scarioni et al., 2020; Naasan et al., 2021). Importantly, 
while past studies incorporated heterogenous clinical and pathologic 
diagnoses, we  report these findings in a cohort of participants 
diagnosed clinically with only PPA or bvFTD due to FTLD-tau and 
excluding significant comorbid pathologies. The exact neuroanatomic 
correlates of psychosis in neurodegenerative diseases are unknown; 
however, studies suggest that aberrant parieto-occipital connectivity 
may underlie visual hallucinations, whereas disruption to frontal 
regions and the hippocampus are implicated in delusions (Nagahama 
et al., 2010; Ismail et al., 2022; Scarioni et al., 2023). As differential 
diagnosis of FTLD-tau from Lewy body disease and FTLD with 
TDP-43 pathology may be  complicated by overlapping clinical 
symptoms and neuroimaging biomarkers (Duignan et al., 2021), the 
absence of psychosis may represent a useful indicator of FTLD-
tauopathies, potentially resolving some of this diagnostic ambiguity.

Within our FTLD-tau cohort, irritability early in the disease 
course predicted greater odds of developing a 4R versus a 3R FTLD-
tauopathy. While studies of neuropsychiatric symptoms between tau 
species in PPA and bvFTD are limited, one group (Tighe et al., 2012) 
found that reduced white matter integrity of the anterior cingulum 
was associated with increased odds of irritability in mild cognitive 
impairment and dementia of the Alzheimer’s type. Given that 4R 
tauopathies present with more abundant glial pathology compared to 
3R/PiD, degeneration of limbic white matter tracts may also contribute 
to irritability in mild-to-moderate PSP and CBD, although further 
research is needed.

It is debated whether PSP and CBD—both subtypes of 4R 
FTLD-tau species—are part of a pathologic spectrum or separate 
disease entities (Dickson et al., 2011). Findings of a recent study 
indicate distinct filament folds between PSP and CBD, which may 

FIGURE 1

Frequency of neuropsychiatric symptoms in FTLD-tau. (A) Across the 
cohort, symptoms of behavioral/comportmental disruption (pink) 
and affective disturbance (blue) were common at initial visit. These 
categories are based on Banks and Weintraub (2008). Irritability was 
the most frequently endorsed symptom initially in 55% of the cohort. 
Psychotic symptoms (i.e., delusions and hallucinations) were 
infrequently endorsed (0–2%). (B) At final visit, symptoms of 
behavioral/comportmental disruption became more prominent. 
Apathy was the most frequently endorsed symptom at this timepoint 
(73%) and was followed by appetite disturbance (55%). Psychosis was 
again uncommon (2–5%).
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impact patterns of temporospatial disease progression in the brain 
and their corresponding clinical phenotypes (Shi et al., 2021). In the 
present study, we found a distinct neuropsychiatric phenotype for 
PSP from that of PiD and CBD. In early-stage FTLD-tau, the 
presence of sleep disturbance predicted greater odds of PSP 
pathologic diagnosis. Studies of sleep disruption in PSP (Walsh 
et  al., 2016, 2017) are limited to non-autopsied samples with 
additional clinical syndromes. Nevertheless, impaired circadian 
rhythms, sleep/wake cycles, and REM sleep in PSP have been 
reported (Walsh et al., 2016, 2017), potentially due to early basal 
forebrain degeneration and dysregulation of arousal (Dickson et al., 
2011). Significant atrophy of brainstem structures is also 

hypothesized to cause dysphagia in PSP (Clark et al., 2020), which 
has been linked to reduced food intake and accelerated weight loss 
(Maetzler et al., 2016; Tsuge et al., 2016). We found that appetite 
disturbance predicted lower odds of PSP in late-stage FTLD-tau. 
Therefore, this finding may reflect impulsive eating behaviors, like 
binging or hyperorality, in PiD and CBD (Rascovsky et al., 2011). 
The etiology of these behaviors may involve tau accumulation in 
posterior hypothalamic nuclei, impairing inhibitory regulation of 
feeding pathways (Piguet et  al., 2011). Frontal cortical atrophy, 
which is relatively greater in CBD and PiD compared to PSP, may 
lead to further disinhibition of these behaviors (Dickson et  al., 
2011; Irwin et al., 2015).

FIGURE 2

Odds of FTLD-tau species given neuropsychiatric symptom endorsement. (A) At initial visit, the odds of having a 4R FTLD-tauopathy at autopsy was 
significantly greater than the odds of having a 3R FTLD-tauopathy if irritability was endorsed. Other NPI-Q symptoms did not reliably predict FTLD-tau 
species at (A) initial or (B) final visit. Bars depict the log odds determined via logistic regressions controlling for disease duration at time of visit. 
Exponentiated odds ratios and 95% confidence intervals are presented to the right of the graph. Sample sizes are N = 27 4R FTLD-tau and N = 17 3R 
FTLD-tau. *p < 0.05.
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One limitation of the present study is its small sample size, which 
may limit generalizability. Additionally, although the NPI-Q is a well-
validated and widely used measure of neuropsychiatric symptoms in 
dementia, it is brief and reliant on informant self-report. 
We previously reported that non-autopsied participants with PPA or 
bvFTD showed distinct phenotypes of clinical symptoms on the 
FTLD Module of the UDS, which is comprised of psychometric 
assessments and questionnaires designed to better capture 
impairments in FTLD specifically (Gefen et  al., 2020b). A more 
nuanced investigation of neuropsychiatric symptoms in FTLD-tau 

utilizing the FTLD Module or additional measures of prominent 
symptoms in this population represents a promising direction for 
future research.

As the nosology of FTLD evolves, so too will biomarker 
development and intervention strategies. Our findings suggest that 
distinct neuropsychiatric symptoms may aid in characterizing and 
differentiating FTLD-tauopathies. These results highlight the utility of 
closely monitoring neuropsychiatric symptoms in FTLD to identify 
potential indicators of underlying pathology and to facilitate 
treatment planning.

FIGURE 3

Odds of FTLD-PSP given neuropsychiatric symptom endorsement. (A) The odds of PSP pathologic diagnosis were significantly greater than other 
FTLD-tau subtypes (i.e., PiD and CBD) if sleep disturbance was endorsed at initial visit. Other individual NPI-Q symptoms did not reliably predict 
pathologic diagnosis of PSP (or other FTLD-tau subtype) at initial endorsement. (B) Endorsement of appetite disturbance at final visit predicted 
significantly lower odds of PSP pathologic diagnosis compared to non-PSP subtypes. Final endorsement of other neuropsychiatric symptoms did not 
reliably predict underlying PSP (or other FTLD-tau subtypes). Bars depict the log odds determined via logistic regressions controlling for disease 
duration at time of visit. Exponentiated odds ratios and 95% confidence intervals are presented to the right of the graph. Sample sizes are N = 10 FTLD-
PSP and N = 34 FTLD-CBD or FTLD-PiD. *p < 0.05, **p < 0.01.
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Introduction: Subjective cognitive decline (SCD) and migraine are often

comorbid. Hippocampal structural abnormalities have been observed in

individuals with both SCD and migraine. Given the known structural

and functional heterogeneity along the long axis (anterior to posterior)

of the hippocampus, we aimed to identify altered patterns of structural

covariance within hippocampal subdivisions associated with SCD and migraine

comorbidities.

Methods: A seed-based structural covariance network analysis was applied

to examine large-scale anatomical network changes of the anterior and

posterior hippocampus in individuals with SCD, migraine and healthy controls.

Conjunction analyses were used to identify shared network-level alterations in

the hippocampal subdivisions in individuals with both SCD and migraine.

Results: Altered structural covariance integrity of the anterior and posterior

hippocampus was observed in the temporal, frontal, occipital, cingulate,

precentral, and postcentral areas in individuals with SCD and migraine compared

with healthy controls. Conjunction analysis revealed that, in both SCD and

migraine, altered structural covariance integrity was shared between the anterior

hippocampus and inferior temporal gyri and between the posterior hippocampus

and precentral gyrus. Additionally, the structural covariance integrity of the

posterior hippocampus-cerebellum axis was associated with the duration of SCD.

Conclusion: This study highlighted the specific role of hippocampal subdivisions

and specific structural covariance alterations within these subdivisions in the
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pathophysiology of SCD and migraine. These network-level changes in structural

covariance may serve as potential imaging signatures for individuals who have

both SCD and migraine.

KEYWORDS

subjective cognitive decline, network, gray matter volume, migraine, hippocampus,
structural covariance (SC)

1. Introduction

Subjective cognitive decline (SCD) is a self-reported worsening
of memory or more frequent memory complaints despite normal
performance on objective neuropsychological tests (Jessen et al.,
2014), with a prevalence of approximately 10.4–18.8% in the
United States (Taylor et al., 2018). SCD is associated with a
higher risk of progression to cognitive impairment and conversion
to dementia in adults. Although SCD may be a potential early
indicator of cognitive impairment and is a topic of considerable
research interest (van Oijen et al., 2007), its pathophysiology
remains largely unknown. Accumulating evidence suggests that
SCD is associated with neuropsychiatric and medical disorders,
such as migraine (Lee et al., 2017; Chu et al., 2020).

Migraine is characterized by intermittent attacks of pulsating,
unilateral, and moderate to severe headaches associated with
physiological and emotional stressors (Borsook et al., 2012).
Approximately 10–20% of the global population experience
migraines, which significantly impact daily life and cause
substantial functional impairments (Vos et al., 2016). Recurrent
headaches and poor memory or cognitive decline are common
complaints (Schwedt, 2013; Santangelo et al., 2016). During
postictal periods, migraineurs reportedly have poorer psychomotor
speed, attention, and verbal memory performance than non-
migraineurs (O’Bryant et al., 2005). Higher migraine frequency
correlates with higher symptom scores for subjective memory
complaints, particularly among patients with aura (Chu et al.,
2020).

The hippocampus exerts negative feedback on the
hypothalamic–pituitary–adrenal axis. This region is influenced by
stress and glucocorticoids, which act in concert with excitatory
amino acids and other extracellular and intracellular mediators.
Elevated levels of these mediators and their activation under
chronic stress may change the structure and function of the
hippocampus (Rothman and Mattson, 2010). Since migraine
attacks are repeated stressors, alterations in hippocampal
structure and function may significantly contribute to migraine
pathophysiology. Indeed, migraineurs have lower hippocampal
volume and stronger hippocampal-cortico-limbic connectivity

Abbreviations: AD, Alzheimer’s disease; BDI, Beck’s Depression Inventory;
CSF, cerebrospinal fluid; EFC, entropy focus criterion; FWE, family wise error;
GM, gray matter; ILF, inferior longitudinal fasciculus; ITG, inferior temporal
gyrus; MCI, mild cognitive impairment; MNI, Montreal Neurological Institute;
MRI, magnetic resonance imaging; PreCG, precentral gyrus; ROI, target
regions of interest; SC, structural covariance; SCD, subjective cognitive
decline; SCN, structural covariance network; WM, white matter.

than healthy controls (Maleki et al., 2013). The hippocampus
also plays a pivotal role in memory processing. Previous
structural magnetic resonance imaging (MRI) studies have
shown that individuals with SCD have decreased gray matter
(GM) volume (GMV) in the hippocampus and entorhinal
cortex (Liang et al., 2020). Together, these findings suggest
that hippocampal alterations may co-exist in both SCD and
migraine.

There is a growing body of work investigating anatomical
and functional long-axis (anterior-to-posterior) hippocampal
variations. Anterior hippocampal connections to the cortical and
subcortical areas differ significantly from posterior hippocampal
connections. A resting-state functional MRI study provided
evidence that the anterior hippocampus communicates with
the amygdala, hypothalamus, and anterolateral temporal
lobes, whereas the posterior hippocampus communicates
with the cuneus, precuneus, anterior and posterior cingulate
cortex, inferior parietal cortex, and parts of the thalamus
(Poppenk and Moscovitch, 2011). However, recent evidence
from animal studies disclosed cognitive and affective
specializations within the anterior and posterior hippocampus,
respectively (Fanselow and Dong, 2010). Moreover, Gilboa
et al. (2004) demonstrated a long-axis interaction of memory
remoteness in a cued autobiographical recall task, with recent
memories clustering in the anterior hippocampus. Therefore,
understanding detailed functional and structural alterations
of the anterior and posterior hippocampal subregions and
corresponding brain connections might provide insights
into neurocognitive mechanisms underlying migraine and
SCD.

To recognize the impact of disease on regional morphological
characteristics of associated brain areas, large-scale structural
covariance (SC) network (SCN) analysis has been recently
proposed for identifying inter-regional coordination between
different anatomical brain areas (Spreng et al., 1991; Chou
et al., 2015). Meanwhile, recent studies have indicated that inter-
regional coordination configurations between the cerebellum and
remote cortical regions are related to migraine prognosis (Liu
et al., 2020). Thus, comparisons of regional morphological brain
features and a global large-scale SCN analysis could offer two
distinct but complementary methods for exploring anatomical
brain changes and further uncovering the similar pathophysiology
between the two disorders. Accordingly, this study investigated
shared patterns of neuroanatomical alterations in the hippocampal
subregions associated with SCD and migraine using a seed-
based large-scale SCN analysis and network-level conjunction
analyses.
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2. Materials and methods

2.1. Patient population

We consecutively enrolled individuals with SCD or migraine
at the outpatient neurological clinic of the Tri-Service General
Hospital, Taiwan. Healthy controls were recruited from the Taipei
community by advertisement. Before baseline MRI scans, all
participants (including individuals with SCD or migraine and
healthy controls) underwent standardized clinical evaluations,
including medical history interviews, neurologic examinations,
and a battery of neuropsychological tests. Written informed
consent was obtained from each participant before the study. The
Institutional Review Board of the Tri-Service General Hospital
approved the study protocol.

Migraine was diagnosed according to the third edition of
the International Classification of Headache Disorders (Headache
Classification Committee of the International Headache Society
[IHS], 2013). All migraineurs completed a structured questionnaire
on demographics and headache profiles during their first visit. They
kept a headache diary after recruitment. The Migraine Disability
Assessment Questionnaire (MIDAS), visual analog scale (VAS),
and Headache Impact Test-6 were used to assess migraine-related
disability (Stewart et al., 2001), subjective perception of average
pain intensity (Wewers and Lowe, 1990), and headache impact
(Kosinski et al., 2003), respectively.

Diagnosis and inclusion criteria for SCD were based on
accepted research criteria (Jessen et al., 2014): (a) self-reported
experience of persistent memory decline compared to the
past 5 years, which was further confirmed by informants; (b)
performance within the normal range on the Mini-Mental State
Examination and the Montreal Cognitive Assessment (adjusted
for age, sex, and education); and (c) a score of 0 on the
Clinical Dementia Rating. Furthermore, we used a 24-item SCD
questionnaire (SCD-Q) to assess memory (11 items), language
(6 items), and executive function (7 items). Each question
response was restricted to “yes/no” based on the perceived
decline in each domain, and the total score ranged from 0 to
24, with higher scores indicating a greater subjective perception
of cognitive decline over the past 2 years (Rami et al., 2014).
Other demographic and clinical data, including sex, age, education
years, Beck’s Depression Inventory (BDI) score (Beck et al.,
1961), Insomnia Severity Index (ISI) score (Morin et al., 2011),
duration of SCD, and migraine frequency and duration, were also
evaluated.

The control group included age-, sex-, and handedness-
matched volunteers without cognitive decline concerns or migraine
and with normal neuropsychological test scores.

Exclusion criteria for participants were as follows: (1) diagnosis
of primary headache disorder other than migraine; (2) age < 18
or >65 years; (3) hypertension, diabetes, cardiac diseases,
or respiratory diseases; (4) history of cerebrovascular disease;
(5) other neurological (neurodegenerative diseases, epilepsy, or
head injury) or psychiatric (insomnia, psychosis, or depression)
diseases; (6) alcohol or illicit drug abuse or current psychoactive
medication intake; (7) structural lesion(s) on brain MRI; (8) MRI
contraindications; or (9) migraine patients who reported subjective
memory complaints.

2.2. Neuroimaging

All anatomical scans were acquired using a 3.0T Discovery
MR750 scanner (General Electric Healthcare, Milwaukee, WI,
USA) with an eight-channel head array coil. T1-weighted scans
were acquired with a three-dimensional inversion recovery
prepared fast spoiled gradient recalled sequence with the
following parameters: repetition time/echo time/inversion
time = 10.17/4.16/450 ms, flip angle = 12◦, number of
excitations = 1, field of view = 256 × 256 mm2, matrix
size = 256 × 256, 172 slices, and voxel size = 1 × 1 × 1 mm3

(without any inter-slice gap and interpolation). Before further
image processing procedures, an experienced neuroradiologist
examined all scans to exclude individuals with structural
abnormalities and substantial head motion.

2.3. Preprocessing procedure for brain
anatomical MRI

Raw Digital Imaging and Communications in Medicine format
files were sorted into individual directories using custom scripts.
The sorted files were further converted to the standard NIfTI
format using the dcm2niix toolbox,1 renamed, and organized
into their corresponding subject-specific directories according
to brain imaging data structure standards (Gorgolewski et al.,
2016). Subsequently, all scans were reoriented to obtain an
approximate image origin using a center-of-mass approach. To
extract tissue volume maps for the following whole-brain seed-
to-voxel SCN analysis, an enhanced voxel-based morphometry
analytical pipeline was applied using Statistical Parametric
Mapping 12 (SPM12, version 7487; Wellcome Institute of
Neurology, University College London, UK) in a MATLAB
environment (version R2015b; Mathworks, Natick, MA, USA).
Briefly, each participant’s native-space T1-weighted scan was
corrected for bias-field inhomogeneities and then segmented
into GM, white matter (WM), and cerebrospinal fluid (CSF)
with enhanced tissue probability maps (Lorio et al., 2016).
This modified, validated segmentation procedure provides better
segmentation results for subcortical areas which are the major
target regions of interest (ROIs) in the current study. To report all
subsequent voxel-wise statistical results achieving a more precise
between-subject image alignment, these native-space segmented
GM and WM tissue maps were rigidly aligned to the standard
Montreal Neurological Institute (MNI) space and warped to the
final 1.5-mm isotropic group average tissue templates (generated
from all participants) using the geodesic shooting registration
algorithm, available in the SPM12 Shoot toolbox (Ashburner and
Friston, 2011). These individual MNI-space GM tissue segments
were scaled by the number of expansions and contractions to
preserve actual tissue volume information before and after spatial
normalization. Finally, the MNI-space modulated GM maps were
smoothed with an isotropic 8-mm full width at half maximum
Gaussian kernel. The global tissue volume and total intracranial
volume (TIV = GM+WM+CSF volumes) were also calculated from

1 https://github.com/rordenlab/dcm2niix
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each individual native-space T1-weighted scan. These global tissue
measurements were used to account for individual differences in
the overall brain size.

2.4. Quality assessment of the MRI
dataset

Two additional steps were applied to ensure sufficient image
quality for further statistical analyses. First, the MRI quality control
tool MRIQC2 was used to quantify the degree of head motion in
each scan (Esteban et al., 2017). The entropy focus criterion (EFC)
index, estimated based on the Shannon entropy of voxel intensities
of the T1-weighted scans, was used as an objective index to indicate
the degree of head motion. Additionally, a covariance-based sample
homogeneity measure was implemented using the computational
anatomy toolbox (CAT12)3 to evaluate data quality for all MNI-
space-modulated GM maps. According to the data homogeneity
criteria suggested by this toolbox, no participants were considered
potential outliers.

2.5. ROI definition: anterior and posterior
hippocampus segmentation

The hippocampal ROI was identified using the Automated
Anatomical Labeling atlas (Tzourio-Mazoyer et al., 2002) of
the Wake Forest University PickAtlas toolbox (Maldjian et al.,
2003). We further subdivided the hippocampal ROI into anterior
and posterior parts by choosing cutoff MNI-space coordinates
(Poppenk et al., 2013; Persson et al., 2014). The resulting ROIs
ranged along the y-axis between −2 and −18 for the anterior
and between −24 and −42 for the posterior regions (Figure 1A).
Finally, the left and right segments were combined to obtain a single
bilateral seed per region. Thus, two hippocampal seed ROIs were
generated for the SCN analyses. Subsequently, for each individual
MNI-space modulated GM map, the voxels corresponding to the
respective region were averaged to represent the regional GM
volume information of the seed ROIs.

2.6. Data analyses

2.6.1. Demographic data, clinical evaluations, and
global tissue volumes

All statistical analyses of demographic variables, clinical
evaluations, and global tissue volumes were performed using the
Statistical Package for Social Sciences (SPSS, V.20, Armonk, NY,
USA). Analysis of variance and Pearson’s chi-square test were used
to compare continuous (age, education years, and EFC index)
and categorical (sex) data between groups. Moreover, analysis of
covariance was performed to compare multiple clinical evaluations
and global tissue volumes (GMV, WM volume, CSF volume, TIV,
ISI, and total BDI score) between groups with corresponding

2 https://github.com/poldracklab/mriqc

3 http://www.neuro.uni-jena.de/cat/

nuisance variables (Table 1). A p-value of <0.05 was considered
statistically significant.

2.6.2. Analysis of SCNs of hippocampal
subdivisions to identify network-level changes

Whole-brain voxel-wise statistical analyses were performed
using SPM12. All voxel-wise anatomical findings were corrected
for multiple comparisons using the cluster-extent thresholding
approach with the updated version of related command-line tools
(3dFWHMx and 3dClustSim, Analysis of Functional Neuroimages
software, version 20.1.06; 10,000 Monte Carlo simulations with
explicit GM mask). The significance level was set at a cluster-level
family wise error (FWE) rate-corrected p-value of <0.05, which
was equal to the combination threshold of an initial voxel-level
p-value of <0.005 with a minimum cluster size of 235 voxels. For
data reusability and transparency, all voxel-wise statistical maps
without settled thresholds are available on the NeuroVault website.4

All analyses were performed on the voxel space and projected onto
the brain surface for a more comprehensive visual presentation of
the statistical results.

2.6.3. Mapping of SCNs of hippocampal
subdivisions in each study group

To determine anatomical regions that strongly co-varied with
anterior or posterior hippocampal ROIs in GM volume, two
separate voxel-wise general linear models were first constructed to
correlate the mean GM volume of each seed ROI with GM volume
measures across all GM voxels in each study group. The constructed
model at each voxel i for a given seed ROI is specified as follows:

Yi = intercept + β1 ∗ Vseed + β2 ∗ Age+ β3 ∗ Sex+ β4∗

Education+ β5 ∗ BDI + β6 ∗ ISI + β7 ∗ TIV + εi,

where Y is the GM volume of voxel i; V is the mean GMV
of the seed ROI of participants in a single study group; and
nuisance variables are participants’ chronological age in years at
the time of the scan, sex, education years, BDI score, ISI score, and
TIV. The regression coefficients (β terms), intercept, and residual
error (ε) were estimated using ordinary least squares. By assessing
the significance level of β1, the potential SCN network for the
corresponding seed ROIs in each study group was determined.

2.6.4. Evaluating of the spatial similarity of
anterior and posterior hippocampal SCN within
each study group

To assess the spatial similarity of the SC pattern between
the anterior and posterior hippocampus within each study group,
unthresholded t-statistic maps were employed in conjunction
with a spin permutation test. Initially, Pearson correlations were
computed between the unthresholded t-statistic maps of SCN,
derived from the anterior and posterior hippocampus seeds in each
study group. Subsequently, the significance of spatial similarity
was determined using a spatial spin permutation test approach,
which involved 1,000 permutations. This method established a

4 https://neurovault.org/collections/10478/
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FIGURE 1

Spatial pattern of hippocampus structural covariance network (SCN) in each group (HC, SCD, and migraine). (A) Seed regions for the hippocampus:
anterior (red) and posterior (blue) division of the hippocampus. (B) Covariance patterns from the anterior hippocampus were mapped in each group.
(C) Covariance patterns from the posterior hippocampus were mapped in each group. Hot/cold colors indicate the positive/negative correlation to
the seed. Black outlines indicate significant regions at a corrected level for threshold p-values < 0.05. FWE, family wise error; HC, healthy control;
MIG, migraine; SCD, subjective cognitive decline; SCN, structural covariance network.

null distribution by comparing a target unthresholded t-statistic
map with a permutated map generated by randomly rotating the
spherical projections of the cortical surface while preserving the
spatial relationships within the data (Alexander-Bloch et al., 2018).
The relevant code for conducting the spin permutation test can be
accessed via the following link.5

2.6.5. Identifying distinct and shared
network-level changes of hippocampal
subdivisions

A two-step statistical approach was applied to identify distinct
and shared network-level alterations of hippocampal subdivisions
in individuals with SCD and migraine (Chou et al., 2021). First,

5 https://github.com/netneurolab/neuromaps

two general linear interaction models were fitted to assess the case-
control between-group differences (migraine vs. healthy control
[HC]/SCD vs. HC) in SC strength for both anterior and posterior
hippocampal ROIs. The constructed model at each voxel i for a
given seed ROI is specified as follows:

Yi = intercept + β1 ∗ Vseed + β2 ∗ Group+ β3 ∗
(
Vseed × Group

)

+β4 ∗ Age+ β5 ∗ Sex+ β6 ∗ Education+ β7 ∗ BDI + β8 ∗ ISI

+β9 ∗ TIV + εi,

where x denotes the interaction between terms. By assessing
the statistical significance of β3, case-control between-group
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TABLE 1 Demographics and clinical characteristics of study participants.

Demographic
variables

HC SCD MIG p-value

(n = 37) (n = 38) (n = 48)

Age (years) 42.2± 11.9 45.7± 12.2 40.7± 8.7 0.100a

Sex (male/female) 14/23 12/26 14/34 0.691b

Education years 14.1± 2.8 14.4± 3.1 15.4± 2.1 0.080a

GMV 0.699± 0.055 0.684± 0.070 0.699± 0.060 0.876c

WMV 0.411± 0.053 0.404± 0.058 0.407± 0.045 0.731c

CSFV 0.326± 0.068 0.328± 0.061 0.330± 0.067 0.666c

TIV 1.436± 0.143 1.416± 0.161 1.435± 0.134 0.512d

EFC index 0.611± 0.027 0.611± 0.025 0.610± 0.021 0.964a

SCD duration
(years)

– 5.3± 8.0 – –

SCD questionnaire 4.3± 2.2 14.8± 5.3 4.2± 2.2 <0.001d

MIG duration
(years)

– – 15.4± 9.4 –

MIG frequency
(days/month)

– – 6.4± 5.4 –

MIDAS 20.84± 14.03

VAS 7.27± 2.06

BDI score 7.8± 5.5 11.6± 8.0 6.1± 5.3 <0.001d

ISI total score (0–28) 9.4± 5.9 10.9± 6.2 6.8± 5.6 0.007d

All individuals with migraine or SCD, healthy controls were right-handed.
aThree-group analysis of variance test.
bThree-group chi-square test.
cThree-group analysis of covariance adjusted for age, sex, and total intracranial volume.
dThree-group analysis of covariance adjusted for age and sex.
BDI, beck depression inventory score; CSFV, cerebrospinal fluid volume; EFC, entropy focus
criterion; GMV, gray matter volume; HC, healthy controls; ISI, insomnia severity index;
MIDAS, Migraine Disability Assessment Questionnaire; MIG, migraine; SCD, subjective
cognitive decline; TIV, total intracranial volume; WMV, white matter volume; VAS,
visual analog scale.

differences in the SC strength between the predefined seed ROIs
and the rest of the brain were determined. To further determine
the shared network-level changes of hippocampal subdivisions
between the SCD and migraine groups, a conjunction analysis was
performed by searching the intersection of the voxel-wise FWE-
corrected p maps obtained from the corresponding case-control
between-group SCN analyses.

2.6.6. Correlation of neuroanatomical data with
clinical evaluations

For each anatomical cluster demonstrating a between-group
difference (between HC and SCD or between HC and migraine)
in SC, we calculated the corresponding SC integrity index for each
individual and performed a series of partial Pearson’s correlation
analyses between the SC integrity index and clinical evaluation
in SCD and migraine groups (migraine duration and frequency,
MIDAS, and VAS in the migraine group and SCD-Q score and SCD
duration in the SCD group). Participants’ age, sex, education, ISI
score, BDI score, and TIV were also used as nuisance variables in
the correlational analyses. Of note, because the whole brain seed-
to-voxel SCN analyses were conducted in a group-wise manner, a
recently proposed deconstructed Pearson’s correlation coefficient

approach (Eisenberg et al., 2015) was applied to obtain a single
measurement to quantify the inter-regional SC integrities. This
approach has also been utilized in studies investigating individual
changes in structural connectivity integrity in patients with
neurological and psychiatric disorders (Liu et al., 2020; Chou et al.,
2021). Specifically, the group-wise structural covariance analysis
was conducted by computing Pearson’s correlation coefficient
between two distinct anatomical regions across participants. The
Pearson’s correlation coefficient (r) between two brain regions
(e.g., X and Y representing GM volume of two anatomical regions
across study participants) can be expressed as the normalized inner
product of their respective standard scores (z-scores):

r =
1

N − 1

N∑
i = 1

(
Xi − X

sX

)(
Yi − Y

sY

)
=

1
N − 1

N∑
i = 1

zXi zYi ,

where N denotes the number of participants per each study group;
X and Y represent the mean value of X and Y, respectively; and s
corresponds to the standard deviation of the study group. zXi and
zYi are equal to Xi−X

sX
and Yi−Y

sY
, respectively, and r could be further

regarded as the sum of a partial_p value of each individual of the
corresponding study group; finally, partial_p of the individual i can
be written as follows:

partial_pi = zXi zYi =

(
Xi − X

sX

)(
Yi − Y

sY

)
Therefore, the partial_pi could be used to indicate the

contribution of each study participant i to the overall Pearson’s
correlation coefficient of the corresponding study group and to
serve as a surrogate measure of inter-regional structural coupling
strength for that subject. The significance level was set at an
uncorrected p-value of <0.05 for exploratory investigation.

3. Results

3.1. Demographic and clinical
characteristics

Thirty-seven controls, 38 individuals with SCD, and 48
migraineurs were enrolled (Table 1). Sex (p = 0.7), age (p = 0.1),
years of education (p = 0.08), global GM volume (p = 0.88), WM
volume (p = 0.73), CSF volume (p = 0.67), TIV (p = 0.51), and
EFC index (p = 0.96) did not differ among the groups. The mean
duration of SCD and migraine was 5.3 ± 8.0 and 15.4 ± 9.4 years,
respectively.

3.2. Spatial pattern of hippocampal
subdivisions’ SCN

In controls, the anterior hippocampus showed significant
structural coupling with the left hippocampus, right
parahippocampal gyrus, bilateral lateral occipital cortex, left
middle temporal gyrus, and left supramarginal gyrus (Figure 1B),
whereas the posterior hippocampus demonstrated significant
structural coupling with the bilateral hippocampus, bilateral
lateral occipital cortex, and right supplementary motor cortex
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(Figure 1C). In individuals with SCD, the anterior hippocampus
displayed significant structural coupling with the bilateral
hippocampus, right posterior cingulate gyrus, and bilateral frontal
pole (Figure 1B), whereas the posterior hippocampus showed
significant structural coupling with the bilateral hippocampus, left
frontal orbital cortex, right frontal pole, right middle temporal
gyrus, right precentral gyrus (PreCG), and right posterior cingulate
gyrus (Figure 1C). In migraineurs, the anterior hippocampus
showed significant structural coupling with the left hippocampus,
bilateral middle temporal gyrus, right cerebellum, and left
lateral occipital cortex (Figure 1B). Meanwhile, the posterior
hippocampus displayed significant structural coupling with the left
hippocampus, right insular cortex, right anterior cingulate gyrus,
right superior temporal gyrus, and left occipital pole (Figure 1C
and Supplementary Table 1). Notably, the utilization of the spatial
spin permutation test revealed significant spatial concordance
between the anterior and posterior hippocampal SCNs within each
study group (HC: r = 0.561, p = 0.001; SCD: r = 0.626, p = 0.001;
and migraine: r = 0.677, p = 0.001).

3.3. Hippocampal subdivisions’ SCN
integrity in SCD, migraine and controls

3.3.1. SCN changes of the anterior hippocampus
seed in SCD and migraine

Compared with controls, individuals with SCD had decreased
SC integrity in the right postcentral gyrus and bilateral inferior
temporal gyrus (ITG), with the right frontal pole and left
lateral occipital cortex showing increased SC integrity with the
anterior hippocampus (Figure 2A and Table 2; FWE-corrected
p-value < 0.05).

Additionally, compared with controls, patients with migraine
had regions of decreased SC integrity in the bilateral ITG, with the
right posterior and left anterior cingulate gyri showing increased SC
integrity with the anterior hippocampus (Figure 2B and Table 2;
FWE-corrected p-value < 0.05).

The SCN alteration pattern was similar in the left and right
anterior hippocampus in all groups (Supplementary Table 2).
The conjunction analysis revealed that in both SCD and migraine
groups, the anterior hippocampus showed decreased SC integrity
with the right and left ITG (Figure 2C), whereas no region showed
shared increased SC integrity with the anterior hippocampus.

3.3.2. SCN alterations of the posterior
hippocampus seed common to SCD and migraine

Compared with controls, individuals with SCD had regions
of decreased SC integrity in the left PreCG, right postcentral
gyrus, and cerebellum crus I, with the bilateral occipital pole
and right anterior cingulate gyrus showing increased SC integrity
with the posterior hippocampus (Figure 3A and Table 3; FWE-
corrected p-value < 0.05). Moreover, compared with controls,
migraineurs had regions of decreased SC integrity in the left
PreCG and cerebellum VIIIa and right superior frontal gyrus, with
the right posterior cingulate gyrus, right temporal pole, and left
anterior cingulate gyrus showing increased SC integrity with the
posterior hippocampus (Figure 3B and Table 3; FWE-corrected
p-value < 0.05). SCN alteration was similar in the left and right

posterior hippocampus in all groups (Supplementary Table 3).
Conjunction analysis revealed that the posterior hippocampus
showed decreased SC integrity with the left PreCG in both SCD and
migraine (Figure 3C), whereas no region showed shared increased
SC integrity with the posterior hippocampus.

3.4. Potential clinical significance of
inter-regional SCN changes in SCD

After excluding 3 cases with an exceptionally short duration
of SCD and 4 cases with an exceptionally long SCD duration, a
subset of 31 participants was selected from the initial group of 38
SCD cases. The exploratory partial Pearson’s correlation analysis
performed on this refined subset revealed that the SC integrity
between the right cerebellum crus I and posterior hippocampus
correlated with SCD duration (r = 0.41, p = 0.04). In the migraine
group, there was a trend toward a correlation between the MIDAS
score and the integrity of the SC linking the right temporal pole and
posterior hippocampus (r =−0.30, p = 0.06). Additionally, a similar
trend was observed between the VAS score and the integrity of the
SC in the same region (r =−0.30, p = 0.06).

4. Discussion

The present study revealed that individuals with SCD and
migraine had altered SC integrity in the anterior and posterior
hippocampus, specifically in the temporal, frontal, occipital,
cingulate, precentral, and postcentral areas. Conjunction analyses
identified shared SC alterations of the anterior hippocampus with
the ITG and the posterior hippocampus with the PreCG in both
SCD and migraine. The SC integrity of the posterior hippocampus–
cerebellum axis demonstrated an association with SCD duration.
These findings suggest that specific vulnerable regions may be
involved in the pathophysiology of SCD and migraine.

Our results showed SCN alterations of the anterior
hippocampus with the postcentral gyrus, ITG, frontal pole,
and lateral occipital cortex in individuals with SCD. Prior
research found that the anterior hippocampus displayed functional
connectivity alternations with the postcentral gyrus, occipital
lobe, anterior temporal lobe, and orbitofrontal and inferior
frontal gyrus (Tang et al., 2020), partially in accordance with
the present results. Additionally, a recent functional MRI study
investigating the differential role of hippocampal subregions in
memory specificity and generalization observed that the posterior
hippocampus formed a network of lateral parietal cortices and
occipital visual cortices (Frank et al., 2019). Furthermore, there
is growing recognition of cerebellar–hippocampal interactions
in the collaborative nature of cognitive processes. Moreover,
recent studies demonstrated the clinical significance of cerebellar–
hippocampal functional connectivity for temporal and spatial
processing (Yu and Krook-Magnuson, 2015). Although the
specific pathways mediating cerebellar–hippocampal interactions
remain vague, these aforementioned findings concur with our
results that individuals with SCD showed altered SC integrity
of the posterior hippocampus in the PreCG, postcentral gyrus,
cerebellum crus I, occipital pole, and anterior cingulate gyrus.
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FIGURE 2

Structural covariance (SC) differences in the anterior hippocampus between the control and clinical groups (migraine and SCD). (A) Group-wise
differences in SC between patients with migraine and controls. (B) Group-wise differences in SC between individuals with SCD and controls.
Red/blue colors indicate decreased/increased SC in SCD and migraine compared with controls. Black outlines indicate significant regions at a
corrected level for threshold p-values < 0.05. (C) Conjunction analyses showing SC alterations of the anterior hippocampus common to both
clinical groups, located in the bilateral inferior temporal gyrus. FWE, family wise error; HC, healthy control; Lt, left; MIG, migraine; Rt, right; SC,
structural covariance; SCD, subjective cognitive decline.

Thus, individuals with SCD may present differential SC patterns
along the anterior to posterior axis of the hippocampus. To the
best of our knowledge, this study is the first to investigate the SC of
hippocampal subregions in SCD. These specific vulnerable regions
in the anterior and posterior hippocampus with SC alternations
may be involved in SCD pathophysiology. Our findings potentially
provide insights into future neuroimaging studies on SCD.

Moreover, our results demonstrated that individuals with
SCD exhibited higher SC integrity in the anterior and posterior
hippocampus, specifically in the frontal pole, lateral occipital
cortex, occipital pole, and anterior cingulate gyrus. Additionally,
one study utilizing resting-state functional MRI found that the SCD
group had elevated amplitude of low-frequency fluctuations in the
slow-4 band of the right lingual gyrus, which is located on the
medial aspect of the occipital lobe, when compared to the HC group
(Wang et al., 2021). Furthermore, a magnetoencephalographic
study revealed that individuals with SCD displayed increased
connectivity in the posterior cingulate cortex compared to
healthy controls (Cheng et al., 2020). These findings suggest that

heightened connectivity in individuals with SCD may serve as
a compensatory mechanism during the early stages of memory
impairments or as temporary adaptations to subjective memory
complaints. However, a longitudinal study is necessary to track
these SCD participants and validate the findings (Cheng et al.,
2020).

Conversely, our results showed altered SC integrity in the
ITG and posterior and anterior cingulate gyri of the anterior
hippocampus, as well as in the PreCG, superior frontal gyrus,
temporal pole, cerebellum, and posterior and anterior cingulate gyri
of the posterior hippocampus in migraineurs. Chong et al. (2017)
demonstrated enhanced SC between the hippocampus and cortico-
limbic network regions, which are involved in pain processing in
the frontal, temporal, and parietal lobes and the cerebellar WM in
migraineurs. Our study corroborates these earlier findings, further
supporting the notion that this enhanced connectivity may serve
as a compensatory mechanism in response to maladaptive stress
in individuals with migraines, as the hippocampus is known to
be involved in pain-related attention (Zhu et al., 2021). However,
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TABLE 2 Anatomical regions with significantly altered structural covariance of the anterior hippocampus in the migraine group, SCD group, and
healthy controls.

MNI coordinates Cluster size Maximum
t-value

Anatomical region Integrity of structural covariance

x, y, z HC SCD MIG

HC > SCD

41,−33,−21 712 4.15 Rt. inferior temporal gyrus 0.376* −0.331 −0.262

−44,−33,−30 480 3.80 Lt. inferior temporal gyrus 0.295 −0.139 −0.163

17,−33, 50 395 3.43 Rt. postcentral gyrus 0.387* 0.331 0.352*

HC < SCD

9, 50,−20 1300 4.71 Rt. frontal pole 0.012 0.562** 0.370*

−36,−90, 18 1168 4.22 Lt. lateral occipital cortex −0.439* 0.112 −0.106

HC > MIG

44,−16,−28 429 3.27 Rt. inferior temporal gyrus 0.400* −0.315 −0.281

−41,−29,−28 281 3.25 Lt. inferior temporal gyrus 0.236 −0.211 −0.221

HC < MIG

21,−42, 0 309 3.34 Rt. posterior cingulate gyrus 0.019 0.507* 0.163

−5, 20, 24 288 3.15 Lt. anterior cingulate gyrus −0.119 0.051 0.281

Peak of group differences in integrity of structural covariance of anterior hippocampus with a threshold of FWE-corrected p-value < 0.05.
*p < 0.05. **p < 0.001.
HC, healthy controls; Lt, left; MIG, migraine; MNI, Montreal Neurological Institute; Rt, right; SCD, subjective cognitive decline.

FIGURE 3

Structural covariance differences in the posterior hippocampus between the control and clinical groups (migraine and SCD). (A) Group-wise
differences in SC between patients with migraine and controls. (B) Group-wise differences in SC between individuals with SCD and controls.
Red/blue colors indicate decreased/increased SC in SCD and migraine compared with controls. Black outlines indicate significant regions at a
corrected level for threshold p-values < 0.05. (C) Conjunction analyses showing SC alterations of the posterior hippocampus common to both
clinical groups, located in the left precentral gyrus. FWE, family wise error; HC, healthy control; Lt, left; MIG, migraine; Rt, right; SC, structural
covariance; SCD, subjective cognitive decline.
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TABLE 3 Anatomical regions with significantly altered structural covariance of the posterior hippocampus in the migraine group, SCD group, and
healthy controls.

MNI coordinates Cluster size Maximum
t-value

Anatomical region Integrity of structural covariance

x, y, z HC SCD MIG

HC > SCD

16,−33, 51 642 3.93 Rt. postcentral gyrus 0.352 0.265 0.291

−50, 2, 18 339 3.84 Lt. precentral gyrus 0.391* 0.380* 0.268

54,−54,−39 278 3.53 Rt. cerebellum crus I 0.288 −0.332 0.314*

HC < SCD

23,−98, 15 419 4.50 Rt. occipital pole −0.585** 0.343 0.224

−35,−92, 15 1289 4.12 Lt. occipital pole −0.34 0.261 0.229

2, 29, 18 436 3.60 Rt. anterior cingulate gyrus −0.023 0.436* 0.134

HC > MIG

14, 11, 69 563 3.89 Rt. superior frontal gyrus 0.332 0.295 −0.003

−50, 3, 15 342 3.73 Lt. precentral gyrus 0.397* 0.419∗ 0.209

−26,−50,−60 602 3.20 Lt. cerebellum VIIIa 0.376* 0.115 0.135

HC < MIG

35, 27,−35 333 4.18 Rt. temporal pole −0.087 0.358* 0.299

20,−43, 1 614 3.82 Rt. posterior cingulate gyrus −0.021 0.408* 0.498**

−2, 22, 25 409 3.34 Lt. anterior cingulate gyrus −0.272 0.309 0.155

Peak of group differences in the integrity of structural covariance of the posterior hippocampus with a threshold of FWE-corrected p-value < 0.05.
*p < 0.05; **p < 0.001.
HC, healthy controls; Lt, left; MIG, migraine; MNI, Montreal Neurological Institute; Rt, right; SCD, subjective cognitive decline.

anterior vs. posterior delineations of the hippocampus were not
assessed. We identified differential SC within the hippocampal
subregions of migraineurs, which were not reported previously.
Our findings re-emphasize the pivotal role of the hippocampus in
migraine pathophysiology and suggest the potential implications of
differential SC patterns along the long axis of the hippocampus in
migraine.

Using conjunction analyses, we examined network-level
alterations of the hippocampal subdivisions to identify shared
neuroanatomical substrates between SCD and migraine.
These analyses identified shared SC alterations of the anterior
hippocampus with the ITG and the posterior hippocampus
with the PreCG in both SCD and migraine. ITG participation
in cognitive processes and neuronal loss corroborates with early
pathological findings in amnestic mild cognitive impairment (MCI)
and Alzheimer’s disease (AD) (Scheff et al., 2011). Alternatively,
changes in cortical surface area in ITG (Messina et al., 2013) and
hippocampal volume have also been detected in migraineurs (Liu
et al., 2018), whose SC between the hippocampi and corticolimbic
regions is stronger (Chong et al., 2017). The hippocampus is a
pivotal brain region for language processing (Piai et al., 2016),
emotional brain networks (Zhu et al., 2019), and AD symptoms
(Vyas et al., 2020), and it is connected to the ITG via the inferior
longitudinal fasciculus (ILF) (Lin et al., 2020). ILF abnormalities
play a role in visual processing and language comprehension
deficits in patients with dementia (Shin et al., 2019). Moreover, ILF
WM integrity changes in migraineurs (Chong and Schwedt, 2015).
However, these previous studies did not explore the relationship
between the ILF and functional differentiation along the long

axis of the hippocampus. Notably, in this study, the anterior
hippocampus showed altered SC integrity in the ITG in both SCD
and migraine. Taken together, these findings, including our and
previous findings, suggest that altered SC integrity is a potential
neuroimaging signature for SCD and migraine.

The PreCG is involved in emotion compensation and
regulation in MCI and AD (Li et al., 2009; Franzmeier et al., 2017).
Moreover, recent studies showed that hippocampal connectivity
with the PreCG was significantly correlated with chronic stress
exposure and acute stress regulation in older adults with amnestic
MCI (McDermott et al., 2019), and the PreCG had abnormal
connectivity with the hippocampus in schizophrenia (Zarei, 2018).
Additionally, the PreCG participates in pain anticipation, and
altered functional connectivity of the hippocampus with the
PreCG is detected in migraineurs (Liu et al., 2018). However,
these studies did not consider the long-axis specialization of the
hippocampus. Notably, in our study, the posterior hippocampus
showed alternative SC integrity with the PreCG in both SCD and
migraine. The shared SC pattern alterations of the anterior and
posterior hippocampus with the ITG and PreCG may be potential
network signatures for the underlying pathogenesis shared by SCD
and migraine.

In this study, we also observed a positive association of SC
integrity between the cerebellum crus I and posterior hippocampus
with SCD duration. The cerebellum crus I contributes to
working memory (Rothman and Mattson, 2010). Cerebellar GMV
changes in MCI and early onset AD (Jacobs et al., 2018) and
hippocampal GMV changes in SCD have been demonstrated
(Peter et al., 2014). Therefore, SC integrity between the cerebellum
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and posterior hippocampus might be a potential imaging signature
for individuals with SCD.

In the migraine group, we observed a tendency toward a
correlation between the MIDAS score and the integrity of the
SC linking the right temporal pole and posterior hippocampus.
Additionally, a similar trend was observed between the VAS score
and the integrity of the SC in the same region. Consistent with
our findings, a previous study demonstrated significant region-to-
region volume interactions associated with the severity of allodynia,
including hippocampal volume with the inferior frontal gyrus,
planum temporale, and amygdala (Chong et al., 2017). However,
further investigations with a larger sample size are warranted to
strengthen the validation of our present findings.

This study has several limitations. First, we used strict and
well-characterized diagnoses for SCD and migraine, resulting in
a modest sample size. Further large-sized studies are required
to generalize our results. Second, we included only structural
MRI scans, and comprehensive biomarker data were insufficient.
Future studies could incorporate multimodal MRI and relevant
biomarkers, such as β-amyloid and tau proteins. Despite these
limitations, this study makes unique contributions. The use
of a large-scale neuroanatomical network analysis afforded
the opportunity to systematically characterize inter-regional
coordination between distinct anatomical brain areas.

5. Conclusion

This study identified shared alterations in SC patterns of the
anterior and posterior hippocampus with the ITG and PreCG in
individuals with SCD and migraine. Additionally, we found that SC
integrity between the cerebellum and posterior hippocampus was
associated with SCD duration. Our findings shed new light on the
underlying network-level mechanisms of SCD and migraine and
help provide an objective imaging signature for the comorbidity of
SCD and migraine.
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Age-related decline of online
visuomotor adaptation: a
combined e�ect of deteriorations
of motor anticipation and
execution

Na Li1,2, Junsheng Liu1,2, Yong Xie3, Weidong Ji1* and

Zhongting Chen2*

1Shanghai Changning Mental Health Center, Shanghai, China, 2Shanghai Key Laboratory of Brain

Functional Genomics, A�liated Mental Health Center, School of Psychology and Cognitive Science, East

China Normal University, Shanghai, China, 3Key Laboratory of Space Active Opto-Electronics

Technology, Shanghai Institute of Technical Physics, Chinese Academy of Sciences, Shanghai, China

The literature has established that the capability of visuomotor adaptation

decreases with aging. However, the underlying mechanisms of this decline are

yet to be fully understood. The current study addressed this issue by examining

how aging a�ected visuomotor adaptation in a continuous manual tracking

task with delayed visual feedback. To distinguish separate contributions of the

declined capability of motor anticipation and deterioration of motor execution

to this age-related decline, we recorded and analyzed participants’ manual

tracking performances and their eye movements during tracking. Twenty-nine

older people and twenty-three young adults (control group) participated in this

experiment. The results showed that the age-related decline of visuomotor

adaptation was strongly linked to degraded performance in predictive pursuit

eye movement, indicating that declined capability motor anticipation with aging

had critical influences on the age-related decline of visuomotor adaptation.

Additionally, deterioration of motor execution, measured by random error after

controlling for the lag between target and cursor, was found to have an

independent contribution to the decline of visuomotor adaptation. Taking these

findings together, we see a picture that the age-related decline of visuomotor

adaptation is a joint e�ect of the declined capability of motor anticipation and

the deterioration of motor execution with aging.

KEYWORDS

aging, visuomotor adaptation, eye movement, manual tracking, online control

Introduction

The capacity of the sensorimotor system for adapting to environmental changes is

essential for the interaction between individuals and the world. But this fundamental

function appears to decline with aging. Several empirical studies have shown that older

people, compared to younger ones, have poorer performances of adaptation to perturbed

visual input during visuomotor control in both ballistic reaching tasks (Buch et al., 2003;

Bock, 2005; Bock and Girgenrath, 2006; Seidler, 2006; Heuer and Hegele, 2008; Vandevoorde

and de Xivry, 2019; Wolpe et al., 2020; Li et al., 2021) and online tracking tasks (Bock and

Schneider, 2002; Teulings et al., 2002). However, it is still unclear what mechanisms in the
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visuomotor loop underlie the aging effect on visuomotor

adaptation. The present study aims to address this question by

comparing older and young people’s eye–hand coordination in a

manual tracking task with delayed visual feedback.

Declines in older people’s motor control can be broadly

classified into two types based on their behavioral and neural

features and neural basis: declines in the capability of motor

anticipation and deterioration of motor execution. Motor

anticipation refers to the ability to predict the course/trajectory

of dynamic visual events and corresponding behavioral responses

(Kandel et al., 2000). This process involves adapting the mapping

between the stimulus and one’s internal dynamic representation

of ongoing events and is related to a broad neural network

including the premotor cortex, basal ganglia, anterior cingulate,

posterior medial parietal area, superior parietal-occipital cortex,

and middle intraparietal sulcus (Adam et al., 2003; Glover, 2004

for review; Glover et al., 2012). This process becomes less precise

as people age, leading to difficulties in anticipating coming action

accurately (Diersch et al., 2016). Moreover, the capability of

motor anticipation is tightly related to general cognitive functions

(Varghese et al., 2016; Svoboda and Li, 2018; Chen et al., 2022),

which also decline with the increase in age (Salthouse, 1996; Raz,

2000; Park et al., 2003). Our previous study (Li et al., 2021) found

that the decline in age-related visuomotor adaptation was mediated

by cognitive decline with aging, suggesting a potential relationship

between aging effects on the decline of visuomotor adaptation and

impairment of motor anticipation. This possibility was further

examined in the present study.

Another possible cause for the aging effect onmotor adaptation

is the deterioration of motor execution. Motor execution is usually

defined as the online control processes from the initiation of the

response to the completion of the movement. This course needs

humans to integrate outside and internal information to monitor

and calibrate the movements online (Woodworth, 1899; Elliott

et al., 2001; Glover, 2004; Liu et al., 2008). This process is mainly

related to the primary motor cortex, cerebellum, supramarginal

gyrus, and superior parietal lobule (Glover et al., 2012). In most

cases, motor movements become slower and less accurate with

aging. Movement times of older adults were longer than young

adults by 26–69%, even for simple reaching movements (Stelmach

et al., 1988; Amrhein et al., 1991; Pohl et al., 1996; Walker et al.,

1997). Exceptionally, older performers sometimes attempt to do

something as quickly as young people, but with lower accuracy.

For example, multiple studies have shown that times of ballistic

shots during visuomotor adaptation show no difference between

older and young adults, but the accuracy of rapid hitting is lower

for older adults (Huang et al., 2018; Li et al., 2021). In these cases,

the slowness with aging was possibly a learned adaptive strategy to

cope with declined motor execution function (Lamb et al., 2016).

Since visuomotor adaptation was generally measured bymovement

accuracy and/or movement delay in most studies (e.g., Bock and

Schneider, 2002; Teulings et al., 2002; Buch et al., 2003; Bock, 2005;

Bock and Girgenrath, 2006; Seidler, 2006; Heuer and Hegele, 2008;

Vandevoorde and de Xivry, 2019; Wolpe et al., 2020; Li et al., 2021),

it is also possible that the observed aging effect of visuomotor

adaptation is a consequence of deteriorated motor execution of

older people.

However, it is difficult to determine from the existing literature

which mechanism, declined capability of motor anticipation or

deterioration of motor execution, is responsible for the decline

of visuomotor adaptation with aging. A major line of evidence

for declined visuomotor adaptation with aging is from ballistic

reaching tasks with visual perturbation. This type of motor task

requires individuals to move a cursor in an out-and-back trajectory,

hitting the target and then returning to the center. Motor errors

caused by perturbation are incrementally reduced across trials,

indicating performers’ adaptation to visual perturbations. Multiple

studies (Buch et al., 2003; Bock, 2005; Bock and Girgenrath, 2006;

Seidler, 2006; Heuer and Hegele, 2008; Vandevoorde and de Xivry,

2019; Wolpe et al., 2020; Li et al., 2021) have shown that older

people have poorer adaptation to visual perturbation than young

people. But it is difficult to use results from these tasks to distinguish

the mechanisms of the decline of adaptation because of the ballistic

movements in these tasks. On each trial, people only perform one

shot which is the result of both motor anticipation and motor

execution at a single moment, making it difficult to distinguish

their separate contributions to visuomotor adaptation. Regarding

such difficulty, the present study turned from ballistic reaching

to manual tracking as an alternative approach to investigating the

mechanisms of the aging effect on visuomotor adaptation.

Manual tracking, another type of motor task, requires people

to control a moving object (e.g., cursor) in the center of a

dynamic target and calibrate errors between the target and cursor

(Jagacinski, 1977; Foulkes and Miall, 2000; Miall and Jackson,

2006). In these tasks, visuomotor adaptation was examined by

measuring how performers coped with perturbation of delaying the

cursor feedback, which often occurs in teleoperations in practice

(Gerisch et al., 2013; Alvarez-Aguirre et al., 2014; Khasawneh

et al., 2019). To deal with such perturbation, young people tend

to advance the position of the cursor to reduce the viewed target–

cursor displacement. Older people also use similar strategies of

advancing the target position, but to a substantially reduced

extent, indicating declined visuomotor adaptation of older people

(Jagacinski et al., 1993; Bock and Schneider, 2001; Teulings

et al., 2002; see also in Bock and Schneider, 2002). In contrast

to ballistic movements where motor anticipation and execution

are hardly distinguished through one-shot movement, control

of manual tracking is a real-time task, in which performers

need to continuously make online adjustments in response

to the target motion and this real-time nature allows for

distinguishing those mechanisms by observing the continuous

changes of different behavioral indicators. Regarding the current

study, we attempted to analyze the eye movements and lag-

corrected random error of visuomotor control, respectively, of

the individual performer during manual tracking. Different from

previous studies using ballistic reaching tasks, the introduction of

manual tracking with delayed feedback in the current study would

help to separately measure the contributions of declined motor

anticipation and deterioration ofmotor execution to the age-related

decline of visuomotor adaptation, thus further investigating and

distinguishing potential underlying mechanisms of the aging effect

on visuomotor adaptation.

In addition, we introduced the method of eye movement

tracking in the current study to evaluate individuals’ motor
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anticipation, as mentioned above. Previous literature has

demonstrated that eye movements are tightly related to anticipated

motion trajectory. For example, gaze movements usually precede

movements of the cursor or arm during visuomotor control

(Campbell and Wurtz, 1978; Koken and Erkelens, 1992; Kandel

et al., 2000; Elliott et al., 2001; Liu et al., 2008; Huang and Hwang,

2012; Niehorster et al., 2015; Danion and Flanagan, 2018). Studies

on smooth pursuit eye movements have indicated that such

preceding eye movements reflect people’s prediction of the future

trajectory of the moving object (Kettner et al., 1997; Barnes, 2008;

Kowler et al., 2019), and help to enhance motion prediction in

manual interception (Bennett et al., 2010; Spering et al., 2011; see

review in Fooken et al., 2021). Even monkeys’ eye movements

indicate a short-term prediction of future motions of the target

in a tracking task (Kettner et al., 1997). Studies using reaching

tasks (Ariff et al., 2002; Rand and Rentsch, 2016; Brouwer et al.,

2018) have also found similar preceding eye movements before

hand movement, which reflects individual participants’ cognitive

strategies and motor planning adjustment during visuomotor

adaptation. All these findings consistently indicate that eye

movements leak information about motor anticipation. On the

other hand, multiple studies have shown that the execution of

eye movements per se is not substantially affected by aging (Bock

et al., 2014; Huang et al., 2017). Based on both lines of evidence,

we chose to use anticipatory preceding eye movements to index

the individual differences, especially the age-related differences, of

motor anticipation during manual tracking in the current study.

In addition to analyzing anticipatory preceding eyemovements,

we also compared the random errors of the tracking performances

between older people and young adults, after controlling for the

lag between the target and the cursor. We hypothesized that

this difference represented the potential aging effect on motor

execution, for most of the aging effect on motor anticipation was

expected to be excluded when the lag between the target and the

cursor was corrected. However, please note that the increase in

this random error still might be due to multiple factors, including

a worse correction to visual feedback, worse movement selection,

and worse simple movement execution. We further discussed these

possibilities in the Discussion section.

In short, we conducted a manual tracking task with a 200-

ms visual feedback delay for both older and young adults in the

current study. During the task, we recorded both the manual

trajectory and the eye movements, using the latter as an index

of motor anticipation (measured by gaze-target lag). We also

calculated the remaining motor error after accounting for the

target-cursor lag effect, as a measure of motor execution. As a brief

preview of the results, we found that older people had significantly

worse adaptation to perturbations (i.e., visual feedback delay), and,

interestingly, old people’s performances in visuomotor adaptation

had a considerable correlation (r = −0.744) with their gaze-target

lags, indicating the importance ofmotor anticipation in visuomotor

adaptation and the impact of aging on it. However, even after

controlling for the differences in the baseline performances and

motor anticipation between the two groups, older participants

still showed worse performances in the adaptation phase than

young people, indicating that the age-related decline in visuomotor

adaptation was also partially caused by declined motor execution of

older people.

Methods

Participants

Fifty-six participants in total volunteered for the current study.

Data from one young participant and three older participants

were excluded before analysis because the recording of their eye

movement was too noisy and missing in some trials. Twenty-

nine healthy older participants (range: 60–73 years, mean: 65.97

years, SD: 3.8 years, 13 women) with twenty-three healthy young

participants (range: 19–27 years, mean: 22.93 years, SD: 1.97 years,

11 women), as a control group, were finally included for data

analysis. A χ2 test showed that the sex ratio of neither group was

significantly different from 1:1 (older people: p = 0.576; younger

adults: p= 0.835). The handedness of the participants was checked

with Edinburgh Handedness Inventory (Oldfield, 1971) to ensure

that all the participants were right-handed. Visual acuity was

measured for all the participants to confirm normal or corrected-

to-normal vision. No participant had a history of neurological

diseases, psychiatric disorders, or musculoskeletal dysfunctions.

Each participant was paid 80 RMB for their participation. The

study was approved by and conformed to the standards of the

Human Research Ethics Committee for Non-Clinical Faculties at

East China Normal University.

Apparatus

Figure 1 illustrates the experimental setup. The participant was

seated comfortably in a dim room facing an LED monitor (ASUS

VG278, 1920×1080 pixels, 27 inches, 60Hz) positioned in the

frontal plane 50 cm from the participant’s eyes. Head movements

were restrained by a chin rest, ensuring that the eyes were directed

toward the center of the screen. A board was positioned under the

participant’s chin to keep the hand out of sight. The participant

controlled the cursor (a 1◦×1◦ red dot) on the screen using a

digitizer with the right hand. The scales of the hand movement and

the cursor movement were physically matched. The digitizer was

restrained on a slider so that the participant could only move the

digitizer leftward or rightward and not lift it. The movements of

the left eye were recorded at a sampling rate of 1,000Hz using the

remote mode of Eyelink Portable Duo eye movement tracker (SR

Research, Mississauga, ON, Canada). We chose to track only one

eye to keep a higher sampling rate (i.e., 1,000Hz) for better analysis

of pursuit. The left eye was chosen because our laboratory setting

has the infrared camera of the tracker better aligned to the left eye

than to the right eye.

Hand movement trajectories were sampled at a rate of 40Hz

using a digitizer and a tablet (152 × 95mm, Wacom, Intuos). The

experiment was programmed in MATLAB with the Psychtoolbox

package (Brainard, 1997; Pelli, 1997; Kleiner et al., 2007).

Task and procedure

Each participant performed a manual-tracking task adapted

from Rohde et al. (2014). On each trial, the participant controlled
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FIGURE 1

The illustration of the experiment setting.

a red cursor point (diameter: 1◦ of visual angle) using the

digitizer to track a white target circle (diameter: 1.4◦ of visual

angle) on a gray background. The participant was required to

keep the cursor stay inside of the target circle during the whole

trial. The target moved horizontally across the screen along an

unpredictable trajectory which was constructed by the addition of

five nonharmonic sine waves with frequencies of 0.09, 0.165, 0.195,

0.375, and 0.495Hz and amplitudes of 20, 50, 20, 100, and 20 pixels,

with phases randomly determined for each trial. The maximum

shift of trajectory was limited to 12.9◦ of visual angle (i.e., 387

pixels) along the x-axis; the trajectory would be re-generated if the

maximum shift surpassed the limit. The target trajectory was shown

in the background at the beginning of each trial and moved from

top to bottom, while it was kept visible for motor planning and

visual feedback during the manual tracking (see Figure 2). We also

uploaded a video clip that records the procedure of a sample trial

(available at https://osf.io/tq8ye/q8ye/).

For the first 500ms of each trial, both the cursor (blue) and the

target (white) were presented and kept stationary in the center of

the screen, with the cursor upon the target. Then, the target started

to move and the cursor turned from blue to red, as a signal for

the start of the tracking procedure. After the tracking procedure,

which lasted 59,500ms, the participant moved the digitizer back

to the start position (i.e., the center of the screen). The next

trial would not start until the participant placed the cursor into

the start region. The hand and eye movement trajectories were

tracked and recorded online by the digitizer and Eyelink Portable

Duo, respectively, throughout the whole tracking procedure of

each trial.

Each participant first completed four practice trials without

perturbation, each of which lasted 42 s, and then started the formal

experiment. In the formal experiment, the participant sequentially

received 4 baseline trials, 12 perturbation adaptation trials, and 3

post-test trials, each of which lasted 60 s. In the baseline and the

post-test phases, the red cursor veridically reflected the trajectory

of the digitizer. In the perturbation phase, the movement trajectory

of the cursor was delayed by 200ms. All the participants reported

that the delay was noticeable after the experiment. This delay was

sufficiently small to trigger a delay adaptation (Cunningham et al.,

2001; Rohde et al., 2014).

Data analysis

The hand movement trajectory and the eye movement were

recorded online at a sampling rate of 40Hz and 1,000Hz,

respectively. We first excluded the beginning 2 s of each formal trial

from analysis to avoid the effects of the initial transient response

(Bock, 2005; Li et al., 2005, 2006, 2011; Niehorster et al., 2013). We

then normalized the cursor position data from 40Hz to 1000Hz

by interpolation to match the hand movement and gaze data on the

same scale for analysis. For each trial, the handmovement data were

low-pass filtered at 10Hz using a Butterworth filter implemented in

MATLAB. We then calculated the root mean square error (RMSE)

between the target and the cursor and computed the lags among the

target, the cursor, and the gaze using cross-correlation techniques

(Gerisch et al., 2013). A positive lag indicates that the cursor moves

behind the target and vice versa.

The gaze data were first low-pass filtered using a second-

order recursive Butterworth filter with a cutoff frequency of 50Hz.

We adopted an algorithm originally developed by Nyström and

Holmqvist (2010) that uses gaze velocity to identify saccade. First,

we used the Savitzky–Golay smoothing filter (Savitzky and Golay,

1964) to get the velocity and acceleration measurements from

the gaze coordinates. We then removed the events in which

eyes were closed or the records were physiologically impossible

(velocity over 1,000◦/s or acceleration over 100,000◦/s2). Then,

we estimated the velocity peak for each trial. We calculated the

average and standard deviation of all samples with velocities

lower than a given initial peak velocity detection threshold of

200◦/s, then updated the threshold as a new threshold which

was equivalent to the last average plus six times the standard

deviation for each iteration. The final velocity peak threshold

was confirmed until the absolute value between two adjacent

iterations was smaller than 1◦/s. Finally, we detected two types

of eye movements, saccades and glissade movements, which were

wobbling movements at the end of many saccades (Weber and

Daroff, 1972; Flierman et al., 2019). Saccade onset and offset

were identified by searching backward and forward for the stop

criterion from each detected saccade peak. Specifically, saccade

onset was defined as the first sample that goes below all samples’

average plus three times standard deviation, and where it was

monotonically decreasing. Saccade offset was defined as a weighted

combination of the velocity at saccade onset and a locally adaptive

noise factor (the current saccade samples’ average plus three times

standard deviation), and where it was monotonically increasing.

Glissade movements started from the offset of the preceding

saccade and continued until the data monotonically increased

after the last velocity peak sample. We counted the times of

saccades and glissades together and then removed them from

the gaze data to prevent their intervention in the analysis of

pursuit eye movement trajectories. To compensate for the removal

of these data, we filled the gaze data using a method based on

linear interpolation.

Results

Figure 3 illustrates recorded manual trajectories and gazes

and corresponding time series of errors performed by two
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FIGURE 2

(A) illustrates stimuli used in the experiment, including the red point that indexes the position of the cursor (C) and the white circular target (T). Black

solid curves are target movement trajectories that are visible to participants; the dashed line (invisible for participants) represents the distance

between the cursor and the target. The left panel illustrates a trial without delay perturbation, in which the hand position (H) and C position are

matched. In contrast, the right panel illustrates a trial with delay perturbation, in which the C position was behind the H position. (B) illustrates the

procedures of a sample trial without delay perturbation (first) and a sample trial with (second), respectively. (C) illustrates the experiment design for

each participant, including the first 4 baseline trials, 12 delay adaptation trials, and 3 post-test trials. Delay perturbation was an additional 200ms

artificial feedback delay in reference to the actual hand movement direction in the delay adaptation phase.

sample participants from different age groups in four sample

trials of no-delay and delay experimental phases, respectively.

In the no-delay trials, manual and eye-tracking paths were

close to the target trajectory. In contrast, a feedback delay

of 200ms was introduced in the adaptation phase and this

manipulation increased the offset between manual tracking

paths and the target trajectory, indicating an increased delay

from target movement to manual tracking. In addition, this

offset appeared to be larger in the sample trial by the

older participant (Figures 3D, H) than one by the young

participant (Figures 3C, G).

Manual tracking performance

Figure 4 shows the mean RMSEs and lags between the target

and cursor as a function of trial number for two age groups,

respectively. We first analyzed the mean RMSE between the target

and cursor to investigate whether the older and young participants

had differences in the manual tracking task. The test phase

condition was divided into baseline, adaptation phase1, adaptation

phase2, adaptation phase3, and post-test in the calculation. There

were significant main effects of age group [F (1.50) = 22.747, p <

0.001, ηp
2 = 0.313] and test phase [F (4.200) = 103.604, p < 0.001,
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FIGURE 3

The left panels show dynamics of target, hand, cursor, saccade, and eye movement positions in two sample trials at (A) the baseline phase and (C)

the adaptation phase from a young participant, and two sample trials at (B) at the baseline phase and (D) the adaptation phase from an older

participant, respectively. (E–H) The right panels show the time series of target-hand errors, target-cursor errors, and target-eye errors of the same

trials at the baseline phase and the adaptation phase from the same participants, respectively.

ηp
2 = 0.674], as well as a significant interaction between age group

and test phase [F (4.200) = 12.338, p < 0.001, ηp
2 = 0.198]. Please

see the full results from Supplementary Table A1.

For the baseline phase, a mixed-design ANOVA showed that

there was a significant group effect [F (1.50) = 16.089, p < 0.001,

ηp
2 = 0.243], indicating that cursor tracking position error for

older adults (1.55 ± 0.08◦) was larger than young adults (1.16 ±

0.05◦) even without delay. Over the adaptation period, the cursor’s

movement always showed 200ms slower than the hand’s position,

consequentially introducingmore tracking errors. After controlling

for the baseline difference, a significant difference was still found on

the RMSE between the two groups in the adaptation trials [young
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FIGURE 4

(A, B) illustrate the means of RMSE and (C, D) illustrate the mean lag

between target and cursor as a function of trial number for the

groups of young and older participants, respectively. Positive lag

represents that the cursor lags behind the target. Error bars depict

±1 standard errors of means.

adults 0.66± 0.06◦ vs. older adults 1.23± 0.12◦, F (1.50)= 15.692,

p < 0.001, ηp
2 = 0.239], indicating that the feedback perturbation

made a larger decrease in movement control accuracy for older

adults than young adults.

Existing literature has reported that older adults have worse

adaptation to feedback perturbation than young adults during

manual tracking, reflected by more increase in target-cursor lag by

perturbation (Welford, 1958; Braune andWickens, 1985; Jagacinski

et al., 1993). Our results replicated such findings. In the baseline

phase, a repeated measure ANOVA revealed that the lag between

older and young groups had a significant difference [F (1.50) =

13.954, p < 0.001, ηp
2 = 0.218)], and the cursor lagged behind the

target by 89.466ms (±10.397ms s.e.) in the older group, whereas

by 43.261ms (±4.522ms s.e.) in the young group. After controlling

the baseline performance, a significant difference was still found

between the two groups in the adaptation trials [F (1.50)= 22.483, p

< 0.001, ηp
2 = 0.310], with a substantially large difference between

the older group (114.014± 7.135ms) and the young group (45.889

± 7.135ms). Therefore, both the RMSE and the target-cursor lag

suggested that older adults performed worse and less adaptively

than young adults in manual tracking. Please see the full results in

Supplementary Table A2.

Eye movement performance

Saccadic eye movements between age groups
Previous literature has shown that increased saccadic frequency

is usually correlated to poorer cognitive processing and attentional

functions (Kimmig et al., 2001; Galna et al., 2012; Stuart et al.,

2018). So, here, we first analyzed the saccadic frequency between

the two groups during the manual tracking. A 2 (older vs. young

group)× 3 (baseline, adaptation, and post-test) repeated-measures

ANOVA revealed a significant main effect of groups [F (1.50) =

6.968, p = 0.011, ηp
2 = 0.122] and phases [F (2.100) = 12.686, p <

0.001, ηp
2 = 0.202], but no interaction effect was found between

groups and phases [F (2.100) = 1.751, p = 0.179, ηp
2 = 0.034].

Older and young participants both had a rather stable rate of

saccades which were about 2.23 and 1.64 per second across all

conditions, respectively (see Figure 5).

Pupil Size
As documented by multiple studies (Hess and Polt, 1964;

Stanners et al., 1979; Murphy et al., 2011; Jerčić et al., 2020), pupil

size is an effective measure of the mental load or arousal level

of individual participants. In this experiment, we compared the

pupil size variations across the trials between groups to investigate

whether the procedure of the experiments affected the older and

young participants differently in their arousal levels. We first

calculated the mean pupil area (unit: pixel) recorded by the eye

tracker for each trial and then performed a 2 (older vs. young)

× 3 (phases of baseline, adaptation, and post-test) mixed-design

ANOVA on the mean pupil areas. The analysis showed that neither

the main effect of phase nor the interaction between group and

phase was significant [phase: F (2.100) =1.501, p = 0.228, ηp
2 =

0.029; group × phase: F (2.100) = 0.247, p = 0.782, ηp
2 = 0.005],

indicating that there was no marked change of arousal level for

either group during the experiment. The main effect of the group
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FIGURE 5

Mean frequencies of saccades per second during the baseline,

adaptation, and post-test phases for the two groups, respectively.

Error bars depict ±1 standard errors of means.

was significant [F (1.50)= 6.428, p= 0.014, ηp
2 = 0.114]. However,

please note that the significant main effect of the group was not

necessarily attributed to the actual differences between mean pupil

sizes of the two groups considering that we did not record the

actual size of pupils but one by pixels (Hayes and Petrov, 2016). The

effect could be caused by other alternative factors (e.g., individual

differences in the spatial relationship between the tracked eye and

the eye tracker camera).

Coordination among target, eyes, and hand
As shown in Figure 6, the gaze preceded the hand movement

for all participants in both the baseline and adaptation phases

(Mathew et al., 2019). The analysis on the gaze-cursor lag showed a

main phase effect, F (2.100)= 4.267, p= 0.017, ηp
2 = 0.079, and the

lag in the baseline phase was shorter than in the adaptation phase

[mean difference = −23.852, p = 0.006]. Figure 6A illustrated the

similar lags between gaze and cursor for both age groups during

different phases, and repeated ANOVAs revealed no significant

difference between the two groups either during the baseline phase

[F (1.50)= 0.072, p= 0.789, ηp
2 = 0.001] or during the adaptation

phase [F (1,50) = 0.895, p = 0.349, ηp
2 = 0.018]. These results

suggested that eye-hand coordination was comparable between the

two age groups.

The eye movements also preceded the target, as demonstrated

by the positive gaze-target lag across the phases (Figure 6). There

was a significant main effect of groups [F (1.50) = 11.323, p =

0.001, ηp
2 = 0.185], as well as the main effect of phases [F (2.100)

= 27.338, p < 0.001, ηp
2 = 0.353]. No significant interaction effect

was found. The gaze-target lag differed significantly between age

groups in the baseline phase, F (1.50) = 5.113, p = 0.028, ηp
2

= 0.093. After controlling for the baseline difference between the

two groups, there was still a significant difference between the two

age groups in the adaptation phase, F (1.50) = 7.694, p = 0.008,

ηp
2 = 0.133 (see Figure 6B). In brief, the observed gaze-target

coordination showed that the young adults had both better target

trajectory prediction and better adaptation to delayed feedback, as

compared to the older adults.

Further analyses revealed that the correlation between the lag

of target-cursor and gaze-target was a significant negative during

the adaptation phase (Figure 7). That was to say, eye movement

that preceded the target more was accompanied by better cursor

tracking to the target. We found significant correlations between

age and target-cursor lag in older people (r (346) = 0.190, p <

0.001) and young adults [r (274) = 0.110, p = 0.067], respectively.

Then, we tested the relationship between the target-cursor lag and

the gaze-target lag and found a strong negative correlation in

older adults [r (346) = −0.744, p < 0.001], as well as a mild

correlation in young adults [r (274) = −0.358, p < 0.001]. These

correlations indicated similar negative linear relationships between

eye movement and hand-tracking performance for young and

older adults.

We also performed a linearmixedmodel to distinguish whether

gaze-target lag could explain the decreased adaptation with aging

in manual tracking. Three alternative models were performed (see

Table 1), which all included a control variable, trial order, which

represented the order of a certain trial and was related to the general

learning effect during the adaptation. We then tested two variables,

age and gaze-target lag, which represented the ages of individual

participants and measured lags between gaze and target in specific

trials, respectively. The model comparison (Table 1) showed that

Model 2 which included gaze-target lag had significantly better

predictions than Model 1, χ2 = 321.67, df = 1, p < 0.001, and

the fitting indices also showed a preference for Model 2 over

Model 1. These results indicated that gaze-target lag was an effective

predictor of target-cursor lag, even after the factor of individual ages

had been controlled. On the other hand, there was no significant

prediction difference between Model 2 and Model 3, in which

the variable age was removed, χ2 = 0.29, df = 1, p = 0.592.

Moreover, the fitting indices both showed no preference for Model

2 over Model 3. Combining these findings, we concluded that gaze-

target lag made a major contribution to the age-related decrease of

adaptation in manual tracking.

Despite Figure 7 showing a negative correlation between target-

cursor lag and gaze-target lag, this negative correlation could

be merely driven by between-participant differences. In other

words, within-participant variations of gaze-target lag induced

by visuomotor adaptation might not contribute to the negative

correlation between target-cursor lag and gaze-target lag. To test

this possibility, we removed between-participant variations of

gaze-target lag and target-cursor lag by centralizing them (i.e.,

subtracting the mean gaze-target lag and the mean target-cursor

lag of each participant) for each participant and re-calculated

the correlations. We found that the correlations did not change

dramatically for either group [older people: r (346) = −0.723, p <

0.001; young adults: r (274) = −0.458, p < 0.001]. We also re-ran

Model 3 with centralized gaze-target lag and target-cursor lag. Note

that centralization of target-cursor lag (i.e., removal of between-

participant variation) would make age as a between-participant

variable no more predictive to target-cursor lag. So, it was no need

to re-runModel 1 andModel 2. The results showed that gaze-target

lag was still a significant fixed factor after centralization and its
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FIGURE 6

(A) illustrates the mean lags between eye and cursor and (B) illustrates the mean lags between eye and target as a function of trial number for young

participants (white circle) and older participants (black diamond). Error bars depict ±1 standard errors of means.

coefficient was negative (bGT_lag = −0.711, p < 0.001). All these

findings consistently indicated that within-participant variations of

gaze-target lag and target-cursor lag were negatively correlated with

each other.

Random error of visuomotor control

To compare the random noise of visuomotor control between

the two groups, we also analyzed the mean RMSE between the

target and the cursor after controlling for the target-cursor lag

effect. As shown in Figure 8, there were still significant main

effects of age group condition [F (1.50) = 14.158, p < 0.001,

ηp
2 = 0.221] and test phase [F (4.200) =55.098, p < 0.001, ηp

2

= 0.524], as well as a significant interaction between age group

and post-test phase [F (4.200) = 12.672, p < 0.001, ηp
2 = 0.202]

(see the Supplementary Table A3). Then, we compared the mean

differences between older adults and young adults during those

three phases. There were significant age differences in the baseline

phase [0.21± 0.09◦, p= 0.017] and adaptation phase [0.80± 0.19◦,

p < 0.001], while no age group difference in the post-test phase

[0.05 ± 0.13◦, p = 0.682]. The interaction between the baseline

and adaptation phase [F (1.50) = 14.415, p < 0.001, ηp
2 = 0.224]

was less than the interaction between the adaptation and post-test

phase [F (1.50)= 26.163, p < 0.001, ηp
2 = 0.344]. After controlling

for the group differences in the baseline phase, a repeated measure

ANOVA revealed a significant group effect over the adaptation

phase [F (1.50) = 14.415, p < 0.001, ηp
2 = 0.224], indicating that

visual feedback perturbation resulted in not only longer target-

cursor lag but also more increase of random errors in visuomotor
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control for the older adults (1.11± 0.13◦) than for the young adults

(0.52± 0.05◦).

We also performed a linear mixed model to examine whether

random error could explain the increased target-cursor lag with

aging in manual tracking. Four alternative models were performed

(see Table 2), which all included a control variable, trial order,

which represented the order of a certain trial and was related to

the general learning effect during the adaptation. We then tested

two variables, age and random error, which represented the ages

of individual participants and measured RMSE between target and

cursor after controlling the target-cursor lag effect in specific trials,

respectively. The model comparison (Table 2) showed that Model 4

FIGURE 7

Scatter plots of lags between target and cursor in the adaptation

phase for (A) older participants and (B) young participants. Trials in

the same order are marked using a unique color. The solid lines

represent simple linear regression model fits.

which included random error had significantly better predictions

than Model 1, χ2 = 291.58, df = 1, p < 0.001, and the fitting

indices also showed a preference for Model 4 over Model 1. These

results indicated that random error was also an effective predictor

of target-cursor lag, even after the factor of individual ages had been

controlled. On the other hand, there was no significant prediction

difference between Model 4 and Model 5, in which the variable age

was removed, χ2 = 0.083, df = 1, p = 0.773. Moreover, the fitting

indices both showed a preference for Model 4 over Model 5. In the

end, Model 6 which included both random error and gaze-target lag

as predictors had significantly better predictions than Model 5 and

Model 3, χ2 = 207.82, df = 4, p < 0.001, χ2 = 177.94, df = 4,

p < 0.001, respectively. Considering these findings, we concluded

that a combination of gaze-target lag and random error had the best

prediction on degraded adaptation to delayed visual feedback in

manual tracking, indicating that the age-related decreased function

of visuomotor adaptation was a consequence of the combined

effect from the declined capability of motor anticipation and the

deterioration of motor execution.

Further analyses revealed that the correlation between random

error and gaze-target lag was a significant negative during the

adaptation phase (Figure 9). We found significant correlations

between age and random error in older adults [r (346)= 0.163, p=

0.002] and young adults [r (274) = 0.119, p = 0.049], respectively.

Then, we tested the relationship between the gaze-target lag and the

random error and found a mild negative correlation in older adults

[r (346)=−0.553, p< 0.001], as well as a small correlation in young

adults [r (274)=−0.120, p= 0.047].

To test whether the within-participant variations contributed

to the negative correlation between random error and gaze-target

lag, we re-calculated the correlations with centralized random error

and gaze-target lag as before. The correlations did not change much

for either group [older people: r (346) = −0.457, p < 0.001; young

adults: r (274) = −0.164, p = 0.006], confirming the correlation

between within-participant variations of random error and gaze-

target lag.

Discussion

As a summary of the results from the current study, the

old participants’ worse performance in visuomotor adaptation

was related to both declined capability of motor anticipation

and deterioration of motor execution. Motor anticipation

measured by gaze-target lag showed a significant decrease for the

older participants, and the differences in gaze-target lag across

individual participants considerably predicted their performances

in visuomotor adaptation, especially for the older participants.

On the other side, we also found a significant deterioration of

TABLE 1 Linear mixed model comparison.

Model df Log Likelihood Deviance AIC BIC

Model 1: TC_lag∼ age+ TO 7 −1982.4 3964.9 3978.9 4005.8

Model 2: TC_lag∼ age+ TO+ GT_lag 8 −1821.6 3643.2 3659.2 3690.0

Model 3: TC_lag∼ TO+ GT_lag 7 −1821.7 3643.5 3657.5 3684.5

AIC, Akaike information criterion; BIC, Bayesian information criterion. TC_lag, target-cursor lag; TO, trial order; GT_lag, gaze-target lag.
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FIGURE 8

The means of RMSE between target and cursor after controlling for the lag e�ect as functions of trial order of young adults (white circle) and older

people (black diamond). Positive lags represent that the cursor lags behind the target. Error bars depict ±1 standard errors of means.

TABLE 2 Linear mixed model comparison.

Model df Log Likelihood Deviance AIC BIC

Model 1: TC_lag∼ age+ TO 7 −1982.4 3964.9 3978.9 4005.8

Model 4: TC_lag∼ age+ TO+ RE 8 −1836.6 3673.3 3689.3 3720.1

Model 5: TC_lag∼ TO+ RE 7 −1836.7 3673.4 3687.4 3714.3

Model 3: TC_lag∼ TO+ GT_lag 7 −1821.7 3643.5 3657.5 3684.5

Model 6: TC_lag∼ TO+ RE+ GT_lag 11 −1732.8 3465.5 3487.5 3529.9

AIC, Akaike information criterion; BIC, Bayesian information criterion. TC_lag, target-cursor lag; TO, trial order; RE, random error; GT_lag, gaze-target lag.

motor execution, measured by random error after controlling for

the lag between target and cursor, for the older participants. Such

deterioration was also significantly correlated with the declined

performances in visuomotor adaptation, suggesting its influences

on the age-related decline of visuomotor adaptation. These findings

demonstrate that the age-related decline of visuomotor adaptation

is a result of both declined capability of motor anticipation and

deterioration of motor execution of older people.

Visuomotor adaptation and aging

Throughout life, the human brain continually predicts and

calibrates visuomotor errors. Our results showed that older people

were able to adapt to a constant delayed visual perturbation

in a predictable way as young people (Rohde et al., 2014).

However, the results also indicated that this function declined

with aging, demonstrated by insufficient adaptation to and more

noisy responses triggered by delayed visual feedback of the older

participants, compared to the younger ones. These findings were

consistent with the previous studies which measured visuomotor

adaptation using other tasks, including prism adaptation task

(Fernández-Ruiz et al., 2000), mirror-tracing/spatial reversal

adaptation tasks (Bock and Schneider, 2002; Rodrigue et al., 2005),

and center-out rotation adaptation tasks (Buch et al., 2003; Bock,

2005; Bock and Girgenrath, 2006; Seidler, 2006; Heuer and Hegele,

2008; Vandevoorde and de Xivry, 2019; Wolpe et al., 2020; Li

et al., 2021). For instance, in the prism adaptation task, where

participants were asked to point at the targets with prism goggles

that displaced the visual field laterally, the aged group showed a

slower visuomotor adaptation than the young group (Fernández-

Ruiz et al., 2000). Similarly, researchers found from mirror-tracing

tasks that older participants had slower adaptation (Rodrigue et al.,

2005) and larger RMSE between target and cursor (Bock and

Schneider, 2002) than young adults. Such effects were also widely

observed from rotation adaptation tasks, the most commonly used

paradigm for studying visuomotor adaptation (Buch et al., 2003;

Bock, 2005; Bock and Girgenrath, 2006; Seidler, 2006; Heuer and

Hegele, 2008; Vandevoorde and de Xivry, 2019; Wolpe et al., 2020;

Li et al., 2021). Our new observations are generally consistent with

these findings but have also extended the literature by showing that
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FIGURE 9

Scatter plots of RMSE between target and cursor after controlling

for the lag e�ect in the adaptation phase for (A) older participants

and (B) young participants. Trials in the same order are marked using

a unique color. The solid lines represent simple linear regression

model fits.

the declined capability of visuomotor adaptation could also occur

in a real-time online control task. From this perspective, this age-

related decline is not specific to tasks but is due to a degraded

function of visuomotor control with advancing age.

The mechanisms of the age-related deficits
in visuomotor adaptation

A critical purpose of the current study was to investigate

what mechanisms underlie age-related decline in visuomotor

adaptation. As mentioned in the Introduction section, there are

two mechanisms, the deteriorations of motor anticipation and of

motor execution, which possibly underlie the decline in visuomotor

adaptation. Motor anticipation, also known as “prediction” (Bubic

et al., 2010) or a part of “motor planning” (Svoboda and Li, 2018),

refers to one’s capability of predicting or planning future actions

and this capability can help to adapt changes of the mapping

between input from outside and internal representation. This

capability is also closely related to general cognitive functions

(Chen et al., 2022), which decline gradually with aging (Salthouse,

1996; Raz, 2000; Park et al., 2003) and is found to be a mediator

between aging and decline of visuomotor adaptation (Vandevoorde

and de Xivry, 2019, 2020; Wolpe et al., 2020; Li et al., 2021). The

other possible mechanism, the deterioration of motor execution,

refers to the deterioration of real-time online control of actions.

Previous studies have shown that motor execution of older people

is either delayed (Bock and Schneider, 2002; Teulings et al., 2002)

or becomes less accurate (Buch et al., 2003; Bock, 2005; Bock

and Girgenrath, 2006; Seidler, 2006; Heuer and Hegele, 2008;

Vandevoorde and de Xivry, 2019; Wolpe et al., 2020; Li et al., 2021),

indicating the relationship between its deterioration and aging.

To distinguish the contributions of two mechanisms to the age-

related decline of visuomotor adaptation, we chose a continuous

tracking task and recorded the participants’ eye movement

during their tracking. The continuous tracking task required

the participants to keep making short-term predictions of object

motions and planning hand movements (i.e., motor anticipation)

all the time during the task, and the recorded eye movements

provided a window to investigate how motor anticipation was

exactly made and modulated with visuomotor adaptation (Ariff

et al., 2002; Barnes, 2008; Kettner et al., 1997; Rand and Rentsch,

2016; Brouwer et al., 2018; Kowler et al., 2019). In the current

experiment, we found that the recorded gazes always preceded

the target and such predictive pursuit eye movements reflected

individuals’ predictive processes about future motions of the target

during tracking, as found in previous studies (Kettner et al., 1997;

Barnes, 2008; Kowler et al., 2019). More interestingly, we found

that the older participants showed a significantly shortened gaze-

target lag (see Figure 6B), indicating the decline of the predictive

processes with aging. This result was consistent with Maruta et al.

(2017) study in which a sample of 143 participants (age range: 7–

82 years) was included and they found that the positional precision

and smooth pursuit velocity gain of visual tracking declined over

age when people were over the age of 50 years. In addition,

our result was also consistent with the previous studies using

manual tracking tasks (Welford, 1958; Braune and Wickens, 1985;

Jagacinski et al., 1993), in which older people were found to perform

worse when they needed to overcome sensory-motor delays and

had longer lags behind the target. This decline in gaze-target lag

was also strongly correlated with the increase in target-cursor lag,

especially in the older participants (r =−0.74). Regarding the tight

relationship between motor anticipation and predictive pursuit eye

movements (Ariff et al., 2002; Barnes, 2008; Kettner et al., 1997;

Rand and Rentsch, 2016; Brouwer et al., 2018; Kowler et al., 2019),

this observed strong correlation between predictive pursuit eye

movements and visuomotor adaptation further indicated that the

declined capability of motor anticipation was possibly a critical

factor in the declined performance of a visuomotor adaptation

of the older participants. In other words, older people’s worse

performances in visuomotor adaptation were likely to be due to

their declined capacity of motor anticipation.

The effect of declined motor anticipation on visuomotor

adaptation is also consistent with the previous findings from studies

involving ballistic reaching tasks. Although there are mixed results

from empirical studies on how aging affects visuomotor adaptation,

a consistent and important finding across the existing studies
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is that aging mainly affects explicit components of visuomotor

adaptation in ballistic reaching tasks (Heuer and Hegele, 2008;

Hegele and Heuer, 2010a, 2013; Vachon et al., 2020). In addition,

such age-related decline of visuomotor adaptation is tightly related

to the deterioration of explicit memory, as shown in studies

by Li et al. (2021) and Wolpe et al. (2020). Considering that

motor anticipation is generally associated with explicit processing

(Varghese et al., 2016; Svoboda and Li, 2018; Chen et al., 2022), our

results further confirm that aging mainly results in the decline of

explicit components of visuomotor control. Common mechanisms

might be shared by the age-related effects on the adaptation of

ballistic reaching tasks and online manual tracking tasks.

In addition to testing how declined motor anticipation affected

visuomotor adaptation, we examined whether the deterioration

of motor execution also contributed to worse performance in

the visuomotor adaptation of older people. To distinguish the

contributions of motor execution andmotor anticipation, we tested

random error of hand movements after controlling for systematic

variation by target-cursor lag. The remaining random errorwas used

as a measure of motor execution. In the current study, the increase

of random error caused by feedback was significantly higher for

the older participants (see Figure 8) and, as shown by the linear

mix model analysis, this increased random error was related to

the increase of target-cursor lag. These results both indicated that

the deterioration of motor execution might be another important

factor in the declined performance of a visuomotor adaptation of

the older participants. More interestingly, this increase in random

error was moderately correlated with the decrease in gaze-target

lag, especially in the older participants (r = 0.55). This correlation

suggests that both mechanisms underlying visuomotor adaptation

may share some common neural substrates, which are further

discussed in the following subsection.

However, one may note that errors in motor execution can

be caused by different mechanisms, including a worse online

correction to visual feedback, worse movement selection, and

worse simple movement execution. In the current study, the

participants needed to continuously respond to dynamic changes

of the target during the manual tracking task, and the random

errors in their performances were apparently from the collective

influences of these potential mechanisms, which might limit us to

distinguish thesemechanisms and their independent contributions.

For example, it was difficult to quantify the online correction to a

certain visual perturbation with the current task as in the previous

studies (e.g., Körding and Wolpert, 2004; Saunders and Knill,

2004; Greenwald et al., 2005) because visual perturbations were

continuously presented during the whole tracking procedure in the

current study. Such an online perturbation method is possibly used

to compare the capability of online correction to visual updates

between older and young people in future research. On the other

side, we think that the declined stability of simple movement

execution might have a significant but small contribution to the

aging effect on visuomotor adaptation because of a finding from

our previous study (Li et al., 2021). In that study, we conducted

a ballistic reaching task and observed a small age-related effect

on random error (older people: 5.41◦ ± 0.15◦ s.e., N = 100;

young adults: 4.99◦ ± 0.27◦ s.e., N = 20) in the conditions

without perturbation. Note that Li et al. (2021) only reported the

significance of this effect but not the mean values. Similar effects

have been found in other previous studies (Hegele and Heuer,

2010a,b) as well. In addition, the smaller age-related difference

of lag-corrected random error in the baseline trials, compared to

the larger effect in the adaptive trials, of the present study also

indicates that the decline of simple movement execution by aging

was limited, though significant. In short, we speculate that the

observed age-related difference in lag-corrected random error in

this study was possibly a combined effect of declined capability

of online correction, and declined stability of simple movement

execution, between which declined capability of online correction

might have a major contribution.

In addition to analyzing eye–hand coordination, one can

also investigate individuals’ mental processing by analyzing other

oculomotor or pupillary responses. For example, multiple studies

have shown that the frequency of saccadic eye movements during

pursuit is negatively correlated with an individual’s cognitive

functions (Galna et al., 2012; Stuart et al., 2018). In the current

study, we compared the numbers of saccades in each trial between

two groups and found a significant increase for the older group.

Although the current experiment conducted a manual tracking

task rather than a pursuit task, previous studies have indicated

that the two tasks have shared mechanisms (Engel et al., 2000;

Niehorster et al., 2015), and we considered that the increased

saccadic eye movement during manual tracking of the older groups

reflected their decreased cognitive functions, which were consistent

with the previous findings (Ariff et al., 2002; Rand and Rentsch,

2016; Brouwer et al., 2018) and the observed decline of motor

anticipation from this experiment. We also analyzed individuals’

pupil size variations to investigate whether their arousal levels

changed during the experiment (Stanners et al., 1979; Murphy

et al., 2011; Jerčić et al., 2020). The results nevertheless showed

that neither group showed significant pupil size change during

the experiment, indicating that there was no marked variation in

arousal level with the progress of the experiment for either group.

An interesting finding regarding pupil size was that the older group

had a significantly smaller mean pupil size than the young group.

This finding was consistent with previous literature (Birren et al.,

1950; Telek et al., 2018). However, we did not record actual pupil

sizes but only ones measured by pixels on the tracker camera. To

make between-participant comparisons in actual pupil size, one

would need to further measure the size of an artificial pupil as a

reference, which was not measured in the current experiment. So,

we chose to not conclude this finding.

Shared neural substrates of aging e�ects
on motor anticipation and execution?

As mentioned in the Introduction section, the corresponding

neural substrates of motor anticipation and motor execution

were usually considered to be differentiated. For instance, Glover

et al. (2012) separated the visual cortical networks into a

planning network, which includes the premotor cortex, basal

ganglia, anterior cingulate, posterior medial parietal area, superior

parietal occipital cortex, and middle intraparietal sulcus, and an
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online control network which includes the sensorimotor cortex,

cerebellum, supramarginal gyrus, and superior parietal lobule.

The former network, especially the premotor, frontoparietal, and

occipitotemporal cortices, are typically involved in the anticipatory

processing of motor control (Bubic et al., 2010; Diersch et al., 2013).

Our findings suggest that motor anticipation and motor execution

both decline with aging and contribute to age-related declined

performances of visuomotor adaptation. These are consistent with

previous works showing that all those related brain regions had age-

related atrophy, including frontal lobes (Resnick et al., 2003; Raz,

2005), parietal lobes (Resnick et al., 2003; Raz, 2005), basal ganglia

(Hubble, 1998), cerebellum (Raz et al., 2001, 2005; Raz, 2005; Filip

and Bare, 2021), and so forth.

More interestingly, we found that aging effects related

to motor anticipation and motor execution had a moderate

correlation with each other. This finding suggests that these two

mechanisms may share some same neural substrates, which is

consistent with the previous findings that some neural substrates

are involved in motor anticipation and motor execution. For

example, the cerebellum, which was once considered to be

exclusively linked to motor execution, is involved in predicting

events about motor timing perceptual (O’Reilly et al., 2008;

see review in Flesischer, 2007) and coding of future movement

in the frontal cortex (Gao et al., 2018). Another case is the

basal ganglia which are considered to play a critical role

in making adaptive anticipation of and correcting ongoing

movements (Tunik et al., 2009; see review in Flesischer, 2007),

while the cortico-basal ganglia circuitry shows aberrant during

motor task execution (Taniwaki et al., 2007; Marchand et al.,

2011).

Our study extends its findings from a behavioral perspective

by providing new evidence that age-related declines of motor

anticipation and motor execution both feature in the cases of

visuomotor adaptation. The similarity in neural substrates among

the two motor-related processes and the aging effects on both

of them suggests that the declined performances of visuomotor

adaptation with aging reflect a general deterioration of the

motor-related system in older people and support the previous

suggestions in studies (Milton et al., 1989; Beuter et al., 1990) that

manual tracking with delayed visual feedback could potentially be

used as a clinical method for screening motor-related disorders.

Nevertheless, the current study did not measure any neural

signals directly, limiting us to make any conclusion about the

relationship between different types of motor control and their

underlying neural mechanisms. In future research, we plan to

introduce neural approaches (e.g., recording neural oscillations)

to explore underlying neural mechanisms of the aging effect on

visuomotor adaptation.

Conclusion

In summary, our study provides evidence that both declined

capability of motor anticipation and deterioration of motor

execution contributed to the age-related decline of visuomotor

adaptation. Motor anticipation, measured by gaze-target lag,

showed a significant decrease in older participants which

then predicted the decline of older individuals’ performances

in visuomotor adaptation. Our data also reveal a significant

deterioration of motor execution for older participants, measured

by random error after controlling for the lag between the target

and the cursor. The mixed linear model analysis also showed

that a combination of gaze-target lag and random error had

the best prediction on degraded adaptation to delayed visual

feedback in manual tracking, indicating the significant roles

of both the declined capability of motor anticipation and the

deterioration of motor execution in the age-related decline of

visuomotor adaptation. These findings are broadly consistent

and have extended the existing literature on the mechanisms

underlying age-related declines in visuomotor adaptation, helping

to understand the emergence of motor-related dysfunctions

with aging. This study provides a basis for future research on

the interventions to address the degraded motor control of

older people.
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Mindfulness meditation has been shown to be beneficial for a range of different

health conditions, impacts brain function and structure relatively quickly, and

has shown promise with aging samples. Functional magnetic resonance imaging

metrics provide insight into neurovascular health which plays a key role in both

normal and pathological aging processes. Experimental mindfulness meditation

studies that included functional magnetic resonance metrics as an outcome

measure may point to potential neurovascular mechanisms of action relevant

for aging adults that have not yet been previously examined. We first review

the resting-state magnetic resonance studies conducted in exclusively older

adult age samples. Findings from older adult-only samples are then used to

frame the findings of task magnetic resonance imaging studies conducted in

both clinical and healthy adult samples. Based on the resting-state studies in

older adults and the task magnetic resonance studies in adult samples, we

propose three potential mechanisms by which mindfulness meditation may offer

a neurovascular therapeutic benefit for older adults: (1) a direct neurovascular

mechanism via increased resting-state cerebral blood flow; (2) an indirect anti-

neuroinflammatory mechanism via increased functional connectivity within the

default mode network, and (3) a top-down control mechanism that likely reflects

both a direct and an indirect neurovascular pathway.

KEYWORDS

mindfulness meditation, functional MR (fMRI), aging, neurovascular aging,
neurobiological mechanism of action

1. Introduction

There is growing interest in the application of mindfulness meditation (MM) for the
management of symptoms associated with neurological conditions (Pickut et al., 2013; Smart
et al., 2016, 2021; Smart and Segalowitz, 2017; Bachmann et al., 2018; Poissant et al., 2019;
Shim et al., 2020). Briefly, MM encompasses multiple practices, all of which emphasize
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intentionally becoming aware of and directing one’s attention
to specific aspects of one’s present moment experience non-
judgmentally (Kabat-Zinn et al., 1985). The literature on
neural/cognitive changes in healthy populations presents a
foundation on which to explore the application to persons with
neurological disorders (Smart, 2019). A recently published review
examined the benefits of MM across a range of neurocognitive
conditions and found MM showed promise for neurodegenerative
disorders, with moderate to large effect sizes in studies that
included neurological biomarkers as outcome measures (Smart
et al., 2021). In older adults, MM has been associated with
better cognitive abilities [particularly, memory (Berk et al., 2017;
Hazlett-Stevens et al., 2019), executive function (Berk et al., 2017;
Hazlett-Stevens et al., 2019), and processing speed (Berk et al.,
2017)] and was hypothesized to boost cognitive reserve (Fountain-
Zaragoza and Prakash, 2017; Malinowski and Shalamanova, 2017).
Additionally, MM has been linked to improved mood (Gallegos
et al., 2013; Geiger et al., 2016; Li and Bressington, 2019) and
increased engagement in pro-health behaviors (Nagaoka et al.,
2021). As neuroimaging methods are more sensitive to changes
associated with aging relative to measures of cognitive function,
and frequently, are the earliest indicators of pathological aging
(before symptom onset) (Bertens et al., 2015; Hampel et al.,
2021; Petersen et al., 2021), these methods are of interest for
understanding the potential therapeutic mechanisms of actions of
MM for older adults.

Previous review articles have focused primarily on mechanisms
derived from structural magnetic resonance (MR) studies (Epel
et al., 2009; Prakash et al., 2014; Laneri et al., 2015; Larouche et al.,
2015; Fountain-Zaragoza and Prakash, 2017; Ramirez-Barrantes
et al., 2019). Indeed, there is a compelling body of literature
linking MM to structural MR changes that are relevant for both
normal and pathological aging. Early studies of MM in older
adults, for instance, examined structural brain changes in cohorts of
long-term MM practitioners and found reduced age-related brain
volume loss among older adults with years of regular MM practice
(Luders et al., 2009, 2012, 2013a,b, 2014, 2021; Kurth et al., 2015).
Subsequent research demonstrated it was possible to induce similar
changes on structural MR experimentally over a much briefer
timeframe (e.g., 8 weeks) (Tang et al., 2010, 2012, 2019; Laneri et al.,
2015). Functional MR may elucidate alternative, novel therapeutic
mechanisms driving the benefits of MM for older adults.

Functional MR [e.g., Blood-Oxygen-Level-Dependent (BOLD)
signal and arterial spin labeling (ASL) measurements] are
frequently used as a means for estimating neurovascular function.
Increasingly, neurovascular processes are being recognized as
integral to our understanding of neurodegeneration in both normal
and pathological aging (Du et al., 2017; Tarantini et al., 2017;
Abdelkarim et al., 2019; Korte et al., 2020; Tsvetanov et al., 2021).
Changes in neurovascular function have been detected before onset
of gray matter volume loss in early stage Alzheimer’s Disease
(AD) (Korte et al., 2020; Nielsen et al., 2020) and mechanistically,
neurovascular changes may be a driving mechanism underlying
normative age-related volume loss as well (Abdelkarim et al., 2019;
Turner, 2021). To our knowledge no review paper yet published
has focused on functional MR metric changes as a means for
understanding the benefits of MM in older adults framed via a
neurovascular mechanism.

The primary goal of this paper is to: (1) review MM
intervention studies that included functional MR (task and resting-
state) as an outcome measure and conceptualize these findings
within the broader aging and neurodegenerative literature, and (2)
consider how these findings may provide support for a potential
neurovascular pathway that could drive the therapeutic benefits of
MM for older adults. To provide the reader with the motivation
for the current review and to provide the necessary context for our
subsequent framing of functional MR studies, we will begin with
a brief summary of the key neurovascular concepts relevant for
functional MR, aging, and MM.

1.1. Background and key concepts

1.1.1. Mindfulness meditation
Mindfulness meditation (MM) is operationalized in a variety of

ways in the literature. For example, researchers have examined the
effects of brief state-based manipulations, standardized programs
like Mindfulness-Based Stress Reduction (MBSR) or Mindfulness-
Based Cognitive Therapy (MBCT), and have compared novice and
expert meditators (i.e., long-term meditators) on various outcome
measures (Smart, 2019). Further, there is a significant cross-
sectional body of literature comparing long-term (LT) meditators
to matched healthy adults with no meditation experience (Luders
et al., 2009, 2013b, 2014, 2015; Newberg et al., 2010; Kurth et al.,
2015; Laneri et al., 2015). Experimental studies have demonstrated
the effects of MM on the brain can emerge over relatively
brief timeframes (e.g., 8-week intervention studies to 15 min
MM induction) (Smart, 2019). For instance, increased functional
connectivity in resting-state networks was reported following
2 weeks of MM (Tang and Posner, 2014), while increased resting-
CBF was reported after 5 days of MM (Tang et al., 2015). Finally, the
benefits of MM have been demonstrated in both healthy samples
and clinical samples, with some evidence to suggest the effects may
be particularly robust within clinical samples (Keng et al., 2011).

1.1.2. Functional MR terms
Functional MR studies that employ a task-based approach

examine signal changes in BOLD (or ASL) during performance
of a given task (e.g., performance of a cognitive task, passive
viewing of stimuli) relative to a preidentified baseline or rest
condition (Soares et al., 2016). In contrast, resting-state functional
MR examines BOLD (or ASL) in the absence of any task. Functional
connectivity analyses are a frequently used analysis approach that
examines the temporal coherence of different brain regions via
large network analyses (e.g., seed-based, independent component,
graph theory) (Rosazza and Minati, 2011; Soares et al., 2016) and
can be applied to resting-state or task MR. Several reliable brain
networks across populations have emerged (Raichle et al., 2001),
including the Default Mode Network (DMN) (Raichle et al., 2001;
Uddin et al., 2009), as well as resting state networks related to
cognitive functions, including the Dorsal and Ventral Attention
Networks, Cognitive Control Network, and Salience Network,
among others (Raichle et al., 2001; Rosazza and Minati, 2011;
Raichle, 2015; Uddin et al., 2019). While task-based approaches
point to how the brain is functioning under specific cognitive
demands [e.g., increased CBF during cognitively demanding tasks
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observed with increasing age (Langenecker and Nielson, 2003;
Vallesi et al., 2011)], resting-state approaches may reflect condition
specific phenotypes (Rosazza and Minati, 2011) [e.g., reduced
connectivity within resting-state networks observed in Alzheimer’s
Disease (Dillen et al., 2017; Ibrahim et al., 2021)], are associated
with aging (Song et al., 2012), and are typically reliable within-
individuals (Shehzad et al., 2009; Mennes et al., 2010).

1.1.3. Functional MR relies on neurovascular
function

Functional MR methods are dependent on the phenomena
of neurovascular coupling (NVC), i.e., the regional increase in
cerebral blood flow (CBF) following neuronal firing that supplies
that brain region with glucose and oxygen (Kim and Filosa,
2012). NVC relies upon a responsive vasculature system and
unsurprisingly, declines in vascular health, and in particular, the
health of the brain’s vasculature have a detrimental impact on
NVC (Yu et al., 2020). When there is a reduction in the ability
of the cerebral blood vessels to dilate and constrict in response
to vasoactive stimuli (also known as cerebrovascular reactivity;
CVR) (Magon et al., 2009), for instance, reductions in resting
CBF and/or neurovascular uncoupling can be observed (Kisler
et al., 2017a,b). To capture the complex interaction between the
vascular system and the brain, the neurovascular unit (NVU) was
proposed (Yu et al., 2020; Naranjo et al., 2022; Nizari et al., 2022).
Briefly, the NVU is a complex and interacting system that underlies
regulation of CBF and maintenance of the blood brain barrier.
The NVU is comprised of vascular cells (particularly, pericytes,
and endothelial cells), glial cells (astrocytes and microglial) and
neurons that form a complex feedback loop (Schaeffer and Iadecola,
2021). Disruptions to the NVU can trigger a multitude of metabolic
and inflammatory processes that ultimately are detrimental for
NVC (e.g., reactive oxidative stress, altered nitric oxide pathways)
(Hosford and Gourine, 2019; Hoiland et al., 2020; Zhu et al., 2021).
While the vast majority of research has focused on the NVU at the
microvascular level, these processes can be studied across different
levels of analysis as well (e.g., inflammatory markers linked to
cognitive declines in older adults and reduced NVC) (Naranjo et al.,
2022; Nizari et al., 2022). Changes on functional MR metrics in
normal and pathological aging, may, in part be driven by changes
in the NVU (Yu et al., 2020; Naranjo et al., 2022; Nizari et al., 2022).

1.1.4. MM impacts measures of vascular health
and components of the NVU

Mindfulness meditation has been linked to improvements in
cardiovascular health among older adults at risk for cerebrovascular
disease (Marino et al., 2021), with studies showing improvements
in cholesterol (Gentile et al., 2021), blood pressure (Palta et al.,
2012; Marino et al., 2021), heart rate variability and heart rate by
age (Chang et al., 2020). The mechanisms driving the benefits of
MM for cardiovascular health are likely multifactorial. A recent
review article highlighted the potential for MM to improve
psychological factors (depression, anxiety, and stress) in samples
with cardiovascular health problems which in turn improved
markers of vascular health (Marino et al., 2021). Similarly, efforts
have been made to link changes in the stress response following
MM and improved vascular health [e.g., MM reduced skin
conductance response and high-frequency heart rate variability,

both markers of the parasympathetic response (Tang et al., 2020)
and reduced cortisol awakening response, also linked to heart
health (Chouinard et al., 2019)].

Mindfulness meditation has also been shown to impact vascular
function more directly across several different body systems (e.g.,
improved myocardial oxygen consumption (Kim et al., 2017),
improved optic disc perfusion and vessel density (Dada et al., 2022),
and decreased intraocular pressure (Dada et al., 2018, 2021a,b;
Gagrani et al., 2018; Dada and Gagrani, 2019). Of interest for
NVU health, MM was linked to improved endothelial function
(Kim et al., 2017) as well as, decreased inflammation and decreased
reactive oxidative stress (Gagrani et al., 2018). Interestingly, the
latter process (decreased reactive oxidative stress) was also found to
correlate with increased blood flow at rest in the prefrontal cortex
as measured using functional-near infrared spectroscopy (Gagrani
et al., 2018), providing initial support linking these mechanisms
more directly to neurovascular function. Results from DNA
methylation studies provide further support. In particular, MM
was associated with improved endothelial function and cellular
metabolism (via upregulation of the neuroglobin gene which
is involved in oxygen transport and mitochondrial functioning,
reduced oxidative stress, and changes to the nitric oxide synthetase
system) (Dada et al., 2018, 2021a) in older adults and also impacted
genes linked to neuroinflammation and glial activation (Dada et al.,
2021a) relevant in AD.

2. Literature search

A literature search was conducted using Web of Science Topic
search (words included in title, abstract, or key words submitted by
author) option to identify all task and resting-state fMRI studies.
For the task fMRI review, we searched all research articles using
“Task fMRI” AND: “Mindfulness” Or “Mindfulness-based” OR
“meditation.” For the resting-state fMRI review, we examined all
articles using topic search: “resting-state networks” OR “resting-
state fMRI” AND “mindfulness meditation” OR “mindfulness
based” OR “mindfulness” OR “meditation.” We additionally ran
a second search specifically targeting the default mode network:
topic: “default mode network” AND “mindfulness based” OR
“meditation.” Only articles with full text were included (conference
abstracts were excluded). For the purposes of this review, we will
focus on experimental studies of MM that have included task
or resting-state fMRI as outcome measures. Papers that focused
exclusively on yoga or transcendental meditation and did not
include MM practices per se (e.g., use of focused attention or open
monitoring practices) were excluded as these practices would rely
more heavily on speech and motor networks (Fox et al., 2016).
Additionally, trait mindfulness studies, MM dismantling studies
and studies that did not use a facilitator (e.g., participants listened
to recording without any interaction or tailoring to individual) were
excluded. The remaining study abstracts were read to assess fit.
Review and opinion papers were excluded. Additionally, studies
that used exclusively alternate neuroimaging methods (e.g., EEG,
PET) and studies that examined only meditation-like tasks without
an intervention/training component were excluded. Interventions
that focused on child or adolescent samples, or exclusively on
undergraduate age students (18–22 years of age or mean age less
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than 25 years of age; or studies that included no age information)
were excluded. Results from studies conducted in older adults
(age 60 or older) were examined first. Results from those studies
were used to frame findings from younger and middle-aged adult
samples.

3. Results

Overall, our search identified 55 articles that included
functional MR as an outcome measure (38 of 55 articles reported
resting-state MR; 18 of 55 articles reported task functional MR)
and met inclusion criteria. Results were organized based on age
and outcome measure. Seven of the 55 articles focused exclusively
on an older adult sample and examined changes in resting-state
MR. None of the task functional MR studies were conducted in
exclusively an older adult sample.

A total of 7 articles examined resting-state MR (7 articles
reported BOLD (Wells et al., 2013; Shao et al., 2016; Cotier et al.,
2017; Fam et al., 2020; Sevinc et al., 2021; Li et al., 2022; Moss et al.,
2022) and 1 of 7 also reported ASL (Moss et al., 2022) as an outcome
measure following MM in an older adult sample (age 60 and older).
The 7 resting-state MR articles will be reviewed first (along with
one additional ASL study that focused primarily on an older adult
sample but included middle-aged adults as well). Findings from
the resting-state MR studies in older adults will be used to frame
the review of the 18 task functional MR studies. Additional details
regarding methods including intervention type and duration of
MM of the articles reviewed within the main text are provided
in Supplementary Table 1. The results from the 30 resting-state
MR articles conducted using younger and middle-aged adults are
summarized in Supplementary Table 2 using a similar framing as
the task functional MR studies.

3.1. Prolonged effects of MM in
cognitively unimpaired older adults

Four articles (3 studies) were conducted with a healthy aging
sample (Shao et al., 2016; Cotier et al., 2017; Sevinc et al., 2021;
Moss et al., 2022), Finally, one additional article that reported
ASL changes in a combined middle-aged and older adult sample
(age range: 52–77) (Monti et al., 2012) and will be discussed in
conjunction with the single older adult ASL study (Moss et al.,
2022). Regarding sample demographics, only 1 of the 7 resting-
state MR articles reported data on the sample’s race, 1 of 7 reported
on the sample’s ethnicity, 6 of the 7 studies reported on sex of the
sample, 4 of the 7 reported education level, and 0 of the 7 studies
reported on socioeconomic status (SES).

3.1.1. Changes in resting-state ASL in cognitively
unimpaired older adults

Moss et al. (2022) examined changes in resting-state CBF in
healthy older adults (71–87 years old, mean age of 79) following
MM (pre/post design). More specifically, using an asymmetric
pulsed ASL sequence, Moss et al. (2022) reported increased resting-
state CBF in right prefrontal cortex, anterior cingulate, posterior
cingulate, left superior temporal gyrus and left superior frontal

gyrus (Moss et al., 2022). Results from the functional connectivity
analyses using BOLD will be discussed in the following section.
A second study used continuous and pseudo-continuous ASL
techniques, Monti et al. (2012) reported increased resting state
CBF in bilateral caudate and left insula following MM (compared
to the control group) among older women (52–77 years of age)
with breast cancer. Within-group analyses of the MM group
showed additional increases in CBF following intervention in right
amygdala, hippocampus, middle temporal cortex, as well as, left
insula, and bilateral caudate and fusiform gyrus/cerebellum, with
no increases observed in the control group. Further, within the
MM group there was a significant pre/post drop in anxiety which
was correlated with increased resting-state CBF in the left caudate.
Results from these studies are provided in Table 1.

3.1.2. Changes in resting-state networks in
cognitively unimpaired older adults

Seven articles (derived from 6 studies) examined changes in
resting-state functional connectivity (rsFC) associated with MM
in older adults (Wells et al., 2013; Shao et al., 2016; Cotier et al.,
2017; Fam et al., 2020; Sevinc et al., 2021; Li et al., 2022; Moss
et al., 2022). There was notable heterogeneity in the methodology
used across studies. Two of the seven articles examined cognitive
changes and two studies examined emotion changes (mood/anxiety
or emotional arousal).

Four of the seven articles examined changes within healthy
aging adults (see Table 2). Shao et al. (2016) and Cotier et al.
(2017) both examined the effects of MM relative to relaxation
training within the same sample of healthy older adults (mean
age approximately 65). Shao used a seed-based approach (posterior
cingulate cortex, PCC) to examine whole-brain rsFC. Increased
rsFC was found between the pons and PCC at follow-up within
the MM group (significant group-by-time interaction). Follow up
analyses revealed rsFC changes were associated with changes in
emotional processing (reduced arousal and valence after the MM
intervention). In a follow up paper, Cotier et al. (2017) examined
the topology of the resting-state networks using graph metrics
across levels of analysis (global connectivity, intra-module and
inter-module, and nodal levels). Within the MM group, indicators
of network efficiency improved at follow up within the MM group
when examined at intermediate and local levels of analysis in the
default mode network (DMN) and salience network (SN) (among
other networks). Additionally, lower nodal strength was observed
in key DMN regions as well (left PCC, bilateral paracentral lobule,
and middle cingulate gyrus).

Alternatively, using a within-subject design Moss et al. (2022)
performed several regions of interest (ROI) analyses in a small
sample of older adults (mean age of 79) (Moss et al., 2022).
Increased rsFC was observed between multiple subcortical brain
regions associated with memory and between the prefrontal
cortex (PFC) and temporal regions (amygdala, hippocampus,
parahippocampus). While the vast majority of connections
lateralized to the right hemisphere (e.g., right hippocampus
to right parahippocampus), increased rsFC was also observed
interhemispherically (e.g., right amygdala-left hippocampus).
Finally, both increased and decreased rsFC was reported for the
ACC.

Sevinc et al. (2021) employed a different analysis approach to
examine MM changes that might explain the cognitive benefits
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TABLE 1 Prolonged effects of MM on resting-state ASL in cognitively unimpaired older adults.

References Age
range

Demographics Within-group
MM effectA

Group by time
interactionB

Regions Behavioral
correlates in MM

Moss et al., 2022 71–87 N = 11 (9f, 2 m)
Age = 79 (5.2)
Edu: 18 (3)
11 W
No information for
SES or ethnicity.

Pre < Post R pfc, acc, pcc, L stg,
L sfg

Monti et al.,
2012

52–77 MM: N = 8 (8f, 0 m)
Age = 56 (7)
2 AA
7 W
AC: N = 10 (10f, 0 m)
3 AA
1 A
6 W
No information for
ethnicity, edu, or SES.

Pre < Post

MM > AC B caudate
L insula

R amygdala, R hipp,
B mtg, L
insula/inferior
frontal, B caudate, B
fusiform/occipital/
cerebellum

Decreased anxiety
correlated with increased
L caudate CBF.

The values within Age Range column reflect age range of the study sample in years. Within the Demographics column, mean years of education and age are provided with standard deviation
in parentheses when data was available. Race is abbreviated and the number reflects the corresponding sample sizes. A: This column is included for studies that demonstrate a significant effect
of time within the MM group. Pre < Post reflects a within-group contrast with greater ASL at the follow up visit (after MM intervention) compared to baseline scan. B: This column is included
for studies in which an ANOVA was performed and demonstrated a significant treatment-by-time interaction (where treatment is MM or AC and time is pre or posttreatment). MM > AC
reflects greater ASL in MM compared to AC after the intervention. ACC, anterior cingulate cortex; CBF, cerebral blood flow; Hipp, hippocampus; MTG, middle temporal gyrus; PCC, posterior
cingulate cortex; PFC, prefrontal cortex; SFG, superior frontal gyrus; STG, superior temporal gyrus; AC, active control; AA, African American; A, Asian; B, bilateral; Edu, education; F, female;
L, left; M, male; MM, mindfulness meditation; N, sample size; R, right; SES, socioeconomic status; W, white.

for healthy older adults (mean ages 70 and 71). Using a
generalized psychophysiological interaction (gPPI) analysis, the
authors narrowed the analyses to regions that explained cognitive
differences within the sample prior to starting the intervention.
Within the MM group (but not the control group) at follow up,
there was increased rsFC between (1) right precuneus and right
hippocampus; and (2) left hippocampus and right angular gyrus,
both of which correlated with improved cognition at follow-up
in the MM group. Of note, the initial seed-based rsFC analyses
based on key regions of interest (posteromedial cortex, including
PCC/retrosplenial cortex, and hippocampi seeds) did not show
significant group by time interaction effects.

3.1.3. Changes in resting-state networks in older
adults with cognitive or behavioral changes

Two articles were conducted within a mild cognitive
impairment sample (Wells et al., 2013; Fam et al., 2020), and
one study was conducted using a late-life depression sample (Li
et al., 2022).

Li et al. (2022) examined the effects of a MM intervention
for older adults (mean age of 67) with late-life depression
(mean age of onset 62) receiving pharmacotherapy (see Table 3).
Relative to the control group, the MM group was associated
with increased rsFC between: (1) right middle frontal gyrus
and right amygdala, (2) right amygdala and right frontal pole,
and (3) left supraoccipital lateral cortex and left cerebellum VII.
Additionally, decreases in rsFC were seen in: (1) left insula to left
precentral gyrus, (2) left insula to right cerebellum VII, and (3) left
hippocampus to right intracalcarine cortex. Within the MM group,
symptom improvement correlated with amount of time practicing
MM (depressive symptoms negatively correlated with minutes of
practice), and rsFC between the right middle frontal gyrus and right
amygdala (improved anxiety and depression). Lastly, the authors

also conducted structural MR analyses which revealed increased
white matter integrity (fractional anisotropy) between the medial
PFC and amygdala in the MM group at follow up as well.

Two studies examined rsFC changes following MM in
individuals diagnosed with Mild Cognitive Impairment (MCI)
(Wells et al., 2013; Fam et al., 2020; see Table 3). Wells et al.
(2013) examined MM in older adults (mean ages 73 and 75)
diagnosed with MCI compared to treatment as usual (TAU).
MM was associated with increased rsFC between (1) bilateral
medial prefrontal cortex and posterior cingulate cortex; and (2)
left hippocampus and posterior cingulate cortex. A second study
examined MM to a psychoeducation control group in older adults
(mean ages 71 and 72) with MCI diagnosis (Fam et al., 2020).
The authors employed graph metrics to examine topology of
resting-state networks and reported at follow-up, the MM group
demonstrated preserved temporal global efficiency relative to the
control group, which demonstrated a decline in global temporal
efficiency. More specifically, the group difference appeared to be
driven by maintained nodal efficiency in the MM group (with
declines in the control group) in the right insula (salience network),
right cingulate (anterior, middle, and posterior cingulate), and left
superior temporal gyrus. Further, at follow-up visit, there was an
improvement in recognition memory in the MM group as well,
with no improvement in control group. See Table 3 for rsFC results
from older adult clinical samples.

3.1.3.1. Summary

Within the resting-state literature, 4 articles examined changes
in healthy older adults, 2 articles examined changes in older adults
with MCI, 1 article examined changes in older adults with late
life depression, and 1 article examined changes in middle and
older adults diagnosed with breast cancer. Based on two ASL
studies and 6 network analyses: MM was associated with increased
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TABLE 2 Prolonged effects of MM on resting-state FC in cognitively unimpaired older adults.

References Age
range

Demographics Within-group
MM effectA

Group by time
interactionB

RegionsC Behavioral
correlates in
MM.

Sevinc et al.,
2021

65–80 MM: N = 70 (55.7%f)
Age = 70.2 (4.1)
Edu = 16.7 (1.8)
AC: N = 75 (53.3%f)
Age = 71.0 (4.3)
Edu = 16.7 (1.9)
No information
provided for race,
ethnicity, or SES.

Pre < Post
(from gPPI)

NS R hipp-R precuneus
L hipp-R angular gyrus

Improved PACC
scores at follow
up correlated with
increased R hipp-R
precuneus and L
hipp-R angular gyrus

Shao et al., 2016* 60–69 MM: N = 23 (16f, 7 m)
Age = 64.78 (2.71)
AC: N = 22 (14f, 6 m)
Age = 64.68 (2.19)
No information
provided for edu, SES,
race, or ethnicity.

MM > AC Pons-pcc/precuneus
(pons to pcc/precuneus
based on effective
connectivity)

Pons-pcc/precuneus
positively correlated
with reductions in
task valence/arousal
ratings.

Moss et al., 2022 71–87 N = 11 (9f, 2 m)
Age = 79 (5.2)
Edu: 18 (3)
11 W
No information
provided for SES or
ethnicity.

Pre < Post

Pre > Post

acc- L insula, pcc,
putamen, and L ofc.
Amygdala- R parahipp, R
itg, R ofc, and R hipp.
Parahipp- R hipp, R
insula, R itg, and
cerebellum.
pfc- R stg, R itg.
R amygdala- L hipp.
R hipp-R parahipp
L caudate nuclei-R
caudate nuclei
acc-cerebellum, L itg, L
stg

Graph metrics

Cotier et al.,
2017*

60–69 MM: N = 23 (16f, 8 m)
Age = 64.78 (2.71)
AC: N = 22 (14f, 8 m)
Age = 64.68 (2.19)
No information for
race, ethnicity, edu, or
SES.

MM < AC
(intra-module)
MM < AC
(inter-module)
MM < AC
(Nodal Strength)

DMN-DMN, SN-SN,
SMN-SMN
DMN-SN, DMN-SMN

L pcc, bilateral
paracentral lobule,
midCC

An asterisk indicates two articles used the same sample. The values within the Age Range column reflect the age range of the study sample in years. Within the Demographics column, mean
years of education and age are provided with standard deviation in parentheses when data was available. Race is abbreviated and the number reflects the corresponding sample sizes. A: This
column is included for studies that demonstrate a significant effect of time within the MM group. Pre < Post reflects a within-group contrast with increased FC at the follow up visit (after
MM intervention) compared to baseline (before MM intervention). Pre > Post reflects a within-group contrast with reduced FC at the follow up visit (after MM intervention) compared
to baseline scan. B: This column is included for studies in which an ANOVA was performed and demonstrated a significant treatment-by-time interaction (where treatment is MM or AC
and time is pre or posttreatment). NS reflects instances where a group × time interaction was examined but was not statistically significant (in which case no regions will be listed in the
regions column). MM > AC reflects increased FC in MM compared to AC after the intervention. MM < AC reflects reduced FC in MM compared to the AC after the intervention. C: This
column includes corresponding significant regions of the brain associated with contrast in A or B. A dash is used to indicate a connection between two regions. ACC, anterior cingulate cortex;
DMN, default mode network; Hipp, hippocampus; ITG, inferior temporal gyrus; OFC, orbitofrontal cortex; midCC, middle cingulate gyrus; parahipp, parahippocampus; PCC, posterior
cingulate cortex; pfc, prefrontal cortex; RSP, retrosplenial cortex; SN, salience network; STG, superior temporal gyrus; SMN, somatomotor network; AC, active control; B, bilateral; Edu,
education; F, female; gPPI, generalized psychophysiological interaction; L, left; M, male; MM, mindfulness meditation; NS, not significant; PACC, Preclinical Alzheimer Cognitive Composite;
R, right; SES, socioeconomic status; N, sample size.

resting CBF as measured via ASL (in regions of the prefrontal
cortex, DMN, and subcortical regions) and was associated with
increased rsFC, particularly, between regions of the DMN and PFC.
Increased rsFC within the DMN was associated with improved
cognition, while increased connectivity between amygdala and PFC
was linked to better mood. While these studies did not include
task MR, the findings point to possible benefits for cognition and
emotion regulation based on symptom report and based on clinical
samples selected. The following task MR studies will be organized
in a similar manner.

3.2. Prolonged effects of MM from task
fMRI studies: supporting results from
younger and middle-age adults during
cognitive or emotion tasks

A total of 18 studies were identified that included task
functional MR as an outcome measure. Seven studies used a
task that included a cognitive component, while the remaining
11 studies examined passive processing of emotionally-salient
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TABLE 3 Prolonged effects of MM on resting-state FC in older adults with cognitive or behavioral changes.

References Age
range

Sample Demographics Group by
time
interactionA

Regions Behavioral
correlates/
Additional
structural
MR findings
in MM.

Li et al., 2022 Over 60RR LLD MM: N = 30 (24f,
6 m)
Age = 67.66 (5.93)
Edu: 13.73 (2.66)
TAU: N = 30 (22f,
8 m)
Age = 67.22 (5.78)
Edu: 12.5 (3.08)
No information for
SES, race, or
ethnicity.

MM > TAU

MM < TAU

R mfg-R amygdala
R amygdala-R frontal
pole
L supraoccipital lateral
cortex-L cerebellum VII
L insula-L precentral
gyrus,
L insula-R cerebellum
VII,
L hipp-R intracalcarine
cortex

Minutes MM practice
correlated with lower
depression symptoms.

Changes in R amygdala-
R mfg correlated with
improved depression/
anxiety.

mfg-amygdala white
matter integrity increased
in MM group.

Wells et al., 2013 55–90RR MCI N = 14 (13 had both
scans)
MM: Age = 73 (8)
AC: Age = 75 (7)
No information
provided for sex,
edu, SES, race, or
ethnicity.

MM > AC pcc- B mPFC
pcc-L hipp

Trend for less bilateral
hippocampal volume
atrophy at follow up in
MM relative to AC.

Graph metrics

Fam et al., 2020 60–85RR MCI MM: N = 19 (12f,
7 m)
Age = 72.58 (5.24)
Edu: 4.58 (5.19)
18 C, 1 I
AC: N = 17 (14f,
3 m)
Age = 70.71 (6.00)
Edu: 3.65 (4.73)
17 C

MM > AC
(global eff)
MM > AC
(nodal eff)

Whole Brain
R insula, R anterior
medial, and posterior
cingulate gyrus, and L stg

The values within the Age Range column reflect the age range of the study sample in years. Studies that provided only a recruitment age range are provided with the RR superscript.
Demographic information and sample sizes reflect sample scanned unless otherwise noted (e.g., in some instances demographic information was available for larger sample but not subset
that underwent functional MR scan). Within the Demographics column, mean years of education and age are provided with standard deviation in parentheses. A: This column is included for
studies in which an ANOVA was performed and demonstrated a significant treatment-by-time interaction. MM > AC (or MM > TAU) reflects increased FC (or increase in graph metrics) in
MM group compared to AC group (or TAU group) after the intervention. MM < TAU reflects less activation or reduced FC in MM group compared to the TAU group after the intervention. A
dash indicates a fc between two brain regions. Hipp, hippocampus; mPFC, medial prefrontal cortex; MFG, middle frontal gyrus; PCC, posterior cingulate cortex; STG, superior temporal gyrus;
AC, active control; B, bilateral; C, Chinese; Edu, education; F, female; FC, functional connectivity; I, Indian; LLD, late life depression; L, left; M, male; MCI, mild cognitive impairment; MM,
mindfulness meditation; N.S., not significant; ROI, region of interest; RSFC, resting-state functional connectivity; R, right, SES, socioeconomic status; N, sample size; TAU, treatment as usual.

stimuli (distress, reward, negative emotions, etc.). Regarding
methodology, 12 studies utilized a controlled trial design, with
control conditions including treatment as usual, waitlist control,
and a range of active control conditions. Six studies used a
single group, within-subject design. The reader is referred to
Tables 4, 5 (and Supplementary Table 1) for information about
each of the task fMRI studies discussed in the following section,
as well as available information about the sample and intervention
used. All but one of the task fMRI studies examined changes
in the BOLD signal (one examined changes in ASL). Nearly all
studies (17 of 18) reported on sex of the sample. Five of the 18
articles reported data on the sample’s race (2 of which reported
limited/incomplete information on ethnicity) with 1 additional
study reporting only on the sample’s ethnicity. Six of the 18 reported
on educational attainment, and 1 article reported on SES of the
sample.

3.2.1. MM and cognitive functional MR tasks in
younger and middle-age adults

Seven task fMRI studies were identified that examined changes
in the BOLD signal during performance of a cognitive task
(see Table 4). Two studies were conducted with healthy adults,
four studies were conducted with subclinical samples (pain,
bereavement, high stress), and one study was conducted with a
clinical sample (attention deficit/hyperactivity disorder). Across
studies, the tasks examined involved attention (working memory,
sustained attention) or executive function (response inhibition,
perspective-taking, and decision-making). Three of the studies
examined cognition with an emotion component.

Two studies conducted within healthy adults both reported
increased prefrontal activation and improved task performance
during an attention/executive functioning task (Allen et al., 2012;
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TABLE 4 Prolonged effects of MM on activation during cognitive tasks in younger and middle age adults.

References Age
range

Demographics Task Within-
group
MM effectA

Group
by timeB

RegionsC Behavioral correlates
with MM

Huang et al.,
2018

25–66 N = 23 (21f, 2 m)
Age = 48.35 (11.14)
All native Mandarin
Speakers.
No information for edu, race, ethnicity, or SES.

Stroop Pre < Post
deactivation
Pre > Post
activation

acc, pcc/precuneus (incongruent)
R precuneus/cuneus (incongruent)

Pre > Post RT (incongruent)

Carroll et al.,
2021

22–69 MM: N = 42 (35f, 7 m)
Age = 47.17 (12)
22 with fMRI
AC: N = 41 (38f, 3 m)
Age: 43.44 (11.12)
25 with fMRI
No information for edu, SES, race, or ethnicity.

eStroop Pre > Post NS B ifg, L mfg, L cingulate/pcc, L claustrum,
L itg,
L amygdala, L cerebellum, R insular, R
hipp/parahipp (general negative)

Hatchard et al.,
2021

37–81 MM (n = 11)
Age = 48.36 (11.37)
WL (n = 10)
Age = 56.5 (8.11)
90% W
No information for sex, edu, SES, or ethnicity.

eStroop Pre > Post NS L mfg, L ifg, L precuneus, L
postcentral gyrus, and L calcarine gyrus
(affective-neutral)

Slower RT for affective-neutral
contrast at follow up for MM but
not AC

Allen et al., 2012 18–50RR MM: N = 19 (11f, 8 m)
Age = 27
AC: N = 19 (10f, 9 m)
Age = 26
No information for edu, SES, race, or ethnicity.

eStroop MM Dose MM > AC L DLPFC/rostral pfc
(congruent + incongruent > passive)
R anterior insula, L sfg, acc, dorsal cc, B
superior medial frontal (negative)

↓ Stroop Conflict RT
MM dose positively correlated
with improved response
inhibition accuracy on different
task.

Tomasino et al.,
2016

21–35 N = 16 (12f, 4 m)
Age = 30.2 (4.5)
Edu: 15 (2.23)
No information for SES, race, or ethnicity.

LM vs.
LT

Pre < Post B Mid Orbital Gyrus Faster RTs.

R mid-orbital activation
correlated personality change

Bachmann et al.,
2018

18–65 MM: N = 21 (13f, 8 m)
Age = 40 (10.58)
AC: N = 19 (9f, 10 m)
Age = 40.26 (13.81)
No information for edu, SES, race, or ethnicity.

N-Back Pre < PostMM NS B inferior parietal,
R posterior insula
R precuneus
(Correct-Non-target on 1-back)

Cognitive symptom improvement
correlated with L putamen,
globus pallidus, and thalamus.
Behavioral symptom
improvement correlated with
mPFC and PCC.
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Tomasino et al., 2016). More specifically, MM was associated
with faster reaction time and greater bilateral PFC activation
(orbitofrontal cortex) during a perspective taking task (Tomasino
et al., 2016). Similarly, increased activation in the left dorsolateral
and rostral PFC and faster reaction time was observed during
the emotional Stroop task (Allen et al., 2012). In that study,
dose of MM was examined as well and total number of minutes
practicing MM was associated with both better task performance
and increased recruitment of prefrontal regions (including dorsal
anterior cingulate cortex (ACC), medial PFC, superior frontal
gyrus) and right anterior insula during the response inhibition task
(Allen et al., 2012).

Four studies examined changes in subclinical samples and
reported decreased activation during an attention/executive
function task following MM (with either equivalent or improved
performance). Huang et al. (2018), examined response inhibition
within a bereavement sample and reported decreased activation
in the precuneus/cuneus, increased deactivation in the ACC and
PCC/precuneus and faster reaction times for incongruent trials
after MM (Huang et al., 2018). Three studies reported decreased
activation in the context of equivalent performance. Seminowicz
et al. (2020) examined response inhibition in adults with migraines.
In that study, decreased activation was observed in the bilateral
cuneus and right parietal operculum during the more difficult
trials despite equivalent task performance (Seminowicz et al.,
2020). Processing negative stimuli on the emotional Stroop,
MM was associated with decreased activation in regions of the
DMN (inferior frontal gyrus, cingulate/PCC, inferior temporal
gyrus, hippocampus/parahippocampus) and emotion-generating
regions (amygdala, claustrum) among highly stressed teachers with
equivalent task performance (though group by time interaction
did not reach significance) (Carroll et al., 2021). Similarly, among
breast cancer survivors with chronic neuropathic pain, decreased
activation in left middle frontal, inferior frontal, precuneus,
postcentral gyrus and calcarine gyrus when processing affective
relative to neutral stimuli on emotional Stroop (with equivalent
performance) compared to baseline (group by time interaction did
not reach significance) (Hatchard et al., 2021).

Finally, one study examined attention/executive function in
a clinical sample (Bachmann et al., 2018). Bachmann et al.
(2018) examined working memory changes in adults diagnosed
with attention deficit hyperactivity disorder. In that study, MM
was associated with increased activation in DMN hubs (bilateral
inferior parietal lobule, right precuneus) and insula (right posterior
insula) (compared to baseline) during a working memory task (n-
back) (Bachmann et al., 2018). While behaviorally, there were no
differences between groups in accuracy or reaction time during
the task, bilateral medial prefrontal cortex (PFC) and bilateral
posterior cingulate cortex (PCC) activation during the task was
significantly correlated with improvement in behavioral symptoms
(hyperactivity and restlessness).

3.2.1.1. Summary
Across the seven studies that used functional task-based MR

to examine the effects of MM on functional activation during
an attention/executive function task, within healthy younger and
middle-age adults, increased activation within the PFC was linked
to improved performance. In subclinical samples, MM was linked
to decreased activation in PFC which correlated with equal or
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TABLE 5 Prolonged effects of MM on activation or FC during emotion tasks in younger and middle age healthy adults.

References Age
range

Demographics Task Within-
group
MM effectA

Group by
timeB

RegionsC

Kral et al., 2018 26–66 MM: N = 32 (22f, 10 m)
Age = 50.8 (8.8)
AC: N = 35 (19f, 16 m)
Age = 48.1 (12.2)
No information for edu,
SES, race, or ethnicity.

Emotion Processing MM < AC

MM > AC

R amygdala
(positive > neutral)

R amygdala-vmPFC
(negative-neutral,
positive-neutral)

Desbordes et al.,
2012

22–55RR MM: N = 12 (8f, 4 m)
Age = 34.3 (9.6)
AC1: N = 12 (9f, 3 m)
Age = 32.0 (5.4)
AC2: N = 12 (5f, 7 m)
Age = 36.0 (7.6)
No information for edu,
SES, race, or ethnicity.

Emotion Processing

Pre > Post

MM < AC2 R amygdala
(positive images)

R amygdala
(across all valences)

Kirk et al., 2014 – MM: N = 26 (14f,12 m)
Age = 32.2 (10.4)
AC: N = 26 (15f,11 m)
Age = 31.3 (10.1)
MM: N = 17 (10f,7 m)
Age = 32.7 (11.1)
AC: N = 17 (9f, 8 m)
Age = 32.4 (11.4)
No information for edu,
SES, race, or ethnicity.

Reward Processing MM > AC
MM < AC

L mid/anterior insula
vmPFC
Negative FC between
insula and vmPFC in
MM group.

Leung et al.,
2018

25–55RR MM: N = 10 (5f, 5 m)
Age = 37.8 (11.2)
Edu = 15.6 (5.4)
10 C
AC: N = 10 (6f, 4 m)
Age = 42.4 (8.5)
Edu = 19.8 (3.6)
10 C

Emotion Processing MM < AC R amygdala
(negative and
neutral conditions)
R amygdala (negative
stimuli) correlated
with MM practice

The dash within the Age Range column indicates the age range of the study sample was not provided in the manuscript. The values within the Age Range column reflect the age range of
the study sample in years. Studies that provided only a recruitment age range are provided with the RR superscript. Demographic information and sample sizes reflect sample scanned unless
otherwise noted (e.g., in some instances demographic information was available for larger sample but not subset that underwent functional MR scan). Within the Demographics column, mean
years of education and age are provided with standard deviation in parentheses when data was available. When ethnicity was available, values in table correspond to sample size. A: This column
is included for studies that demonstrate a significant effect of time within the MM group. Pre < Post reflects a within-group contrast with greater activation or increased FC at the follow up
visit (after MM intervention) compared to baseline scan. Pre > Post reflects a within-group contrast with reduced activation or decreased FC at the follow up visit compared to baseline. B: This
column is included for studies in which an ANOVA was performed and demonstrated a significant treatment-by-time interaction (treatment is MM or AC and time is pre or posttreatment).
MM > AC reflects greater activation or increased FC in MM compared to AC after the intervention. C: This column includes corresponding significant regions of the brain associated with
contrasts in A or B. When appropriate, the specific task contrast is included in parentheses. A dash is used to indicate fc between two brain regions. vmPFC, ventromedial prefrontal cortex;
AC, active control; B, bilateral; C, Chinese; Edu, education; F, female; HC, healthy adult; L, left; M, male; MM, mindfulness meditation; N, sample size; R, right; SES, socioeconomic status.

better performance. However, in a clinical sample with a baseline
weakness in attention/executive function, increased activation
during the task was linked to improved behavioral symptoms but
not task performance. Overall, not unexpectedly, the findings in
clinical and subclinical samples were more mixed: but in general
highlighted the role of the PFC as well as the default mode network.

3.2.2. MM and emotion functional MR tasks in
younger and middle-age adults

Eleven task-based MR studies were identified that examined
passive processing of an emotionally salient experience. Four
studies were conducted in healthy adults (see Table 5), four
were conducted in a subclinical (pain or elevated stress) sample
(see Table 6), and three were conducted in a clinical (prior
psychiatric diagnosis) sample (see Table 7). The specific task
employed varied: five studies focused on emotion processing

(emotionally valent stimuli or induction of emotion state), two
studies focused on the stress response, one study examined reward
response, and three studies used self-referential statements linked
to psychopathological symptoms.

Three studies examined response to images with emotional
valence (positive or negative) in healthy adults and reported
decreased activation in the amygdala relative to a control
group (Desbordes et al., 2012; Kral et al., 2018; Leung et al.,
2018). More specifically, the first study reported decreased
activity in amygdala for positive relative to neutral stimuli (no
difference for negative relative to neutral) and increased functional
connectivity between amygdala and prefrontal cortex during
processing of positive or negative emotional stimuli (relative
to neutral stimuli) (Kral et al., 2018) at follow up. A second
study also reported decreased amygdala activation for positive
stimuli, as well as decreased amygdala activation for stimuli
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TABLE 6 Prolonged effects of MM on activation during emotion tasks in younger and middle age adults reporting elevated stress.

References Demographics Task Within-group
MM effectA

Group by
timeB

RegionsC Behavioral
correlate with
MM

Braden et al.,
2016

MM: N = 12 (8f,4 m)
Age = 46 (11.3)
Edu = 14.5 (2.5)
AC: N = 11 (6f, 5 m)
Age = 43 (2.5)
Edu = 14.5 (2.8)
No information for SES, race,
or ethnicity.

Sadness
Induction

Pre < Post

NS

L sgACC, R
sgACC, L vlPFC
(sadness
induction)

Sadness intensity rating
for task positively
correlated with L sgACC.

Monti et al.,
2012

MM: N = 8 (8f)
AC: N = 10 (10f)
Full sample:
5 AA; 1 A; 12 W
No information for ethnicity,
edu, or SES.

Stress Task Pre > Post PCC
(stressor
condition)

Turpyn et al.,
2021

N = 20 (20f,0 m)
Age = 48.5 (7.62)
> $100k 60%;
$75–100k: 5%
$60–74.9k: 5%
$45–59.9k: 10%
< $45k: 15%
No information for edu, race,
or ethnicity.

Emotion
Processing

MM > AC L posterior
insula
(negative >

neutral)

Lower cortisol reactivity
and observer rating
of treatment response
(shared positive emotion
between child and
parent during stressful
interaction) positively
correlated with posterior
insula.

Farb et al., 2010 MM: N = 20 (12f, 4 m)
Age = 42
WL: N = 16 (15f, 5 m)
Age = 45.55
No information for edu, SES,
race, or ethnicity.

Sadness
Provocation

MM < AC
deactivation

MM < AC
activation

R BG, R insula,
R sgACC,
vmPFC, R
vlPFC, R sfg (sad
vs. neutral)
R
precuneus/pcc,
L PFC, frontal
operculum,
superior
temporal sulcus,
and itg (sad vs.
neutral)

Mood symptoms
negatively correlated
with R insula/R lPFC
deactivation and
positively correlated
with L superior temporal
sulcus activation.

Demographic information and sample sizes reflect sample scanned unless otherwise noted (e.g., in some instances demographic information was available for larger sample but not subset
that underwent functional MR scan). Within the Demographics column, mean years of education and age are provided with standard deviation in parentheses when data was available.
When ethnicity and/or race was available, values in table correspond to sample size. One study provided categorical descriptors for SES and for that study percentage values are noted
reflecting percent of sample in each bracket. A: This column is included for studies that demonstrate a significant effect of time within the MM group. Pre < Post reflects a within-group
contrast with greater activation at the follow up visit (after MM intervention) compared to baseline. Pre > Post reflects a within-group contrast with reduced activation at the follow up visit
compared to baseline. B: This column is included for studies in which an ANOVA was performed and demonstrated a significant treatment-by-time interaction (treatment is MM or AC and
time is pre or posttreatment). MM > AC reflects greater activation (or deactivation if noted) in MM compared to AC after the intervention. MM < AC contrast reflects less activation (or
deactivation if noted) in MM compared to the AC after the intervention. NS reflects instances where a group time interaction was examined but was not statistically significant (in which case
no regions will be listed in the regions column). C: This column includes corresponding significant regions of the brain associated with contrasts in A or B. When appropriate, the specific task
contrast is included in parentheses. BG, basal ganglia; ITG, inferior temporal gyrus; IPFC, lateral prefrontal cortex; PCC, posterior cingulate cortex; PFC, prefrontal cortex; sgACC, subgenual
anterior cingulate cortex; SFG, superior frontal gyrus; vmPFC, ventromedial prefrontal cortex; vlPFC, ventrolateral prefrontal cortex; AC, active control; BDI, Beck Depression Index; B,
bilateral; Edu, education; F, female; HC, healthy adult; IAPS, international affective picture system; L, left; M, male; MM, mindfulness meditation; N, sample size; N.S., not significant; R, right;
SES, socioeconomic status; WL, waitlist.

collapsed across all valences (no specific effect for negative
stimuli) (Desbordes et al., 2012) following MM. Finally, a third
study reported decreased amygdala activity for both neutral
and negative stimuli (Leung et al., 2018). In that study, a
dose-response effect was demonstrated as well (amount of time
practicing MM significantly correlated with decreased amygdala
activation when viewing negative stimuli) (Leung et al., 2018).
A fourth study in healthy adults during reward processing found
MM (compared to AC group) was associated with increased
insula and decreased ventromedial PFC activation (Kirk et al.,
2014).

Two studies used a sadness induction task in a subclinical
sample (pain, stressed) and reported changes in PFC activation
(among other findings). More specifically, Braden et al. (2016),
reported within a sample of middle-aged adults (mean age 43 and
46) with chronic pain there was increased activation in prefrontal
regions (subgenual anterior cingulate cortex and ventrolateral PFC;
with trends in dorsomedial PFC and right ventrolateral PFC) in
the MM group during sadness condition (though the group by
time interaction did not reach significance) (Braden et al., 2016).
Similarly, Farb et al. (2010) examined the effects of MM within
a sample of middle-aged adults (mean age of 46) with elevated
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stress and found less deactivation in the PFC (including subgenual
ACC, ventromedial PFC, ventrolateral PFC, superior frontal gyrus)
and insula and less activation (precuneus/PCC, PFC, inferior
temporal gyrus) following MM during sadness induction relative
to the control group. Further, deactivation in insula and lateral
PFC during that task correlated with improvements in depression
(greater deactivation correlated with better mood in MM) (Farb
et al., 2010).

Two studies attempted to induce a stress response. Monti et al.
(2012) examined changes in cerebral blood flow (as measured using
ASL) among older adult women with history of cancer (52–77 years
of age), and found decreased cerebral blood flow perfusion within
the posterior cingulate cortex during a stressful cognitive task
(Monti et al., 2012). One study examined the relationship between
processing of stressful stimuli and cortisol within a subclinical
sample. More specifically, Turpyn et al. (2021), conducted a study
with mothers of adolescents that reported significant stress related
to their child’s behavior (mean age 48.5 years old). Greater insula
activation during stressor task (viewing negative versus neutral
stimuli) was observed after MM intervention (Turpyn et al., 2021).
Further, insula activation during that task was correlated with: a

reduction in cortisol reactivity during a different stress task as
well as task performance improvements on a stress task based on
observer ratings (Turpyn et al., 2021). See Table 6 for sadness
induction and stress studies.

Three studies conducted with psychiatric samples had
participants process negative self-referential statements linked to
underlying psychopathology (See Table 7). Among individuals in
remission from major depressive disorder, when viewing negative
self-referential statements (self-blame statements), activation
was reduced in the dorsal ACC/medial superior frontal gyrus
(self-blame versus other-blame) and left precentral and postcentral
gyrus) (self-blame versus rest condition) after MM (Williams et al.,
2020). Within that study, reduced activation in PCC/precuneus
correlated with symptom improvement. Two studies examined
responses to negative self-referential statements in individuals
with an anxiety disorder. Among individuals diagnosed with social
anxiety disorder, decreased amygdala activation was observed
following MM when processing negative emotional stimuli
(Goldin and Gross, 2010). Additionally, when asked to utilize
a previously learned MM strategy to process negative stimuli,
participants reported less negative emotions during those trials

TABLE 7 Prolonged effects of MM on activation during emotion tasks in younger and middle age adults with prior psychiatric diagnosis.

References Demographics Within-
group
MM effectA

Group by
timeB

RegionsC Behavioral correlate
with MM

Goldin and
Gross, 2010

N = 16 (9f, 7 m)
Age = 35.2 (11.9)
Edu 16.3 (3.5)
5 A; 2 LA; 1 NA
8 W
14 (8f,6 m) with fMRI
No information for SES.

Pre < Post

Pre > Post

Inferior/superior parietal
lobule, cuneus,
precuneus, middle
occipital gyrus, parahipp
(breath-focused attention
vs. react negative)
R amygdala
(react negative)

Symptom reduction correlated
with medial cuneus, L cuneus,
and R middle occipital gyrus
(breath-focused attention
versus react negative)
Reduced self-reported negative
emotion to cues when
breath-focused strategy used.

Goldin et al.,
2012

MM: N = 31 (19f, 12 m)
Age = 32.87 (8.83)
Edu = 16.4 (2)
14 A; 3 H; 1 Multir;
13 W
AC: N = 25 (10f, 15 m)
Age = 32.99 (7.97)
Edu = 16.84 (2.64)
11 A; 1 H, 3 Multir
10 W
42 with fMRI scans.

MM > AC pcc (Negative vs. Case)
Differences in timing of
neural responses during
negative versus case were
seen in dmPFC and pcc
after intervention.

Symptom improvement
correlated with dmPFC
(positive correlation for
negative versus case; negative
correlation for positive versus
case.

Williams et al.,
2020

N = 16 (13f, 3 m)
Age = 34.6 (9.4)
No information for edu, SES,
race, or ethnicity.

Pre > Post B dACC/medial superior
frontal gyrus
(self-blame > other-
blame)
L precentral and L
postcentral gyrus
(self-blame > -fixation)

Symptoms improvement
correlated with change in
pcc/precuneus during task
(self-blame > fixation)

Demographic information and sample sizes reflect sample scanned unless otherwise noted (e.g., in some instances demographic information was available for larger sample but not subset that
underwent functional MR scan). Within the Demographics column, mean years of education and age are provided with standard deviation in parentheses when data was available. When race
or ethnicity was available, values in table correspond to sample size (or percentage of sample, indicated with% sign). A: This column is included for studies that demonstrate a significant effect
of time within the MM group. Pre < Post reflects a within-group contrast with greater activation or FC at follow up (after MM intervention) compared to baseline. Pre > Post reflects a within-
group contrast with reduced activation or FC at the follow up visit (after MM intervention) compared to baseline scan (before MM intervention). B: This column is included for studies in which
an ANOVA was performed and demonstrated a significant treatment-by-time interaction (treatment is MM or AC and time is pre or posttreatment). MM > AC reflects greater activation or
increased FC in MM compared to AC after the intervention. C: This column includes corresponding significant regions of the brain associated with contrasts in A or B. When appropriate, the
specific task contrast is included in parentheses. BG, basal ganglia; dACC, dorsal anterior cingulate cortex; dmPFC, dorsomedial prefrontal cortex; parahipp, parahippocampus; PCC, posterior
cingulate cortex; PFC, prefrontal cortex; sgACC, subgenual anterior cingulate cortex; vlPFC, ventrolateral prefrontal cortex; AC, active control; AA, African American; A, Asian; B, bilateral;
BC, diagnosed with breast cancer; Edu, education; F, female; HC, healthy adult; H, Hispanic; L, left; M, male; MM, mindfulness meditation; Multir, multiracial; NHW, non-Hispanic White; N,
sample size; N.S., not significant; O/NR, other or not reported; R, right; SES, socioeconomic status; W, white.

Frontiers in Aging Neuroscience 12 frontiersin.org242

https://doi.org/10.3389/fnagi.2023.1207012
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1207012 June 27, 2023 Time: 10:49 # 13

Pommy et al. 10.3389/fnagi.2023.1207012

and additional activation was observed in multiple regions of
the DMN (inferior and superior parietal lobule, precuneus,
parahippocampal gyrus). Similarly, a second study of social anxiety
disorder, reported increased PCC when viewing negative stimuli
(negative self-referential statements) following MM compared to
AC (Goldin et al., 2012). Finally, within the MM group, greater
dorsomedial PFC activation during the task at follow up was
associated with symptom improvement as well as changes in
timing of dorsomedial PFC and PCC task activation (Goldin et al.,
2012).

3.2.2.1. Summary

Across the five articles that examined emotion processing
(either viewing of emotion cues or induction of sadness), following
MM, there was a shift in how emotions were processed either
via decreased activation in emotion-generating regions (e.g.,
amygdala) or via increased activation in emotion-regulatory
processes (e.g., increased prefrontal cortex/insula activity, or
increased connectivity between prefrontal cortex and amygdala).
MM impacted processing of stress as well, potentially via
differential engagement in DMN (decreased posterior DMN
in two articles), as well as some suggestion for increased
recruitment of regulatory regions, though this varied by population
(increased insula activation in stressed mothers which correlated
with cortisol). Similarly, in the context of psychopathology,
there was decreased posterior activation (albeit precentral and
postcentral gyrus) as well as increased activity in regulatory
prefrontal regions (dorsal ACC/medial superior frontal). In social
anxiety, decreased amygdala activity was observed after MM when
viewing cues, with increased DMN activation when using MM-
based strategy.

4. Discussion

Neurovascular processes are integral to an understanding
of typical and pathological brain aging (Tarantini et al., 2017;
Abdelkarim et al., 2019; Korte et al., 2020; Nielsen et al., 2020;
Tsvetanov et al., 2021). We reviewed experimental MM studies that
included functional MR, an estimate of neurovascular function, as
an outcome measure. While there is a growing body of literature
demonstrating functional MR changes following MM in younger
and middle-aged adults, there is a much smaller set of studies
examining these effects exclusively within an older adult sample.
We identified 7 articles that examined resting-state MR as an
outcome measure in an older adult sample. While none of the
articles included task-based MR, findings from these studies suggest
functional brain changes in older adults may be associated with
cognitive or emotional processing improvements. Findings from
exclusively older adult samples were reviewed first followed by
review of findings from cognitive and emotion processing task
MR studies across a wider population (younger and middle age
adults, clinical and healthy adults). Based on these studies, we
propose three potential neurovascular pathways by which MM
may benefit older adults (see Figure 1). Each mechanism will be
briefly summarized and then discussed within the broader context
of normal and pathological aging literature.

4.1. Increased resting CBF: a potential
direct neurovascular pathway

Two studies examined changes in CBF as measured using
ASL in older adults and both studies reported resting state
CBF increased following a MM intervention (particularly within
DMN and PFC). Reduced CBF perfusion is observed in healthy
older adults (Du et al., 2017) and has been linked to cognitive
decline in older adults (Viticchi et al., 2012; Vemuri et al.,
2015; Takeda et al., 2020). Moreover, reduced CBF is thought
to reflect a mechanism driving cognitive decline and potentially
neurodegeneration, in part via worsened neurovascular health
(e.g., worsened cerebrovascular reactivity) stemming from NVU
disruption. These preliminary findings reported in older adults
provide initial support that MM has the potential to improve
a key marker of neurovascular function in older adults: resting
state CBF. While increased resting state CBF might suggest an
improvement in NVU function, this has not been directly assessed
following MM. Interestingly, work in adults with glaucoma, has
provided some initial links between MM, the NVU and brain
function in a relatively older sample (Gagrani et al., 2018). Using
functional near-infrared spectroscopy, the authors demonstrated
a link between increased activation in the PFC following MM
was linked to reduced reactive oxidative stress and improved
vascular health; potentially via changes in DNA methylation of
genes involved in endothelial function, cellular metabolism and
nitric oxide synthetase (Dada et al., 2018, 2021a,b). Further support
for the potential of MM to impact processes of cellular metabolism
relevant for CBF may be gleaned from acute studies of MM. Using
phosphorous magnetic resonance spectroscopy (31 P-MRS), for
instance, Galijasevic et al. (2021) reported changes in multiple
cerebral metabolites that play a key role in cellular metabolism
during MM practice (e.g., altered intracellular pH, changes in
level of metabolites such as Pi, as well as changes in ratios of
select metabolites that would suggest changing ATP turnover)
(Galijasevic et al., 2021).

4.2. Increased FC within the DMN: a
potential indirect
anti-neuroinflammatory pathway

Seven studies examined changes in functional connectivity in
older adults. Despite notable heterogeneity in methods and analyses
employed, all studies reported increased functional connectivity
following MM and generally, all studies reported increases
within components of the DMN. Interestingly, 2 of the articles
that examined DMN connectivity in older adults reported on
cognitive function providing further support for this link. More
specifically, in healthy older adults, improved cognitive functions
following MM were correlated with increased DMN functional
connectivity (especially, hippocampus, precuneus and angular
gyrus) (Sevinc et al., 2021), while in older adults with MCI, those
that received MM maintained nodal efficiency (with declines in
control group) within the right insula, right cingulate and left
superior temporal gyrus and showed less cognitive decline at
follow up.
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FIGURE 1

The three hypothesized neurovascular pathways by which MM may have beneficial effects for older adults based upon the review of the literature. A
direct neurovascular mechanism is depicted at the top of the figure within the red box reflecting increased resting-state cerebral blood flow
observed using ASL among cognitively unimpaired older adult’s samples. This mechanism is thought to reflect improved NVU function via
improvements in (1) cellular metabolism (e.g., decreased reactive oxidative stress and free radicals via MM induced DNA methylation like increased
NGB, decreased MNTR1A resulting in improved cellular metabolism within mitochondria) and improved endothelial function via increased NOS1 and
NOS3. Improvements in NVU then resulting in improved CVR and increased resting CBF. An anti-neuroinflammatory mechanism is depicted within
the middle blue box and is hypothesized to be an indirect neurovascular pathway reflecting increased resting state functional connectivity within the
default mode network observed in both cognitively unimpaired older adults and older adults with cognitive or behavioral changes. Decreases in
neuroinflammatory processes are conceptualized as an indirect neurovascular mechanism (with downstream effects on NVU not depicted here). We
hypothesized this mechanism may reflect anti-inflammatory processes relevant for both aging as well as AD-specific pathology. A final
regulatory-control mechanism is depicted within the bottom green box and is thought to reflect both a direct and an indirect neurovascular
pathway based upon (1) increased involvement of PFC in older adults after MM and based on (2) increased PFC involvement during task
performance in younger and older adult’s samples. Increased PFC (along with decreased activation of emotion generating regions during emotion
tasks) may reflect improved mood and reduced stress, both of which can have an indirect positive benefit on neurovascular health. A more direct
mechanism via increased FC within the central autonomic network (responsible for controlling cardiovascular function more directly) would reflect

(Continued)
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FIGURE 1 (Continued)

a more direct pathway.BACE1, beta-secretase 1; BCL2L11, BCL2 like 11; CARD8, caspase recruitment domain family member 8; CBF, cerebral blood
flow; CVR, cerebrovascular reactivity; DACC, dorsal anterior cingulate cortex; DLPFC, dorsolateral prefrontal cortex; dmPFC, dorsomedial prefrontal
cortex; DMN, default mode network; DNMT3A, DNA methyltransferase 3 alpha; DNMT3B, DNA methyltransferase 3 beta; FC, functional connectivity;
hipp, hippocampus; IL-6, interleukin 6; In, insula; LP, lateral parietal; MAPK15, mitogen-activated protein kinase 15; MAPK10, mitogen-activated
protein kinase 10; MNTR1A, melatonin receptor type 1A gene; Me, methylation; mPFC, medial prefrontal cortex; NOS1, nitric oxide synthase 3, NOS3,
nitric oxide synthase 3; NGB, neuroglobin; PCC, posterior cingulate cortex; ROS, reactive oxidative stress; vmPFC, ventromedial prefrontal cortex,
TNFalpha, tumor necrosis factor alpha. Created with BioRender.com.

The potential for MM to increase functional connectivity
within the DMN is of particular interest for Alzheimer’s Disease
(AD). Briefly, AD has been described as a synaptopathy, or a
“disease of circuits” (Marttinen et al., 2018), with the disrupted
circuitry found to contribute to both the pathogenesis of AD
and the emergence of clinical symptoms (cognitive decline
and behavior changes) (Marttinen et al., 2018). Functional
changes in preclinical AD occur initially in the DMN thought
to reflect synaptic loss mediated by microglial and astrocyte
inflammatory processes and coincide with amyloid buildup
(Zhu et al., 2019; Wang et al., 2020). Increasing evidence has
emphasized the role of neuroinflammation in AD, and its role
in the disruption of brain connectivity (Passamonti et al., 2019)
especially within DMN which has motivated the development
of anti-inflammatory interventions for AD (Du et al., 2017;
Passamonti et al., 2019; Huang et al., 2020). Interestingly, one
study in younger/middle-aged adults (see Supplementary Table 2)
reported increased rsFC in DMN after MM was correlated
with a decrease in a pro-inflammatory marker at follow-up
(Creswell et al., 2016) providing a more direct potential link
between MM, increased DMN functional connectivity and the
NVU via an anti-neuroinflammatory mechanism. While this
mechanism has not been studied in older adults, there is
evidence MM has a beneficial impact on reducing inflammation
in healthy adults (Creswell et al., 2012) and older adults
with MCI (Ng et al., 2020), and MM has been linked to
changes in DNA methylation related to neuroinflammatory
processes and glial activation in which are relevant for AD
(Dada et al., 2021a).

4.3. Linking brain changes to assessment
measures: potential direct and indirect
neurovascular pathway via top-down
control

Resting-state MR studies in older adults and task-based MR
studies in middle and younger aged adults provide support
for increased activation within PFC regions following MM.
Prior reviews have suggested this increase in PFC engagement
may reflect the potential of MM to strengthen compensatory
mechanisms seen in aging (Smart et al., 2021) [i.e., the shift
toward greater recruitment of PFC regions with increasing
cognitive demands as a mechanism to compensate for age-
related neurodegeneration (Sebastian et al., 2013)]. Potentially,
increased PFC activation may also signify enhancement of a
broader top-down control mechanism that could have downstream

effects on neurovascular health via improved stress and emotion
regulation. While not examined directly, in older adults with
depression, MM was associated with increased FC between
amygdala and PFC (Li et al., 2022) and improved mood at follow-
up. Further support for enhanced top-down control comes from
the task MR studies, which found greater PFC activation and
increased FC between PFC to limbic regions during cognitive
and emotion regulation tasks, as well as, greater insula activation
and reduced amygdala activation in stress and emotion tasks.
Finally, strengthening of top-down control (as measured via task
fMRI and via functional connectivity studies) may also reflect a
more direct neurovascular pathway as well via enhancement of
the neural network involved in the regulation of cardiovascular
function [e.g., central autonomic network (Beissner et al., 2013)].
Future work exploring this mechanism would be of interest as
well.

4.4. Future directions

Future research with more rigorous neuroimaging
methodology is needed to fully elucidate the proposed
neurovascular mechanisms hypothesized in the present review.
First, a notable gap in the literature is the absence of task MR
studies older adult samples. Task MR is an excellent tool for
studying how MM might translate to tasks and activities outside
of the practice. Different patterns of activation/deactivation
emerge with age on both cognitive and emotion processing tasks
(Sebastian et al., 2013; McDonald et al., 2018; Rieck et al., 2021).
Future studies should examine the effects of MM using cognitive
and emotion processing functional MR tasks in older adult samples
and symptom improvement should be examined in relation to
fMRI changes. Secondly, future studies should also measure
regional changes in BOLD (i.e., regional homogeneity, fractional
amplitude of low-frequency fluctuations) in older adults, as
measures of local brain function demonstrate lower intraindividual
variability relative to global metrics of brain function (Chen et al.,
2015; Larabi et al., 2021).

To fully appreciate the impact of MM on neurovascular health
in older adults, future studies should examine NVU function
more directly via cerebrovascular reactivity (CVR). As mentioned,
CVR is a more direct measure of vascular endothelium and
smooth muscle function (relative to baseline CBF) that shows
predictable changes in the context of normal and pathological
aging. Surprisingly, CVR has not been examined directly as a
mechanism of change driving MM effects, nor has it been included
as a covariate in MM studies examining functional MR changes.
Since it has been recommended all studies that purport to examine
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functional MR in older adults should employ methodology that can
properly account for CVR this is a surprising gap in the literature
(as functional MR metrics are influenced by age-related changes
in CVR) (Tsvetanov et al., 2021). Notably, while early studies
of CVR relied on gas inhalation to quantify CVR, recent work
has demonstrated CVR can be measured successfully and reliably
using a breath holding task (Cohen and Wang, 2019; Cohen et al.,
2021), thus eliminating the need for more expensive, higher risk
procedures.

Unfortunately, only 8 of the 25 articles reviewed in the main
text of this review reported any racial or ethnic characteristics of
their sample. Of the 8 studies that did include any information on
race or ethnicity, the vast majority of studies were conducted in
samples that were primarily White (with few studies reporting on
ethnicity of the sample). This is a significant gap in the literature
that needs to be addressed. While preliminary evidence suggests
the benefits of MM for older adults will have benefits for older
adults from minoritized backgrounds (Szanton et al., 2011; Palta
et al., 2012), additional research is needed to understand this.
Given the significant health disparities in vascular and cognitive
health, additional research is needed to disentangle the impact
of institutionalized, personally mediated, and internalized racism
on neurovascular and cognitive health among older adults from
minoritized backgrounds (Williams and Ovbiagele, 2020). Prior
work has highlighted the complex interplay between experiences
of racism and discrimination, mood and vascular risk factors in
older adults (Zahodne et al., 2020), and has highlighted the role of
neuroinflammatory and neurovascular processes in understanding
cognitive aging in older adults from minoritized backgrounds
(Zahodne et al., 2019; Boots et al., 2022; Manning et al., 2022).
Additionally, while most studies included information regarding
the sex of the participants, this variable was not examined directly
which may be of interest to consider further (e.g., interactions
with sex may be of interest for emotion regulation strategies).
Given the complex interplay between physiological factors, age, and
demographic variables future studies using CVR must account for
these variables within analyses.
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Introduction: The aging brain is characterized by decreases in not only neuronal

density but also reductions in myelinated white matter (WM) fibers that provide

the essential foundation for communication between cortical regions. Age-

related degeneration of WM has been previously characterized by histopathology

as well as T2 FLAIR and diffusion MRI. Recent studies have consistently shown that

BOLD (blood oxygenation level dependent) effects in WM are robustly detectable,

are modulated by neural activities, and thus represent a complementary window

into the functional organization of the brain. However, there have been no

previous systematic studies of whether or how WM BOLD signals vary with normal

aging. We therefore performed a comprehensive quantification of WM BOLD

signals across scales to evaluate their potential as indicators of functional changes

that arise with aging.

Methods: By using spatial independent component analysis (ICA) of BOLD signals

acquired in a resting state, WM voxels were grouped into spatially distinct

functional units. The functional connectivities (FCs) within and among those units

were measured and their relationships with aging were assessed. On a larger

spatial scale, a graph was reconstructed based on the pair-wise connectivities

among units, modeling the WM as a complex network and producing a set of

graph-theoretical metrics.

Results: The spectral powers that reflect the intensities of BOLD signals were

found to be significantly affected by aging across more than half of the WM units.

The functional connectivities (FCs) within and among those units were found to

decrease significantly with aging. We observed a widespread reduction of graph-

theoretical metrics, suggesting a decrease in the ability to exchange information

between remote WM regions with aging.

Discussion: Our findings converge to support the notion that WM BOLD signals

in specific regions, and their interactions with other regions, have the potential to

serve as imaging markers of aging.
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fMRI, resting state, BOLD, normal aging brain, white matter (WM), ICA
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Introduction

Aging is a complex and heterogeneous process that is known
to affect the brain at structural, biochemical, and molecular levels,
which may consequently contribute to cognitive decline (Lee and
Kim, 2022). Aging effects in brain are often evident in specific types
of magnetic resonance image (MRI) including T1-weighted images
which provide volumetric measurements of gray matter (GM)
structures. It has been consistently reported that the cerebral cortex
becomes smaller and thinner with aging (Salat et al., 2004; Wang
et al., 2019; Taubert et al., 2020), potentially reflecting neuronal loss
over time. However, the aging brain is characterized by decreases
in not only numbers of neurons (Terry et al., 1987) but also their
myelinated projections, namely white matter (WM), that provides
the essential foundation for transmitting electrophysiological
signals between GM (Albert, 1993). Alterations in WM have
previously primarily been characterized by histopathological
degeneration and are often assessed as hyperintensities in T2
FLAIR and reduced anisotropy of water diffusion in diffusion MRI
(Madden et al., 2004, 2009; Yoshita et al., 2006; Liu et al., 2017).

Accompanied by the degeneration of nerve cells and fibers,
aging usually involves the decline of various brain functions, which
have a strong relationship with changes in the blood oxygenation
level-dependent (BOLD) signals that are measured by functional
MRI (fMRI). While such signals have been comprehensively
studied in GM, whether they reliably arise in WM has been
considered controversial, leading to a lack of understanding of
whether or in what manner WM functions are influenced by
aging processes. However, it is clear from our own and other
recent studies that although BOLD effects are weaker in WM,
using appropriate detection and analysis methods they are robustly
detectable (D’Arcy et al., 2006; Fraser et al., 2012; Ding et al.,
2013, 2018; Gawryluk et al., 2014; Peer et al., 2017; Courtemanche
et al., 2018; Gore et al., 2019; Li M. et al., 2019), and vary
with baseline activity (e.g., as induced by different levels of
anesthesia), and alter in response to a stimulus (Wu et al., 2016;
Ding et al., 2018; Li et al., 2020; Mishra et al., 2020), supporting
their interpretation as indicators of neural activity. In addition,
although BOLD effects in GM indirectly reflect the metabolic
demands of the electrical and biochemical activity of neurons,
there is preliminary evidence that BOLD effects in WM may reflect
metabolic processes in glial cells that arise during and after axonal
transmission aging brain (Schilling et al., 2022). These processes
include upholding resting potentials on cell membranes, such as
those found in oligodendrocytes, and providing general support
for cellular maintenance, such as myelin upkeep. In addition, the
glia are altered in the aging process and changes in WM are
known to be associated with loss of brain functions in aging
and neurodegenerative diseases (Salas et al., 2020). Moreover,
WM BOLD signals measured during a resting state, where no
external task or stimulus is present, reflect an intrinsic activity
that has been shown to be altered significantly in subjects with
neurological or psychiatric disorders (Gao et al., 2020; Huang J.
et al., 2020; Lin et al., 2020). Thus there are grounds for postulating
that BOLD signals in WM may show changes across the lifespan
and potentially provide new insights into functional changes with
cerebral aging.

In this study we performed a comprehensive analysis of WM
BOLD signals across scales in order to investigate possible changes
in the functional organization of the brain with normal aging.
According to our previous work, resting-state BOLD signals in
WM are similar though weaker to GM, organized in a manner
where voxels sharing similar time courses may be grouped
into spatially independent components (ICs) (Huang Y. et al.,
2020). The temporal synchronizations among specific components
can be assessed, possibly revealing important aspects of neural
communications and networks. Here we reconstructed a graph
based on the pair-wise connectivity among ICs, modeling the WM
as a complex network and producing a set of graph-theoretical
metrics i.e., cluster coefficients, efficiency, and strength, that can be
used to probe the topological properties underlying the network
(Wang, 2010). Meanwhile, based on the hierarchical structures
of the graph, we grouped ICs into three sub-circuits and then
assessed the within-/inter- circuit connectivities. All the above
measurements served to characterize macroscopic, system-wide
properties of brain communication and were found to decrease
in older individuals, suggesting a reduced capacity/efficiency
in information exchange therein. In addition, our recent work
suggests the frequency contents of WM resting state signals differ in
magnitudes and shapes from those in GM, and vary with location
across the WM (Li et al., 2021; Li M. et al., 2022). Therefore, on a
smaller scale, we also evaluated the power spectra of BOLD signals
within each IC and observed a significant relationship between
their magnitudes and age in more than half of the ICs. This finding
adds to our knowledge about the intensity of BOLD fluctuations
in WM during normal aging. Our findings converge to support
the notion that neural activities are embedded in WM BOLD
signals, and the neural activities in specific WM regions and their
interactions with others have the potential to serve as imaging
markers of aging.

Materials and methods

Dataset

Seven hundred and Seventy healthy (Cognitively normal,
CDR = 0) individuals were selected from the OASIS-3 database
(LaMontagne et al., 2019). Among them, five hundred and ten who
have complete fMRI data and passed the quality control criteria
(see the preprocessing section for detail) were analyzed (213 males
and 297 females whose ages ranged between 42 and 95 years).
Many individuals have longitudinal data but here we use the images
acquired on only their first visits. All but three individuals were
scanned twice in the single session so we included 1,017 image
datasets in total. The imaging protocols are described in detail in
a previous report (LaMontagne et al., 2019). Briefly, all images were
acquired using Siemens TIM Trio 3T (433 individuals) or Siemens
BioGraph mMR PET-MR 3T scanners (77 individuals). Participants
were placed in a 20-channel head coil with foam pad stabilizers
placed next to the ears to decrease motion. MR imaging included
various anatomical and functional sequences, but here only resting
state fMRI and T1-weighted images are analyzed. In particular, each
resting state session was comprised of two runs of 6 min each,
repetition time (TR) = 2,200 ms, echo time (TE) = 27 ms, voxel
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size = 4 mm isotropic, and the number of volumes = 164. T1-
weighted images were acquired using a 3D magnetization-prepared
rapid acquisition with gradient echo (MPRAGE), TR = 2,400 ms,
TE = 3.16 ms, voxel size = 1 mm isotropic.

Preprocessing

To first process the data, an automated high-performance
pipeline was created. Briefly, slice timing and head motion were
removed from the fMRI volumes, and then the mean cerebrospinal
fluid (CSF) signal and 24 motion-related parameters were modeled
as covariates and regressed out from the BOLD signals. The data
were then detrended and passed through a temporal filter with
a passband frequency of between 0.01 and 0.1 Hz. All of these
procedures were carried out using a customized pipeline based
on the DPABI toolbox (Yan et al., 2016). The Computational
Anatomy Toolbox (CAT12) was then used to segment GM, WM,
and CSF tissue based on the T1-weighted images (Gaser et al.,
2022). Using co-registration and normalizing functions in SPM12
(Friston, 1994), the filtered fMRI data, along with corresponding
tissue masks, were spatially normalized into MNI space (voxel
size = 3 × 3 × 3 mm3). As the analyses were restricted to
WM, a group-wise WM mask was constructed by averaging the
WM parcellations (probability maps) that were derived from cat12
across all subjects and applying a threshold. The initial threshold
was set to 0.95, which was capable of eliminating effects from
GM. However, this cropped out many important WM voxels,
particularly small structures spatially located between gray matter
regions, e.g., internal and external capsules, that were vulnerable
to inter-individual variabilities. We then spatially expanded the
WM mask by decreasing the threshold gradually in steps of 0.01
until the overlap between the mask and GM area could be visually
noticed on the averaged T1 image (group mean T1). We found that
0.8 was the minimal value that could produce a clean WM mask
(Supplementary Figure 1) while retaining most of the important
WM structures. After that, the fMRI data within the WM mask
were spatially smoothed with a 4-mm full width at half maximum
(FWHM) Gaussian kernel. The preprocessed results were subjected
to a manual quality control procedure in which the passing criteria
included: (1) all the preprocessed results must be successfully
generated; (2) the maximal translations and rotations of head
motion must be less than 2 mm and 2◦, respectively; (3) the mean
frame-wise displacement (FD) must be less than 0.5 mm (Power
et al., 2014) and (4) the spatial normalization was acceptable by an
expert’s visual inspection.

Group ICA

Spatiotemporal data can be broken down by ICA into spatial
ICs, which are considered a basis set that constitutes the original
data after an unidentified but linear mixing process. The data
in this study were analyzed using the Group ICA of the FMRI
Toolbox (GIFT) (Calhoun et al., 2001). Most of the parameters in
the toolbox were set to the default values except for the number of
ICs and principal components (PCs). Our previous work reliably
detected 31 ICs in WM (Huang Y. et al., 2020). To provide as many

components as possible to match known functional segmentations,
we set the number of ICs to a greater number, 40, in this study.
The first step of group ICA is to reduce the temporal dimension
of each subject from 164 to 60 (1.5 times the intended number of
ICs) using spatial principal component analysis (PCA). Those PCs
were then concatenated along their temporal dimensions across all
individuals, to produce a signal time course of 1,017∗60 dynamics
for every voxel. The group data were subjected to PCA once more,
with the dimension further decreased from 60 to 40. This produced
PCs that accounted for the greatest variations at the group level,
and 40 ICs were then estimated using Infomax from these PCs
(Bell and Sejnowski, 1995). The spatial map (at the group level)
of each IC was rebuilt, translated to z-scores, and thresholded at
z > 2. Note that the z-score is solely used here for descriptive
purposes and has no claimed statistical validity (Mckeown et al.,
1998). Finally, the ICs were overlaid back as masks on the fMRI
data of each individual to extract averaged time courses of interest,
based on which functional networks were constructed by evaluating
correlations as discussed below.

Network measurements

Connectivity matrices were constructed by calculating
Pearson’s correlation coefficients between time courses of ICs
pair-wise for each subject. Three types of network measurements,
including within-IC functional connectivity (FC), inter-IC FC,
and graph-theoretical metrics, were extracted and analyzed.
Specifically, the within-IC FC, i.e., the average z score obtained
from the group ICA served as a measure of functional integrity
in each IC. The inter-IC FC is equivalent to Pearson’s correlation
between two specific ICs. Five graph-theoretical metrics were
calculated using the brain connectivity toolbox (Rubinov and
Sporns, 2010), including two global metrics and three local metrics
as follows:

(1) global characteristic path length, i.e., the average shortest
path length in the network. A shorter path allows for the
quicker transfer of information and reduces costs.

(2) global efficiencies, i.e., the average inverse shortest path
length in the network. It measures the exchange of
information across the entire network.

(3) local cluster coefficients, the fraction of triangular
connecting pathways around an IC, equivalent to the
fraction of IC’s neighbors that are neighbors of each other.
It is a measure of the degree to which ICs in a graph tend to
cluster together. This metric has been shown to be useful
for understanding the small-worldness of a network.

(4) local efficiency, i.e., the global efficiency computed on
IC neighborhoods. It quantifies how well information is
exchanged by its neighbors when it is removed.

(5) local strength, the sum of weights of links connected to
the IC, often reflecting the influence or centrality of the
IC on the network.

Note that all these measurements are calculated based on the
weighted FC matrix and only positive weights were preserved for
calculation. We then used multiple linear regression to identify
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which measurements exhibit significant correlations with age.
For this, the head motion was parameterized by the framewise
displacement (FD) (Power et al., 2014) derived from preprocessing,
so that for each measurement M we fit the following:

M = constant + b1 × age + b2 × age2
+ b3 × gender

+ b4 × headmotion + ε

As this study focuses on age, this formula can help regress out
the effects of gender and head motions by subtracting the terms
corresponding to gender and head motion from M, producing an
adjusted M. Theoretically, this adjusted measurement reflects the
change due only to age, resulting in a more accurate measure of the
correlation between M and age. Here M can be any measurement
obtained in this study, such as within-IC FC, inter-IC FC, graph-
theoretical metrics, and the power spectra profiles.

As the data analyzed were acquired from two different scanners,
the observed correlation between age and imaging measurements
could in theory be attributed to a scanner effect instead of
biological changes due to aging. To rule out such an effect, we
performed an experiment in which the relationship between age
and within-IC FC was evaluated based on data from only one
scanner (TIM Trio 3T).

Sub-circuits and their reorganizations

By applying the Louvain community detection algorithm
(Blondel et al., 2008) to the connectivity matrix, the ICs that are
tightly connected with each other can be grouped into a community
which represents an integrated circuit or network. To evaluate the
possible reorganization of circuits with aging, we first divided the
subjects into subgroups at 10-year intervals, and then applied the
Louvain approach to the average connectivity matrix regarding
the youngest group (40–50 years) to produce a baseline circuit
configuration. The within- and inter-circuits connectivities were
captured from different age groups but based on the same baseline
configuration, and then were compared among different age
groups. Meanwhile, distinct circuit configurations were separately
calculated using the Louvain approach from different age groups
and were compared in terms of the memberships of each IC to the
circuits.

Calculation of power spectra

Spectral analysis of signals represents a complementary
approach to identifying features of interest, and BOLD effects
that appear to be random over intervals may reflect a distinct
pattern of component frequencies. We used Fourier transforms
(Welch method) (Welch, 1967) to estimate the power spectra
of the BOLD time courses of each voxel. Each IC-specific
power spectrum was calculated by averaging the power spectra
across all voxels therein. The mean powers across the low-
frequency band (0.01–0.1) were measured to indicate the intensity
of BOLD fluctuations, and their relationships to age were
determined using the same regression model as for the network
measurements.

Results

Relationship between within-IC FC and
age

Figure 1 shows the 40 ICs estimated by the group ICA
approach from the resting-state fMRI signals in WM. Each IC
was characterized by a cluster of highly connected voxels within a
distribution of Z scores representing the voxel-wise FC within the
IC. By visual inspection, none of them represents obvious artifacts.
These ICs are distributed across the entire WM and show great
symmetries between the left and right hemispheres. Some of the
ICs reflect known anatomical structures. For example, IC 31, 20,
12, and 16 clearly lay out the genu, anterior body, posterior body,
and splenium of the corpus callosum. The corresponding structures
of the ICs have been listed in Supplementary Table 1. Each name
in the table represents a WM bundle, defined in the JHU WM
atlas (Mori et al., 2009), that has the greatest overlap with an IC.
By regression, we identified eight ICs whose within-IC FCs varied
significantly with age (p < 0.05, Bonferroni correction) as shown
in Figure 2. Those ICs exhibited reduced within-IC FC in older
individuals, and are spatially distributed primarily at the temporal,
frontal, and midbrain areas and the genu of the corpus callosum
(CC),. From the quadratic fitting of the data, we identified slight
decelerations after 70 years old in 5 out of the 8 ICs displayed. Such
significant relationships between age and within-IC FCs still exist
even if we used the data from a single scanner (Supplementary
Figure 2). Therefore it is less likely that the observed age effects
on BOLD are attributed to scanner effects.

Relationship between inter-IC FC and
age

From 780 possible connections (upper diagonal part of the
40 × 40 FC matrix), we identified 375 pairs of ICs whose FC
decreased significantly in older individuals (p < 0.05, Bonferroni
correction), as shown in the left panel of Figure 3. IC 5, distributed
at the inferior frontal area, is involved in the top 8 connections that
showed most significant reductions in FC. The other end of those
eight connections includes five ICs located at the posterior part of
the brain and three ICs at the frontal area (including the genu of
the CC). By contrast, there are only 9 connections characterized by
increased FC over age (p< 0.05, Bonferroni correction), where the
most significant change of FC was identified between two IC at the
posterior part of the brain.

Relationship between network metrics
and age

The radar charts in Figure 4 illustrate the relationship between
age and three local network metrics, including cluster coefficients,
efficiency, and strength. We observed that all forty ICs exhibited
reduced metrics over age and the distribution of r values across
ICs is in general consistent among the three metrics. For example,
the most significant changes are consistently identified in five
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FIGURE 1

Forty ICs that are derived from group ICA are displayed in three orthogonal planes. The color map overlaid represents the Z score, reflecting the
degree of membership of the voxel to the IC. The brighter color indicates a higher Z value. Here only voxels with Z > 2 are displayed.

ICs (highlighted in the Figure) that are distributed in frontal
and temporal areas of the brain as well as the genu of the CC.
From Figures 4D, E, we observed that the global efficiency of
the network decreased significantly whereas the characteristic path
length increased significantly over age.

The reorganization of sub-circuit
configurations with age

As shown in Figure 5, three sub-groups were distinguished
by Louvain’s approach, where the first network is composed of
ICs at the inferior part of the brain, while the second and third
groupings consist of ICs at the anterior and posterior part of the
brain. The within- and between-circuit FCs in general decreased in
older individuals but were heterogeneous in their trajectories. For
example, for FCs in which circuit 2 was involved (within circuit
2, between circuits 1–2 and 2–3), the FC peaked at 50–60 years
old. For circuit 3, the within-circuit FC in the 90–100 years group
is higher than in some of the younger groups. In terms of circuit
propagation, as shown in Figure 6, IC 13 and IC30 are members

of circuit 1 and circuit 3, respectively but propagate to circuit 2 at
older ages. By contrast, IC 5 is a member of circuit 2 but propagates
to circuit 1 at older ages.

Relationship between power spectra and
age

The mean spectral powers decreased significantly with aging
in 23 out of 40 ICs (p < 0.05, Bonferroni correction). Figure 7
upper panel displays the r values corresponding to those 23 ICs in
descending order. In Figure 7 lower panel, we visualize the four
representatives corresponding to the highest r (absolute) values.
Consistently, these four displayed ICs are all distributed in the
frontal areas of the brain.

Discussion

Following standard methods that have previously been used to
analyze BOLD signals in GM, we have modeled WM as a complex
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FIGURE 2

Relationship between within-IC FC and age. Eight ICs that show significant changes across age are shown (p < 0.05, Bonferroni correction). Each
panel visualizes the spatial distribution of the IC, as well as scatter plots that represent the age of the subjects (x-axis) versus the within-IC FCs
(y-axis). Note that the y-axis does not represent the raw FC values but the residues after gender and head motions are regressed out. The color
reflects the density of the scatters. The hotter color indicates a higher density.

FIGURE 3

Pair-wise IC connections whose FC show significant correlations with age. The panel on the left displays the functional links whose FCs significantly
decrease over age (p < 0.05, Bonferroni correction). The thicker lines indicate higher r (absolute) values. The ICs involved in the top 8 most
significant changes are highlighted in blue, with their distribution maps shown beside the IC labels. Coincidently IC 5 is involved in all those 8
connections of interest so that it is highlighted with a blue rectangle. The panel on the right displays the functional links whose FCs significantly
increased over age (p < 0.05, Bonferroni correction). The thicker lines indicate higher r (absolute) values with age. ICs involved in the most
significant changes are highlighted in blue, with their distribution maps shown beside the IC labels.

network, measured the network properties at different scales, and
investigated their correlations to normal aging. We observed that
the aging brain exhibits reduced network connections, whether
measured locally or globally, suggesting an overall decline in the
ability to exchange information between GM regions. In addition,

in the majority of WM areas, the spectral power varied significantly
with aging, potentially implying changes in the intensities of BOLD
fluctuations therein.

Our analysis revealed 40 nodes derived as spatially unique
ICs that were identified using a group-ICA approach. The spatial
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FIGURE 4

Relationship between network metrics and age. Panel (A) displays the relationship between cluster coefficients and age. Each data point on the
radar chart indicates r value. Panel (B) displays the relationships between network efficiencies and age. Each data point on the radar chart indicates r
value. Panel (C) displays the relationship between network strength and age. Each data point on the radar chart indicates r value. The distributions of
IC 5, 6, 10, 20, and 24, whose spatial distributions are visualized in this panel, are considered IC of interest as they exhibit the closest relationships
with age in the case of all three measurements. Panels (D,E) display the correlation between global network metrics, including global efficiency and
characteristic path length, and age. P-values have been corrected by the Bonferroni method. Note that the y-axis does not represent the raw
metrics but the residues after gender and head motions are regressed out.

distributions of the ICs are consistent with those in previous
works identified based on either ICA (Huang Y. et al., 2020) or
K-means clustering (Peer et al., 2017; Li J. et al., 2019, 2022;
Wang et al., 2022; Yang et al., 2022). In most of those studies,
the nodes that act in concert were further grouped into sub-
groups based on their spatial distance to GM, namely, superficial,
middle, and deep layers. The intra- and inter-layer assignments
were assessed and found to be relevant to specific neurological
conditions (Li J. et al., 2022). Though promising, such grouping

was determined by anatomic locations and therefore does not
reflect any intrinsic functional specialties. By contrast, here we
used a data-driven, unsupervised approach to decompose the
ICs into functional communities (sub-circuits) by maximizing the
within-community connectivities and minimizing the inter-circuits
connectivities. Each circuit/community is more likely to represent
a distinct function. The temporal interactions between those ICs
were mathematically modeled by a graph, producing a set of
network metrics, and providing global and local descriptions of the
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FIGURE 5

The variation in circuit configuration over age. Panel (A) display the mean FC matrices corresponding to six age groups. The nodes (ICs) are sorted
according to baseline circuit configuration calculated based on the youngest age group (40–50 years). The distributions of the three circuits are
displayed in panel (B), with labels of ICs that are involved in different circuits shown above. Panel (C) shows how the within- (first row) and inter-
(second row) circuits FC vary with age (groups). Each box visualizes the median, 25, and 75 percentile in the FC values of subjects within an age
group.

network. The characteristic path length, global efficiency, strength,
clustering coefficient, and local efficiency that were quantified
in this work represented the measures of connectivity capacity,
information exchange at whole-brain and local levels, degree of
clustering, and information integration of the functional network,
respectively. We observed that ICs in the same functional circuit are
in close proximity. But rather than grouped into layers, the three
sub-circuits of ICs represent the anterior, posterior, and inferior
parts of the brain, and their connectivities, in general, showed a
decreasing trend with aging. By contrast, the connectivities within

circuit 3 and between circuits 1 and 3 are noticeably higher in the
oldest group than those in some younger groups. Similar findings
were reported in previous work where the oldest group showed
increased connectivity than younger groups (Farràs-Permanyer
et al., 2019) and cognitively abnormal individuals showed increased
connectivities between temporal and occipital areas (He et al.,
2007), possibly due to a compensatory mechanism. This is further
confirmed by Figure 3, where the FC between two regions that
are located in the posterior brain increased significantly with
aging.
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FIGURE 6

Independent components (ICs) that switch their membership to the circuits over age. IC 13 is a member of circuit 1 but propagates to Circuit 2 at
older ages. IC 5 is a member of circuit 2 but propagates to circuit 1 at older ages. IC 30 is a member of circuit 3 but propagates to Circuit 2 at older
ages.

FIGURE 7

The variation in spectral powers over age. Upper panel: the r values (in descending order) corresponding to the 23 ICs in which the mean low-band
powers decreased significantly with aging. Lower panel: four representatives corresponding to the highest r (absolute) values. Note that the y-axis
does not represent the raw power values but the residues after gender and head motions are regressed out. P-values have been corrected by the
Bonferroni method.

The findings regarding the within-IC FC suggest that the
frontal and temporal WM regions are more affected by aging.
Previous works have reported that age-related changes showed
the greatest effects in the frontal lobe, followed by the temporal
lobe in many aspects, but predominantly characterized by loss
of cortical volumes (Bartzokis et al., 2001; Raz et al., 2005).
Other studies have observed reduced WM integrity (O’Sullivan
et al., 2001; Gunning-Dixon et al., 2009) in frontal and temporal
areas based on diffusion MRI. Therefore, one possible explanation
of our finding is that a loss of neurons as well as their
myelinated extensions might be associated with lower demand
for communications among WM voxels, leading to reduced
within-IC FC. We observed a significant reduction of within-IC

FC in the genu (anterior part) of CC which connects bilateral
frontal regions. This notion is supported by a previous work
suggesting age-related decreases in interhemispheric FC between
the ventromedial prefrontal cortices (Zhao et al., 2020). Note that
in Figure 2, the y-axis represents the adjusted FC measurements
in which the individual-wise head motions have been regressed
out. The reason for doing this is that older individuals often
showed greater head motion during the scan (Supplementary
Figure 3 lower panel), which could introduce spurious increases
in connectivity (Kato et al., 2021). An interesting finding is
that, by contrast, if the head motions are not regressed out
from the data, we identified four ICs in which the within-IC
FC increased significantly with aging (Supplementary Figure 3),
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and more importantly, they distributed near the precentral gyrus
or within the cerebellum, and thus may be relevant for motor
effects. We suspect that the higher neural activities or inter-voxel
communication in these regions in older individuals shaped those
positive correlations. However, these disappeared (at least were
not significant anymore) after the head motions were controlled
during regression analysis, suggesting that head motions should
be carefully treated when assessing age-related changes in fMRI
measurements.

On a larger scale, we observed that nearly half of inter-
IC connections exhibit widespread decreases in FC with aging,
while only a few, predominantly short-range connections between
specific posterior regions, show an increasing trend. Similarly, as
reported in previous literature, FC decreased in the connections
between most pairs of GM regions but increased only in regions
within visual networks which were located at the posterior part of
the brain (Zonneveld et al., 2019). A more interesting finding is that
an IC at the inferior frontal area is the most affected by aging in
terms of a significant reduction of its interactions with the other
eight ICs. This finding confirms the vulnerability of the inferior
frontal brain to aging and supports the findings reported by Feng
et al. (2020) where reduced volume and cerebral blood volume
(CBV) were identified. Moreover, the other eight ICs mentioned
above show a clear separation: five ICs at the posterior and three
ICs at the anterior part of the brain, reflecting two distinct patterns
of connections (a short-range and a long-range) that are affected.
In addition, the graph metrics indicate a widespread reduction
across nearly all regions, among which five frontal ICs appear to
be most affected by aging, again confirming the vulnerability of
the frontal brain to aging. On an even larger scale, the WM ICs
group into three sub-circuits. The FCs within and between the
sub-circuits consistently reduced in older individuals, suggesting
abnormal communications across all major communities of WM
nodes. Such parallel neurodegenerations observed in the anterior,
posterior, and inferior parts of the brain WM are consistent with
previous findings in which nearly all communities that consisted
of GM nodes exhibit negative correlations with age (Varangis
et al., 2019). By contrast, different sub-circuits showed different
trajectories in their changes in FC over age groups. This can be
explained by the distinct time-dependent patterns of changes that
have been observed in different regions of the brain (Beason-
Held et al., 2008). Moreover, on a global scale, the information
exchange, measured by the global metrics, significantly decreases
with aging, and the fitting line exhibited a noticeable inflection
point at around the 7th decade. This is consistent with the notion
that the most notable loss of neurons occurs after 70 years of
age (Scahill et al., 2003), possibly leading to less demand for
communications between WM regions that are used to mediate
neural signal transmission.

Based on our previous work, the local HRF in WM is strongly
correlated with the shape of the power spectra of the BOLD
signals based on a very short sampling rate (TR = 0.72 s)
(Li et al., 2021). However, the data interpreted in the current
study are based on a longer TR (2.2 s), and might not provide
sufficient temporal resolution to characterize the distribution of
power at specific frequencies. Therefore, instead, we measured the
mean power across the entire low-frequency band to represent
the intensity of BOLD fluctuations, which are also shown
to be correlated with resting-state cerebral flow (Zou et al.,

2009). The spectral power decreases significantly with aging,
particularly in frontal regions. This might be either explained
by a reduced demand for signals to be transmitted between
neurons or the decreased supply of cerebral blood flow (flow)
due to the stiffening and wall thickening of arteries (Tarumi
and Zhang, 2018; Rosenberg et al., 2020). Moreover, a previous
study suggests that, across studies, the most consistent finding
in normal aging is decreased metabolism and cerebral flow in
the frontal regions (Xu et al., 2017). However, limited by the
temporal resolution of the data, the variation of power over
frequencies could not be accurately assessed, leading to a lack of
characterization of age-related changes in hemodynamic profiles
that were shown to be associated with power spectral shapes.
This will be examined in the future using fMRI data acquired
based on faster repetition times. Indeed, all the above observations
need to be interpreted cautiously as BOLD effects originate from
the hemodynamic response to increased demands for energy
substrates and are only indirect metrics of neural activity and
communication. Age-related changes in microvascular tone and
volume may explain some of the effects reported above. Although
BOLD signal increases are usually interpreted as physiological
responses to increased demands for oxygen that are required
for increased metabolism, the nature and driving force for
such responses in white matter are unclear. Harris and Attwell
(2012) predicted that the major energy budget of white matter
is used to support the maintenance and restoration of resting
potentials and general housekeeping rather than the costs of
synaptic neurotransmission. The ratio of glial cells to neurons
is much higher in white matter than in gray. Schilling et al.
(2022) measured the areas of the negative dip (an indicator of
oxygen metabolism) at the front of the hemodynamic response
functions in gray and white matter voxels and also calculated
the volume fractions of tissue that are neuronal and non-
neuronal, the latter being primarily composed of glial cells.
Whereas the negative dip increased with increasing neuronal
density in gray matter, an opposite trend was found in white
matter, suggesting that the metabolic demand that produces the
hemodynamic response is driven by neuronal energy requirements
in gray matter but non-neuronal components (glial cells) in
white matter. Therefore, reduced demand for communication
could also be associated with aging-related changes in WM
glial cells which have also been reported by Salas et al.
(2020).

In conclusion, in the current work, we conducted a
comprehensive quantification of age-related changes in BOLD
profiles measured from WM on multiple spatial scales. We
observed significant reductions in functional integrity in specific
areas, and widespread changes in network communication
as well as BOLD intensities. This work provides a unique
way to characterize functional changes in the process of
aging and promises to be a prelude to studies of specific
disorders and pathology.
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Introduction: As the population skews toward older age, elucidating mechanisms

underlying human brain aging becomes imperative. Structural MRI has facilitated

non-invasive investigation of lifespan brain morphology changes, yet this

domain remains uncharacterized in rodents despite increasing use as models of

disordered human brain aging.

Methods: Young (2m, n = 10), middle-age (10m, n = 10) and old (22m, n = 9)

mice were utilized for maturational (young vs. middle-age) and aging-related

(middle-age vs. old mice) comparisons. Regional brain volume was averaged

across hemispheres and reduced to 32 brain regions. Pairwise group differences

in regional volume were tested using general linear models, with total brain

volume as a covariate. Sample-wide associations between regional brain volume

and Y-maze performance were assessed using logistic regression, residualized

for total brain volume. Both analyses corrected for multiple comparisons.

Structural covariance networks were generated using the R package “igraph.”

Group differences in network centrality (degree), integration (mean distance), and

segregation (transitivity, modularity) were tested across network densities (5–

40%), using 5,000 (1,000 for degree) permutations with significance criteria of

p < 0.05 at ≥5 consecutive density thresholds.

Results: Widespread significant maturational changes in volume occurred in 18

brain regions, including considerable loss in isocortex regions and increases

in brainstem regions and white matter tracts. The aging-related comparison

yielded 6 significant changes in brain volume, including further loss in isocortex

regions and increases in white matter tracts. No significant volume changes were

observed across either comparison for subcortical regions. Additionally, smaller

volume of the anterior cingulate area (χ2 = 2.325, pBH = 0.044) and larger

volume of the hippocampal formation (χ2 = −2.180, pBH = 0.044) were associated

with poorer cognitive performance. Maturational network comparisons yielded

significant degree changes in 9 regions, but no aging-related changes, aligning

with network stabilization trends in humans. Maturational decline in modularity

occurred (24–29% density), mirroring human trends of decreased segregation in

young adulthood, while mean distance and transitivity remained stable.
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Conclusion/Implications: These findings offer a foundational account of age

effects on brain volume, structural brain networks, and working memory in

mice, informing future work in facilitating translation between rodent models and

human brain aging.

KEYWORDS

mouse model, aging, brain volume changes, MRI, Structural covariance network (SCN),
cognition, working memory, lifespan

1. Introduction

As the world population skews sharply toward older age, with
21.1% projected to be 60 years or older by 2050, the risk of
age-related physical and cognitive decline is expected to increase
an already widespread societal burden (Chatterji et al., 2015).
Understanding lifespan changes in brain maturation and aging is
crucial for uncovering etiology driving the aging process and the
emergence of age-related diseases, such as dementia (Hou et al.,
2019).

Human structural magnetic resonance imaging (MRI) studies
have begun to map trajectories of lifelong structural brain change.
In humans, overall brain volume is observed to increase before
a mid-childhood peak at 5.9 years, followed by a near-linear
decrease across the lifespan (Bethlehem et al., 2022). On a regional
level, maturational growth peaks earliest in primary sensory motor
areas and latest in higher-order association areas (Giedd and
Rapoport, 2010). Specifically, regional gray matter loss occurs most
consistently in the cerebral cortex, with drastic loss in prefrontal
regions accompanied by less extensive loss in parietal and temporal
association cortices (Raz, 1997; Tisserand et al., 2002; Resnick et al.,
2003). Moderately consistent findings of aging-related volume
loss are reported for the insula, cerebellum, basal ganglia, and
thalamus (Good et al., 2001; Alexander et al., 2012). However,
findings of aging-related atrophy in limbic and prelimbic regions
are more conflicting, particularly in the hippocampus, amygdala,
and cingulate gyrus (Raz, 1997; Jernigan et al., 2001; Zheng et al.,
2019). Compared to gray matter, white matter volume matures
gradually, peaking at 50 years of age, before drastically declining
after 60 years of age (Jernigan et al., 2001; Liu et al., 2016). In turn,
age-related individual differences in regional gray and white matter
properties have been mapped onto differences in cognition and may
contribute to observed patterns of age-dependent cognitive decline
(Raz and Rodrigue, 2006; Oschwald et al., 2019).

While structural MRI has facilitated progress in characterizing
lifespan brain volume changes in humans, further leveraging these
insights to study molecular mechanisms of aging is challenging
due to the invasive nature of molecular brain research. The use
of rodent models allows for more direct experimentation than
human brain research, including transgenic and gene knock-out
models to simulate pathology, drug trials, and more invasive
biological interventions (Nadon, 2006). Moreover, the significantly
shorter lifecycles in rodent models facilitate feasible lifespan
and generational research (Folgueras et al., 2018). Ultimately,
models are as useful as their ability to approximate healthy and
pathological states in the human brain. However, while preclinical

models are being increasingly implemented for Alzheimer’s disease,
Parkinson’s disease, frontotemporal dementia, and Huntington’s
disease (Ellenbroek and Youn, 2016; Dawson et al., 2018),
normal lifespan changes in brain volume remain incompletely
characterized in rodent models.

This incomplete characterization reflects, in part, evolving
methodology such as specialized small-rodent scanners and non-
standardized brain segmentation methods (Denic et al., 2011;
Sawiak et al., 2013), that has contributed to a lag in the use
of structural MRI in preclinical rodent models compared to its
widespread use in human research (Feo and Giove, 2019). As
a result, there are few lifespan brain volume studies in rodents.
Whole-brain volumetric findings suggest that gray matter volume
increases in rodents before plateauing at 2 months (Mengler et al.,
2014). A recent study describes prominent regional volume loss in
the isocortex (i.e., often referred to as neocortex in humans), most
notably in the prefrontal cortex and temporal association areas, as
well as the insula and perirhinal area. Further loss occurred in the
cerebellum, while increases in volume occurred in somatosensory
areas, thalamus, midbrain, septal nuclei, and specific hippocampal
regions (Alexander et al., 2020). The sparse literature on lifespan
brain volume changes in rodents poses a gap in the determination
of their suitability as a model of healthy structural brain aging.

In this context, specific brain regions warrant particular
attention due to their selective age-sensitivity and relevance to
age-related cognitive phenotypes. These regions of interest (ROIs)
include the anterior cingulate cortex (ACC), hippocampus, and
orbitofrontal cortex (OFC). In humans, the ACC connects to both
prefrontal and limbic regions, integrating emotional and cognitive
functions, including attention, decision making, fear response, and
memory (Bush et al., 2000). In rodents, the homologous anterior
cingulate area subserves similar functions to those of the ACC
(Frankland et al., 2004; Hosking et al., 2014; Zhang et al., 2014),
comprising one of four subregions of the medial prefrontal cortex
(Heidbreder and Groenewegen, 2003). Normal aging is largely
associated with volume loss in the ACC (Good et al., 2001; Bergfield
et al., 2010), although preservation has also been reported (Raz,
1997). Further evidence of aging-dependent changes in the ACC
includes reductions in spine density and dendritic tree extent
(Markham and Juraska, 2002), and decreases in glucose uptake and
metabolism (Pardo et al., 2007).

The hippocampus is another region of particular relevance due
to its sensitivity to aging-related changes. By integrating sensory,
spatial, and temporal information, it contributes to memory
formation, learning, and spatial navigation (Eichenbaum, 1999;
Maguire et al., 1999). In humans, drastic hippocampal volume loss
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is observed in aging (Jernigan et al., 2001; Zheng et al., 2019),
however, conflicting results have also been reported (Sullivan, 1995;
Good et al., 2001). Furthermore, this region displays a unique
pattern of continual neurogenesis and increase in brain volume
into adulthood in both humans and rodents (Diamond et al., 1975;
Sullivan, 1995; Sullivan et al., 2006), while reduced hippocampal
neurogenesis in late life has been associated with decreased volume
and memory performance (Kuhn et al., 1996; Driscoll et al., 2006;
Bettio et al., 2017).

Lastly, the OFC in humans is a prefrontal cortical region that
acts as a link between sensory integration, autonomic reactions,
learning, and decision making for emotional and reward-related
behaviors (Kringelbach, 2005). This age-sensitive region is of
interest due to evidence of decreasing volume across aging (Convit
et al., 2001; Tisserand et al., 2002). In rodents, the orbital area is
homologous to a human agranular section of the OFC, serving
similar function (Öngür and Price, 2000; Izquierdo, 2017). Better
understanding the nature of age-dependent structural changes
in these regions is likely to provide insight into age-dependent
cognitive changes.

Network-based approaches to modeling brain structure
can complement univariate analyses of regional brain volume
to uncover mechanisms underlying normal aging. Structural
covariance networks (SCNs) are comprised of nodes (brain
regions) connected by edges which represent the statistical
correlation between properties of adjacent nodes (Bullmore and
Sporns, 2009). As such, they reflect synchronized changes in
morphology (volume, cortical thickness) between brain regions
(Alexander-Bloch et al., 2013), thought to be driven by mutually
trophic influences (Ferrer et al., 1995; Pezawas et al., 2004) and
experience-driven plasticity (Mechelli, 2005). SCNs are heritable
(Mechelli, 2005), occur at the individual and population level
(Tijms et al., 2012; Alexander-Bloch et al., 2013), and partially map
on to structural and functional connectivity (Alexander-Bloch et al.,
2013). SCNs also display consistent lifespan trajectories, reflecting
coordinated neurodevelopmental changes across maturation and
aging (Fan et al., 2011; Khundrakpam et al., 2013; Cao et al.,
2016). Furthermore, perturbations to typical composition of SCNs
have been observed in neurodegenerative diseases and psychiatric
illnesses (Alexander-Bloch et al., 2013; Prasad et al., 2022).

While SCN analysis could provide additional insight into
age-related changes in brain structure and organization, few
studies have considered lifespan SCN trajectories in rodents.
Existing literature has employed scaled sub-profile modeling SCN
methods (Alexander et al., 2020), but none, to our knowledge,
have leveraged whole-brain SCN and graph theoretical methods.
The latter can be used to characterize different aspects of SCN
topology, from which inferences regarding brain structure and
function can be drawn (Bullmore and Sporns, 2009). Topological
measures broadly index network (1) node centrality, identifying
the “hubness” of highly connected and influential nodes; (2)
integration, capturing the capacity for efficient network-wide
communication and information processing; and (3) segregation,
quantifying the presence of densely interconnected and clustered
nodes facilitating local or specialized information processing
(Bullmore and Sporns, 2009; Rubinov and Sporns, 2010).

In the present study, we aim to use structural MRI and graph
theoretical methods to provide a comprehensive characterization
of lifespan brain volume changes in mice. By comparing young

mice to middle-aged mice, and middle-aged mice to old mice,
we distinguish between maturational and aging-related differences,
respectively, in regional brain volume for 32 brain regions.
Particular consideration is given to the three aforementioned
a priori ROIs, for which there is evidence of age-sensitivity and
relevance to age-related cognitive phenotypes (anterior cingulate
area, hippocampal formation, and orbital area). We then map
these regional brain volume changes to cognitive outcomes by
establishing associations with working memory performance on
the Y-maze task. Lastly, we further explore regional volumetric
changes by analyzing maturational and aging-related differences in
SCNs, examining network topology across the mouse lifespan.

2. Materials and methods

2.1. Animals

Two months-old (young), 10 months-old (middle-age) and
22 months-old (old) male C57BL/6 mice (n = 10/group, Charles
River Laboratories, Senneville, Quebec, Canada) were housed
under a 12/12-h light/dark cycle (7am–7pm light phase) at constant
temperature (20–23◦C) with free access to food and water. One
mouse in the 22 months-old animal group was excluded from
the study for developing cataract signs before behavioral testing.
Testing was performed by an experimenter blinded to the animal
group during the animal’s light cycle phase. Animal use and testing
procedures were conducted in accordance with the Canadian
Council for Animal Care with approval from the institutional
animal care committee.

2.2. Behavioral testing

2.2.1. Y-maze
Testing was performed as in Prevot et al. (2019, 2021). The

Y-maze was chosen in preference over other working memory tasks
(e.g., Morris water maze or radial arm maze) as it is relatively
less susceptible to confounding factors related to aging, such as
weight, fatigue, and mobility differences (Matzel et al., 2008). The
Y-maze apparatus consists of 3 identical black PVC arms (26 cm
length × 8 cm width × 13 cm height) in the shape of a Y; each
arm has a sliding door. Distal cues of different shape, form and
color were placed on the walls around the room. Mice were allowed
to freely explore the apparatus for 10 min on 2 consecutive days
(habituation stage). The next day, mice performed a training session
consisting of seven consecutive trials. Each trial began with placing
the animal in the starting arm for 5 s, prior to the door of y-maze
arm opening, allowing the animal to freely choose between the 2
goal arms, and choices were recorded. Upon entering the arm, the
door was closed for a 30 s period (inter-trial interval or ITI) after
which the animal was returned to the starting arm for the next trial
(training stage). The following day, mice were subjected to a similar
procedure as the training session, with the exception that the ITI
being lengthened to 60 s ITI (testing stage). The mean percent
alternation rate (number of alternation/number of trials × 100) was
calculated as an index of working memory. ANOVA was performed
to determine differences between groups, followed by the Wald test
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in a logistic regression model, to account for the non-normality
of the data distribution and the non-continuous nature of the
proportion alternation scores.

2.2.2. Locomotor activity
During the light cycle, locomotor activity of each mouse was

measured for 1 h in an observational cage (30 cm × 30 cm) with
bedding on the floor (Noldus Phenotyper R©, Leesburg, VA, USA).
Using Noldus EthoVision 10 tracking software, mice total distance
traveled within the cage was analyzed.

2.3. MRI data collection and
pre-processing

Twenty-four h after the last behavioral testing, animals were
anesthetized and perfused with 4% paraformaldehyde containing
2 mM of ProHance (gadoteridol). Brains were then prepared and
scanning was performed as described in Nikolova et al. (2018).
In this case, however, we extracted brain volumes from a total
of 280 regions (instead of 159, as in Wheeler et al., 2015),
excluding ventricles. This parcellation method was adapted from
previous rodent MRI studies (Dorr et al., 2008; Richards et al.,
2011; Ullmann et al., 2013; Steadman et al., 2014). Deformation-
based morphometry was used to derive absolute brain volumes (in
mm3). For all MRI analyses, ROI volumes were averaged across
hemispheres in order to minimize multiple testing burden.

2.4. Data reduction

MRI-derived volumes were extracted from 280 regions. To
reduce the number of comparisons, these regions were combined
according to their positions within a hierarchical tree, ultimately
yielding 32 regions of interest (ROIs) (Refer to Supplementary
Material 1). Of these ROIs, 5 are white matter tracts (cerebellar-
related fiber tracts, cranial nerves, extrapyramidal fiber system,
lateral forebrain bundle system, and medial forebrain bundle
system) and 27 are gray matter divisions. The latter includes
5 brainstem areas (hypothalamus, medulla, midbrain, pons, and
thalamus); 2 cerebral nuclei (pallidum, striatum); 18 cerebral
cortical areas, including the cortical subplate, hippocampal
formation, olfactory areas, and 15 isocortical areas (agranular
insular area, anterior cingulate area, auditory areas, ectorhinal area,
frontal pole, infralimbic area, orbital area, perirhinal area, posterior
parietal association areas, prelimbic area, retrosplenial area,
somatomotor areas, somatosensory areas, temporal association
areas, visual areas); and 2 cerebellar divisions (cerebellar cortex,
cerebellar nuclei).

2.5. Volumetric analyses

2.5.1. A priori ROI volumetric effects of age
Preliminary statistical analyses focused on the anterior

cingulate area, hippocampal formation, and orbital area. For each
ROI, we performed the following analyses. First, we tested pairwise
group differences (young vs. middle-age, middle-age vs. old) in

volume using separate general linear models including total brain
volume as a covariate. Then, we tested the sample-wide associations
of regional volume, residualized for total brain volume, with
working memory performance. Working memory performance
was evaluated using the Y maze task, and logistic regression was
employed with volume measurement as a continuous independent
variable and percent alteration expressed as a proportion score,
bound between the values of 0 and 1, as the dependent variable
(Long, 1997). To account for multiple comparisons, raw p-values
from each analysis (n = 6, 3, respectively) were adjusted using the
Bonferroni-Holm method (Holm, 1979), a correction commonly
used in MRI analysis (Kerr et al., 2022; Straub et al., 2023).
We opted for this relatively conservative correction method to
ensure greater specificity of our findings. Notably, however, the
Bonferroni-Holm method is less conservative than the Bonferroni
correction, offering similar protection against Type I error coupled
with reduced likelihood of Type II error (Eichstaedt et al., 2013).

2.5.2. Whole-brain volumetric effects of age
We repeated the aforementioned analyses brain-wide,

correcting for multiple testing in all 32 ROIs using the
Bonferroni-Holm method.

2.6. Structural covariance network
analyses

2.6.1. A priori degree centrality analyses
We used the R package “igraph” to generate and compare age

group-specific structural covariance matrices indexing correlations
of volume between brain regions. Regional volumes were first
adjusted for total brain volume, and all negative correlations
were removed [to align with previous work (Nikolova et al.,
2018; Misquitta et al., 2021)], resulting in group-specific structural
covariance matrices that were unweighted and unsigned. For
each group, a set of structural covariance networks was then
defined by thresholding the covariance matrices using a range of
density thresholds (0.05–0.40), indexing the top 5–40% strongest
connections in sequential increments of 1%. We then tested
pairwise group differences in degree centrality, a node’s level of
interconnectedness within the network (Bullmore and Sporns,
2009), for each of the 3 a priori ROIs (anterior cingulate area,
hippocampal formation, and orbital area) across each of the above-
mentioned age group-specific structural covariance networks.
For statistical analysis, permutation testing was performed at
each density threshold (n = 5,000 permutations), yielding null
distributions against which empirical two-tailed p-values were
computed. Significance was defined as p < 0.05 at 5 or more
consecutive density thresholds.

2.6.2. Brain-wide degree centrality analyses
We repeated the degree centrality analyses for all 32 brain

regions. Permutation testing was performed at density thresholds
using n = 1,000 permutations.

2.6.3. Global structural covariance network
analyses

In addition, we conducted pairwise group comparisons
(young vs. middle-age, middle-age vs. old) of modularity and
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transitivity, network segregation measures indexing densely
internally connected sub-graphs within the network, and the
tendency of nodes to form clusters, respectively; and mean
distance, the average length of shortest paths between nodes,
reflecting overall network efficiency (Bullmore and Sporns, 2009;
Rubinov and Sporns, 2010). Permutation testing was performed
across a range of density thresholds (0.05–0.40), using n = 5,000
permutations. To further explore group differences in network
modularity, a Walktrap community detection algorithm from
the “igraph” package was used to identify densely connected
sub-graphs within age-group specific networks. For each age
group, the most prominent provincial hubs and connector hubs
were identified in communities by calculating both the within-
community degree z-score (the number of connections a given
node has to other nodes within the same community) and the
participation coefficient (the distribution of a node’s connections
to other communities in the network) of nodes, as outlined in
Guimerà et al. (2005) and adapted from Shizuka (2019). Provincial
hubs drive exchange and integration of information within a single
segregated community. As such, they are defined by a high within-
community degree z-score and a low participation coefficient.
In contrast, connector hubs facilitate sharing and integration of
information between otherwise segregated communities and are
therefore defined by both a high within-community degree z-score
and a high participation coefficient (Sporns, 2016).

3. Results

3.1. Cognitive performance on Y-maze
task and brain volume

Although old mice showed average percent alternations close
to 50% chance compared to that of 70% in young animals, we
found no significant difference in the percent of spontaneous
alternation between young, middle-age, or old animal groups
(ANOVA F2,26 = 1.96, p = 0.16, Figure 1A). Follow up analysis
using the Wald test in a logistic regression model similarly
found no significant difference in proportion of alternation
between age groups (χ2 = 4.7, p = 0.095). We did not detect
any statistical difference between groups in distance traveled in
the locomotor activity test (F1,26 = 2.240, p = 0.117; Young:
6,311cm ± 133 cm; Middle-age: 8,437 cm ± 795cm; Old:
7,215 cm ± 1,141 cm). In the absence of between-group differences
in cognitive performance, we then examined potential associations
between working memory measured in the Y-maze test and brain
volume of our 3 a priori ROIs and brain-wide (i.e., across all
32 regions) in the full sample. Independent of age group, better
cognitive performance was associated with greater volume of the
anterior cingulate area (χ2 = 2.325, pBH = 0.044, Figure 1B)
and smaller volume of the hippocampal formation (χ2 = −2.180,
pBH = 0.044, Figure 1C), while no association emerged with volume
of the orbital area (χ2 = 0.855, pBH = 0.393). Significant brain-
behavior associations are depicted in Figure 1, and corresponding
test statistics are summarized in Table 1. At the whole-brain
level, no association between Y-maze performance and regional
volume survived correction for multiple comparisons. However,
we identified several associations, wherein a “younger” brain

phenotype was associated with better cognitive performance,
regardless of chronological age (i.e., across age groups). Specifically,
better cognitive performance was associated with larger volume of
the agranular insular area (χ2 = 2.256, p = 0.024) and ectorhinal
area (χ2 = 2.646, p = 0.008), both of which were larger in
younger relative to middle-aged mice. Conversely, better cognitive
performance was also associated with lower volume of the medial
forebrain bundle system (χ2 = −1.968, p = 0.049), which was larger
in older age.

3.2. Volumetric changes across the
lifespan

3.2.1. A priori ROI volumetric effects of age
We detected significant main effects of age on regional volume

of the anterior cingulate area and orbital area, but not of the
hippocampal formation. Specifically, we found a maturational
decrease in volume in the anterior cingulate area, which was smaller
in middle-aged mice than in young mice (t = −4.898, pBH = 0.001)
(Figure 2A), but did not differ between middle-aged and old mice.
We observed a different trajectory of volume loss in the orbital area,
where volume was significantly lower in old mice than in middle-
aged mice (t = −2.859, pBH = 0.038; Figure 2B), but did not differ
between young and middle-aged mice, indicating aging-related
volume loss. Results of all pairwise comparisons are summarized
in Table 2.

3.2.2. Whole-brain volumetric effects of age
We found significant group differences in regional volume of

24 of 32 regions tested, including some of the a priori ROIs, as
mentioned above (Figures 2A, B). In most of these regions (18/24),
volume differed significantly between young mice and middle-
aged mice, indicating a maturational effect. The maturational
effects were characterized by increases in volume (i.e., middle-
aged > young) and decreases in volume (i.e., middle-aged < young)
in a roughly equivalent number of regions. Maturational increases
in volume (t = 2.611–6.837, pBH ≤ 0.050) were observed in ten
regions, including the cerebellar nuclei, pallidum, most of the
brainstem areas (hypothalamus, medulla, midbrain, pons), and
most of the white matter tracts (cerebellum-related fiber tracts,
cranial nerves, lateral forebrain bundle system, medial forebrain
bundle system) (Figure 2A). Maturational decreases in volume
(t = 2.674–4.898, pBH ≤ 0.050) were observed in 10 regions,
including the cerebellar cortex and 7 of 15 isocortical areas: anterior
cingulate area, auditory areas, prelimbic area, somatosensory
areas, somatomotor areas, temporal association areas, visual areas
(Figure 2A).

Aging-related (i.e., middle-aged < old) increases in volume
were observed in the lateral forebrain bundle system (t = 3.275,
pBH = 0.020) and medial forebrain bundle system (t = 3.177,
pBH = 0.022), white matter tracts in which we also found
maturational increases in volume. Aging-related decreases (i.e.,
middle-aged > old) in volume were observed in two distinct
isocortical areas, the ectorhinal cortex (t = −3.199, pBH = 0.022)
and the orbital area (t = −2.859, pBH = 0.038) (Figure 2B). Results
of all pairwise comparisons are summarized in Table 2.
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FIGURE 1

Significant associations between brain volume and working memory performance. Percentage of correct alterations in the Y-maze task are depicted
for the young, middle-age and old mice, with error bars representing standard error of the mean (SEM) (A). Greater volume of the anterior cingulate
area was associated with better working memory performance on the Y-maze task (B). Smaller volume of the hippocampal formation was
associated with better working memory performance on the Y-maze task (C). Associations survived correction for multiple comparisons across
these a priori regions (p-value pictured) but not across brain-wide regions.

3.3. Structural covariance network
adaptations

3.3.1. A priori ROI degree centrality analyses
Among the 3 a priori ROIs, we found significant maturational

group differences in regional degree centrality of the anterior
cingulate area and hippocampal formation, but not of the orbital
area (Figures 3A-C). Degree centrality in the anterior cingulate area
was significantly lower in middle-aged mice than in young mice
(23–40% density) indicating a maturational decrease in regional
connectivity (Figures 3A, 4A-C). Conversely, degree centrality in
the hippocampal formation was significantly higher in middle-aged
mice than in young mice (8–16% density) indicating a maturational
increase in regional connectivity (Figures 3B, 4D-F). In contrast,
no significant degree centrality differences in a priori regions were
detected in the aging-related comparisons (Figures 3D-F). Results
of all pairwise comparisons are summarized in Supplementary
Table 1.

3.3.2. Brain-wide degree centrality analyses
We identified group differences in degree centrality of 9

of 32 regions tested. In all of these regions, degree differed
significantly between young mice and middle-aged mice, indicating
maturational network connectivity changes. In addition to the
above-mentioned maturational differences in degree centrality of
the anterior cingulate area (decrease) and hippocampal formation
(increase), we also detected significant maturational decreases in
3 additional isocortical regions (auditory areas, ectorhinal area,
somatomotor areas) and significant maturational increases in 4
regions (cerebellar nuclei, cerebellum-related fiber tracts, cortical
subplate, midbrain) across partially overlapping density thresholds

(Figures 5A-G). No significant differences in regional degree were
found between the middle-aged and old mice.

3.3.3. Global structural covariance network
analyses

We detected a significant maturational decrease (i.e., middle-
age < young) in global network modularity (density 24–29%)
(Figure 6A), but no significant aging-related differences therein
(Figure 6B). In addition, we did not detect any significant
maturational or aging-related differences in global network
transitivity or mean distance measures. Results of all pairwise
comparisons are summarized in Supplementary Table 2.

Network community modules generated by the Walktrap
community detection algorithm revealed densely interconnected
sub-graphs in the young, middle-age, and old networks
(Figures 7A-C). Communities in the young network had
densely connected within-community edges (black lines) and few
inter-community connections (red lines), while the middle-age
and old network communities had progressively fewer within-
community connections and more inter-community connections.
In the young mice network, the most prominent provincial hubs of
their respective communities were the frontal pole, extrapyramidal
fiber system, and olfactory areas, while the most prominent
connector hubs were the ectorhinal area, temporal association
areas. Moreover, in the middle-aged network, the frontal pole,
posterior parietal association areas, hypothalamus, pallidum, and
lateral forebrain bundle system were identified as provincial hubs,
and the temporal association areas, cerebellar nuclei, and pons
were identified as connector hubs. Lastly, in the old mice network,
the midbrain was identified as the only provincial hub, while the
pallidum, prelimbic area, agranular insular areas, and hippocampal
formation were identified as connector hubs.
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TABLE 1 Sample-wide associations between volume and working
memory performance.

χ 2 pBH

A priori regions

Hippocampal formation −2.180 0.044

Anterior cingulate area 2.325 0.044

Orbital area 0.855 0.393

Brain-wide regions

Brainstem – –

Hypothalamus −0.517 0.645

Medulla −1.835 0.243

Midbrain −1.822 0.243

Pons −1.475 0.299

Thalamus 0.603 0.616

Cerebellum – –

Cerebellar cortex 1.418 0.312

Cerebellar nuclei −1.168 0.616

Cerebral cortex – –

Cortical sub-plate 0.599 0.616

Hippocampal formation −2.180 0.234

Olfactory areas 0.885 0.523

Cerebral isocortex – –

Agranular insular area 2.256 0.234

Anterior cingulate area 2.235 0.234

Auditory areas 1.348 0.316

Ectorhinal area 2.646 0.234

Frontal pole −0.586 0.616

Infralimbic area 0.466 0.662

Orbital area 0.855 0.523

Perirhinal area 1.243 0.342

Posterior parietal association
areas

0.184 0.854

Prelimbic area 0.617 0.616

Retrosplenial area 0.867 0.523

Somatomotor areas 1.359 0.316

Somatosensory areas 1.311 0.320

Temporal association areas 1.670 0.302

Visual areas 0.608 0.616

Cerebral nuclei – –

Pallidum −1.418 0.299

Striatum 1.837 0.243

White matter tracts – –

Cerebellum related fiber tracts −1.625 0.278

Cranial nerves −1.532 0.299

Extrapyramidal fiber system −1.163 0.373

Lateral forebrain bundle system −1.941 0.243

Medial forebrain bundle system −1.968 0.243

Sample-wide associations between regional volume, residualized for total brain volume, and
working memory performance, indexed as percent correct entries on the Y-maze task. BH,
Bonferroni-Holm. Bold values indicate that these values were statistically significant.

4. Discussion

Leveraging structural neuroimaging data in young, middle-
aged, and old mice, we provide a comprehensive characterization
of regional volume and SCN changes across the lifespan, and map
them onto working memory performance in the Y-maze paradigm.
We observed robust and widespread maturational changes in
brain volume, including notable volume loss in isocortical regions
accompanied by volume gain in white matter tracts and the
brainstem. Aging-related volume changes were more discreet,
with further volume loss in select regions of the isocortex,
including the orbital area, ectorhinal area, auditory areas, and
temporal association areas, coupled with volume gain in white
matter tracts, and contrasted by relative preservation in subcortical
and cerebellar regions. Additionally, poorer working memory
performance on the Y-maze task was associated with smaller
volume of the anterior cingulate area and larger volume of the
hippocampal formation, regardless of age. Lastly, SCN analyses
revealed widespread maturational changes in node-level degree
centrality and a significant decrease in network modularity, but not
in the aging-related comparison. Network transitivity and mean
distance remained relatively stable across the mouse lifespan.

4.1. Brain volume changes across
maturation and aging in mice

In the present study, the most prominent maturational changes
in volume (young vs. middle-aged mice) occurred in the isocortex.
This finding mirrors those in human literature, wherein protracted
development in the cerebral cortex precedes widespread gray
matter loss, most notably in the prefrontal cortex and to a lesser
extent in the parietal and temporal association areas (Raz, 1997;
Tisserand et al., 2002; Resnick et al., 2003). Similar to these trends,
we detected significant volume loss in 7 of the 15 isocortical regions,
including 2 of the 3 “prefrontal” regions in rodents (prelimbic area,
anterior cingulate area) (Laubach et al., 2018) and the temporal
association area. We did not observe significant age-related changes
in the remaining prefrontal region (infralimbic area) or in the
parietal association area. The aforementioned volume loss in the
anterior cingulate area, an a priori ROI, aligns with previous rodent
literature (Hamezah et al., 2017), along with most human findings
(Raz, 1997; Good et al., 2001; Bergfield et al., 2010).

Aging-related volume changes, indexed by comparing middle-
age vs. old mice, were also associated with considerable volume loss
in the isocortex, with atrophy detected in 4 of the 15 associated
regions. Notably, the temporal association area experienced both
maturational and aging-related loss, suggesting lifelong volumetric
decrease, as did the auditory areas. Moreover, the orbital area,
another a priori ROI, experienced significant aging-related loss
consistent with human literature (Convit et al., 2001; Tisserand
et al., 2002), suggesting that this region may be particularly sensitive
to late-life volume decrease in mice.

Beyond the isocortex, other areas demonstrated similar
patterns to human trajectories of lifespan brain volume.
Specifically, we found significant volume increase in 4 of 5
brainstem regions in the maturational comparison. Furthermore,
these regions did not experience significant volume loss or
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FIGURE 2

Volumetric changes in maturational and aging-related comparisons. Negative and positive linear changes in regional brain volume are depicted
between pairwise comparisons of young and middle-age mice (maturational) (A) and middle-age and old mice (aging-related) (B). Brain regions that
underwent significant change in volume are denoted by asterisk (∗).

gain in the aging-related comparison. These findings align with
human trajectories of increasing brainstem volume in maturation
(Walhovd et al., 2005), and accounts of relative stability in aging
(Luft et al., 1999; Walhovd et al., 2011; Long et al., 2012). In
addition, the maturational comparison of white matter tracts in the
mice revealed 4 of 5 tracts significantly increasing in volume. This
aligns with previous rodent studies (Calabrese and Johnson, 2013)
as well as human trends of white matter gradually maturing into
adulthood (Jernigan et al., 2001; Liu et al., 2016).

Although in the present study we described cortical
maturational and aging-related volume changes in mice similar
to those observed in humans, we also found deviations from
human lifespan trajectories. Most notably, we did not detect
significant maturational or aging-related volumetric changes in
the 3 subcortical structures, including the hippocampal formation,
an a priori ROI, or in cerebellar regions. This is contrary to
evidence from human studies, which suggest that subcortical
structures reach maximum volume early in development before
undergoing a steep decline in the sixth decade (Dima et al., 2022).
It is similarly contrary to evidence of continued hippocampal
formation neurogenesis and growth into adulthood in both
humans and rodents (Diamond et al., 1975; Sullivan, 1995) and
of aging-related volumetric decline of the cerebellum in humans
(Escalona et al., 1991; Jernigan et al., 2001; Raz et al., 2001).
Although the absence of aging-related decrease in the hippocampal
formation differs from accounts of drastic late-life volume loss in
humans and rodents (Jernigan et al., 2001; Alexander et al., 2012;

Hamezah et al., 2017; Zheng et al., 2019), it does align with
contradictory findings of preservation in humans (Sullivan, 1995;
Good et al., 2001). Moreover, it is possible that segmentation
of the hippocampal formation may have increased sensitivity to
changes in volume (Hackert et al., 2002). Finally, the observed
significant aging-related volume increases in 2 of 5 white matter
tracts differs from findings of drastic late-life white matter loss in
human literature (Jernigan et al., 2001; Liu et al., 2016).

Overall, the volumetric changes found in the present study
were more numerous and robust in the maturational comparisons
than the aging-related comparisons. We speculate this may be
attributable to the relatively shorter late-life period in mice
compared to the protracted aging period humans experience.
Furthermore, the controlled laboratory setting may have been
protective against perturbations caused by adverse environmental
variables contributing to aging-related decline. Lastly, it is also
possible that our study was underpowered to detect aging-related
changes due to small group size and greater inter-subject (i.e.,
significant within-group) variability.

4.2. Associations between working
memory performance and regional brain
volume

Poorer working memory performance in the Y-maze was
associated with smaller volume of the anterior cingulate area.
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TABLE 2 Pairwise group differences in volume.

Young vs. Middle-age Middle-age vs. Old

t pBH t pBH

A priori regions

Hippocampal formation 0.428 0.744 −0.810 0.550

Anterior cingulate area −4.898 0.001 −0.181 0.872

Orbital area −2.060 0.111 −2.859 0.038

Brain-wide regions

Brainstem – – – –

Hypothalamus 5.425 0.001 −1.374 0.301

Medulla 5.581 0.001 2.197 0.092

Midbrain 4.413 0.003 1.419 0.287

Pons 6.837 0.000 1.923 0.132

Thalamus 1.975 0.126 0.268 0.831

Cerebellum – – – –

Cerebellar cortex −0.410 0.004 −0.996 0.475

Cerebellar nuclei 5.802 0.001 0.852 0.531

Cerebral cortex – – – –

Cortical sub-plate 0.347 0.795 −0.272 0.831

Hippocampal formation 0.428 0.744 −0.810 0.550

Olfactory areas −0.658 0.640 −0.509 0.710

Cerebral isocortex – – – –

Agranular insular area −2.365 0.067 −0.857 0.531

Anterior cingulate area −4.898 0.001 −0.181 0.872

Auditory areas −4.243 0.004 −2.725 0.044

Ectorhinal area −1.901 0.132 −3.199 0.022

Frontal pole −2.160 0.094 1.586 0.229

Infralimbic area −0.048 0.962 −1.180 0.380

Orbital area −2.060 0.111 −2.859 0.038

Perirhinal area −2.377 0.067 −1.277 0.343

Posterior parietal association
areas

−0.478 0.717 −0.504 0.710

Prelimbic area −3.021 0.028 1.000 0.475

Retrosplenial area −2.565 0.051 −0.522 0.710

Somatomotor areas −3.711 0.009 0.962 0.487

Somatosensory areas −4.827 0.001 −0.681 0.634

Temporal association areas −2.799 0.039 −2.674 0.047

Visual areas −2.711 0.044 −0.575 0.692

Cerebral nuclei – – – –

Pallidum 5.104 0.001 1.253 0.348

Striatum −2.384 0.067 −0.190 0.872

White matter tracts – – – –

Cerebellum related fiber
tracts

2.537 0.052 1.917 0.132

Cranial nerves 5.851 0.001 1.570 0.231

Extrapyramidal fiber system 3.408 0.016 0.888 0.528

Lateral forebrain bundle
system

3.275 0.020 3.075 0.027

Medial forebrain bundle
system

3.177 0.022 2.611 0.050

Group differences in regional volume, residualized for total brain volume. A negative t score indicates a period-specific decrease in volume, and a positive t score indicates a period-specific
increase in volume. BH, Bonferroni-Holm. Bold values indicate that these values were statistically significant.
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FIGURE 3

Regional degree centrality differences in a priori ROIs for maturational and aging-related comparisons. Maturational comparisons in structural
covariance networks for the a priori age-sensitive regions revealed significant decrease in degree centrality for the anterior cingulate area (A), a
maturational increase in degree centrality in the hippocampal formation (B), and no significant differences observed in the orbital area (C).
Aging-related comparisons in structural covariance networks for the a priori age-sensitive regions did not yield significant differences in degree
(D-F). Differences in degree were determined across density thresholds of 0.05 and 0.40 at 5 consecutive significant density thresholds [statistical
significance indicated by white circles (∗p < 0.05)].

Notably, this region also underwent a significant maturational
decrease in volume and degree centrality. The anterior cingulate
area has previously been implicated in working memory in
rodents (Teixeira et al., 2006), similar to the involvement of
the ACC in working memory in humans (Kaneda and Osaka,
2008), including aging-related decline in functional activity of
the ACC in working memory performance (Pardo et al., 2007).
Furthermore, as one of three prefrontal regions in rodents, this
association also supports the relationship between the prefrontal
cortex and working memory decline (Head et al., 2002). In
the a priori ROI analyses, poorer working memory performance
was also associated with larger volume of the hippocampal

formation, despite no significant volume differences identified
over the lifespan. This association further supports the well-
known involvement of the hippocampal formation in working
memory in humans, and rodents (Yoon et al., 2008; Yonelinas,
2013). A meta-analysis of volumetric changes in the hippocampus
and memory outcomes in humans demonstrated high variability
in the structural associations in older adults, while youth and
young adults trended toward worse performance with higher
hippocampus volume (Van Petten, 2004). The association observed
in our mice is difficult to interpret against the variable human
literature, but notably does not align with rodent findings of
smaller hippocampal formation volume and poorer working
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FIGURE 4

Circular degree plots of significant differences in regional connectivity in a priori ROIs. The anterior cingulate area networks in young (A),
middle-age (B), and old (C) mice are depicted at network density of 24% for visualization. The hippocampal formation networks in young (D),
middle-age (E), and old (F) mice are depicted at network density of 12% for visualization. Nodes are arranged clockwise by degree, the number of
significant correlations a given brain region has with other regions within the network, with the highest-degree node at the top of the circle. Degree
is further reflected in node size. Rank refers to the numerical value of a region’s degree, sorted largest to smallest in the network. The region of
interest and its direct connections are highlighted in red.

memory performance (Kadar et al., 1990; Hamezah et al.,
2017).

We observed additional associations that did not survive
multiple corrections. These included the agranular insular area
and ectorhinal area, two additional isocortical regions where
poorer working memory performance was associated with smaller
brain volume. This corroborates the agranular insular area’s
involvement in memory processes in rodents, including working

memory (DeCoteau et al., 1997; Zhu et al., 2020). The ectorhinal
area, which also experienced significant aging-related volume
loss, borders the perirhinal cortex and comprises the posterior
of the parahippocampal gyrus (Westerhaus and Loewy, 2001).
The ectorhinal area is also implicated in memory (Tulving and
Markowitsch, 1997), and has been observed to be sensitive to
aging-related volume loss in humans (Raz and Rodrigue, 2006).
Lastly, we found that poorer working memory performance was
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FIGURE 5

Brain-wide degree centrality differences in maturational and aging-related comparisons. Brain-wide maturational comparisons in structural
covariance networks revealed significant decreases in degree in the auditory areas (A), ectorhinal area (B), and somatomotor areas (C), and
maturational increases in degree in the cerebellar nuclei (D), cerebellum related fiber tracts (E), cortical subplate (F), and midbrain (G). No significant
differences were found in any brain regions in the aging-related network comparisons. Changes in degree were determined across density
thresholds of 0.05–0.40 at 5 consecutive significant density thresholds [statistical significance indicated by white circles (∗p < 0.05)].
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FIGURE 6

Network modularity comparisons. A significant maturational decrease in modularity was observed between young and middle-age mice networks
(A). Modularity did not differ significantly between middle-age and old mice networks (B). Changes in modularity were determined across density
thresholds of 0.05 and 0.40. 5 consecutive significant density thresholds [statistical significance indicated by white circles (∗p < 0.05)].

associated with larger volume of the medial forebrain bundle
system, a white matter tract implicated in motivation and reward
(Wise, 2005; Anthofer et al., 2015). While white matter volume
generally shows less associations with cognition compared to those
found in gray matter (Taki et al., 2011), it is notable that the
significant aging-related volume increase in this region deviates
from human patterns of white matter loss (Liu et al., 2016).
Overall, these associations reflected a general trend of better
working memory performance from structurally “younger” brain
regions, and declining cognitive performance when regional brain
structures were characteristic of older mice.

Although we observed numerous volumetric changes, few brain
regions showed associations with working memory performance.
This may be due to the relatively discreet significant regional
volume changes between middle-age and old mice. It is also
possible that older mice utilize cognitive reserve by employing
alternative cognitive strategies to compensate for deficits through
differential recruitment patterns of brain activity and structural
reorganization (Stern, 2009; Eyler et al., 2011; Zatorre et al.,
2012). Lastly, it is notable that aging-related decline in cognitive
function is also driven by factors other than brain volume loss,
including diminished synaptic, neurotransmitter, cell signaling,
and mitochondrial function (Shankar, 2010).

4.3. Structural covariance network
topology across maturation and aging in
mice

Investigating SCN changes allowed us to consider structural
synchronization suggestive of interactions among and between

multiple brain regions. The existing SCN literature in rodents
is limited (Alexander-Bloch et al., 2013), and to our knowledge
no studies have explored lifespan SCN trajectories in mice using
whole-brain SCN methodology. In our maturational comparison,
9 of the 32 regions experienced significant changes in degree
centrality, with 5 regions in young mice experiencing initially
highly connected and influential nodes in the network decrease in
centrality into middle-age, including the anterior cingulate area.
Four regions emerged as significantly connected nodes in the
middle-age network, including the hippocampal formation. These
differences in degree centrality largely coincided with significant
changes in volume, whereby 3 of the 4 maturational degree
centrality decreases co-occurred with significant maturational
volume loss, and 3 of the 5 maturational increases in degree
centrality accompanied significant maturational volume increase.
This may reflect a general trend of higher or lower influence
of nodes within the network being associated with directionally
consistent volume changes. In contrast, the comparison between
middle-age and old mice yielded no significant degree centrality
differences across all 32 regions. These findings also offer insight
into how mouse SCNs compare to established human lifespan
SCN trajectories. In humans, the transition from childhood
and adolescence to young adulthood brings a generalized
homogenization of covariance patterns, as networks stabilize
toward adult topology (Zielinski et al., 2010). Similarly, a recent
large-scale study described pronounced stabilization of overall
structural covariance by age 25 (Nadig et al., 2021). The widespread
maturational differences in regional degree we observed may reflect
developmental reorganization of the SCNs in the young mice,
prior to stabilizing into adult SCN patterns in the middle-aged
mice. The lack of degree centrality differences between middle-aged
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FIGURE 7

Network communities in mice. Communities of densely interconnected nodes were identified using a Walktrap community detection algorithm for
the structural covariance networks of the young (A), middle-age (B), and old mice (C). Regions of interest are sorted by isocortical (green),
subcortical (purple), white matter (blue), brainstem (orange), cerebellum (yellow), and cerebellar nuclei (red) regions. Provincial hub regions are
denoted by “P,” and connector hub regions are denoted by “C” in the young “Y,” middle-age “M” and old “O” networks.

and old mice suggest that network stability persisted as mice got
older.

In addition to regional connectivity, we investigated global
measures of network integration and segregation to further
characterize lifespan SCNs in mice. The lack of differences in mean
distance across the lifespan of the mice may indicate that mice do
not experience late-life reduction in network efficiency in normal
aging that is typically observed in human aging (Khundrakpam
et al., 2013; Betzel et al., 2014). Furthermore, the lack of
maturational or aging-relating differences in network transitivity
suggests clustering in mouse SCNs is relatively stable across

the lifespan. However, we did observe a significant maturational
decrease in modularity, whereby young mice had higher network
modularity than middle-aged mice, but there were no differences in
modularity in the aging-related comparison. Human maturational
SCN trajectories demonstrate highly segregated networks favoring
localized connections in youth and adolescence, before shifting
toward more distributed and globally connected networks in
young adulthood (Khundrakpam et al., 2013; Cao et al., 2016).
The observed maturational decrease in modularity suggests
mice may share a similar trajectory with humans, whereby
network segregation decreases from youth to young adulthood.
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In older age, human SCN segregation has been posited to
decrease, becoming further dispersed and disorganized (Chen
et al., 2011; Jao et al., 2020), however, conflicting findings
suggest that network segregation may actually increase in old
age (Montembeault et al., 2012). In particular, modularity in
structural and functional networks has drawn attention as a
potential biomarker for aging (Aboud et al., 2018) as decreasing
modularity may be associated with aging-related dedifferentiation
of specialized cognitive processes (Chen et al., 2011; Onoda and
Yamaguchi, 2013; Song et al., 2014). The observed lack of aging-
related modularity loss suggests that normal mice aging may
differ from SCN segregation trajectories present in human aging.
Furthermore, this finding may also reflect the relatively discreet
volumetric changes in our aging-related comparison.

To further probe our findings in network modularity,
we explored concomitant changes in densely interconnected
sub-graphs within the networks. The significant maturational
decrease in modularity detected in our whole-brain analysis
was reflected in the sub-graphs, as the high within-community
connections and low inter-community connections in the young
mice communities shifted to sparser within-community and
increased inter-community connections in the middle-age
communities. While the whole-brain aging-related comparison
for modularity was not significant, the old-age communities more
closely resembled an “old network phenotype,” with few within-
community connections, high inter-community connections,
and smaller, more numerous communities. Among the identified
provincial hubs, the frontal pole emerged as the provincial hub
for a community containing predominantly isocortical regions in
both young and middle-age networks, suggesting its importance
in facilitating specialized information processing among regions
associated with higher-order sensory and cognitive processes. Only
one provincial hub, the midbrain, emerged in the old-network
communities, reflecting the overall reduced within-community
connections. Lastly, the temporal association areas and pons were
identified as connector hubs in both young and middle-aged
networks, highlighting their importance in facilitating information
exchange between segregated network communities.

Certain limitations in this study should be considered. Most
notably, it is possible that that we were underpowered to detect
volumetric changes, particularly between the middle-age and old
groups, given our relatively small sample size. Future work to
validate and further explore regional volume trajectories across
the mouse lifespan will benefit from larger sample sizes in each
age-group. Secondly, the study utilized a cross-sectional design,
considering different groups of mice at each timepoint. Ideally,
future studies could employ a longitudinal design, observing the
same group of mice over time, thereby increasing the strength
of inferences drawn from the maturational and aging-related
comparisons. Furthermore, only male mice were available at the
time of this study, therefore our results are not generalizable
to female mice. Differences in gray matter volume have been
observed between male and female mice, both in speed of gray
matter development and variation in regional volume (Spring
et al., 2007; Qiu et al., 2018). It is possible these inherent
differences may influence maturational or aging-related brain
volume outcomes. Furthermore, differences in brain structure and
function may vary across mice strains. Therefore, the observed
changes in brain volume in the Charles River C57BL/6 mice

may not be fully generalizable to other strains of mice. Lastly,
while working memory decline in aging is well-documented, an
additional limitation of our work is that we used only one test,
the Y-maze, to evaluate working memory. It is also important to
acknowledge that multiple cognitive domains are affected by aging,
and future work would benefit from exploring additional domains
for a more nuanced picture of the association between volumetric
changes and cognitive outcomes.

Despite these limitations, this study provides a detailed account
of regional brain volume changes across the mouse lifespan and
maps them to working memory performance, while also exploring
complementary trends in structural covariance network topology.
This comprehensive approach may facilitate future progress in
translation between rodent models and human brain aging.
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Background: Bilingualism is associated with higher gray matter volume (GMV) as

a form of brain reserve in brain regions such as the inferior frontal gyrus (IFG) and

the inferior parietal lobule (IPL). A recent cross-sectional study reported the age-

related GMV decline in the left IFG and IPL to be steeper for bilinguals than for

monolinguals. The present study aimed at supporting this finding for the first time

with longitudinal data.

Methods: In the current study, 200 participants aged 19 to 79 years (87

monolinguals, 113 sequential bilinguals, mostly native German speakers with

variable second language background) were included. Trajectories of GMV

decline in the bilateral IFG and IPL were analyzed in mono- and bilinguals

over two time points (mean time interval: 3.6 years). For four regions of

interest (left/right IFG and left/right IPL), mixed Analyses of Covariance were

conducted to assess (i) GMV changes over time, (ii) GMV differences for language

groups (monolinguals/bilinguals), and (iii) the interaction between time point and

language group. Corresponding analyses were conducted for the two factors of

GMV, surface area (SA) and cortical thickness (CT).

Results: There was higher GMV in bilinguals compared to monolinguals in the IPL,

but not IFG. While the left and right IFG and the right IPL displayed a similar GMV

change in mono- and bilinguals, GMV decline within the left IPL was significantly

steeper in bilinguals. There was greater SA in bilinguals in the bilateral IPL and a

steeper CT decline in bilinguals within in the left IPL.

Conclusion: The cross-sectional observations of a steeper GMV decline in

bilinguals could be confirmed for the left IPL. Additionally, the higher GMV

in bilinguals in the bilateral IPL may indicate that bilingualism contributes to

brain reserve especially in posterior brain regions. SA appeared to contribute

to bilinguals’ higher GMV in the bilateral IPL, while CT seemed to account for

the steeper structural decline in bilinguals in the left IPL. The present findings

demonstrate the importance of time as an additional factor when assessing the

neuroprotective effects of bilingualism on structural features of the human brain.
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aging, bilingualism, inferior frontal gyrus, inferior parietal lobule, gray matter volume,
brain reserve
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1. Introduction

The process of aging is accompanied by an inter-individually
variable decline in cognitive abilities (for reviews, cf. Hedden
and Gabrieli, 2004; Grady, 2012; Salthouse, 2019) and brain
structure (for reviews, cf. Bartrés-Faz and Arenaza-Urquijo, 2011;
MacDonald and Pike, 2021). One of the protective factors
potentially delaying age-related cognitive decline is bilingualism1

(e.g., Costumero et al., 2020; Zhang et al., 2020; Bialystok,
2021; Gallo et al., 2022). Bilingualism imposes unique challenges
onto the human brain, such as a constant state of competition
of the simultaneously active languages (e.g., Kroll et al., 2014;
Bobb et al., 2020). Hence, bilinguals are required to engage in
continuous conflict monitoring, conflict resolving, interference
suppression of the non-target language and appropriate language
switching (e.g., Bialystok, 1991; Green, 1998; Green and Abutalebi,
2013). The cognitive demands of bilingualism may depend on
linguistic distance between languages spoken: It has been argued,
for example, that typologically different languages may be more
difficult to learn, while languages with similar typology might
require greater inhibitory control when using one of the languages
(Antoniou and Wright, 2017; for review, cf. Carthery-Goulart
et al., 2023). Thus, both situations may result in considerable
cognitive effort, but via contrasting mechanisms (cf. Danylkiv and
Krafnick, 2020). Altogether, bilingualism may represent a form of
cognitive exercise, which appears to induce a cognitive advantage
also in terms of domain-general cognitive functions (for review, cf.
Bialystok, 2017; Tao et al., 2021; but see also Paap and Greenberg,
2013; Antón et al., 2019).

The cognitive requirements of bilingualism have repercussions
in brain structure. Bilingualism is usually associated with higher
gray matter volume (GMV), higher cortical thickness (CT), and
higher white matter integrity in regions related to language and
domain-general control (for reviews, cf. e.g., Li et al., 2014;
Hayakawa and Marian, 2019; Taylor et al., 2022). Among regions
that have reliably shown higher GMV in bilinguals are the bilateral
inferior frontal gyrus (IFG; Heim et al., 2019) and the bilateral
inferior parietal lobule (IPL; Abutalebi et al., 2015; for reviews,
cf. e.g., Li et al., 2014; Pliatsikas, 2020). Nonetheless, findings are
variable between studies (cf. e.g., García-Pentón et al., 2016), and
whole-brain analyses directly comparing mono- and bilinguals
yield inconsistent results (meta-analysis in Danylkiv and Krafnick,
2020). This might, at least partially, result from a heterogeneity in
samples and methodology (García-Pentón et al., 2016; Danylkiv
and Krafnick, 2020). Additionally, the impact of bilingualism on
brain structure appears to depend not only on the number of
non-native languages spoken (Grogan et al., 2012), but also on
experience-based factors such as age of acquisition (AoA), level
of proficiency (LoP), amount of use of a second language, and
frequency of language switching (cf. e.g., Li et al., 2014; DeLuca
et al., 2019a, 2020 ).

When investigating the effects of bilingualism on brain
structure, one might distinguish simultaneous and sequential
bilinguals from each other (Klein et al., 2014; Kaiser et al., 2015;

1 In the present study, the terms “bilingualism” and “bilinguals” refer to
situations where people speak two or more than two languages, since many
individuals learn a third or fourth language over time (cf. Li et al., 2014).

for review, cf. e.g., Berken et al., 2017). These two groups
differ in AoA, since simultaneous bilinguals learn two languages
beginning from birth, while sequential bilinguals acquire a second
language later in life. With respect to the context of language
acquisition, simultaneous bilingualism usually corresponds to a
rather naturalistic language experience, while sequential bilinguals
often learn a second language in a classroom setting (Kaiser
et al., 2015). Regarding structural brain adaptations to bilingualism,
smaller cortical differences have been found for simultaneous
than for sequential bilinguals when compared to monolinguals
(Klein et al., 2014; for review, cf. Berken et al., 2017; Pliatsikas,
2020). Differences between simultaneous and sequential bilinguals
might even persist into adulthood (Kaiser et al., 2015). Thus,
it seems necessary to differentiate between these two forms of
bilingualism when investigating the impact of bilingualism on
brain structure. Altogether, bilingualism can be seen as a complex,
heterogeneous, and dynamic experience, which might explain some
of the discrepancies arising in bilingualism studies (cf. e.g., DeLuca
et al., 2020).

Adaptations of the brain to bilingualism are supposed to
counteract the effects of aging due to both, higher “cognitive
reserve” and “brain reserve” in bilinguals (Bartrés-Faz and Arenaza-
Urquijo, 2011). Cognitive reserve refers to differences in cognitive
processing regarding efficiency, capacity, and flexibility of neural
networks, including the ability for compensation when facing
age-related structural atrophy (Stern, 2009; Stern et al., 2020).
In bilinguals, an “anterior-to-posterior and subcortical shift”
(BAPSS) has been described for task-induced neural activity
with increasing bilingual experience (Grundy et al., 2017). As
this shift is interpreted as increasing efficiency of cognitive
processing in bilinguals, resulting from the cognitive requirements
of bilingualism, BAPSS may represent a form of cognitive reserve in
bilinguals (Grundy et al., 2017). When it comes to aging, however,
a “posterior-to-anterior shift” (PASA) in neural activity has been
observed (Davis et al., 2008). PASA is thought to correspond to
a shift from automated to controlled processing. Therefore, it
might represent a compensatory mechanism maintaining cognitive
functioning despite the decline of brain structure in older adults
(Davis et al., 2008). In bilinguals, who appear to use more posterior
(and subcortical) brain regions for processing, as outlined in
BAPSS, frontal brain regions may remain accessible for age-related
compensation as described in PASA (Davis et al., 2008) to a
greater extent than in monolinguals (Grundy et al., 2017), possibly
reflecting another aspect of cognitive reserve in bilinguals.

Complementary to the concept of cognitive reserve, brain
reserve refers to structural features such as brain volume, cell count,
and number of synapses (Stern, 2009; Bartrés-Faz and Arenaza-
Urquijo, 2011; Stern et al., 2020). It is assumed that individuals
with higher brain reserve can tolerate more decline before reaching
a certain threshold under which clinical deficits become evident
(Stern, 2009; Bartrés-Faz and Arenaza-Urquijo, 2011; Stern et al.,
2020). Interestingly, the structural adaptations of the brain to
bilingualism appear to result in higher brain reserve, as higher
gray matter volume (GMV), higher cortical thickness (CT), and
higher white matter integrity found in bilinguals when compared
to monolinguals (for reviews, cf. e.g., Li et al., 2014; Hayakawa
and Marian, 2019; Taylor et al., 2022) can be seen as proxies of
brain reserve. When combining the two concepts, higher brain
reserve as well as cognitive reserve in bilinguals can explain how
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bilingualism may delay age-related cognitive decline not only in
healthy older subjects (e.g., Bialystok et al., 2004; Gold et al., 2013;
Bak et al., 2014), but also in terms of neurodegenerative diseases
(i.e., bilingualism appears to delay the clinical onset of dementia by
four to five years; Craik et al., 2010; Alladi et al., 2013; Perani et al.,
2017; meta-analyses in Anderson et al., 2020; Paulavicius et al.,
2020; see also Voits et al., 2020).

A concept closely related to brain reserve is “brain
maintenance.” Greater brain maintenance corresponds to reduced
age-related structural decline over time, possibly modulated
by lifestyle or genetic factors (Stern et al., 2020). While brain
reserve corresponds to brain structure at a single time point,
brain maintenance is best evaluated longitudinally (Stern et al.,
2020). Recently, Costumero et al. (2020) found less GMV decline
in bilinguals compared to monolinguals across a time interval
of 7 months (all individuals being older adults with diagnosis of
mild cognitive impairment), which could be interpreted as first
evidence for brain maintenance in bilinguals. However, additional
longitudinal studies investigating trajectories of structural change
in the older bilingual brain are needed to further investigate the
relationship between brain maintenance and bilingualism.

Interestingly, a recent cross-sectional study found evidence
not only for higher GMV, but also for a steeper GMV decline
with aging in the left IFG and IPL in bilinguals compared to
monolinguals (Heim et al., 2019). The left IFG is described as a
critical brain region for language production and comprehension,
e.g., in terms of lexical retrieval, semantic and phonological fluency,
and syntax processing (Heim et al., 2009; for review, cf. Friederici,
2011; Li et al., 2014). In bilinguals, the left IFG seems to be
involved in response selection, e.g., in language switching tasks (for
review, cf. Abutalebi and Green, 2016). The left IPL, on the other
hand, is involved in phonological as well as semantic processing
(for review, cf. Li et al., 2014; Binkofski et al., 2016) and has
been found to play a key role in second language acquisition
(Barbeau et al., 2017) and vocabulary knowledge (Lee et al., 2007).
Their role in language processing might explain why these two
brain regions show structural differences, such as higher GMV,
in bilinguals when compared to monolinguals. However, with
evidence for a steeper GMV decline in the left IFG and IPL
in bilinguals, volume differences between mono- and bilinguals
appear to diminish over time, with a higher persistence of a
bilingual brain reserve in posterior than anterior brain regions
(Heim et al., 2019). This pattern might reflect a more pronounced
activation of posterior brain regions in bilinguals compared to
monolinguals, as described in BAPSS (Grundy et al., 2017).
Nevertheless, since cross-sectional results may differ substantially
from results obtained from longitudinal data (e.g., Hedden and
Gabrieli, 2004; Salthouse, 2010), the differential GMV trajectories
in monolinguals and bilinguals predicted by cross-sectional studies
remain to be confirmed in longitudinal analyses.

Therefore, the present study was devised as follows: (1)
The previous cross-sectional study (Heim et al., 2019) was
to be replicated in a large-scale population-based longitudinal
design over two time points. Hence, trajectories of GMV decline
over time were investigated in mono- and bilinguals in the
cytoarchitectonically defined IFG (Amunts et al., 1999) and IPL
(Caspers et al., 2006, 2008). We predicted higher GMV in
bilinguals in the IFG and IPL in both hemispheres. Additionally,
we expected a steeper GMV decline in bilinguals in the IFG (cf.

Heim et al., 2019) and IPL (cf. Abutalebi et al., 2015) in the left,
but not necessarily in the right hemisphere. (2) In a refined model,
age, sex, education, and intracranial volume (ICV) were included
as covariates. (3) To set a focus on the investigation of the older
adult population, basic as well as refined analyses were conducted
using a subsample, comprising only participants ≥ 55 years old.
(4) Finally, regression analyses were conducted to evaluate the
influence of experience-based factors such as AoA, LoP, and
number of languages actively spoken, on GMV in the IFG and IPL
in bilinguals.

2. Materials and methods

2.1. Participants

The current sample was derived from the longitudinal
population-based 1000BRAINS study (Caspers et al., 2014).
1000BRAINS aims at investigating inter-individual variability in
brain aging in healthy adults. Subjects for 1000BRAINS were drawn
from the Heinz-Nixdorf Recall (HNR) study and the subsequent
HNR MultiGeneration study, which have been conducted in the
German Ruhr area to assess risk factors for atherosclerotic disease,
myocardial infarction and cardiac death (Schmermund et al.,
2002; Erbel et al., 2012). With 1000BRAINS being a population-
based study, exclusion was based solely on contraindications to
magnetic resonance imaging, i.e., coronary artery stents, cardiac
pacemakers, surgical implants or prostheses in the trunk or head,
claustrophobia, a history of neurosurgery, the presence of tattoos or
permanent make-up on the head, and dental implants and bridges
(the latter being a relative contraindication; see Caspers et al.,
2014). Written informed consent was obtained from all subjects
prior to participation in 1000BRAINS. The study was performed
in accordance with the Declaration of Helsinki. All methods were
approved by the local Ethics Committee of the University of Essen,
Germany.

From the initial 1000BRAINS cohort (n = 1,314), 466 subjects
took part in a second examination. From this sample, 269
individuals completed the Language Experience and Proficiency
Questionnaire (LEAP-Q; Marian et al., 2007) and had structural
MRI data sets from two time points and were thus eligible for
the current longitudinal study. Left-handed individuals (n = 8,
Laterality Quotient < −60 as assessed with the Edinburgh
Handedness Inventory; Oldfield, 1971) or individuals who did
not provide any data regarding their handedness (n = 1) were
excluded. Further exclusion criteria based on LEAP-Q data
were simultaneous bilingualism (n = 6; see discussion above
for putative structural differences between simultaneous and
sequential bilinguals; for reviews, cf. Berken et al., 2017; Pliatsikas,
2020) and developmental first language deficiencies in any modality
(speaking, comprehending, reading, writing) (n = 32). Moreover,
eight subjects had to be excluded due to methodological problems
within the preprocessing of structural brain images. Further
exclusion of 14 participants due to outlier correction (GMV, CT
and/or white matter surface area (SA) exceeding three standard
deviations from the mean) resulted in the final sample of 200
participants (87 monolinguals and 113 bilinguals; Table 1). For

Frontiers in Aging Neuroscience 03 frontiersin.org282

https://doi.org/10.3389/fnagi.2023.1193283
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1193283 July 20, 2023 Time: 10:40 # 4

Peitz et al. 10.3389/fnagi.2023.1193283

TABLE 1 Study sample: demographic characteristics.

Total sample (n = 200) Subsample (participants ≥ 55 y, n = 154)

Monolinguals
(n = 87)

Bilinguals
(n = 113)

Monolinguals
(n = 83)

Bilinguals
(n = 71)

Gender

% Female 44.8 41.6 44.6 38.0

% Male 55.2 58.4 55.4 62.0

Age at t1 (years)

Mean (SD) 66.4 (7.7) 56.7 (12.6) 67.2 (6.4) 64.7 (6.2)

Minimum 33.7 18.5 56.2 55.1

Maximum 79.4 78.4 79.4 78.4

Education level at t1 (SD) 6.0 (1.8) 7.6 (1.7) 6.0 (1.8) 7.6 (1.9)

Time interval between t1 and t2 (SD) (years) 3.8 (0.8) 3.4 (0.8) 3.8 (0.8) 3.6 (0.8)

Group characteristics for monolinguals and bilinguals for the total sample (n = 200) as well as for the subsample including only participants ≥ 55 years old (n = 154). Key: t1, first time point;
t2, second time point; SD, standard deviation; y, years.

analyses of the older subsample, 154 subjects could be included (83
monolinguals and 71 bilinguals; Table 1).

2.2. Assessment of bilingualism

Participants’ second language status was determined using
LEAP-Q data (Marian et al., 2007) during the first examination. The
LEAP-Q is a questionnaire to set up language profiles in bilinguals
and multilinguals regarding age of acquisition, proficiency of all
modalities, manner of acquisition and immersion in a bilingual
environment. For the present study, individuals who indicated to
currently speak, understand, read and/or write in more than one
language were classified as bilinguals. Consequently, participants
with no or lost second language abilities were classified as
monolinguals. While monolinguals within the current sample
spoke German only, language backgrounds for bilinguals (mostly
native German speakers) are reported in Table 2.

Of the bilinguals, 20.4% reported a very good and 46.0% a good
level of proficiency for speaking, understanding, reading and/or
writing in their second language, while 26.5% reported an adequate
and 7.1% a low level of proficiency as maximum. Second languages
were rated according to self-reported proficiency in the respective
language. The mean age of acquisition of the second language
that was associated with the highest proficiency was 13.2 years
(± 7.2 years).

2.3. MRI data

2.3.1. Data acquisition
Magnetic resonance imaging data were acquired at two time

points (t1 and t2, mean time interval ± SD: 3.6 ± 0.8 years) on a 3T
Siemens Tim-TRIO MR scanner (Erlangen, Germany). 3D high-
resolution T1-weighted magnetization-prepared rapid acquisition
gradient-echo (MPRAGE) scans were obtained for each participant
as part of the whole imaging protocol (for further details, see
Caspers et al., 2014) at each time point using a 32-channel head
coil (176 slices, slice thickness = 1 mm, repetition time = 2,250 ms,

echo time = 3.03 ms, field of view = 256 × 256 mm2, flip angle = 9◦,
voxel resolution = 1 × 1 × 1 mm3).

2.3.2. Image processing
Magnetic resonance imaging sequences were processed using

the automated surface-based longitudinal pipeline implemented in
FreeSurfer 6.0 (for a detailed description, see Reuter et al., 2012),
which consists of three major steps: First, structural images from
both time points were processed individually, corresponding to
the processing of cross-sectional data (cf. Dale et al., 1999; Fischl
et al., 1999a). Second, a within-subject template was built across the
resulting data from the two time points (Reuter et al., 2012). Third,
information from both, the cross-sectional as well as longitudinal

TABLE 2 Languages spoken among bilinguals included in
the present study.

Language Total sample Subsample

Bilinguals (n = 113)
with language

abilities (%)

Bilinguals (n = 71)
with language

abilities (%)

German 100.00 100.00

English 97.35 95.77

French 39.82 42.25

Spanish 12.39 12.68

Latin 9.73 7.04

Italian 6.19 5.63

Dutch 3.54 5.63

Russian 3.54 5.63

Polish 2.65 4.23

Other 5.31 5.64

Distribution of bilinguals who reported language abilities for the respective
language in percent. “Other” includes: Ancient Greek, Finnish, Portuguese, Serbian,
Swedish, Ukrainian. Dialects were not considered within the present study, since only one
participant reported language abilities for a dialect, and this participant had to be excluded
from the sample due to simultaneous bilingualism.
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FIGURE 1

The inferior frontal gyrus (IFG) and the inferior parietal lobule (IPL) in
the left (A) and right (B) hemisphere based on the cytoarchitectonic
probabilistic Jülich-Brain atlas (Amunts et al., 2020).

preprocessing, were used to generate surface maps for GMV, CT,
and SA (Reuter et al., 2012).

The present study targeted two language-relevant regions of
interest (ROIs): the left IFG (Amunts et al., 1999) and the left IPL
(Caspers et al., 2006, 2008; Figure 1A). The right IFG and right
IPL were analyzed as control regions (Figure 1B). Predefined ROI
masks derived from the probabilistic cytoarchitectonic Jülich-Brain
atlas (Amunts et al., 2020) were mapped onto the reconstructed
surface maps. The masks were inspected by a neuroanatomy
specialist (S.C.) when overlayed on FreeSurfer’s fsaverage template
(Fischl et al., 1999b) and manually corrected when necessary. For
both ROIs and control regions, GMV as well as CT and SA were
extracted from the longitudinally processed data.

Corresponding to the cross-sectional analyses by Heim et al.
(2019), the current study focused on the analysis of GMV. GMV,
as the product of CT and SA, can be seen as a multi-determined
parameter that may provide insights into structural variability of
the brain that might not be captured by sole analyses of CT or
SA (Nicolaisen-Sobesky et al., 2022). However, since CT and SA
are thought to be genetically and phenotypically independent from
each other (Panizzon et al., 2009; Winkler et al., 2010), CT and SA
analyses are reported as well, providing a first step to disentangling
the picture of age-related structural change in the bilingual brain.

2.4. Statistical analysis

Statistical analysis of the extracted values was performed with
the IBM Statistical Package for Social Sciences (SPSS), version
27.0.02.

2.4.1. Total sample
2.4.1.1. Basic ANCOVA models

To evaluate whether bilinguals show a steeper GMV decline
when compared to monolinguals, mixed Analyses of Covariance
(ANCOVAs) were conducted separately for each of the four
ROIs (left/right IFG and left/right IPL). As the aim of the
present study was to replicate the previous cross-sectional
analysis (Heim et al., 2019) in a longitudinal design, the
basic ANCOVA model was designed as similar to the cross-
sectional study as possible. Therefore, GMV values from both
time points were treated as dependent variables, while language

2 https://www.ibm.com/docs/en/spss-statistics/27.0.0

group (monolinguals/bilinguals) and age group (younger/older
participants, sample split at the age median of 62.8 years; for
demographic information, see Supplementary Table 1) were
included as between-subject factors (to further relate the findings
from the present longitudinal study to the former cross-sectional
analysis, see Supplementary material: Supplementary methods
and Supplementary Table 2). Additionally, in the present study,
time point (t1/t2) was included as within-subject factor, while time
interval between the two measurements was treated as covariate
of no interest. The resulting 2 × 2 × 2 ANCOVA allowed the
assessment of (i) GMV changes over time between t1 and t2, (ii)
differences in GMV for language groups and age groups, and (iii)
the interaction between time point and language group.

To assess putative interhemispheric differences regarding GMV
trajectories over time in bilinguals compared to monolinguals
in the IFG and IPL, hemisphere (left/right) was included in an
additional ANCOVA model as within-subject factor. This resulted
in a 2 × 2 × 2 × 2 ANCOVA with time interval as covariate. All
analyses were additionally performed for CT and SA.

2.4.1.2. Refined ANCOVA models

Following the mere replication of the cross-sectional study
(Heim et al., 2019) in a design over two time points, the ANCOVA
models were refined in a next step. To control for the effects of
potential confounds on GMV, age, sex, education (as assessed with
the International Standard Classification of Education; UNESCO
Institute for Statistics [UIS], 2012), and intracranial volume (ICV)
were included into the basic ANCOVA model as covariates of no
interest. Due to the inclusion of age as a covariate, age group was
excluded as between-subject factor, resulting in a 2 × 2 ANCOVA
with GMV values from both time points as dependent variables,
language group as between-subject factor, time point as within-
subject factor, and age, sex, education, ICV, and time interval as
covariates. In a next step, hemisphere was added to the model as
within-subject factor. Analogous analyses were performed for CT
and SA.

One may discuss whether ICV can be seen as a meaningful
covariate for CT and SA analyses (for an investigation of the
relationship between ICV and GMV, CT, and SA, see Im et al.,
2008). Thus, additional CT and SA analyses only including age, sex,
education, and time interval as covariates were conducted. For the
sake of comparison, corresponding GMV analyses were performed
as well.

2.4.1.3. Regression analyses

To evaluate the influence of experience-based factors such as
AoA, LoP, and number of actively spoken languages on GMV in
the bilateral IFG and IPL in bilinguals, regression analyses were
conducted. Since the experience-based factors were, by definition,
available for bilinguals only, monolinguals were excluded from
the models. For each of the four ROIs, three separate analyses
were performed with (1) GMV at t1, (2) GMV at t2, and
(3) GMV differences between t1 and t2 as dependent variable,
respectively. Variables of interest (AoA, LoP, and number of actively
spoken languages) and nuisance variables (age, sex (males set
to 0, females to 1), education, ICV) were treated as predictors
in all models. For the analyses of GMV differences between t1
and t2, time interval was added as additional nuisance variable.
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Corresponding analyses were performed for CT and SA. Again,
additional analyses not including ICV as a nuisance variable were
conducted as well.

2.4.2. Subsample analyses: participants ≥ 55 years
old

Within the present study, participants’ age ranged from 18.5
to 79.4 years at time point t1. To set a focus on the investigation
of the inter-individual variability within an older adult population
with a more homogenous distribution of mono- and bilinguals,
mixed ANCOVAs and regression analyses were not only conducted
with the total sample of 200 participants, but also with a subsample
comprising only subjects ≥ 55 years of age at t1 (83 monolinguals,
71 bilinguals, Table 1).

For the subsample, basic and refined ANCOVAs as well
as regression analyses were performed corresponding to GMV
analyses of the total sample. The only difference was the exclusion
of age group as between-subject factor in the basic ANCOVA
model, since only older adults were investigated here. The same
analyses were conducted for CT and SA.

3. Results

3.1. ANCOVA models

In the next section, results for basic and refined ANCOVA
models (the latter including ICV as a covariate) are presented (see
also Tables 3–8). Results for refined models excluding ICV as a
covariate show a similar pattern to analyses including ICV and are
reported in Supplementary Tables 3–5.

3.1.1. Analyses for GMV
3.1.1.1. Total sample: basic ANCOVA models

In terms of group differences, there was significantly higher
GMV in bilinguals compared to monolinguals in the IPL [left:
F(1,195) = 9.966, p = 0.002; right: F(1,195) = 8.340, p = 0.004],
but not in the IFG [left: F(1,195) = 0.007, p = 0.933; right:
F(1,195) = 2.968, p = 0.087]. In all of the analyzed regions, younger
adults displayed significantly higher GMV than older ones [IFG left:
F(1,195) = 13.696, p < 0.001; IFG right: F (1,195) = 7.815, p = 0.006;
IPL left: F (1,195) = 6.071, p = 0.015, IPL right: F(1,195) = 12.623,
p < 0.001].

The GMV change over time in the participants of the present
study is depicted in Figure 2 for the analyzed regions. Regarding the
interaction between language group and time point, GMV decline
within the left IPL was significantly steeper in bilinguals when
compared to monolinguals [F(1,195) = 4.211, p = 0.042] (Figure 3).
In contrast, for the left and right IFG and the right IPL, bilinguals
and monolinguals displayed a similar GMV change over time [IFG
left: F(1,195) = 0.001, p = 0.976, IFG right: F(1,195) = 0.379,
p = 0.539; IPL right: F(1,195) = 0.717, p = 0.398].

Adding hemisphere to the ANCOVA model revealed a
significantly higher GMV in the left IPL compared to the right
IPL [F(1,195) = 14.356, p < 0.001], while the left and right IFG
displayed similar GMV values [F(1,195) = 2.144, p = 0.145]. There
was no significant interaction effect for time point × language
group × hemisphere neither for the IPL [F(1,195) = 2.490,

p = 0.116] nor the IFG [F(1,195) = 0.265, p = 0.607]. For an
overview of mean values and standard deviations for GMV at t1 and
absolute GMV differences between t1 and t2 for the total sample,
see Supplementary Tables 6, 7.

3.1.1.2. Total sample: refined ANCOVA models

When including age, sex, education, and ICV as covariates,
results for the bilateral IFG and the right IPL (see Table 4)
corresponded to the ones emerging from the basic ANCOVA
model. For the left IPL, no significant GMV difference
between mono- and bilinguals could be found in these
analyses [F(1,195) = 2.376, p = 0.125]. However, bilinguals
still displayed a tendency for a steeper GMV decline within the
left IPL when compared to monolinguals [F(1,195) = 3.475,
p = 0.064].

Including hemisphere in the refined ANCOVA model yielded
similar GMV values for the two hemispheres for both, the
IPL and the IFG. Corresponding to basic ANCOVA analyses,
no significant interaction effect for time point × language
group × hemisphere was found, neither for the IPL, nor the IFG
(see Table 7).

3.1.1.3. Subsample analyses

Assessing participants ≥ 55 years only, we revealed similar
results as obtained from the total sample for the bilateral IFG as
well as the right IPL (seeTables 5, 6). For the left IPL, a higher GMV
in bilinguals compared to monolinguals within the subsample was
found for the basic ANCOVA model [F(1,195) = 8.703, p = 0.004],
which remained a tendency when including age, sex, education, and
ICV as covariates [F(1,195) = 3.517, p = 0.063]. However, there was
no steeper GMV decline in bilinguals within the subsample for the
basic [F(1,195) = 2.287, p = 0.133] nor the refined ANCOVA models
[F(1,195) = 2.875, p = 0.092].

When including hemisphere as within-subject factor, results
from both basic and refined ANCOVA model corresponded to
the respective analyses of the total sample (see Table 8). For an
overview of mean values and standard deviations for GMV at t1
and absolute GMV differences between t1 and t2 for the subsample,
see Supplementary Tables 8, 9.

3.1.2. Analyses for CT and SA
Results for the parallel analyses for CT and SA are presented

in Tables 3–8. Regarding SA, bilinguals showed higher values than
monolinguals in the bilateral IPL, but not IFG, within the basic
analyses [total sample: IFG left: F(1,195) = 0.565, p = 0.453; IFG
right: F(1,195) = 2.619, p = 0.107; IPL left: F(1,195) = 7.924,
p = 0.005, IPL right: F(1,195) = 7.987, p = 0.005; subsample: IFG left:
F(1,195) = 0.790, p = 0.375; IFG right: F(1,195) = 1.047, p = 0.308;
IPL left: F(1,195) = 7.191, p = 0.008, IPL right: F(1,195) = 9.211,
p = 0.003]. The higher SA in bilinguals within the right IPL was
also stable in the refined ANCOVAs [total sample: F(1,195) = 7.493,
p = 0.007; subsample: F(1,195) = 7.526, p = 0.007], thus largely
mirroring results for GMV in terms of group differences. Over time,
SA trajectories were similar for mono- and bilinguals in all analyses
(see Tables 3–6).

For CT, similar values were found for mono- and bilinguals
in all of the analyses (see Tables 3–6). Regarding trajectories
over time, there was a significantly steeper CT decline in the
left IPL in bilinguals compared to monolinguals [total sample:
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TABLE 3 Results for basic mixed ANCOVA models for values of GMV, CT, and SA from two time points for 200 participants.

Left hemisphere Right hemisphere

Language
group

Age group Time point ×

Language
group

Language
group

Age group Time point ×

Language
group

GMV

IFG F(1,195) = 0.007
p = 0.933

partial η2 < 0.001

F(1,195) = 13.696
p < 0.001 ***

partial η2 = 0.066

F(1,195) = 0.001
p = 0.976

partial η2 < 0.001

F(1,195) = 2.968
p = 0.087

partial η2 = 0.015

F(1,195) = 7.815
p = 0.006 **

partial η2 = 0.039

F(1,195) = 0.379
p = 0.539

partial η2 = 0.002

IPL F(1,195) = 9.966
p = 0.002 **

partial η2 = 0.049

F(1,195) = 6.071
p = 0.015 *

partial η2 = 0.030

F(1,195) = 4.211
p = 0.042 *

partial η2 = 0.021

F(1,195) = 8.340
p = 0.004 **

partial η2 = 0.041

F(1,195) = 12.623
p < 0.001 ***

partial η2 = 0.061

F(1,195) = 0.717
p = 0.398

partial η2 = 0.004

CT

IFG F(1,195) = 1.171
p = 0.280

partial η2 = 0.006

F(1,195) = 13.234
p < 0.001 ***

partial η2 = 0.064

F(1,195) = 1.840
p = 0.176

partial η2 = 0.009

F(1,195) = 0.025
p = 0.873

partial η2 < 0.001

F(1,195) = 17.583
p < 0.001 ***

partial η2 = 0.083

F(1,195) = 0.093
p = 0.760

partial η2 < 0.001

IPL F(1,195) = 1.299
p = 0.256

partial η2 = 0.007

F(1,195) = 33.953
p < 0.001 ***

partial η2 = 0.148

F(1,195) = 6.653
p = 0.011 *

partial η2 = 0.033

F(1,195) = 0.061
p = 0.806

partial η2 < 0.001

F(1,195) = 27.377
p < 0.001 ***

partial η2 = 0.123

F(1,195) = 0.891
p = 0.346

partial η2 = 0.005

SA

IFG F(1,195) = 0.565
p = 0.453

partial η2 = 0.003

F(1,195) = 3.772
p = 0.054

partial η2 = 0.019

F(1,195) = 1.865
p = 0.174

partial η2 = 0.009

F(1,195) = 2.619
p = 0.107

partial η2 = 0.013

F(1,195) = 1.487
p = 0.224

partial η2 = 0.008

F(1,195) = 0.230
p = 0.632

partial η2 = 0.001

IPL F(1,195) = 7.924
p = 0.005 **

partial η2 = 0.039

F(1,195) = 0.076
p = 0.783

partial η2 < 0.001

F(1,195) = 1.135
p = 0.288

partial η2 = 0.006

F(1,195) = 7.987
p = 0.005 **

partial η2 = 0.039

F(1,195) = 1.055
p = 0.306

partial η2 = 0.005

F(1,195) = 0.516
p = 0.474

partial η2 = 0.003

*p < 0.05; **p < 0.01; ***p < 0.001.
Key: GMV, gray matter volume; CT, cortical thickness; SA, surface area; IFG, inferior frontal gyrus; IPL, inferior parietal lobule; ANCOVA, Analysis of Covariance.

basic ANCOVA model: F(1,195) = 6.653, p = 0.011; refined
ANCOVA model: F(1,195) = 4.700, p = 0.031]. When assessing
the subsample, this steeper CT decline in bilinguals in the left
IPL was only present on a trend level in the basic ANCOVA
[F(1,195) = 3.244, p = 0.074], but significant for the refined
ANCOVA [F(1,195) = 4.118, p = 0.044].

Additionally, in the refined total sample analyses including
hemisphere as within-subject factor, a significant interaction
effect between hemisphere, language group, and time point
emerged for CT in the IPL [F(1,195) = 4.136, p = 0.043], but
not the IFG [F(1,195) = 0.749, p = 0.388]. Thus, while the
mean CT decline between t1 and t2 was steeper in bilinguals
compared to monolinguals within the left IPL (monolinguals:
−0.010 mm, bilinguals: −0.030 mm), it was similar for the two
language groups within the right IPL (monolinguals: −0.027 mm;
bilinguals: −0.028 mm). However, this interaction effect for
CT in the left vs. right IPL was not significant in the basic
ANCOVA models assessing the total sample [F(1,195) = 2.502,
p = 0.115], nor in the subsample analyses [basic model:
F(1,151) = 2.210, p = 0.139; refined model: IPL: F(1,147) = 2.374,
p = 0.126].

3.2. Regression analyses

For regression analyses, similar results were revealed for
analyses including and excluding ICV as predictor. In the

following, results for analyses including ICV are reported (see also
Supplementary Tables 10–21), while analyses excluding ICV are
presented in Supplementary Tables 22–33.

3.2.1. Analyses for GMV
When investigating the influence of AoA, LoP, and number

of actively spoken languages on GMV in the bilateral IFG and
IPL in bilinguals of the total sample, no significant effect of these
predictors emerged for GMV at t1, nor t2, nor for GMV difference
for any of the four ROIs (see Supplementary Tables 10, 11). The
same results were found for bilinguals of the older subsample (see
Supplementary Tables 16, 17).

3.2.2. Analyses for CT
For CT in the left IFG, there was a tendency of later AoA

predicting lower CT at t1 in bilinguals of the total sample
(unstandardized coefficient B = −0.003; standard error = 0.002;
p = 0.054). Additionally, higher LoP in this group predicted less
CT decline between t1 and t2 for the left IFG (unstandardized
coefficient B = 0.002; standard error = 0.001; p = 0.034)
and there was a tendency for the very same effect within
the left IPL (unstandardized coefficient B = 0.001; standard
error = 0.001; p = 0.055). However, none of these effects showed
significance when investigating bilinguals of the older subsample
(see Supplementary Tables 18, 19).

For CT at t1 and t2 and CT differences in the right IFG, no
effect of AoA, LoP and number of actively spoken languages was
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TABLE 4 Results for refined mixed ANCOVA models for values of GMV, CT, and SA from two time points for 200 participants, including age, sex,
education, and ICV as further covariates.

Left hemisphere Right hemisphere

Language group Time point ×

Language group
Language group Time point ×

Language group

GMV

IFG F(1,193) = 1.253
p = 0.264

partial η2 = 0.006

F(1,193) = 0.061
p = 0.806

partial η2 < 0.001

F(1,193) < 0.001
p = 0.984

partial η2 < 0.001

F(1,193) = 0.570
p = 0.451

partial η2 = 0.003

IPL F(1,193) = 2.376
p = 0.125

partial η2 = 0.012

F(1,193) = 3.475
p = 0.064

partial η2 = 0.018

F(1,193) = 4.110
p = 0.044 *

partial η2 = 0.021

F(1,193) = 0.508
p = 0.477

partial η2 = 0.003

CT

IFG F(1,193) = 0.001
p = 0.972

partial η2 < 0.001

F(1,193) = 0.258
p = 0.612

partial η2 = 0.001

F(1,193) = 1.224
p = 0.270

partial η2 = 0.006

F(1,193) = 0.211
p = 0.647

partial η2 = 0.001

IPL F(1,193) = 0.530
p = 0.468

partial η2 = 0.003

F(1,193) = 4.700
p = 0.031 *

partial η2 = 0.024

F(1,193) = 1.045
p = 0.308

partial η2 = 0.005

F(1,193) = 0.046
p = 0.831

partial η2 < 0.001

SA

IFG F(1,193) = 1.670
p = 0.198

partial η2 = 0.009

F(1,193) = 0.516
p = 0.474

partial η2 = 0.003

F(1,193) = 0.213
p = 0.645

partial η2 = 0.001

F(1,193) = 0.136
p = 0.713

partial η2 = 0.001

IPL F(1,193) = 1.277
p = 0.260

partial η2 = 0.007

F(1,193) = 0.261
p = 0.610

partial η2 = 0.001

F(1,193) = 7.493
p = 0.007 **

partial η2 = 0.037

F(1,193) = 0.145
p = 0.703

partial η2 = 0.001

*p < 0.05; **p < 0.01.
Key: GMV, gray matter volume; CT, cortical thickness; SA, surface area; IFG, inferior frontal gyrus; IPL, inferior parietal lobule; ICV, intracranial volume; ANCOVA, Analysis of Covariance.

TABLE 5 Results for basic mixed ANCOVA models for values of GMV, CT, and SA from two time points for the subsample of 154 participants.

Left hemisphere Right hemisphere

Language group Time point ×

Language group
Language group Time point ×

Language group

GMV

IFG F(1,151) = 0.184
P = 0.669

partial η2 = 0.001

F(1,151) = 0.380
p = 0.539

partial η2 = 0.003

F(1, 151) = 0.866
p = 0.354

partial η2 = 0.006

F(1,151) = 0.199
p = 0.656

partial η2 = 0.001

IPL F(1,151) = 8.703
p = 0.004 **

partial η2 = 0.054

F(1,151) = 2.287
p = 0.133

partial η2 = 0.015

F(1,151) = 8.655
p = 0.004 **

partial η2 = 0.054

F(1,151) = 0.111
p = 0.740

partial η2 = 0.001

CT

IFG F(1,151) = 0.715
p = 0.399

partial η2 = 0.005

F(1,151) = 0.023
p = 0.880

partial η2 < 0.001

F(1,151) < 0.001
p = 0.994

partial η2 < 0.001

F(1,151) < 0.001
p = 0.991

partial η2 < 0.001

IPL F(1,151) = 0.691
p = 0.407

partial η2 = 0.005

F(1,151) = 3.244
p = 0.074

partial η2 = 0.021

F(1,151) = 0.002
p = 0.965

partial η2 < 0.001

F(1,151) = 0.080
p = 0.777

partial η2 = 0.001

SA

IFG F(1,151) = 0.790
p = 0.375

partial η2 = 0.005

F(1,151) = 0.189
p = 0.665

partial η2 = 0.001

F(1,151) = 1.047
p = 0.308

partial η2 = 0.007

F(1,151) = 0.415
p = 0.520

partial η2 = 0.003

IPL F(1,151) = 7.191
p = 0.008 **

partial η2 = 0.045

F(1,151) = 0.268
p = 0.606

partial η2 = 0.002

F(1,151) = 9.211
p = 0.003 **

partial η2 = 0.057

F(1,151) = 0.010
p = 0.921

partial η2 < 0.001

**p < 0.01.
Key: GMV, gray matter volume; CT, cortical thickness; SA, surface area; IFG, inferior frontal gyrus; IPL, inferior parietal lobule; ANCOVA, Analysis of Covariance.
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TABLE 6 Results for refined mixed ANCOVA models for values of GMV, CT, and SA from two time points for the subsample of 154 participants, including
age, sex, education, and ICV as further covariates.

Left hemisphere Right hemisphere

Language group Time point ×

Language group
Language group Time point ×

Language group

GMV

IFG F(1,147) = 0.963
p = 0.328

partial η2 = 0.007

F(1,147) = 0.153
p = 0.696

partial η2 = 0.001

F(1,147) = 0.011
p = 0.917

partial η2 < 0.001

F(1,147) = 0.467
p = 0.496

partial η2 = 0.003

IPL F(1,147) = 3.517
p = 0.063

partial η2 = 0.023

F(1,147) = 2.875
p = 0.092

partial η2 = 0.019

F(1,147) = 5.100
p = 0.025 *

partial η2 = 0.034

F(1,147) = 1.237
p = 0.268

partial η2 = 0.008

CT

IFG F(1,147) = 0.009
p = 0.924

partial η2 < 0.001

F(1,147) = 0.097
p = 0.755

partial η2 = 0.001

F(1,147) = 1.782
p = 0.184

partial η2 = 0.012

F(1,147) = 0.011
p = 0.917

partial η2 < 0.001

IPL F(1,147) = 0.528
p = 0.468

partial η2 = 0.004

F(1,147) = 4.118
p = 0.044 *

partial η2 = 0.027

F(1,147) = 0.464
p = 0.497

partial η2 = 0.003

F(1,147) = 0.200
p = 0.655

partial η2 = 0.001

SA

IFG F(1,147) = 1.522
p = 0.219

partial η2 = 0.010

F(1,147) = 0.405
p = 0.526

partial η2 = 0.003

F(1,147) = 0.499
p = 0.481

partial η2 = 0.003

F(1,147) = 0.483
p = 0.488

partial η2 = 0.003

IPL F(1,147) = 1.913
p = 0.169

partial η2 = 0.013

F(1,147) = 0.092
p = 0.762

partial η2 = 0.001

F(1,147) = 7.526
p = 0.007 **

partial η2 = 0.049

F(1,147) = 0.355
p = 0.552

partial η2 = 0.002

*p < 0.05; **p < 0.01.
Key: GMV, gray matter volume; CT, cortical thickness; SA, surface area; IFG, inferior frontal gyrus; IPL, inferior parietal lobule; ICV, intracranial volume; ANCOVA, Analysis of Covariance.

found, neither in bilinguals of the total sample (see Supplementary
Table 12), nor of the subsample (see Supplementary Table 18).
For the right IPL, a higher number of actively spoken languages
showed a tendency of predicting higher CT at t2 within bilinguals
of the subsample (unstandardized coefficient B = 0.035; standard
error = 0.018; p = 0.059), while no effect of bilingual experience-
based factors on CT at one of the two time points nor on CT
differences was found within bilinguals of the total sample (see
Supplementary Table 13).

3.2.3. Analyses for SA
For the left IFG, later AoA was associated with higher SA at

both time points in bilinguals of the total sample (for t1 only
showing a tendency toward significance: unstandardized coefficient
B = 3.118; standard error = 1.597; p = 0.054; t2: unstandardized
coefficient B = 3.654; standard error = 1.607; p = 0.025) as
well as in bilinguals of the older subsample (t1: unstandardized
coefficient B = 4.152; standard error = 1.897; p = 0.032; t2:
unstandardized coefficient B = 4.905; standard error = 1.861;
p = 0.011). Additionally, later AoA predicted less SA decline
between t1 and t2 within the left IFG (bilinguals of the total sample:
unstandardized coefficient B = 0.221; standard error = 0.105;
p = 0.037; bilinguals of the subsample: unstandardized coefficient
B = 0.277; standard error = 0.118; p = 0.022).

For SA at t1 and t2 and SA differences in the right IFG as well
as in the bilateral IPL, no effect of AoA, LoP and number of actively
spoken languages was revealed, neither in bilinguals of the total
sample (see Supplementary Tables 14, 15), nor of the subsample
(see Supplementary Tables 20, 21).

4. Discussion

The present large-scale population-based study over two
time points provides novel insights into the effects of long-
term bilingualism on cortical brain structure. Five major results
emerged: (1) For basic analyses of the total sample, there was
a steeper GMV decline over time in bilinguals as compared
to monolinguals in the left IPL, confirming the earlier cross-
sectional observations (Heim et al., 2019) for the first time over
two time points. However, this effect showed only a tendency
toward significance when including age, sex, education, and ICV
as covariates, and analyses of the older subsample yielded no
significantly differing decline in mono- vs. bilinguals within the
left IPL at all. (2) In both hemispheres, bilinguals showed a higher
GMV in the IPL, but not the IFG, for basic analyses of the total
sample, indicating that bilingualism might contribute to brain
reserve especially in posterior brain regions. For refined analyses as
well as subsample analyses, this effect was more stable for the right
IPL. (3) With a steeper GMV decline in bilinguals as found in basic
total sample analyses, GMV differences between monolinguals and
bilinguals appear to diminish over time in the left IPL. In contrast,
monolinguals and bilinguals showed a similar GMV change with
aging in the right IPL, indicating that the bilingual brain reserve
might be more persistent in the right IPL. (4) Analyses of CT and
SA as the two factors of GMV revealed that, while SA appears to
be the factor explaining the overall higher GMV in bilinguals in
the bilateral IPL, CT explains more of the age-related changes in
GMV than SA. For CT, there was also a steeper decline over time
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TABLE 7 Results for mixed ANCOVA models including hemisphere as within-subject factor for values of GMV, CT, and SA from two time points for
200 participants.

Basic ANCOVA model Refined ANCOVA model

Hemisphere Hemisphere ×

Time point ×

Language group

Hemisphere Hemisphere ×

Time point ×

Language group

GMV

IFG F(1,195) = 2.144
p = 0.145

partial η2 = 0.011

F(1,195) = 0.265
p = 0.607

partial η2 = 0.001

F(1,193) = 0.243
p = 0.623

partial η2 = 0.001

F(1,193) = 0.134
p = 0.715

partial η2 = 0.001

IPL F(1,195) = 14.356
p < 0.001 *** (L > R)

partial η2 = 0.069

F(1,195) = 2.490
p = 0.116

partial η2 = 0.013

F(1,193) = 0.001
p = 0.980

partial η2 < 0.001

F(1,193) = 2.185
p = 0.141

partial η2 = 0.011

CT

IFG F(1,195) = 7.867
p = 0.006 ** (L > R)

partial η2 = 0.039

F(1,195) = 2.392
p = 0.124

partial η2 = 0.012

F(1,193) = 0.020
p = 0.887

partial η2 < 0.001

F(1,193) = 0.749
p = 0.388

partial η2 = 0.004

IPL F(1,195) = 1.506
p = 0.221

partial η2 = 0.008

F(1,195) = 2.502
p = 0.115

partial η2 = 0.013

F(1,193) = 1.817
p = 0.179

partial η2 = 0.009

F(1,193) = 4.136
p = 0.043 *

partial η2 = 0.021

SA

IFG F(1,195) = 5.177
p = 0.024 * (R > L)
partial η2 = 0.026

F(1,195) = 0.484
p = 0.487

partial η2 = 0.002

F(1,193) = 0.476
p = 0.491

partial η2 = 0.002

F(1,193) = 0.063
p = 0.801

partial η2 < 0.001

IPL F(1,195) = 6.173
p = 0.014 * (L > R)
partial η2 = 0.031

F(1,195) = 0.012
p = 0.912

partial η2 < 0.001

F(1,193) = 0.562
p = 0.455

partial η2 = 0.003

F(1,193) = 0.798
p = 0.373

partial η2 = 0.004

*p < 0.05; **p < 0.01; ***p < 0.001.
Key: GMV, gray matter volume; CT, cortical thickness; SA, surface area; IFG, inferior frontal gyrus; IPL, inferior parietal lobule; ANCOVA, Analysis of Covariance; R, right; L, left.

in bilinguals in the left IPL, corresponding to GMV trajectories in
basic analyses of the total sample. In contrast to GMV, the differing
CT trajectories for mono- vs. bilinguals within the left IPL were
also stable for refined total sample analyses including age, sex,
education, and ICV as covariates, as well as for refined subsample
analyses. (5) For the left IFG, higher LoP was associated with less
CT decline over time within bilinguals. Additionally, later AoA
predicted higher SA in this brain region at both, t1 and t2, and was
associated with less SA decline over time within bilinguals. Thus,
even though monolinguals and bilinguals had shown similar GMV,
CT, and SA within the left IFG when compared directly, bilingual
experience-based factors such as AoA and LoP appear to modulate
brain structure as well as trajectories of structural change over time
within the left IFG.

4.1. The longitudinal effects of
bilingualism on brain structure

Regarding GMV trajectories in mono- and bilinguals in the
IPL, the present longitudinal results partially underpin those from
cross-sectional studies. For the left IPL, a steeper GMV decline
in bilinguals was found within the total sample for the basic
ANCOVA, corresponding to results from Heim et al. (2019).
This effect seemed to be especially attributable to aging-related
CT changes. For the right IPL, however, trajectories of structural
decline were similar for mono- and bilinguals in all of the analyses,
which is in contrast to Abutalebi et al. (2015), who provided

evidence for a steeper GMV decline in monolinguals in this region.
While the left IPL is relevant for language processing, the right IPL
has been associated with visuo-spatial attention reorientation as
an aspect of executive functions (Numssen et al., 2021; for review,
cf. Binkofski et al., 2016). Thus, the hypothesis proposed by Heim
et al. (2019), that structural decline over time seems to be steeper in
bilinguals in language-related areas, while bilingual brain reserve
in the non-linguistic domain appears to be more persistent, is
supported by the present data from two time points.

To provide explanations for the observed inter-hemispheric
differences in GMV trajectories in mono- and bilinguals in the IPL
in basic total sample analyses, two hypotheses will be discussed:
First, a steeper GMV decline in bilinguals in the left IPL may
represent increasing efficiency in bilinguals in language-related
brain regions. A model that may provide a helpful framework
for this hypothesis is the so-called “dynamic restructuring model”
(DRM; Pliatsikas, 2020), which will be presented briefly. Second,
a steeper decline in bilinguals may be expected in both, the left as
well as the right IPL. However, due to age-related compensation
strategies, such as increasing use of the right IPL with aging in
bilinguals, structural decline in the right IPL may be attenuated in
bilinguals.

According to the DRM (Pliatsikas, 2020), different cortical and
subcortical adaptations in gray and white matter pertain to three
different phases: (1) initial exposure, (2) consolidation, and (3)
peak efficiency. The initial exposure to a new language results
in an increase in cortical gray matter volume (GMV). During
consolidation of the new skill, cortical GMV decreases again while

Frontiers in Aging Neuroscience 10 frontiersin.org289

https://doi.org/10.3389/fnagi.2023.1193283
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1193283 July 20, 2023 Time: 10:40 # 11

Peitz et al. 10.3389/fnagi.2023.1193283

TABLE 8 Results for mixed ANCOVA models including hemisphere as within-subject factor for values of GMV, CT, and SA from two time points for the
subsample of 154 participants.

Basic ANCOVA model Refined ANCOVA model

Hemisphere Hemisphere ×

Time point ×

Language group

Hemisphere Hemisphere ×

Time point ×

Language group

GMV

IFG F(1,151) = 0.175
p = 0.677

partial η2 = 0.001

F(1,151) = 0.043
p = 0.836

partial η2 < 0.001

F(1,147) = 0.655
p = 0.420

partial η2 = 0.004

F(1,147) = 0.030
p = 0.864

partial η2 < 0.001

IPL F(1,151) = 11.116
p = 0.001 ** (L > R)

partial η2 = 0.069

F(1,151) = 1.988
p = 0.161

partial η2 = 0.013

F(1,147) = 0.013
p = 0.908

partial η2 < 0.001

F(1,147) = 0.839
p = 0.361

partial η2 = 0.006

CT

IFG F(1,151) = 4.206
p = 0.042 * (L > R)
partial η2 = 0.027

F(1,151) = 0.022
p = 0.881

partial η2 < 0.001

F(1,147) = 0.092
p = 0.762

partial η2 = 0.001

F(1,147) = 0.144
p = 0.705

partial η2 = 0.001

IPL F(1,151) = 1.495
p = 0.223

partial η2 = 0.010

F(1,151) = 2.210
p = 0.139

partial η2 = 0.014

F(1,147) = 0.017
p = 0.896

partial η2 < 0.001

F(1,147) = 2.374
p = 0.126

partial η2 = 0.016

SA

IFG F(1,151) = 0.931
p = 0.336

partial η2 = 0.006

F(1,151) = 0.073
p = 0.788

partial η2 < 0.001

F(1,147) = 0.508
p = 0.477

partial η2 = 0.003

F(1,147) = 0.024
p = 0.878

partial η2 < 0.001

IPL F(1,151) = 4.018
p = 0.047 * (L > R)
partial η2 = 0.026

F(1,151) = 0.101
p = 0.751

partial η2 = 0.001

F(1,147) = 0.071
p = 0.790

partial η2 < 0.001

F(1,147) = 0.919
p = 0.339

partial η2 = 0.006

*p < 0.05; **p < 0.01.
Key: GMV, gray matter volume; CT, cortical thickness; SA, surface area; IFG, inferior frontal gyrus; IPL, inferior parietal lobule; ANCOVA, Analysis of Covariance; R, right; L, left.

subcortical and cerebellar GMV as well as white matter structural
connectivity increase. The third stage, peak efficiency, implies
further adaptations of cerebellar and subcortical GMV and white
matter structural connectivity as a result of increasing proficiency
and immersion in the additional language (DeLuca et al., 2019b;
Pliatsikas, 2020).

The first hypothesis is predicated on the first two stages
of structural plasticity in the bilingual brain, as proposed by
the DRM: initial exposure and consolidation (Pliatsikas, 2020).
As it is assumed that initial exposure to a new language
induces GMV increases in cortical brain regions relevant for
language and executive control, this may reflect a local generation
of dendritic spines and new neural pathways during learning
(Lövdén et al., 2013), possibly facilitated by an upregulation
of neurotrophic factors such as noradrenaline (Robertson, 2013;
Guzman-Velez and Tranel, 2015). Correspondingly, in the current
study, bilinguals showed a higher GMV in the bilateral IPL
compared to monolinguals (with this effect being more stable for
the right IPL in the refined total sample analysis).

With increasing proficiency and bilingual experience, a partial
or complete return to baseline GMV takes place during the
second phase, consolidation (Pliatsikas, 2020). This is supposed
to reflect a selection of most efficient circuits, with non-efficient
and therefore under-utilized spines being eliminated via pruning
(Lövdén et al., 2013; Wenger et al., 2017). Thus, cortical GMV
may decrease without loss of the novel skill (Wenger et al., 2017).
In the present study, the steeper decline in bilinguals in the

language-relevant left IPL might consequently reflect an ongoing
selection of most efficient neural circuits due to a continuous
bilingual experience. Nevertheless, one has to bear in mind
that previous expansion-renormalization trajectories have been
observed mostly in training studies over a course of weeks or
months (Wenger et al., 2017; Pliatsikas, 2020), while the present
data evaluate changes across a mean time interval ± SD of 3.6 ± 0.8
years after lifelong bilingual experience. Therefore, one might
question whether the current findings could indeed correspond
to continuously increasing efficiency in bilinguals or whether they
might, contrarily, reflect an accelerated structural decline in aging
bilinguals. However, if the steeper decline in bilinguals in the
left IPL would actually reflect a continuous selection of most
efficient neural circuits, corresponding to the stage of consolidation,
then the DRM would predict parallel increases in cerebellar and
subcortical GMV as well as greater structural connectivity in
terms of white matter tracts in bilinguals (Pliatsikas, 2020). This
might indicate a shift in weight from lexical acquisition (subserved
by cortical regions) to language control (provided by subcortical
and cerebellar structures) with increasing bilingual experience, the
latter facilitated by efficient long-distance connectivity (Pliatsikas,
2020), which may be investigated in future studies. Figure 4
integrates the novel insights from the present analyses into the
DRM.

The second hypothesis is based on the idea that bilingualism
might modulate GMV trajectories not only in the left, but also in
the right IPL. For the right IPL, which is relevant for executive
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FIGURE 2

GMV change over time separately for each participant of the present study for the left (A) and right IFG (B) as well as for the left (C) and right IPL (D).
The gray underlay indicates participants ≥ 55 years at time point t1, who were included in the subsample. GMV, gray matter volume; IFG, inferior
frontal gyrus; IPL, inferior parietal lobule.

functions such as visuo-spatial attention reorientation (Numssen
et al., 2021; for review, cf. Binkofski et al., 2016), there was no
steeper GMV decline in bilinguals as compared to monolinguals
in the present study. Corresponding to the interpretation of GMV
trajectories in the left IPL, a steeper GMV decline in bilinguals
could have reflected increasing efficiency, while similar trajectories

FIGURE 3

GMV change over time in mono- and bilinguals in the left IPL. For
both language groups, mean GMV and standard error of the mean
are depicted for t1 and t2 as well as 1V, i.e., the mean absolute GMV
difference between t1 and t2. The GMV decline over time is
significantly steeper in bilinguals. GMV, gray matter volume; IPL,
inferior parietal lobule; t1, first time point; t2, second time point.

in mono- and bilinguals might indicate that bilingualism does
not result in a continuous increase of efficiency in the domain of
executive control. On the other hand, it is possible that not only
language processing in the left IPL, but also the executive functions
provided by the right IPL would become increasingly efficient in
bilinguals over time. The increasing efficiency should be reflected
in a steeper GMV decline in bilinguals due to pruning (Lövdén
et al., 2013) and in increasing structural connectivity in bilinguals as
proposed by the DRM (Pliatsikas, 2020). Simultaneously, however,
GMV may increase in bilinguals due to an additional activation
of the right IPL, for example in the context of aging-related
compensation, to the extent that monolinguals and bilinguals show
a similar GMV decline over time in the right IPL.

The interaction of three pre-existing models, that describe shifts
in task-induced neural activity in the course of bilingualism and
aging, may explain why monolinguals and bilinguals show a similar
GMV decline over time in the right IPL (for a depiction of the
models, see Figure 5). The models will be briefly presented in the
following: (1) In bilinguals, a “bilingual anterior-to-posterior and
subcortical shift” (BAPSS) can be observed with increasing second
language experience (Grundy et al., 2017). This is interpreted
as a shift from controlled (frontal) to automatic (posterior and
subcortical) processing in bilinguals. As increasing activation of
a certain brain region may result in an increase of GMV in
the very same region (Lövdén et al., 2013), the higher GMV in
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FIGURE 4

Two models of GMV change over the course of time in mono- and
bilinguals. While GMV change in monolinguals is sketched as
continuous GMV decline, three stages of dynamic structural change
are depicted for bilinguals, as suggested in the “dynamic
restructuring model” (DRM; Pliatsikas, 2020 ): Learning an additional
language results in increasing GMV, followed by GMV decrease
during the phase of consolidation. With aging, the decline in
left-hemispheric language areas is steeper in bilinguals than in
monolinguals (A). Hence, the volume differences between
monolinguals and bilinguals disappear over time, possibly reflecting
an ongoing selection of most efficient neural circuits in bilinguals
with continuous bilingual experience. Thus, bilingualism might
result in constantly increasing efficiency with regards to language
processing. In right-hemispheric regions related to domain-general
control, the decrease in bilinguals attenuates until it matches
monolingual decline (B). Thus, bilingualism may provide a persistent
brain reserve in the non-linguistic domain. Figures adapted from
Heim et al. (2019).

bilinguals in the IPL found in the present study may reflect the more
pronounced activation of posterior brain regions during cognitive
processing in bilinguals. (2) With aging, however, a “posterior-to-
anterior shift” (PASA) in neural activity has been described (Davis
et al., 2008). This shift from automated to controlled processing
has typically been interpreted as a compensatory mechanism to
maintain cognitive functioning (Davis et al., 2008). In bilinguals,
who seem to rely more on posterior (and subcortical) regions
for processing, as described in BAPSS, anterior brain regions
may remain available for age-related compensation as outlined in
PASA (Davis et al., 2008) to a higher extent than in monolinguals
(Grundy et al., 2017). Therefore, the bilingual brain reserve
in the IPL, reflected by higher GMV, seems to be particularly
beneficial (Heim et al., 2019), as it might support the capacity
for compensation in frontal brain regions in bilinguals up to an
older age than in monolinguals, thus possibly delaying age-related
cognitive decline. (3) Additionally, the “hemispheric asymmetry
reduction in older adults” (HAROLD) model states that in older

FIGURE 5

A model of shifts in task-induced neural activity in mono- and
bilinguals in the course of aging (dashed lines) and bilingualism
(solid lines). With aging, a “posterior-to-anterior-shift” (PASA; Davis
et al., 2008) and a “hemispheric asymmetry reduction” (HAROLD;
Cabeza, 2002) can be observed (in terms of language, which is
usually processed in the left hemisphere, HAROLD predicts an
increased recruitment of the right hemisphere with aging, as
depicted here). In monolinguals, this leads to increasing prefrontal
activation with aging (A). In bilinguals, however, an
“anterior-to-posterior and subcortical shift” (BAPSS; Grundy et al.,
2017) occurs with increasing bilingual experience, which may
counteract age-related changes predicted by PASA (B). Therefore,
BAPSS may represent a form of cognitive reserve in bilinguals.
Additionally, the interaction of BAPSS and HAROLD may lead to
increasing use of the right IPL with aging in bilinguals, but not
monolinguals, possibly resulting in an attenuation of structural
decline in bilinguals in the right IPL.

adults, corresponding regions in both hemispheres are recruited for
previously lateralized processes (Cabeza, 2002). This is suggested to
reflect a compensatory process to maintain cognitive functioning
despite age-related structural atrophy. In terms of language, which
is usually processed in the left hemisphere, the HAROLD model
would predict an increased recruitment of the right hemisphere
with aging. An interaction of BAPSS and HAROLD may result
in an attenuation of structural decline in bilinguals, but not
monolinguals, in the right IPL: An increasing use of the right
IPL with aging in bilinguals might compensate for GMV loss in
the left IPL, as described in HAROLD (Cabeza, 2002). In turn,
monolinguals, who seem to rely less on posterior brain regions
than bilinguals (Grundy et al., 2017), might rather recruit frontal
brain regions for compensation as described in PASA (Davis et al.,
2008) than the right homologue of a posterior brain region. This
could explain why bilinguals do not show a steeper decline than
monolinguals in the right IPL, in contrast to GMV trajectories in
the left IPL. Notably, while higher GMV in the IPL in bilinguals has
been interpreted as a form of brain reserve, the above-described
hypothesis might reflect a mechanism of brain maintenance in
bilinguals, possibly resulting in a reduced structural decline over
time in bilinguals in the right IPL.

The two hypotheses proposed to explain the inter-hemispheric
differences in structural decline in the bilingual brain do
not mutually exclude each other. Instead, they touch upon
complementary aspects of the same topic, since the first hypothesis
focuses on the steeper decline in the left IPL in bilinguals and the
second on the (presumably) attenuated decline in the right IPL.
Future research is warranted to examine whether these hypotheses
prove true. Additionally, one has to bear in mind that GMV
trajectories in the left and right IPL in mono- and bilinguals did
not differ significantly from each other when compared directly.
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However, as the interaction between hemisphere, language group,
and time point was significant for CT for the refined total sample
analyses in this brain region, the results from CT analyses underline
the idea of inter-hemispheric differences regarding structural
change in the bilingual brain during aging. Furthermore, there was
only a tendency of a steeper GMV decline in bilinguals within
the left IPL when age, sex, education, and ICV were included into
the ANCOVA model as covariates, and analyses of the subsample
including only participants ≥ 55 years revealed no significantly
differing decline in mono- vs. bilinguals at all. For CT, however, the
decline remained significantly steeper in bilinguals not only when
including the additional covariates in the total sample analyses, but
also for the refined analyses of participants ≥ 55 years. Thus, SA
appears to be the factor contributing to higher GMV in bilinguals
in cortical brain regions corresponding to previous studies (Li et al.,
2017), but CT might be the one mediating the effects of aging on
GMV.

In contrast to cross-sectional results, which indicated higher
GMV in bilinguals in the left and right IFG and a steeper GMV
decline in bilinguals in the left IFG (Heim et al., 2019), group
differences between mono- and bilinguals within the bilateral IFG
are missing in the present data. On one hand, the previous cross-
sectional study might have overestimated the effect of bilingualism
on GMV in the IFG. On the other hand, the smaller number of
participants in the present study compared to the cross-sectional
sample of Heim et al. (2019), resulting in a reduced statistical
power, might explain the discrepancy. However, regression analyses
revealed that AoA and LoP, factors modulating the bilingual
experience, seem to have an impact on structural parameters and
their trajectories over time within the left IFG in bilinguals of the
present sample. Previous studies also showed an effect of these
experience-based factors on bilingual brain structure in the left IFG,
albeit partially contradictory to the present results: for AoA, for
example, Klein et al. (2014) found that later AoA was associated
with higher CT in the left and less CT in the right IFG, while there
was a tendency of later AoA predicting less CT within the left IFG
for the current study. Additionally, for bilinguals of the present
sample, later AoA was associated with higher SA in this brain
region at both, t1 and t2, and predicted less SA decline over time.
For LoP, the present study revealed less CT decline over time with
higher LoP. Thus, viewing bilingualism as a continuous spectrum
of experiences modulated by factors such as AoA and LoP may
reveal effects that do not become evident when performing only
dichotomous group comparisons between mono- and bilinguals
(see also DeLuca et al., 2019a, 2020).

For the bilateral IPL, AoA, LoP and number of actively spoken
languages showed no significant effects on brain structure within
bilinguals of the present sample. Previously, earlier AoA and higher
LoP have been associated with higher gray matter density in the left
(and for AoA, also in the right) IPL (Mechelli et al., 2004). However,
when investigating GMV in the bilateral IPL in older bilinguals
(mean age ± SD: 63.2 ± 5.86), Abutalebi et al. (2015) observed
no effect of AoA on GMV, corresponding to the current findings.
Thus, it is possible that the importance of AoA for the modulation
of adaptations to bilingualism may diminish in the case of lifelong
second language use (Abutalebi et al., 2015).

Altogether, a similar pattern emerges from cross-sectional and
longitudinal observations when taking results for both, IFG and
IPL, into account: Bilingualism appears to add brain reserve,

expressed by higher GMV, especially to posterior brain regions
(Heim et al., 2019). Additionally, there seems to be a steeper
structural decline in bilinguals in the left, but not in the right
hemisphere (Abutalebi et al., 2015; Heim et al., 2019). The latter
finding, possibly reflecting a reduced structural decline in bilinguals
in the right IPL, could correspond to a form of brain maintenance
in bilinguals. Yet, further longitudinal studies are necessary to
explore the impact of bilingualism on structural change in the
human brain over time in greater detail.

4.2. Limitations and future directions

There are some limitations of the current study that should
be mentioned. First, because the present sample included mainly
native German speakers, the LEAP-Q was chosen to evaluate
participants’ second language status, as there is a German version
available. The use of an alternative instrument would have most
likely made it necessary not only to translate, but also validate
said instrument. However, the LEAP-Q as a self-assessment
questionnaire does not include objective evaluation of second
language abilities, which may be considered a disadvantage.
Nonetheless, the LEAP-Q has shown external validity when
compared to objective measures of language proficiency (Marian
et al., 2007) and may therefore be regarded a reliable tool for the
evaluation of language abilities in the context of the present study.

Second, the present results are based on structural MRI data
from two time points only. Thus, further studies encompassing
more than two time points are necessary. Additionally, future
longitudinal studies could take more than one parameter into
account – for example, analyses of GMV could be combined
with analyses of functional and structural connectivity or with
neurocognitive data –, thus eventually providing an integrated view
on longitudinal changes in the brains of long-term bilinguals across
multiple modalities.

Third, bilinguals were mostly native German speakers with
variable second language background, and while Germanic, Italic
and Balto-Slavic languages could be included in the present study
(see Table 2), it is unclear whether the current results would be
generalizable for any combination of languages. In a previous
cross-sectional study, Abutalebi et al. (2015) investigated GMV in
the bilateral IPL in 30 monolinguals compared to 16 Cantonese-
English and 14 Cantonese-Mandarin bilinguals. They found higher
GMV in bilinguals, corresponding to the present results, but
evidence for a steeper GMV decline in monolinguals in the
right IPL, in contrast to the present finding of a steeper GMV
decline over time in bilinguals in the left IPL. When investigating
the influence of linguistic distance on GMV, there was a trend
toward significance for the association between second language
naming performance and GMV in the left IPL only for Cantonese-
Mandarin bilinguals, which was interpreted as possible evidence for
increased control demands in bilinguals who speak typologically
close languages (Abutalebi et al., 2015). However, for the right
IPL, a significant correlation between language exposure and GMV
was revealed for both Cantonese-English and Cantonese-Mandarin
bilinguals (Abutalebi et al., 2015). Thus, one might assume some
consistencies in structural brain adaptations to bilingualism (cf.
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Danylkiv and Krafnick, 2020), but further large-scale longitudinal
studies are necessary to test whether the present finding of a
putatively steeper structural decline in bilinguals in the left IPL is
generalizable across varying language combinations.

5. Conclusion

To the best of our knowledge, the present study is the first to
investigate age-related GMV changes in bilinguals as compared to
monolinguals in a longitudinal approach within a large sample.
Importantly, the cross-sectional observations of a steeper GMV
decline over time in bilinguals when compared to monolinguals
were confirmed over two time points for the left IPL. Additionally,
as there was a higher GMV in bilinguals in the IPL, but not the
IFG, our results indicate that bilingualism might contribute to
brain reserve especially in posterior brain regions. With the steeper
GMV decline in bilinguals, which appears to be mediated by CT
rather than SA, the volume differences between monolinguals and
bilinguals might diminish over time in the left IPL. However, there
appears to be a higher persistence of brain reserve in bilinguals
in the right IPL. Furthermore, experience-based factors such as
AoA and LoP appear to modulate brain structure as well as
trajectories of structural change over time in bilinguals within the
left IFG. Altogether, the importance of longitudinal studies when
investigating the effects of bilingualism on structural features of the
human brain becomes evident.
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Introduction: Aging is in general associated with a decline in cognitive functions.

Looking more closely, there is a huge heterogeneity in the extent of cognitive

(dys-)abilities in the aged population. It ranges from the population of resistant,

resilient, cognitively unimpaired individuals to patients with severe forms of

dementias. Besides the known genetic, environmental and life style factors

that shape the cognitive (dys-)abilities in aging, the underlying molecular

mechanisms and signals related to cognitive heterogeneity are completely

unknown. One putative mechanism underlying cognitive heterogeneity might be

neuroinflammation, exerted through microglia, the brain’s innate immune cells,

as neuroinflammation is central to brain aging and neurodegenerative diseases.

Recently, leukotrienes (LTs), i.e., small lipid mediators of inflammation produced

by microglia along aging and neurodegeneration, got in the focus of geroscience

as they might determine cognitive dysfunctions in aging.

Methods: Here, we analyzed the brain’s expression of key components of the LT

synthesis pathway, i.e., the expression of 5-lipoxygenase (5-Lox), the key enzyme

in LT production, and 5-lipoxygenase-activating protein (FLAP) in young and aged

rats. More specifically, we used a cohort of rats, which, although grown up and

housed under identical conditions, developed into aged cognitively unimpaired

and aged cognitively impaired traits.

Results: Expression of 5-Lox was increased within the brain of aged rats with the

highest levels detected in cognitively impaired animals. The number of microglia

cells was higher in the aged compared to the young brains with, again, the

highest numbers of 5-Lox expressing microglia in the aged cognitively impaired

rats. Remarkably, lower cognitive scores in the aged rats associated with higher

numbers of 5-Lox positive microglia in the animals. Similar data were obtained for

FLAP, at least in the cortex. Our data indicate elevated levels of the LT system in

the brain of cognitively impaired animals.
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Discussion: We conclude that 5-Lox expressing microglia potentially contribute

to the age-related cognitive decline in the brain, while low levels of the LT system

might indicate and foster higher cognitive functions and eventually cognitive

reserve and resilience in aging.

KEYWORDS

cognition, aging, microglia, 5-LOX, FLAP

1. Introduction

Physiological aging is associated with a decline in cognitive
functions such as memory, executive function and processing
information (reviewed in Zec, 1995; Harada et al., 2013). However,
in a more detailed view, there is a huge heterogeneity in terms
of cognitive abilities among the elderly population, which ranges
from cognitively unimpaired, resistant and/or resilient individuals
to patients with severe forms of dementias. This is not limited
to humans, as a broad spectrum of cognitive heterogeneity
develops for example also in aging rodents. While growing
up in identical and controlled environmental conditions, i.e.,
standard animal facility conditions, Sprague-Dawley rats develop
traits of aged cognitively unimpaired (AU) and aged cognitively
impaired (AI) animals, which can be discriminated according
their performance in cognitive behavior tests (Brouillette and
Quirion, 2008; Farso et al., 2013; Lubec et al., 2019). Multiple
changes in brain homeostasis can contribute to this age-related
differences of cognitive abilities and are summarized as hallmarks
of the aging brain including mitochondrial dysfunction, impaired
molecular waste disposal, impaired DNA repair mechanisms,
aberrant network activity, stem cell exhaustion, oxidative damage,
dysregulated neuronal calcium homeostasis, impaired adaptive
stress responses and glia cell activation and neuroinflammation
(reviewed in Mattson and Arumugam, 2018).

Neuroinflammation is a complex process and a major
contributor to brain aging as well as to various age-related
neurodegenerative central nervous system (CNS) diseases, such
as dementias including Alzheimer’s disease (AD), and movement
disorders such as Parkinson’s disease (PD) (reviewed in Wyss-
Coray and Mucke, 2002; Wyss-Coray, 2006; Heneka et al., 2015).
Neuroinflammation is mediated by innate immune cells of the
brain, i.e., the microglia cells (reviewed in Kettenmann et al.,
2011; Kofler and Wiley, 2011). The main function of microglia is
maintaining brain homeostasis and immune surveillance (reviewed
in Aguzzi et al., 2013). In the elderly brain, microglia cells
become pro-inflammatory and dysfunctional in their homeostatic
properties (Delage et al., 2021), proteostasis and phagocytosis
(Sierra et al., 2007; Marschallinger et al., 2020b, reviewed in Mosher
and Wyss-Coray, 2014). Whether cognitive heterogeneity in aging
is related to neuroinflammation, more specifically to microglia
(dys-)functions is largely unexplored.

The LT signaling pathway is a prominent inflammatory
pathway that is mainly known from its contribution to asthma
in the lung (reviewed in Samuelsson, 1983; Okunishi and Peters-
Golden, 2011). It has moved more recently in the focus of aging

research, in particular in brain aging, since it was shown that
leukotrienes are increased in the aging brain (Uz et al., 1998; Qu
et al., 2000; Chinnici et al., 2007), and the leukotriene pathway
has been suggested as a therapeutic target to rejuvenate the aged
brain (McGilvray, 2016). Leukotrienes for example contribute to
brain vessel damage (Peters-Golden, 2008; Marschallinger et al.,
2015) and to microglia activation (Yu et al., 2014). Moreover,
we demonstrated that in the brain, microglia are the main
production site of leukotrienes, they harbor key components of
the LT production pathway, i.e., 5-Lox and FLAP (Michael et al.,
2020). Most importantly, we had shown that Montelukast (MTK),
a leukotriene receptor antagonist and approved anti-asthma
medication, reduces neuroinflammation, promotes neurogenesis
and blood-brain-barrier integrity, and restores cognition in aged
rats (Marschallinger et al., 2015).

Here, we extend our previous studies and used an aged cohort
of rats modeling cognitive heterogeneity in aging. Animals were
grouped in “good” old (Aged cognitively Unimpaired, AU) and
“bad” old (Aged cognitively Impaired, AI) learners depending
on their performance in the hole-board behavior test, a test
for spatial learning and memory (Brouillette and Quirion, 2008;
Farso et al., 2013; Lubec et al., 2019). We used brains from
this previously described cohort to study molecular alterations
in neuroinflammation related to the LT signaling pathway. We
performed detailed immunohistochemical analysis of microglia
(Iba1 positive cells) and LT signaling related proteins (5-Lox,
FLAP) in the brains of young (Y), AU and AI rats.

2. Materials and methods

2.1. Animals

All animals used in this study were bred and maintained in the
Core Unit of Biomedical Research, Division of Laboratory Animal
Science and Genetics, Medical University of Vienna. Rats were
housed in groups of two in standard Makrolon cages filled with
autoclaved woodchips (temperature: 22± 2◦C; humidity: 55± 5%;
12 h artificial light/12 h dark cycle: light on at 7:00 a.m.). Aged rats
were on a low-calory diet (ssniff, R/M-H Ered II, Soest, Germany)
from the fourth month of age. Tap water and food was provided
ad libitum. All behavioral experiments were performed during the
light phase of the light–dark cycle. One week prior and throughout
the experiment, the animals lived individually in standard cages in
a separate experimental room.
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2.2. Hole-board spatial learning and
memory test

The hole-board spatial behavior memory test was performed
as previously described (Lubec et al., 2019). In short, a hole-board
with the dimension of 1 m × 1 m was constructed of a black
plastic board surrounded with translucent Plexiglas walls. Four out
of sixteen regularly arranged holes (diameter and depth 7 cm) were
baited with food pellets (dustless precision pellets, 45 mg, Bioserv

R©

,
Flemington, NJ, USA). The pattern of baited holes remained the
same during the entire experiment. After handling (15 min per day
for four consecutive days) and free exploration time (15 min per
day for two consecutive days, access to food pellets), ten training
trials within three days were conducted: five trials on day 7, four
trials on day 8 and one trial on day 9 (Figure 1A). Each trial lasted
120 s or until all four baited holes were found. The hole visits
and removal of the pellets were counted and recorded by video
camera. The reference memory index (RMI) was calculated using
the formula:

RMI =
(
first visit of baited holes

)
+

(
all revisits of baited holes

)
total visits of all holes

Rats with less than 40 entries in total over the ten trials were
excluded from the analysis. Animals with a mean RMI (derived
from trial 6 and 10) lower than one standard deviation (SD)
compared to the mean RMI of all animals were classified as
impaired (AI); rats with a mean RMI higher than one SD compared
to the mean RMI of all animals were classified as unimpaired (AU)
[see Figure 1B in the original work from Lubec et al. (2019)]. Young
male Sprague-Dawley rats (Y, 6 months old) were used as a control.

2.3. Animal perfusion and tissue
sectioning

Each animal was deeply anesthetized with barbiturate
pentobarbital sodium (40–60 mg/kg, intraperitoneal injection)
and perfused intracardially with 1.5% paraformaldehyde (PFA) in
0.1 M phosphate buffered saline (PBS, pH = 7.5). The brains were
extracted, post-fixed for 1 h in 1.5% PFA solution and cryoprotected
in 30% sucrose in PBS at 4◦C. When the brain hemispheres were
completely soaked with sucrose, they were cut in 40 µm sagittal
brain sections using a sliding microtome (Leica, SM2000R).
Thereby hemispheres were divided in representative 10th of the
brain. Sections were stored at −20◦C in 1 ml cryoprotection
solution (CPS containing: glycerin, 0.2 M sodium phosphate buffer,
ddH2O and ethylene glycol at equal proportions).

2.4. Fluorescence immunohistochemistry
(IHC)

For immunohistochemical analysis of the brain, five
randomly chosen brains per group (Y, AU, and AI) were
used. Immunohistochemistry was performed free-floating as
previously described (Marschallinger et al., 2015; Unger et al.,
2020). In short, brain slices were washed 3 × 10 min in 1 × PBS

to get rid of excessive cryoprotection solution. Afterward antigen
retrieval was performed in pre-cooked 10 mM citrate buffer
(pH = 6.0) for 20 min to retrieve the antigen binding sites. This was
followed by 3 × 5 min washes with 1 × PBS. To block unspecific
binding sites, slices were incubated for 1 h in blocking solution
(1% BSA, 0.2% fish skin gelatin and 0.1% Tween in 1 × PBS,
all from Sigma-Aldrich, Vienna, Austria). Brain slices were
incubated over night at room temperature (RT) with the following
primary antibodies: goat anti-FLAP (1:500, Novus Biologicals,
Dublin, Ireland, NB300-891), rabbit anti-5-Lox (1:100, Abcam,
Amsterdam, Netherlands, ab39347), goat anti-Iba1 (1:500, Abcam,
Amsterdam, Netherlands, ab5076), goat anti-Iba1 (1:500, Abcam,
Amsterdam, Netherlands, ab107159), rabbit anti-Iba1 (1:500,
Abcam, Amsterdam, Netherlands, ab178846), mouse anti-NeuN
(1:500, Millipore, Darmstadt , Germany, MAB377).

On the next day, the sections were washed, followed by the
incubation with the following secondary antibodies for 4 h: donkey
anti-rabbit Alexa Fluor 568 (Invitrogen, Vienna, Austria, A10042),
donkey anti-mouse Alexa Fluor 568 (Invitrogen, Vienna, Austria,
A10037), donkey anti-goat Alexa Fluor 488 (Invitrogen, Vienna,
Austria, A11055), donkey anti-mouse Alexa Fluor 647 (Jackson
ImmunoReasearch, Ely, UK, 715605151), donkey anti-rabbit Alexa
Fluor 647 (Invitrogen, Vienna, Austria, A31573) (all 1:1000).
Additionally, the nucleus dye 4′-6′-Diamidin-2-phenylindol (DAPI
1 mg/ml, 1:2000) was added to stain the cell nuclei. Afterward,
the slices were extensively washed (4 × 15 min) in 1 × PBS
and auto fluorescence was quenched by incubation with 0.2 %
Sudan black (Sigma-Aldrich, Vienna, Austria, in 70% Ethanol, Carl
Roth) for 2 min (Schnell et al., 1999). Sections were additionally
washed 4 × 5 min in 1 × PBS to remove excessive Sudan black
solution. Finally, sections were mounted on microscopy glass slides
(Superfrost Plus, Thermo Scientific, Vienna, Austria) and cover-
slipped semi-dry with ProLong Gold Antifade Mountant (Life
Technologies, Vienna, Austria). To exclude signals from unspecific
secondary antibody binding, the primary antibodies were omitted
as respective negative controls.

2.5. Microscopy and image processing

For the quantitative and qualitative analysis of microglia
cells and the immunohistochemical analysis of 5-Lox, confocal
microscopy images were taken with the Confocal Laser Scanning
Microscope (LSM 700, Zeiss). For the analysis of 5-Lox expression
and microglia cell numbers, confocal z-stacks were taken with
the ZEN 2011 (black edition) software (Zeiss, version 3.3).
Fluorescence images of three different brain slices were taken from
five Y, AU, and AI animals per group (n = 5/group). Images with
20× and 63×magnification and 0.5 zoom were taken, the obtained
z-stack was then combined and merged as maximum intensity
projection. For each animal we used four representative areas of the
brain that correspond to learning and memory, the hippocampus
and the cortex. For all obtained images, the same microscope
settings were used, pre-defined on a randomly picked animal of the
AI group. The different brain areas were localized by eye.

All confocal images were edited and processed with the ZEN
2012 (blue edition) software (Zeiss, version 3.3), ImageJ (Fiji),
Microsoft PowerPoint (2016) and for 3 dimensional (3D) image
analysis and co-localization analysis the IMARIS software (version
9.1.2, Bitplane) was used.

Frontiers in Aging Neuroscience 03 frontiersin.org299

https://doi.org/10.3389/fnagi.2023.1140708
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1140708 July 27, 2023 Time: 13:45 # 4

Mrowetz et al. 10.3389/fnagi.2023.1140708

FIGURE 1

Experimental setting and performance in the hole-board spatial memory behavior test. (A) Scheme and time line of the hole-board spatial memory
test. (B) Learning curves of AU and AI rats in the hole-board test showing mean RMI values of rats for each trial (n = 8–10/group). A Two-way
RM-ANOVA with Sidak’s multiple comparison test was used to determine significant differences in RMI values between the trials and groups.
(C) Mean RMI values of AU and AI animals from trial 6 and 10. The data was tested for significant differences using a Welch’s t-test (n = 8–10/group).
Data are shown as mean with SD. AU, aged unimpaired; AI, aged impaired; RMI, reference memory index. A p-value of p < 0.05 is considered
statistically significant, and indicated as ∗ (p < 0.05), ∗∗ (p < 0.01), ∗∗∗ or ∗∗∗∗ (p < 0.001).

2.6. Quantification of
immunohistochemical data

2.6.1. Quantification of Iba1+/5-Lox+ and
Iba1+/5-Lox− cell numbers

Microscopic images from 3 different brain slices per animal
with a total of five animals per group (n = 5/group) were
taken. All images were obtained at the same magnification (20
x, zoom 0.5) and with the same microscopic settings (e.g., laser
intensities). To assess neuroinflammation the number of DAPI /
Iba1 positive stained microglia cells (Iba1+) was manually counted
using the Fiji software with the help of the cell counter plug in.
Additionally, the number of microglia positive for 5-Lox (Iba1+/5-
Lox+) was assessed. All microglia that did not show 5-Lox staining
were classified as 5-Lox negative microglia cells (Iba1+/5-Lox−).
Percentages of Iba1+/5-Lox+ and Iba1+/5-Lox− cell numbers of
the total Iba1+ cell counts were calculated.

2.6.2. Quantification of percentage (%) 5-Lox and
FLAP staining

The overall percentages of the different stainings (5-Lox, FLAP)
for each image was calculated for three different brain slices per
animal with a total of five animals per group (n = 5/group).

All images were taken with the same microscope settings and
magnification (20 x, zoom 0.5). The confocal z-stacks were analyzed
with IMARIS (Imaris x64 9.1.2., Bitplane), the volume (µm3) of the
respective staining was displayed as 3D surface and the threshold
was set manually for each image. The 3D surface tool of IMARIS
(Imaris x64 9.1.2., Bitplane) analyzes the number and volume
(µm3) of each antibody stained positive particles. To calculate the
percentage (%) of staining in respect to the total volume of the
image (µm3) the sum of all positive particle volumes (µm3) per
image was used, respectively for each antibody staining. The mean
of all three slices per animal (n = 5 animals/group) for each brain
region was calculated.

2.6.3. Co-localization of 5-Lox and FLAP staining
with NeuN or Iba1

The co-localization of 5-Lox and FLAP with either NeuN or
Iba1 was analyzed in three different slices per animal (n = 5/group).
All images were taken with the same setting and magnification
(20×, zoom 0.5). For analysis of the co-localization the “Coloc”
tool of IMARIS (Imaris x64 9.1.2., Bitplane) was used. Either NeuN
or Iba1 was set as channel A, and 5-Lox or FLAP was set to
be channel B. For each image, the threshold for both channels
was set manually and the value for “% of dataset co-localized”
was used for quantification. The percent of dataset co-localized
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shows the total amount of voxel in the images that are co-localized
with both channels (overlap) in respect to the overall image.
The mean of all three slices per animal (n = 5/group) for each
brain region was calculated and results show again data for the
hippocampus or cortex.

2.7. Statistical analysis

All statistical analysis was done with Graph Pad Prism software
(Version 9, Graph Pad Software Inc., San Diego, California, USA).
We refrained from testing for normality due to the small sample
size of n = 5 (Norman, 2010). For group comparisons between
AU and AI, an unpaired t-test or Welch’s t-test was performed
depending on equality of variance or as otherwise indicated in the
figure legends. For comparison of more than two groups (Y, AU,
AI), an ordinary one-way analysis of variance (ANOVA) was used
with Tukey’s post-hoc correction for multiple comparisons or as
otherwise indicated in the figure legends. To compare the RMI
in the different trials of AU and AI animals a two-way ANOVA
with repeated measures (RM) was used with Sidak’s correction for
multiple comparisons. Data is shown as median and 25th to 75th
percentiles, and whiskers indicate the minimum and maximum
values (as indicated in respective figure legends). A p-value of
p < 0.05 is considered statistically significant, and indicated as ∗

(p < 0.05), ∗∗ (p < 0.01), ∗∗∗ or ∗∗∗∗ (p < 0.001). To identify
outliers a Grubb’s test was performed. In the histological analysis,
where sample size was low, significance testing is less important
or not even required. Therefore, we used effect sizes, focusing on
absolute differences in measured variables, expressed as η2, which
is more suited for interpretation. Here, 0.01 < η2 < 0.06 are
considered small effects, 0.06 < η2 < 0.14 are considered medium
effects, and η2 > 0.14 are considered as large effects.

2.8. Ethical approval

The study was carried out in accordance with the
recommendations of the European Communities Council
Directive of 24 November 1986 (86/609/EEC) evaluated by the
ethics committee of the Medical University of Vienna, Austria
(Lubec et al., 2019).

3. Results

3.1. Aging rats develop into cognitively
impaired and cognitively unimpaired
traits

Hole-board, a food-motivated spatial learning and memory
task, was used to evaluate the effect of aging on spatial learning
and memory in a big cohort of 22–24-months-old male Sprague–
Dawley rats. The experimental protocol is presented in Figure 1A.
Rats characterized as either superior (AU) or inferior (AI) based
on their mean reference memory indices (RMI) derived from trial
6 and 10 of retrieval phases were randomly selected from AU

and AI from a larger cohort of 160 rats (Lubec et al., 2019). Rats
characterized as AU performed significantly better compared to AI
(Two-way RM-ANOVA, p < 0.001; Figures 1B, C). Trial-by-trial
analysis shows that RMIs of AU animals increased steadily over the
course of 10 trials, indicating learning, whereas AI animals did not
learn the task (Figure 1B).

3.2. Increased 5-Lox expression in brains
of aged and cognitively impaired rats

To address the question whether an elevated LT system might
relate to the age-related cognitive decline and more importantly,
to cognitive heterogeneity in aging, we investigated the brains
of Y, AU and AI rats for expression of 5-Lox and FLAP using
immunohistochemistry. The overall percentage of 5-Lox staining
was quantified in the hippocampus (Figures 2A, B). As expected
in old rats (AU and AI), the percentage of 5-Lox staining was
significantly higher compared to young animals, which showed
very little 5-Lox signals (overall effect size η2 = 0.9708) (Figure 2B).
Most surprisingly, in the brains of AI rats the percentage of 5-Lox
staining was significantly higher compared to AU animals and was
the highest of all groups (Figure 2B). Similar results were obtained
in the cortex (effect size η2 = 0.8844) (Figures 2C, D).

3.3. Increased number of 5-Lox+

microglia in AI compared to AU rats

5-Lox is known to be expressed in the brain predominantly
in microglia, although neurons show also some 5-Lox
immunoreactivity (Zhang et al., 2006; Michael et al., 2020; and
reviewed in Michael et al., 2018). To evaluate if the herein observed
increase in 5-Lox expression in AI rat brains derives from neurons
or microglia, we performed co-localization analysis of 5-Lox
staining with the mature neuron marker NeuN and the microglial
marker Iba1 (Figure 3). First, the percentage of 5-Lox overlapping
with neurons was quantified by co-localization analysis of 5-Lox
with NeuN staining in the hippocampus (Figure 3A). In AI animals
the percentage of co-localization between 5-Lox and NeuN staining
was significantly higher compared to AU as well as to young rats
(effect size η2 = 0.7688) (Figure 3B). Similar results were obtained
from the cortex (effect size η2 = 0.5075) (Figures 3C, D). Next,
the percentage of 5-Lox staining that overlapped with microglia
(Figures 3E, G) was quantified in the hippocampus (Figure 3F)
and the cortex (Figure 3H) by analyzing the percentage of dataset
of 5-Lox that co-localized with the Iba1 staining. Remarkably, in
the hippocampus of AI brains the percentage of 5-Lox staining
co-localizing with Iba1 was significantly higher compared to AU
and young animals (effect size η2 = 0.7955). In young animals
there was barely any co-localization of 5-Lox with Iba1 detected
(Figure 3F). Similar data were obtained from the cortex (effect size
η2 = 0.7149) (Figure 3H). This let us conclude that the observed
difference in 5-Lox in AI compared to AU animals derives mainly
from microglia cells and less from neurons.

To further support the hypothesis of enhanced 5-Lox
expression in microglia of AI brains, a more detailed analysis
was performed. Therefore, the number of overall Iba1+ cells
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FIGURE 2

Immunohistochemistry analysis and 3D structures 5-Lox staining in the hippocampus and cortex of Y, AU, AI rats. (A) Representative images of 5-Lox
3D structure in the hippocampal DG region of all three groups. (B) Percentage of 5-Lox staining was significantly increased in the hippocampus of
old rats and AI animals had the highest amount of 5-Lox staining compared to AU. (C) Representative images of 5-Lox 3D structure in the prefrontal
cortex of Y, AU, and AI animals. (D) Percentage of 5-Lox staining was significantly increased in the cortex of old animals with the highest amount of
5-Lox staining in AI rats compared to AU. All images were processed with the surface tool of the IMARIS (Bitplane) software, and all data were
analyzed using an ordinary One-way ANOVA with Tukey’s multiple comparisons test. Box plots show median and 25th to 75th percentiles and
whiskers indicate the minimum and maximum values. Y = young, AU = aged unimpaired, AI = aged impaired. Scale bar: 50 µm. η2 indicates large
effects. A p-value of p < 0.05 is considered statistically significant, and indicated as ∗ (p < 0.05), ∗∗ (p < 0.01), ∗∗∗ or ∗∗∗∗ (p < 0.001).

(Figure 4A), Iba1+ cells positive for 5-Lox (Iba1+5-Lox+ cells,
Figure 4D) or Iba1+ cells negative for 5-Lox (Iba1+5-Lox−

cells, Figure 4G) was quantified in hippocampal and cortical
brain regions. In the hippocampus and the cortex of old rat
brains (AU and AI) the number of Iba1+ cells were significantly
increased compared to young animals (effect size hippocampus
η2 = 0.6365, effect size cortex η2 = 0.5991) (Figures 4B, C).
However, the number of Iba1+ cells was similar in AI and AU
animals (Figures 4B, C). In aged animals (AU and AI) the
number of Iba1+5-Lox+ cells was significantly higher compared
to young rats, which barely showed any Iba1+5-Lox+ cells. Most
surprisingly, in the brains of AI animals the number of Iba1+5-
Lox+ cells was significantly higher compared to AU rats (effect
size hippocampus η2 = 0.8652, effect size cortex η2 = 0.8208)
(Figures 4E, F). Analysis of the number of Iba1+5-Lox− cells
(Figure 4G) revealed no difference in the number of cells between
young rats and AU animals (Figures 4H, I). Remarkably, the
number of Iba1+5-Lox− cells was significantly lower in AI animals
compared to AU and to young rats in both brain regions (effect
size hippocampus η2 = 0.5099, effect size cortex η2 = 0.5133)
(Figures 4H, I). This indicates an overall shift in the percentage of
microglia that express 5-Lox, which we confirmed by calculating
the percentages of Iba1+5-Lox+ and Iba1+5-Lox− cells in the
total Iba1+ cell fraction in the hippocampus and cortex of the
animals (Figures 4J, K). In summary, there is a shift in the 5-Lox
expression in microglia cells with age and even more pronounced

an upregulation of 5-Lox expression in microglia cells in cognitively
impaired animals.

3.4. Increased FLAP expression
co-localizing with microglia in AI rats

Next, we investigated the expression of the 5-Lox activating
protein, FLAP, in the hippocampus and cortex (Figures 5A, C).
First we quantified the percentage staining of overall FLAP and
observed increased expression of FLAP in the hippocampus of
old (AU and AI) compared to young (Y) animals (effect size
η2 = 0.7803) (Figure 5B), whereas in the cortex, although the
effect size was η2 = 0.6486, only a significant increase was observed
between the young and the AI animals (Figure 5D). However, there
was no significant difference in FLAP staining between AI rats
compared to AU animals in either region.

In human and in mouse brains we recently demonstrated that
FLAP was exclusively detected in microglia cells but not in neurons
(Michael et al., 2020). However, in rat brains we detected FLAP
not only in microglia cells but also in neurons, mostly localized
in and around the cell nucleus (Figure 6). This is in line with
one other study showing neuronal FLAP expression on rat brain
tissue (Lammers et al., 1996). We therefore further analyzed the
co-localization of FLAP staining with the mature neuron marker
NeuN and the microglia marker Iba1, to determine which cell
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FIGURE 3

Co-localization analysis of 5-Lox staining with neurons (NeuN) and microglia (Iba1). (A) Representative images of NeuN and 5-Lox and the resulting
co-localization signal in the hippocampus. (B) Co-localization of NeuN with 5-Lox was increased in old (AU and AI) rat brains compared to Y.
(C) Representative images of NeuN and 5-Lox and the resulting co-localization signal in the cortex. (D) Percentage of co-localization between
NeuN and 5-Lox was increased in the cortex of AU and AI animals compared to young. (E) Representative images of an AI animal with 3D structure
for the Iba1 and 5-Lox staining and the resulting co-localization signal in the hippocampus. (F) In the hippocampus of AI rats there was significantly
more co-localization of Iba1 with 5-Lox compared to Y and AU animals. (G) Representative images of an AI rat with 3D structure for Iba1 and 5-Lox
staining and the resulting co-localization signal in the cortex. (H) Co-localization of Iba1 with 5-Lox was significantly increased with age (Y vs. AU
and AI) and cognitive decline (AU vs. AI) in the cortex. All images were processed with the Co-loc tool of the IMARIS (Bitplane) software and all data
were analyzed using an ordinary One-way ANOVA with Tukey’s multiple comparisons test. Box plots show median and 25th to 75th percentiles and
whiskers indicate the minimum and maximum values. Y = young, AU = aged unimpaired, AI = aged impaired. Scale bar: 50 µm (all images). η2

indicates large effects. A p-value of p < 0.05 is considered statistically significant, and indicated as ∗ (p < 0.05), ∗∗ (p < 0.01), ∗∗∗ or ∗∗∗∗ (p < 0.001).

type contributes to the increased FLAP expression (Figure 7).
First, we quantified the percentage of FLAP staining co-localizing
with NeuN in the hippocampus (Figures 7A, B). In aged animals
(AU and AI) the percentage of co-localization between FLAP and
NeuN was increased compared to young animals but there was
no difference between AU and AI rats (effect size η2 = 0.8947)
(Figure 7B). Similar data were obtained from the cortex (effect size

η2 = 0.5384) (Figures 7C, D). Next, we quantified the percentage
of FLAP staining co-localizing with Iba1 in the hippocampus
(Figures 7E, F). Aged animals (AU and AI) showed increased
percentages of co-localization of FLAP with Iba1 but no differences
between AI and AU animals in the hippocampus (effect size
η2 = 0.8498) (Figure 7F). However, in the cortex not only the
increase between the age groups was observed, but also significantly
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FIGURE 4

Analysis of microglia (Iba1+), 5-Lox positive (Iba1+5-Lox+) and 5-Lox negative (Iba1+5-Lox−) microglia cell numbers in the brain of Y, AU, and AI
animals. (A) Representative image of microglia cells at 63 x magnification. (B) Quantification of microglia cell numbers in the hippocampus and
cortex (C) of Y, AU, and AI animals (n = 5/group). Microglia numbers significantly increase with age. (D) Representative image of Iba1+5-Lox+

microglia (insert) at 63×magnification. Inserts represent Iba1+5-Lox+ microglia. (E) Quantification of Iba1+5-Lox+ microglia in the hippocampus
and cortex (F) (n = 5/group). Double positive cells increase significantly with age, and rise even further in the AI group compared to the AU animals
in both brain regions. (G) Representative image showing an Iba1+5-Lox− microglia cell (insert). Inserts represent Iba1+5-Lox− microglia.
(H) Quantification of Iba1+5-Lox− microglia in the hippocampus and cortex (I) of Y, AU, and AI animals (n = 5/group). The amount of Iba-1+5-Lox−

microglia is significantly decreased in the AI group compared to the young as well as to the AU group. (J) Percentage of 5-Lox+ and 5-Lox−

microglia in the overall Iba1+ microglia cell counts in the hippocampus and cortex (K). Data was tested using an ordinary One-way ANOVA with
Tukey’s multiple comparison test (B,C,E,F,H,I) and Two-way ANOVA with Sidak’s multiple comparison test (J,K). Box plots show median and 25th to
75th percentiles and whiskers indicate the minimum and maximum values, for panels (J,K) data are as mean with SD. Scale bar: 10 µm (all images)
and 2 µm (inserts). Y = young, AU = aged unimpaired, AI = aged impaired. η2 indicates large effects. A p-value of p < 0.05 is considered statistically
significant, and indicated as ∗ (p < 0.05), ∗∗ (p < 0.01), ∗∗∗ or ∗∗∗∗ (p < 0.001).
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FIGURE 5

Quantification of overall FLAP staining in the brain. (A) Representative images of 3D structure for the FLAP staining in the hippocampus of Y, AU, and
AI animals. (B) Quantification of percentage FLAP staining in the hippocampus shows a significant increase in the AU and AI group compared to the
young animals. (C) Representative images of 3D structure for the FLAP staining in the cortex of Y, AU, and AI animals. (D) Quantification of
percentage FLAP staining in the cortex. Here we also see an increase in FLAP staining with age, which is significant in the AI group. All images were
analyzed with the IMARIS (Bitplane) software and all data were analyzed using an ordinary One-way ANOVA with Tukey’s multiple comparisons test.
Box plots show median and 25th to 75th percentiles and whiskers indicate the minimum and maximum values. Y = young, AU = aged unimpaired,
AI = aged impaired. Scale bar: 50 µm (A,C). η2 indicates large effects. A p-value of p < 0.05 is considered statistically significant, and indicated as ∗

(p < 0.05), ∗∗ (p < 0.01), ∗∗∗ or ∗∗∗∗ (p < 0.001).

higher percentages of co-localization between FLAP and Iba1 were
detected in AI rats compared to AU animals (effect size η2 = 0.9496)
(Figures 7G, H).

Taken together, FLAP expression was increased in the brain
of aged compared to young animals. In microglia cells the FLAP
expression in the cortex was additionally increased in AI compared
to AU animals, which suggests that FLAP expressing microglia
contribute to a cognitive decline.

4. Discussion

4.1. 5-Lox+ microglia: a subpopulation
determining cognitive impairment in
aging?

One hallmark of brain aging is neuroinflammation that
is mainly driven by glial cells in particular microglia, the
brain resident immune cells. Those are primed to an altered
inflammatory profile releasing pro-inflammatory molecules in the
old brain (Sierra et al., 2007 and reviewed in Dilger and Johnson,
2008; Mosher and Wyss-Coray, 2014), and are thereby mainly
responsible for neuroinflammation (reviewed in Kettenmann
et al., 2011). The contribution of neuroinflammation but also of
microglia dysfunction to disease progression is already a well-
established hallmark for various neurodegenerative diseases, such
as AD (reviewed in Mosher and Wyss-Coray, 2014; Angelova and
Brown, 2019; Hemonnot et al., 2019). Alterations in microglia

in the context of physiological aging are less evident, however,
recent studies demonstrate, that microglia function and microglia
phenotypes are heavily altered in the aged brain (Sierra et al.,
2007; Marschallinger et al., 2020b), which leads to a heterogeneous
population of microglia cells during aging (reviewed in Mosher
and Wyss-Coray, 2014; Delage et al., 2021). For example, we
previously identified lipid-droplet accumulating microglia (LDAM)
as a subpopulation of microglia cells that are increasingly present
in the aged human and mouse brain. Those microglia cells are
associated with a dysfunctional and pro-inflammatory state in the
aged brain (Marschallinger et al., 2020b). Besides these LDAMs,
microglia subpopulations such as disease-associated microglia
(DAM) (Keren-Shaul et al., 2017) and AD-associated microglia cells
(Wang et al., 2015) have been identified in the neurodegenerated
brain. Our herein described data on 5-Lox+ microglia cells in
aged cognitively impaired rats is therefore additional evidence for
microglia heterogeneity and for microglia subpopulations, which
contribute to the age-related cognitive decline. Microglia, which
express 5-Lox and FLAP can be considered as the main producers
of LTs within the brain, thus are potentially highly involved in LT
biosynthesis (Michael et al., 2020). Previously, we demonstrated
that microglia depletion in adult WT and transgenic AD mice
resulted in massive downregulation of various parts of the LT
signaling pathway. Microglia depleted brains showed a massive
reduction in 5-Lox, FLAP, and CYSLTR1 on mRNA and/or protein
level (Michael et al., 2020). We concluded from this work that
microglia cells harbor key elements of the LT biosynthesis pathway
and are therefore a potential major source of LTs in the brain. This
is also seen in an open database of the cell-specific transcriptome
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FIGURE 6

Immunohistochemistry analysis of FLAP staining with microglia (Iba1) and neurons (NeuN). Representative images revealing FLAP staining at sites of
the nuclear membrane in microglia (Iba1) and in- and outside the nucleus of neurons (NeuN). Dapi was used as nucleus stain. Scale bar: 20 µm,
5 µm.

of a broad spectrum of cells of the human aged healthy and
Alzheimer’s disease brains (Yang et al., 2022). Here, Alox5 (the
gene encoding 5-Lox) and Alox5AP (the gene encoding FLAP)
expression is predominantly expressed in microglia, in particular
in Alzheimer’s disease brains. It is very likely that 5-Lox+ microglia
thereby represent a specific subpopulation of microglia in the aged
brain, however, the exact function and phenotype of these cells in
the aged brain would need further in depth investigations (reviewed
in Delage et al., 2021).

4.2. Leukotriene signaling: a therapeutic
target to restore brain structure and
function in aging and in
neurodegenerative diseases

Leukotriene signaling has been identified as a promising
target to restore structure and function in neurodegenerative
diseases. For example, 5-Lox and FLAP expression is increased
in AD, in particular in microglia cells (Michael et al., 2020;
Michael et al., 2021; Yang et al., 2022). Furthermore, experimental
overexpression of 5-Lox leads to a decline in cognition, decreased
memory and to an increased activation of microglia (Vagnozzi
et al., 2018). Previous studies have shown, that treatment
with the leukotriene inhibitor MTK significantly reduced the
percentages of 5-Lox+ microglia cells in the brain of 5xFAD
transgenic mice (Michael et al., 2021). Similarly, Montelukast
treatment improved cognition in animal models of Lewy body
dementia (Marschallinger et al., 2020a) and stroke (Gelosa et al.,
2019). Besides in neurodegenerative diseases, leukotriene signaling
has been identified as a target in brain aging. For example,
treatment with the LT receptor antagonist Montelukast reduced
neuroinflammation and restored learning and memory in aged rats
(Marschallinger et al., 2015). In the present study, we could show
that leukotriene signaling is not only changed in neurodegenerative

diseases, but is also altered during normal healthy aging, possibly
contributing to cognitive heterogeneity. We could confirm that the
overall 5-Lox and FLAP expression in microglia cells and neurons
was significantly increased in aged animals. This is in line with
previous studies showing upregulated 5-Lox mRNA and protein
levels in the hippocampus of old mice (Chinnici et al., 2007)
and increased 5-Lox protein expression in the brain of old rats
(Uz et al., 1998). However, there is inconsistency on the cell type
responsible for the age-related increase in 5-Lox immunoreactivity.
In the study by Uz et al. (1998) the age-related increase in 5-
Lox expression derives from pyramidal neurons or GFAP positive
cells. In our study, we confirmed the age-related increase in
neuronal 5-Lox expression, however, we do not see differences in
neuronal 5-Lox expression in AI compared to AU animals. We
clearly demonstrate increased 5-Lox immunoreactivity in microglia
and increased numbers of 5-Lox+ microglia in the brain of aged
animals. Remarkably, more detailed analysis of AU and AI rat
brains revealed that this increase was even exceeded in microglia of
cognitively declined animals. To our knowledge this has so far not
been demonstrated in any rodent model for aging, in which animals
were classified according to their cognitive performance.

This underlines the involvement of LTs in cognitive decline, and
supports the hypothesis that leukotriene inhibition could be used
as a therapeutic target during age related cognitive decline and in
neurodegenerative diseases. However, the possible beneficial effects
of LT signaling blockage on the brain and the direct effects of MTK
on the LT signaling pathway involved cell types should be assessed
in more detail in future experiments.

4.3. Leukotrienes to distinguish cognitive
heterogeneity

During natural, healthy aging loss of cognition is often part
of the aging process, however, the decline in cognition is very
heterogenic (Gallagher and Rapp, 1997; Gallagher et al., 2006;
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FIGURE 7

Quantification of co-localization between FLAP staining and neurons (NeuN) or microglia (Iba1). (A) Representative images of co-loc of FLAP with
NeuN in the hippocampus. (B) Quantification of FLAP and NeuN co-loc signals in the hippocampus. The co-localization increases with age in both
aged groups compared to the young group. (C) Representative images of co-loc of FLAP with NeuN in the cortex. (D) Quantification of FLAP and
NeuN co-loc signals in the cortex. The co-localization is significantly increased in the AI group. (E) Representative images of the co-localization
signal of FLAP with Iba1 in the hippocampus of Y, AU, and AI animals. (F) Quantification of FLAP and Iba1 co-loc signals in the hippocampus. The
co-localization signal is highly increased in both aged groups compared to the young group. (G) Representative images of the co-loc of FLAP with
Iba1 in the cortex. (H) Quantification of FLAP and Iba1 co-loc signals in the cortex. Significant increases in the co-localization signal is seen in both
aged groups compared to the young animals. There is also a significant increase in the AI group compared to the AU group. All images were
processed with the Co-loc tool of the IMARIS (Bitplane) software and all data were analyzed using an ordinary One-way ANOVA with Tukey’s
multiple comparisons test. Box plots show median and 25th to 75th percentiles and whiskers indicate the minimum and maximum values.
Y = young, AU = aged unimpaired, AI = aged impaired. Scale bar: 50 µm (A,C,E,G). η2 indicates large effects. A p-value of p < 0.05 is considered
statistically significant, and indicated as ∗ (p < 0.05), ∗∗ (p < 0.01), ∗∗∗ or ∗∗∗∗ (p < 0.001).

Lubec et al., 2019). Cognitive heterogeneity is frequently studied
and well described in the field of psychology (Ylikoski et al.,
1999; Mungas et al., 2010; Hayden et al., 2011), however, the
molecular mechanisms are mostly unclear. Several pathways have
been shown to be differentially regulated in cognitive impairment,
such as pathways involving oxidative stress (Lubec et al., 2019)
or neuroinflammation (Farso et al., 2013). Previous studies
have shown that aged cognitive impaired and aged cognitive
unimpaired rats have a different lipid content in the brain, i.e.,

impaired animal have a reduced phosphatidylethanolamine (LPE)
content (Wackerlig et al., 2020). Interestingly, restoration of the
LPE content reduces arachidonic acid production and improves
cognition (Villamil-Ortiz et al., 2016), by possibly reducing the
LT load in the brain. This already suggests the involvement of
leukotrienes in the cognitive heterogeneity in aging. In the present
study we focused on the cognitive heterogeneity in aging in
the context of leukotriene signaling. We could demonstrate that
an increased 5-Lox expression, especially in microglia cells, is
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associated with a decreased memory function in aged rats and
vice versa that low expression of 5-Lox in microglia associates
with better memory scores. These findings suggest, that LTs could
possibly be used to distinguish between different cognitive states in
aging, even before the onset of neurodegenerative diseases.

4.4. 5-Lox: a potential biomarker for
cognitive decline?

The present work suggests that LTs and the leukotriene
signaling pathway might be possible candidates for biomarkers to
predict cognitive decline in aging. Overexpression of 5-Lox has
been shown to worsen memory, increase microglia and astrocyte
activation and significantly impact synaptic pathology (Vagnozzi
et al., 2018), making 5-Lox a potential indicator for cognitive
decline. Vice versa, blocking the LT signaling pathway has beneficial
effects leading to restoration of memory and cognitive functions
(Marschallinger et al., 2015). Additionally, it was shown that
unresolved neuroinflammation after surgery, linked to high levels
of leukotrienes, is connected to cognitive decline (Su et al., 2013),
underlining the possibility to use LTs as a biomarker for cognitive
decline. Our data also associates 5-Lox expression in microglia
with cognitive decline, supporting the idea to use the LT signaling
pathway not only as a therapeutic target for AD but also to use
it already for the prediction of cognitive decline in early stages.
In summary, 5-Lox might be used as a potential biomarker for
cognitive decline, which will be highly beneficial for diagnostic and
therapeutic purposes as well as for prediction of cognitive decline.
In the field of asthma, urinary LTs predict the severity and outcome
of asthma (Szefler et al., 2012; Hoffman and Rabinovitch, 2018)
as well as the responsiveness to leukotriene receptor inhibitors
such as MTK (Hoffman and Rabinovitch, 2018). Whether this
can be used to translate into a biomarker for cognitive decline in
aging needs to be shown (Su et al., 2013; Furuyashiki et al., 2019).
An interesting approach might be 5-Lox expression in peripheral
blood mononuclear cells (PBMCs), which are easily accessible and
known to share some of the biochemical environment of neurons
(Dangond and Gullans, 1998; de Ruijter et al., 2003). Indeed, it has
been demonstrated that AD patients have increased levels of 5-Lox
expression in PBMCs (Di Francesco et al., 2013).

4.5. Limitations

We are aware, that our study has limitations, such as the
low number of animals analyzed, giving less importance to the
significance values. Considering the work as an exploratory study
allows the focus on the effect sizes showing that despite the low
number of animals, we do observe large effects. Nevertheless,
confirmatory studies using a higher n are needed to validate our
results. The study would also benefit from the use of other methods,
such as protein or RNA analysis.

In the present study, we examined the two extremes in terms
of cognitive performance. Of course, it would be interesting to
investigate the 5-Lox and FLAP expression in the brains of aged
animals with an average cognitive ability. Unfortunately, we did
not have access to the brains of such “average performers.” The

aim of the study was to focus on the underlying molecular cues
discriminating extreme good and bad cognitive performers. Thus,
we consider our study as a first exploratory investigation in the field,
of course creating new questions, which can be hopefully addressed
in future studies.

5. Conclusion

We graphically summarized our immunohistochemical
findings on altered LT signaling components in the aged and
cognitively impaired rat brain (Supplementary Figure 1). In the
aged brain increased numbers of 5-Lox positive microglia are
present with the highest number in cognitively impaired animals.
FLAP protein expression is increased in microglia cells of aged
and even more pronounced of cognitively impaired animals.
We conclude from our results that major compounds of the LT
signaling pathway are elevated in aged cognitively impaired brains.
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SUPPLEMENTARY FIGURE 1

Alterations of the LT signaling pathway in brains of Y, AU, and AI animals.
Brains were immunohistochemically analyzed and revealed alterations in
5-Lox and FLAP protein expression in aged and cognitively impaired
animals. Image was created with Biorender.com.
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Introduction: Cognitive decline in the elderly population is a growing concern,

and vascular factors, such as hypertension, diabetes, cerebrovascular disease, and

coronary heart disease, have been associated with cognitive impairments. This

study aims to provide deeper insights into the structure of cognitive function

networks under these different vascular factors and explore their potential

associations with specific cognitive domains.

Methods: Cognitive function was assessed using a modified Chinese version

of the mini-mental state examination (MMSE) scale, and intensity centrality and

side weights were estimated by network modeling. The network structure of

cognitive function was compared across subgroups by including vascular factors

as subgroup variables while controlling for comorbidities and confounders.

Results: The results revealed that cerebrovascular disease and coronary heart

disease had a more significant impact on cognitive function. Cerebrovascular

disease was associated with weaker centrality in memory and spatial orientation,

and a sparser cognitive network structure. Coronary heart disease was associated

with weaker centrality in memory, repetition, executive function, recall, attention,

and calculation, as well as a sparser cognitive network structure. The NCT

analyses further highlighted significant differences between the cerebrovascular

disease and coronary heart disease groups compared to controls in terms of

overall network structure and connection strength.

Conclusion: Our findings suggest that specific cognitive domains may be more

vulnerable to impairments in patients with cerebrovascular disease and coronary

heart disease. These insights could be used to improve the accuracy and
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sensitivity of cognitive screening in these patient populations, inform personalized

cognitive intervention strategies, and provide a better understanding of the

potential mechanisms underlying cognitive decline in patients with vascular

diseases.

KEYWORDS

cognitive domains, aging, vascular factors, network analysis, Ising model

Highlights

- First study to use network analysis to examine the relationship
between cognitive function and cardiovascular health.

- Cerebrovascular disease group had weaker centrality in memory
and spatial orientation.

- Coronary heart disease group had weaker centrality in temporal
orientation, immediate recall and delayed recall.

- Study identified potential associations between the four disorders
and cognitive impairments.

1. Introduction

Dementia is a progressive neurocognitive disorder
characterized by insidious cognitive and functional decline
until death. Mild cognitive impairment (MCI) typically precedes
dementia and is characterized by impairment in one or more
cognitive domains (World Health Organization [WHO], 2019;
GBD 2019 Dementia Forecasting Collaborators, 2022). With the
acceleration of population aging, cognitive disorders, including
dementia and MCI, have become a significant public health
issue, attracting increasing attention from healthcare providers,
researchers, and policymakers (Wu et al., 2017). Cognitive
decline is often accompanied by neuropsychiatric symptoms and
decreased ability to complete daily living activities, negatively
impacting the quality of life for patients and caregivers and
imposing a heavy burden on their families and society as a whole
(Sun et al., 2018). According to estimates by the International
Alzheimer’s Association, there are approximately 50 million
people with dementia worldwide, a number that is expected
to double by 2050, with two-thirds living in low- and middle-
income countries (Alzheimer’s Disease International [ADI],
2018). In China, approximately 15 million people aged 60 and
older suffer from dementia, with an estimated overall MCI
prevalence of 15.5% (Baumgart et al., 2015). The neuropathological
changes associated with cognitive decline begin to progress
long before clinical manifestation and mostly occur in older
age, providing ample time for the implementation of preventive
strategies to effectively delay age-related cognitive decline and
dementia (Feldman et al., 2014). As there are currently no
effective treatments, reducing the risk of cognitive decline
and modulating modifiable risk factors to delay disease onset
have become important components of prevention strategies
(Scheltens et al., 2021).

Numerous risk factors contribute to cognitive decline with
varying mechanisms and scopes of damage, including specific
neurobiological differences (Bellou et al., 2017; Zhang et al., 2022).
Hypertension, diabetes, cerebrovascular disease, and coronary
artery disease, common chronic conditions in elderly individuals,
are considered to be closely related to cognitive decline (Kivimäki
et al., 2019; Ou et al., 2020; Yang et al., 2020; Andrews et al.,
2021; Feter et al., 2022). These four vascular factors can be easily
identified and subjected to intervention, making them suitable
for preventing the development of cognitive impairment and
dementia. Although vascular factors share similar pathological
mechanisms, including causing damage to small blood vessels,
some phenomenological studies have found that the extent and
range of cognitive impairment vary among populations with
different vascular factors (Skoog et al., 1996; Ray et al., 2016; Xie
et al., 2019). With the deepening of pathophysiological research
in recent years, researchers have discovered that different vascular
factors have varying mechanisms of damaging cognitive function.
They produce different inflammatory factors and endogenous
hormones, which bind to their corresponding receptors, leading
to impaired synaptic, metabolic, and immune responses, and
cause differences in brain structure and neural connections
(Skoog et al., 1996; Langbaum et al., 2012; Love and Miners,
2016; Niu et al., 2022). For instance, hypertension may impact
cognitive function by influencing cerebral blood flow and causing
cerebral microvascular damage (Ungvari et al., 2021), while
diabetes primarily results in the accumulation of abnormally
folded amyloid-beta peptide (Aβ) and tau protein in amyloid
plaques and neurofibrillary tangles, as well as various forms
of vascular injury (Moran et al., 2015; Xue et al., 2019).
Cerebrovascular disease may disrupt brain tissue structure and
function through localized or global cerebral ischemia and
induce brain infarction or hemorrhage (Gorelick et al., 2011),
whereas coronary artery disease might affect brain blood flow
and oxygen supply by impacting cardiac pumping function
and causing microemboli (Wolters et al., 2018). The specific
range of cognitive impairment caused by different risk factors
requires further elucidation to develop personalized intervention
measures.

Network analysis has been widely applied in recent years
to the research and description of psychological traits and
psychiatric symptoms (van Borkulo et al., 2014; Borsboom, 2017).
It directly utilizes observable variables, such as attitudes, feelings,
and behaviors, as nodes and employs regularization techniques
to establish partial correlation networks between these variables
(Epskamp et al., 2012). This approach supplements traditional
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factor analysis and latent variable research methods, providing
novel insights for better understanding human psychological
phenomena and exploring the structure of psychiatric disorders
(Epskamp and Fried, 2018). When cognitive conditions are viewed
from a network theory perspective, dimensions and domains
interact directly and continuously (van Loo et al., 2018). The
presence of different risk factors may affect the pathway and
intensity of the connections between these symptoms, potentially
leading to individual differences in developmental obstacles.

To date, no studies have used network analysis to explore
the potential relationship between cognitive function and
cardiovascular health in older adults. In this study, we present
cognitive ability scales in a network format to display the
characteristics of cognitive function network structure in older
adults more clearly. By using vascular factors as grouping
variables, we compared the cognitive function network structures
of different subgroups and investigated the potential impact
of vascular factors on cognitive abilities. Simultaneously,
we established graphical models to identify core nodes and
modules in cognitive function networks of the various vascular
factors, which may serve as key elements for future disease
identification and intervention. This approach provides guidance
for developing personalized intervention measures tailored to
different risk factors.

2. Materials and methods

2.1. Participants

This cross-sectional survey was conducted from September
2018 to June 2022 using a convenience snowball sampling
method. The study population consisted of older adults residing
in communities, nursing homes, townships, and hospitals in
Liaoning Province, China. Selection criteria included the following:
(1) individuals aged 60 years and older; (2) individuals residing
in the survey area for at least 6 months; (3) individuals
without moderate to severe visual or hearing impairment,
motor dysfunction, language barriers, or other conditions that
may affect cognitive function measurement; (4) individuals
without a clinical diagnosis of dementia or severe mental
illness; (5) individuals currently in a stable physical condition
without medication non-compliance; and (6) participants who
voluntarily participated in the study and signed informed consent
forms. Individuals with severe diseases, terminal illnesses, or
complete bedridden disability were excluded. The study protocol
was approved by the Human Ethics Committee of China
Medical University.

2.2. Procedure

Upon meeting the study’s inclusion criteria, being informed
of the research purpose, and signing the informed consent
form, participants underwent clinical interviews conducted by
trained researchers. Relevant demographic information (age, sex,
education level, hypertension, diabetes, cerebrovascular disease,
coronary heart disease, and history of psychological trauma) was
collected, and cognitive function assessment tests were completed.

2.3. Cognition assessment

The mini-mental state examination (MMSE) is primarily
utilized for screening dementia patients, assessing the severity
of cognitive impairment, and monitoring disease progression
(Tombaugh and McIntyre, 1992). Due to its ease of use and
short administration time (5–10 min), the MMSE has been widely
adopted both domestically and internationally. In this study, we
used the Chinese mini-mental status (CMMS) (Zhang et al., 1990),
a Chinese version of the MMSE revised by Zhang Mingyuan,
to assess cognitive function. Its validity and reliability have been
proven previously (Wu et al., 2022). The CMMS is a fundamental
tool for evaluating overall cognitive function, with a maximum
achievable score of 30 points. It contains five subsets, orientation,
registration, attention and calculation, recall, and language and
visual construction, with a total of thirty items, each rated on a scale
of 0 to 1.

2.4. Data analysis

We used EpiData 3.1 software to input information from paper
questionnaires. Data entry and validation were independently
completed by two researchers, eliminating any inconsistencies or
logical errors in the basic information. After ensuring accuracy,
a database was established. We monitored missing data patterns
in the collected data and utilized R 4.1.3 software (R Core
Team, 2022) and the mice package (van Buuren and Groothuis-
Oudshoorn, 2011) for data computation, missing data imputation,
and model validation. For values meeting the conditions for
multiple imputation, the data were imputed using the software
package.

2.4.1. Network model construction
The construction of the network model was performed with R

4.1.3 software (R Core Team, 2022). Networks consist of “nodes”
and “edges,” with each symptom considered a node and the
association between two symptoms treated as an edge (Borsboom
and Cramer, 2013; van Borkulo et al., 2015). Blue and green edges
represent positive correlations and red edges represent negative
correlations between symptoms, and edge thickness indicates the
strength of their association. The magnitude of an edge weight
reflects the strength of the association, with higher absolute
values indicating stronger associations and lower absolute values
indicating weaker associations. Nodes with stronger connections
to other nodes are closer to the center of the network, while
nodes with fewer connections are distributed around the network’s
periphery. Each color node in the network represents a subset (e.g.,
different cognitive domains, cardiovascular disease prevalence,
covariates).

Since the data in this study did not follow a normal distribution,
we employed the “IsingFit” package (van Borkulo et al., 2014)
in R 4.1.3, using an Ising model based on binary data to
construct a computationally efficient model for estimating network
structure. To improve the sensitivity of the network model in
detecting changes in cognitive function, we encoded the scores
of the 30 MMSE items as binary data, with the minimum
sample size for each network estimated to be ten times the
number of nodes (van der Ploeg et al., 2014). We then applied
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the graphical least absolute shrinkage and selection operator
(GLASSO) to introduce a penalty factor, removing relatively weak
connections in the network to obtain a more stable and easily
interpretable regularized sparse network. The statistical analysis
and visualization features of these networks were implemented
using the R packages “qgraph” (Epskamp et al., 2014) and “glasso”
(Friedman et al., 2014).

2.4.2. Network estimation and centrality
measurements

We estimated network models ranging from simple to complex.
In the network models, nodes represent variables, and edges
between nodes represent conditional dependencies, which can
be understood as partial correlations. Centrality parameters for
each node can be assessed as strength, closeness, and betweenness
(Bringmann et al., 2013). Since closeness and betweenness may be
unreliable in the cognitive network model presented in this study
(Bringmann et al., 2019), we primarily focused on the effects of
strength centrality. Strength centrality is reported as standardized
z scores, a high centrality Z score for a cognitive domain indicates
that it plays a more central role in the network, with stronger
connections to other nodes and potentially greater impact on
cognitive function.

Before interpreting centrality estimates, we assessed network
stability using a case deletion bootstrap approach. We removed
varying proportions of samples, ranging from 10 to 75%, and
estimated the network model using only the remaining data. By
calculating the correlation between bootstrap measures for the
subset models and the original subset models, we evaluated the
robustness of the estimated parameters, which should theoretically
be higher than 0.25 (Armour et al., 2017).

2.4.3. Covariates and network comparisons
We explored the potential effects of four disease factors on

cognitive abilities by comparing the cognitive function network
structures of subgroups using these factors as grouping variables.
Specifically, we divided the population into eight subsets within
four subgroups: with and without diabetes, with and without
hypertension, with and without cerebrovascular disease, and with
and without coronary heart disease. Based on previous research
(Harada et al., 2013; Baumgart et al., 2015; Maccora et al.,
2020; Levine et al., 2021), we selected sex, age, and educational
level as covariates. For each subgroup, we included the presence
of the other three diseases, sex, age, and educational level
as covariates in the network to control for comorbidities and
other confounding factors related to cognition that may affect
the cognitive network structure. The network comparison test
(NCT) was used to compare the overall network structure and
the global strength of connections of the two subset cognitive
network models within each subgroup (van Borkulo et al., 2022)
to explore the potential impact of the presence or absence of
the cardiovascular health-related factors under investigation on
the cognitive network structure. “Overall network structure” refers
to the assumption that the entire network (i.e., the specific
pattern of edges connecting nodes) is the same between groups.
“Global strength of connections” refers to the assumption that
the total absolute sum of all edges is the same across the
network.

In all analyses, results with p < 0.05 were considered statistically
significant. The code for network analysis can be found at https:
//osf.io/vh825/?view_only=e18be553d28047788e5dfbc9303a2817.
We also provide the model outputs to make the
analysis reproducible.

3. Results

3.1. Sample characteristics

A total of 2,225 valid questionnaires were collected. The
study included 1,152 men (51.8%) and 1,073 women (48.2%).
The average age was 72.44 ± 9.63 years. Regarding education
level, 400 participants (18.0%) had a college degree or higher, 991
(44.5%) had a high school education, 781 (35.1%) had a primary
school education, and 53 (2.4%) were illiterate. There were 921
individuals (41.3%) with hypertension, 381 (17.1%) with diabetes,
732 (32.8%) with cerebrovascular disease, and 484 (21.7%) with
coronary heart disease. The average MMSE score for the study
population was 26.21 ± 3.16. Table 1 displayed the recoded MMSE
items.

3.2. MMSE total score model

To investigate the network relationships between the MMSE
total score and cerebrovascular disease, coronary heart disease,
hypertension, and diabetes in the elderly population, two network
model structures were constructed, as shown in Figure 1.
Figure 1A displayed a negative correlation between the MMSE
total score and the prevalence of the four vascular diseases
in the elderly population. Additionally, there was a positive
association among the four diseases. Figure 1B is based on
Figure 1A with the additional three covariates of sex, age,
and educational level. After adjusting for these covariates, the
association patterns and strengths between the MMSE total score
and the four diseases changed. This suggests that when analyzing
the relationship between cognitive function and cardiovascular
factors, potential confounders such as age, sex, and educational
level need to be considered. These factors may have an
impact on cognitive function or interact with the four disease
factors.

3.3. MMSE individual score items network
model

Next, two network models, as shown in Figure 2, were
constructed to evaluate the relationship between the 30 MMSE
items individually and the prevalence of the four diseases in
the entire population. Figure 2A presents a network model
without considering sex, age, and educational level. This model
showed extensive connections among different cognitive domains
and within individual cognitive domains, as well as connections
between the four diseases and various cognitive domains. In this
model, the strength centrality z scores for hypertension, diabetes,
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TABLE 1 Recoded mini-mental state examination items and frequencies (%).

Community Label Item description Failure to answer questions
or incomplete answers

Answer the question
correctly

I. Orientation (10 points) Temporal
orientation

OT1 What is the day? 312 (14%) 1,913 (86%)

OT2 What is the date? 328 (14.7%) 1,897 (85.3%)

OT3 What is the month? 89 (4%) 2,136 (96%)

OT4 What is the season? 49 (2.2%) 2,176 (97.8%)

OT5 What is the year? 101 (4.5%) 2,124 (95.5%)

Spatial
orientation

OS1 Where are we now?
Province?

13 (0.6%) 2,212 (99.4%)

OS2 What district do you live in? 31 (1.4%) 2,194 (98.6%)

OS3 What street do you live in? 118 (5.3%) 2,107 (94.7%)

OS4 Where is this place? 63 (2.8%) 2,162 (97.2%)

OS5 Where are we now?
Floor?

77 (3.5%) 2,148 (96.5%)

II. Registration (3 points) Immediate recall R1 Repeat the words: ball 97 (4.4%) 2,128 (95.6%)

R2 Repeat the words: National
Flag

103 (4.6%) 2,122 (95.4%)

R3 Repeat the words: tree 154 (6.9%) 2,071 (93.1%)

III. Attention and
calculation (5 points)

Attention and
calculation

A1 100 − 7 (93) 72 (3.2%) 2,153 (96.8%)

A2 −7 (86) 509 (22.9%) 1,716 (77.1%)

A3 −7 (79) 605 (27.2%) 1,620 (72.8%)

A4 −7 (72) 678 (30.5%) 1,547 (69.5%)

A5 −7 (65) 830 (37.3%) 1,395 (62.7%)

IV. Recall (3 points) Delayed recall D1 Recall: ball 535 (24.0%) 1,690 (76.0%)

D2 Recall: national flag 655 (29.4%) 1,570 (70.6%)

D3 Recall: tree 798 (35.9%) 1,427 (64.1%)

V. Language and visual
construction (9 points)

Naming LN1 Name shown object: watch 24 (1.1%) 2,201 (98.9%)

LN2 Name shown object: pencil 28 (1.3%) 2,197 (98.7%)

Repetition LP1 Repeat the phrase 309 (13.9%) 1,916 (86.1%)

Executive
function

LE1 Follow oral instructions.1 142 (6.4%) 2,083 (93.6%)

LE2 Follow oral instructions.2 108 (4.9%) 2,117 (95.1%)

LE3 Follow oral instructions.3 148 (6.7%) 2,077 (93.3%)

Reading LR1 Follow written instruction 242 (10.9%) 1,983 (89.1%)

Expression LEx1 Make up and write a sentence 604 (27.1%) 1,621 (72.9%)

Drawing LD1 Copy a picture (of two
figures)

659 (29.6%) 1,566 (70.4%)

cerebrovascular disease, and coronary heart disease were −1.696,
−0.478, −1.679, and −0.903, respectively, indicating their relative
importance in the network.

Figure 2B incorporated sex, age, and educational level as
covariates into the cognitive network model. This led to a
change and reorganization of the cognitive function network
structure. After adding these covariates, the nodes representing
the four diseases occupied more central positions in the network,
and the connections with various cognitive domains were
strengthened. In this adjusted model, the strength centrality

z scores for hypertension, diabetes, cerebrovascular disease,
and coronary heart disease were −1.533, −0.403, −1.152, and
−0.355, respectively. After considering the three covariates of
sex, age, and educational level, the importance of the four
diseases in the cognitive function network increased. This
implies that the impact of the four vascular factors on the
cognitive function structure may be modulated by age, sex, and
educational level. Subsequent network model construction and
comparison will adjust for the influence of these three confounding
factors.
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FIGURE 1

Networks showing the mini-mental state examination (MMSE) total score model (A) and the model after controlling for covariates (B). The
thicknesses of lines represent the strength of the correlation. Blue lines represent positive correlations, whereas red lines represent negative
correlations.

FIGURE 2

Networks showing the mini-mental state examination (MMSE) individual score model (A) and the model after controlling for covariates (B). Circles
indicate nodes (MMSE item) and lines indicate edges (association between two symptoms). The thicknesses of lines represent the strength of the
correlation. Nodes with the same color belong to the same community. Green lines represent positive correlations, whereas red lines represent
negative correlations.

3.4. Comparison of network models
divided by vascular factors

Next, we divided the population into eight subsets within four
subgroups according to the presence or absence of hypertension,
diabetes, cerebrovascular disease, and coronary heart disease.

3.4.1. Hypertension group
Figures 3A, B showed the cognitive network structures of the

two groups of people with hypertension (n = 921) and without
hypertension (n = 1,304), respectively. Figure 3C displayed the
centrality indices of each node in the network analysis. In the
group with hypertension, the three items in spatial orientation were
the three nodes with the highest centrality (OS1, z = 1.698; OS3,
z = 1.553; OS2, z = 1.304). In the group without hypertension, the
nodes with the highest centrality were memory (R3, z = 1.566),
time orientation (OT3, z = 1.496), and spatial orientation (OS3,
z = 1.280).

In the hypertension group, the internal connections of
cognitive functions were mostly positive, with 446 positive
connections and a sum of non-standardized partial correlation
coefficients of 231.48. The most heavily weighted edges occurred
in the naming ability module (LN1–LN2, edge weight = 4.113),
followed by the spatial orientation module (OS1–OS2, edge
weight = 2.816; OS2–OS3, edge weight = 2.210). In the group
without hypertension, there were 425 positive connections, with
a sum of partial correlation coefficients of 300.152. The most
heavily weighted edges occurred in the naming ability module,
followed by the attention and calculation module (A4–A5, edge
weight = 2.816) and the connection between reading ability
and writing ability modules (LR1-LEx1, edge weight = 2.703).
Edge weights with 95% confidence intervals are available in the
Supplementary information.1

1 https://osf.io/vh825/?view_only=e18be553d28047788e5dfbc9303a2817
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FIGURE 3

Cognitive network structures in participants with and without hypertension, and centrality indices of each node. (A) Shows the cognitive network
structure for participants with hypertension, and (B) presents the structure for those without hypertension. (C) Displays the centrality indices
(Z-scores) of each node in the network analysis. Nodes with the same color belong to the same community. Edges indicate the strength and
direction of associations between nodes: green lines represent positive correlations, and red lines represent negative correlations. The thickness of
the edges corresponds to the magnitude of the correlations, with thicker lines indicating stronger associations. The centrality Z-score reflects the
importance of a node in the network; the higher the centrality, the greater its influence within the network.

The NCT results showed that there were no significant
differences in the overall network structure between the two groups
(hypertension group vs. non-hypertension group: M = 2.783,
p = 0.415). In terms of global connectivity strength, there was also
no significant difference between the two groups (hypertension
group vs. non-hypertension group: S = 10.86, p = 0.275).

3.4.2. Diabetes group
Figures 4A, B showed the cognitive network structures of the

two groups of people with diabetes (n = 381) and without diabetes
(n = 1,844), respectively. Figure 4C displayed the centrality indices
of each node in the network analysis. In the group with diabetes, the
node with the highest centrality was OS1 (z = 2.608), followed by
OT5 (z = 1.802) and OS2 (z = 1.738). In the group without diabetes,
the node with the highest centrality was OS3 (z = 2.629), followed
by R1 (z = 1.731) and R2 (z = 1.112).

In the diabetes group, there were 389 positive connections,
with a sum of partial correlation coefficients of 379.84. The most
heavily weighted edges occurred between the time orientation
module and the memory module (OT5-R1, edge weight = 4.122),
followed by within the time orientation module (OT4–OT5, edge
weight = 3.861) and the executive function module (LE2–LE3, edge
weight = 3.018). In the group without diabetes, there were 442

positive connections, with a sum of partial correlation coefficients
of 291.04. The most heavily weighted edges occurred in the naming
ability module (LN1–LN2, edge weight = 4.847), followed by the
attention and calculation module (A4–A5, edge weight = 2.575)
and the connection between the reading ability module and the
writing ability module (LR1-LEx1, edge weight = 2.453). Edge
weights with 95% confidence intervals can be found in the
Supplementary information.

The NCT results showed that there were no significant
differences in the overall network structure between the two groups
(diabetes group vs. non-diabetes group: M = 4.730, p = 0.267). In
terms of global connectivity strength, there was also no significant
difference between the two groups (diabetes group vs. non-diabetes
group: S = 32.24, p = 0.467).

3.4.3. Cerebrovascular disease group
Figures 5A, B showed the cognitive network structures of

the two groups of people with cerebrovascular disease (n = 732)
and without cerebrovascular disease (n = 1,493), respectively.
Figure 5C displayed the centrality indices of each node in the
network analysis. In the group with cerebrovascular disease, the
node with the highest centrality was LN1 (z = 2.804), followed
by D1 (z = 1.192) and A3 (z = 1.126). In the group without
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FIGURE 4

Cognitive network structures in participants with and without diabetes, and centrality indices of each node. (A) Shows the cognitive network
structure for participants with diabetes, and (B) presents the structure for those without diabetes. (C) Displays the centrality indices (Z-scores) of
each node in the network analysis. Nodes with the same color belong to the same community. Edges indicate the strength and direction of
associations between nodes: green lines represent positive correlations, and red lines represent negative correlations. The thickness of the edges
corresponds to the magnitude of the correlations, with thicker lines indicating stronger associations. The centrality Z-score reflects the importance
of a node in the network; the higher the centrality, the greater its influence within the network.

cerebrovascular disease, the node with the highest centrality was
R1 (z = 2.189), followed by LN1 (z = 1.755) and OT5 (z = 1.423).

In the cerebrovascular disease group, there were 419 positive
connections, with a sum of partial correlation coefficients of
232.07. The most heavily weighted edges occurred in the naming
ability module (LN1–LN2, edge weight = 2.09), followed by the
attention and calculation module (A4–A5, edge weight = 2.082)
and the time orientation module (OT2–OT3, edge weight = 2.009).
In the group without cerebrovascular disease, there were 432
positive connections, with a sum of partial correlation coefficients
of 292.15. The most heavily weighted edges occurred in
the naming ability module (LN1–LN2, edge weight = 4.917),
followed by the attention and calculation module (A4–A5,
edge weight = 2.752) and the connection between the reading
ability module and the writing ability module (LR1-LEx1, edge
weight = 2.549). Edge weights with 95% confidence intervals
can be found in Supplementary information. The NCT results
showed that there were no significant differences in the overall
network structure between the two groups (cerebrovascular
disease group vs. non-cerebrovascular disease group: M = 2.178,
p = 0.835). However, there was a significant difference in global
connectivity strength between the two groups (cerebrovascular

disease group vs. non-cerebrovascular disease group: S = 27.218,
p = 0.045).

3.4.4. Coronary heart disease group
Figures 6A, B showed the cognitive network structures of the

two groups of people with coronary heart disease (n = 484) and
without coronary heart disease (n = 1,741), respectively. Figure 6C
displayed the centrality indices of each node in the network
analysis. In the group with coronary heart disease, the node with the
highest centrality was A3 (z = 2.183), followed by OS3 (z = 1.952)
and OT3 (z = 1.914). In the group without coronary heart disease,
the node with the highest centrality was OS3 (z = 1.678), followed
by OT5 (z = 1.672) and D1 (z = 1.438).

In the coronary heart disease group, there were 405 positive
connections, with a sum of partial correlation coefficients of 213.07.
The most heavily weighted edges occurred in the naming ability
module (LN1–LN2, edge weight = 2.09), followed by the attention
and calculation module (A4–A5, edge weight = 2.082) and the
time orientation module (OT2–OT3, edge weight = 2.009). In
the group without coronary heart disease, there were 421 positive
connections, with a sum of partial correlation coefficients of
299.39. The most heavily weighted edges occurred in the naming
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FIGURE 5

Cognitive network structures in participants with and without cerebrovascular disease, and centrality indices of each node. (A) Shows the cognitive
network structure for participants with cerebrovascular disease, and (B) presents the structure for those without cerebrovascular disease.
(C) Displays the centrality indices (Z-scores) of each node in the network analysis. Nodes with the same color belong to the same community. Edges
indicate the strength and direction of associations between nodes: green lines represent positive correlations, and red lines represent negative
correlations. The thickness of the edges corresponds to the magnitude of the correlations, with thicker lines indicating stronger associations. The
centrality Z-score reflects the importance of a node in the network; the higher the centrality, the greater its influence within the network.

ability module (LN1–LN2, edge weight = 4.731), followed by the
attention and calculation module (A4–A5, edge weight = 2.753)
and the connection between the reading ability module and
the writing ability module (LR1-LEx1, edge weight = 2.127).
Edge weights with 95% confidence intervals can be found in
Supplementary information.

The NCT results showed that there were significant differences
in the overall network structure between the two groups (coronary
heart disease group vs. non-coronary heart disease group:
M = 4.608, p = 0.05). Furthermore, there was a significant
difference in global connectivity strength between the two groups
(coronary heart disease group vs. non-coronary heart disease
group: S = 45.386, p < 0.001).

4. Discussion

To the best of our knowledge, this is the first study to employ
network analysis to explore the association between cognitive
functioning and cardiovascular health. We presented the structure
of the MMSE scale in the form of a network. By dividing the
population into four subgroups according to the presence or
absence of hypertension, diabetes, cerebrovascular disease, and

coronary heart disease and controlling for potential confounding
factors, we compared the differences between cognitive network
structures to examine the potential impact of these risk factors
on cognitive function. Furthermore, by identifying the core nodes
of the cognitive networks in each subgroup, we highlight their
importance for future disease identification and intervention.

In the first part of this study, we employed network models
to estimate the relationship between the total MMSE scores
of elderly individuals and cerebrovascular disease, coronary
heart disease, hypertension, and diabetes. The results showed a
negative correlation between cognitive functioning scores and the
prevalence of these four vascular-related diseases, indicating that
cognitive functioning might be impaired as these diseases develop
and progress. The interrelatedness of the disease prevalence
suggests that they may share some similar pathological mechanisms
and risk factors (Iadecola, 2010; Gorelick et al., 2011).

In the second part of this study, we assessed the network models
for the 30 items of the MMSE and the prevalence of the four
diseases for the entire population. The results revealed that the
prevalence of the four diseases was associated with network nodes
across various cognitive domains, indicating that the presence
of these diseases has a certain degree of impact on individual
cognitive domains as well as overall cognitive functioning. This

Frontiers in Aging Neuroscience 09 frontiersin.org319

https://doi.org/10.3389/fnagi.2023.1229559
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1229559 August 1, 2023 Time: 12:58 # 10

Wang et al. 10.3389/fnagi.2023.1229559

FIGURE 6

Cognitive network structures in participants with and without coronary heart disease, and centrality indices of each node. (A) Shows the cognitive
network structure for participants with coronary heart disease, and (B) presents the structure for those without coronary heart disease. (C) Displays
the centrality indices (Z-scores) of each node in the network analysis. Nodes with the same color belong to the same community. Edges indicate the
strength and direction of associations between nodes: green lines represent positive correlations, and red lines represent negative correlations. The
thickness of the edges corresponds to the magnitude of the correlations, with thicker lines indicating stronger associations. The centrality Z-score
reflects the importance of a node in the network; the higher the centrality, the greater its influence within the network.

finding aligns with the studies by Manschot et al. (2006) and
Debette et al. (2010), who found that vascular changes might
affect multiple cognitive domains, such as memory, executive
function, and attention. Vascular factors may influence cognitive
functioning through various pathways, such as ischemia, hypoxia,
neuroinflammation, and alterations in cerebrovascular reactivity
(Kivipelto et al., 2001; Gorelick et al., 2011).

In the third part of this study, we constructed eight network
models within the four disease subgroups to explore the potential
impact of these diseases on cognitive functioning. We found that,
patients in the hypertension group showed reduced centrality in
time orientation, delayed recall, repetition, and reading abilities.
However, a compensatory increase in the centrality of spatial
orientation was observed. These results provide insights into the
differential impact of hypertension on specific cognitive domains.
Our findings are consistent with some previous studies that
identified an association between hypertension and cognitive
decline. For example, a study by Elias et al. (2012) and Sun et al.
(2020) suggested that hypertension is related to declines in several
cognitive domains, including memory, attention, and executive
function. Similarly, Iadecola and colleagues (Iadecola et al., 2016)

found that hypertension could lead to cognitive impairments by
altering cerebral blood flow and inducing microvascular damage.
The compensatory increase in spatial orientation centrality
observed in our study is an intriguing finding, suggesting that
hypertensive patients may rely more on their spatial orientation
abilities to counteract declines in other cognitive functions. This
phenomenon has been described as cognitive control, where the
brain develops alternative neural pathways to maintain cognitive
performance in the face of brain injury or disease (Hillary,
2008). The potential mechanisms underlying the cognitive changes
observed in the hypertension group may be related to the adverse
effects of hypertension on cerebral blood flow regulation and
the blood–brain barrier (Iadecola, 2013). Additionally, chronic
hypertension is associated with white matter lesions and cerebral
microbleeds, which can disrupt neural connections and lead to
cognitive decline (Debette and Markus, 2010). The NCT revealed
no statistically significant differences, indicating that the cognitive
impairments caused by hypertension may be in their early stages
and that the differences have not yet reached significance.

In the diabetes group, patients showed reduced centrality
in repetition and naming abilities. Our findings are consistent
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with some previous studies, such as the study by Biessels
et al. (2006), which demonstrated that diabetic patients have an
increased risk of cognitive dysfunction, particularly in memory,
attention, and executive function domains. Another study by
Cukierman et al. (2005) reported that diabetes is associated with a
moderate decline in cognitive function, with a greater decline for
individuals with poor glycemic control. Other confounding factors,
such as glycemic control, duration of diabetes, or the presence of
diabetes complications, may also influence the relationship between
diabetes and cognitive function (Umegaki, 2014). The potential
mechanisms underlying the cognitive changes observed in diabetic
patients may be related to the adverse effects of hyperglycemia
on the cerebrovascular system and neuronal function (Biessels
et al., 2008; Grabenhenrich and Roll, 2014). Additionally, insulin
resistance and chronic inflammation, which are common in
diabetic patients, are associated with the development of cognitive
impairments (Brownlee, 2001; Yaffe et al., 2004). The NCT revealed
no statistically significant differences, suggesting that cognitive
impairments may be in their early stages.

In the cerebrovascular disease group, patients exhibited weaker
centrality in memory and spatial orientation. Moreover, the
cognitive network structure became sparser, and the connections
within cognitive domains were weaker. The NCT revealed
significant differences in the overall strength of the intergroup
network connections, indicating that cerebrovascular disease,
a more advanced disease state, may have a more substantial
impact on cognitive function than hypertension and diabetes.
Cerebrovascular disease may disrupt the integrity of brain
functional networks. Our findings are consistent with previous
studies, showing that cerebrovascular disease is associated with a
decline in cognitive abilities, particularly in memory and spatial
orientation domains. A study by Jokinen et al. (2006) found that
memory and executive functions were significantly impaired in
patients with subcortical ischemic vascular disease. Similarly, a
meta-analysis by Debette et al. (2011) reported that cerebrovascular
disease is associated with a decline in cognitive abilities and an
increased risk of dementia. The potential mechanisms underlying
these observations may involve white matter lesions and cerebral
small vessel disease, which are common in cerebrovascular disease
patients and are associated with a decline in cognitive abilities
(Pantoni, 2010; Prins and Scheltens, 2015). Additionally, impaired
cerebral blood flow and the presence of cerebral microbleeds may
contribute to the cognitive changes observed in cerebrovascular
disease patients (Iadecola, 2013). Reduced cerebral blood flow
could result in an insufficient oxygen and nutrient supply to the
brain, ultimately leading to neuronal dysfunction and cognitive
impairments (Iadecola, 2010).

In the coronary heart disease group, patients exhibited
weaker centrality in memory, repetition, executive function, recall,
attention, and calculation. In addition, the cognitive network
structure became sparser, and connections within each cognitive
domain were further weakened. The NCT revealed significant
differences in the overall network structure and overall connection
strength. Coronary heart disease may have a more substantial
impact on cognitive function. Our findings are consistent with
previous research, showing a relationship between coronary heart
disease and cognitive decline in multiple domains. A study by Kure
et al. (2016) found that coronary heart disease patients exhibited
impairments in memory, attention, and executive function. Kresge
et al. (2018) found that in subclinical cardiac disease, patients had

poorer visual-spatial immediate recall, visual-spatial delayed recall,
and verbal delayed recall. Similarly, a meta-analysis by Yang et al.
(2020) reported that coronary heart disease is associated with a
decline in cognitive abilities and an increased risk of dementia.
The changes in centrality and sparse cognitive network structure
observed in our study may be attributed to several underlying
mechanisms. One possibility is that coronary heart disease can lead
to chronic cerebral hypoperfusion, which in turn may result in
neuronal dysfunction and cognitive impairments (Gorelick et al.,
2011; Abete et al., 2014). Additionally, microvascular dysfunction
and endothelial dysfunction, which are common in coronary heart
disease, are associated with cognitive decline (Corona et al., 2012;
Shabir et al., 2018).

5. Limitations

The current study has several limitations that should be
considered when interpreting the results. First, given that this
is an exploratory study using cross-sectional data, we could
only identify possible associations between the four diseases
and cognitive function, but causal inferences cannot be made.
Second, the study estimated the networks based on group-level
data. Inferring individual patients’ neurocognitive function from
group-level data may be problematic, as the average situation
of a population might not necessarily be relevant to individual
patients. Future network studies could utilize longitudinal data
to investigate individual differences and population patterns in
neurocognitive function. Another advantage of using longitudinal
data is the opportunity to statistically model the temporal
dynamics of neurocognitive function, which may help elucidate
patterns of cognitive impairment. Third, although we corrected
for co-occurrence between diseases and the influence of factors
such as gender, age, and education, there may still be other
potential confounding factors that have not been accounted
for in our analysis. Finally, we studied only four common
cardiovascular-related chronic diseases of elderly individuals:
hypertension, diabetes, cerebrovascular disease and coronary
heart disease. Future studies could explore other potential
risk factors and their relationship with cognitive function to
gain a more comprehensive understanding of the influencing
factors and protective mechanisms for cognitive function in the
elderly population.

6. Conclusion

In summary, our exploratory analysis identified potential
associations between four diseases and impairments in different
cognitive domains. Our findings suggest that when screening
for cognitive function in specific populations, greater attention
should be given to the scores in particular cognitive domains to
improve the accuracy and sensitivity of the screening. This may
also provide useful insights for developing personalized cognitive
intervention strategies for patients with cardiovascular diseases.
Future research should further explore the potential mechanisms
and intervention measures to prevent or mitigate cognitive decline
in this population.
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Introduction: The ability to resolve interference declines with age and is

attributed to neurodegeneration and reduced cognitive function and mental

alertness in older adults. Our previous study revealed that task-irrelevant but

environmentally meaningful sounds improve performance on the modified Simon

task in older adults. However, little is known about neural correlates of this sound

facilitation effect.

Methods: Twenty right-handed older adults [mean age = 72 (SD = 4), 11 female]

participated in the fMRI study. They performed the modified Simon task in

which the arrows were presented either in the locations matching the arrow

direction (congruent trials) or in the locations mismatching the arrow direction

(incongruent trials). A total of 50% of all trials were accompanied by task-irrelevant

but environmentally meaningful sounds.

Results: Participants were faster on the trials with concurrent sounds,

independently of whether trials were congruent or incongruent. The sound effect

was associated with activation in the distributed network of auditory, posterior

parietal, frontal, and limbic brain regions. The magnitude of the behavioral

facilitation effect due to sound was associated with the changes in activation

of the bilateral auditory cortex, cuneal cortex, and occipital fusiform gyrus,

precuneus, left superior parietal lobule (SPL) for No Sound vs. Sound trials. These

changes were associated with the corresponding changes in reaction time (RT).

Older adults with a recent history of falls showed greater activation in the left SPL

than those without falls history.

Conclusion: Our findings are consistent with the dedifferentiation hypothesis

of cognitive aging. The facilitatory effect of sound could be achieved through

recruitment of excessive neural resources, which allows older adults to increase

attention and mental alertness during task performance. Considering that the SPL

is critical for integration of multisensory information, individuals with slower task

responses and those with a history of falls may need to recruit this region more

actively than individuals with faster responses and those without a fall history to

overcome increased difficulty with interference resolution. Future studies should

examine the relationship among activation in the SPL, the effect of sound, and

falls history in the individuals who are at heightened risk of falls.
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1. Introduction

Working memory is a cognitive system critical for on-line
information processing and manipulation (Baddeley, 2010). One
of the working memory functions is to maintain cognitive control
despite interference from task-unrelated stimuli and conditions
(Engle and Kane, 2004). Interference resolution plays a vital
role in decision making, navigating complex environments, and
resolving conflicting demands during multitasking (e.g., visual,
and auditory interference during driving). The ability to resolve
interference declines with age (Collette et al., 2009; Weeks and
Hasher, 2014). Age-related performance reduction is associated
with weakened inhibitory control, decreased mental alertness, and
slowed processing speed (Hasher et al., 1999; Cepeda et al., 2001;
Guerreiro et al., 2010; Klein and Ivanoff, 2011; Qin and Basak,
2020).

Although cognitive performance in older adults could be
disrupted by distracting stimuli (Juncos-Rabadán et al., 2008;
Guerreiro et al., 2013), in some cases, distracting stimuli may
facilitate such performance (Weeks and Hasher, 2014; Schwalbe
et al., 2023). In our recent study, younger and older individuals
performed a modified Simon task in which right- or left-
pointing arrows were shown in the locations that were either
congruent or incongruent with the arrow direction. Half of the
visual stimuli were presented concurrently with the task-irrelevant
but environmentally meaningful sounds (Schwalbe et al., 2023).
Consistent with the other studies of older adults that used different
versions of Simon task (Van Der Lubbe and Verleger, 2002; Juncos-
Rabadán et al., 2008; Kubo-Kawai and Kawai, 2010; Maylor et al.,
2011), participants were slower for incongruent vs. congruent trials.
Contrary to our hypothesis that sounds would create perceptual
interference and thus worsen reaction time (RT) on the task, we
found that sound presentation significantly improved RT in both
younger and older individuals. The neural underpinnings of such
facilitation are poorly understood. In the current fMRI study,
we aimed to examine the sound effect in older adults and its
relationship to behavioral facilitation related to sound presentation.
Considering a high rate and detrimental consequences of falls in
older adults (Centers for Disease Control and Prevention, 2021)
as well as our recent findings that the cognitive interference was
greater in older adults with recent falls than in those without
falls (Schwalbe et al., 2023), we also explored how the presence
of recent falls is related to brain activation in the modified Simon
task.

Previous studies have shown that the anterior cingulate,
prefrontal, and parietal cortices are involved in interference
resolution. The anterior cingulate cortex plays a role in conflict
monitoring and response selection (Milham and Banich, 2005;
Kelly et al., 2009), while the prefrontal cortex plays a role
in cognitive control and decision-making (Wong et al., 2009;
Friedman and Robbins, 2022). The posterior parietal cortex plays
a role in attentional control, spatial reasoning, and multisensory
integration of visual and auditory stimuli, as well as the
coordination of movements in response to sensory input (Zhou
et al., 2020; Latimer and Freedman, 2023). Decreased activation
of the dorsal lateral prefrontal cortex and increased activation of
the anterior cingulate cortex have been associated with decreased
alertness, which may cause a reduction in cognitive control and

an increase in conflict monitoring (Canales-Johnson et al., 2020;
Li et al., 2019).

Processing of auditory stimuli relies on the primary and
secondary auditory cortices (Langers et al., 2007; Röhl and
Uppenkamp, 2012). Sound processing also plays an important role
in cognitive function and may engage various brain areas beyond
the auditory cortex (Quinci et al., 2022). For example, it was shown
that sounds can concurrently activate the visual cortex and improve
performance on visual tasks (Feng et al., 2014). In addition, the
studies of adaptation to sound repetition indicate that the medial
parietal cortex, thalamus, caudate nucleus, and medial occipital
cortices could be involved in sound processing (Grady et al., 2011).

Based on this previous research, we hypothesized that
performance on incongruent, compared to congruent, trials would
be supported by the anterior cingulate, prefrontal, and parietal
cortices, while performance on the sound trials would be supported
by auditory cortices. The findings from our study may help
differentiate between the two prominent hypothesis of cognitive
aging: neural compensation and dedifferentiation (McDonough
et al., 2022). If a smaller behavioral cost of interference resolution
is related to a greater increase in task-related brain activation,
this would support the neural compensation hypothesis suggesting
that cognitive aging is associated with fronto-parietal increases in
activation to compensate for age-related structural and functional
decline (Reuter-Lorenz and Cappell, 2008; Cabeza et al., 2018).
Alternatively, the findings that a distributed network of cortical
and limbic regions is activated during interference trials would
be consistent with the dedifferentiation hypothesis suggesting that
with age the brain regions’ specialization decreases but the extent
of brain activation becomes more widespread (Cabeza and Dennis,
2014; Hülür et al., 2015).

2. Materials and methods

2.1. Participants

The study was approved by the University of Pittsburgh
Institutional Review Board (IRB number STUDY20120072).
Written informed consent was obtained from all participants.
Twenty right-handed participants between 65 and -80 years of
age were recruited from the previous study. That study enrolled
participants from the community and the online Pitt + Me
and Pepper (IRB number STUDY19090270) registries and did
not include a neuroimaging component (Schwalbe et al., 2023).
All participants were right-handed, fluent in English, and had
premorbid IQ >85 per the National Adult Reading Test (Nelson,
1982). The Montreal Cognitive Assessment (MoCA) cut-off score
was 23 to account for participants’ level of education and race
(Milani et al., 2018). Exclusion criteria were the standard MRI
precautions (e.g., metal in the body and claustrophobia), a history
of head injury, neurodevelopmental and neurological disorders,
learning disability, current alcohol/drug abuse, and psychiatric
disorders except depressive and anxiety disorders. In addition,
the data from participants whose head motion inside the scanner
[computed using mriqc 0.15.1 (Esteban et al., 2017)] exceeded the
mean framewise displacement of 0.5 mm (Power et al., 2012) and
those whose accuracy was below 75% were excluded from the data
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analyses. Considering the participants’ age, the medications for
high blood pressure or cholesterol were not exclusion criteria.

2.2. Demographics, cognitive, and
neurological assessments

Information about general demographics, health, and current
medications was collected through intake interviews and self-
reports. A basic neurological examination was administered by a
trained team member to screen for possible neurological deficits.
The MoCA (Nasreddine et al., 2005) was used to assess general
cognitive functioning across the core domains of cognition. Visual
acuity was assessed with the Snellen test. Participants reported fall
history for the past year.

2.3. Behavioral assessments

We used a modified version of the Simon task (Schwalbe
et al., 2023) to examine participants’ ability to resolve cognitive,
perceptual, and combined cognitive and perceptual interference
(Figure 1). During this task, participants were shown an arrow
pointing either to the left or to the right on the screen. The arrow
could be shown on the left or right side of the screen, equidistant
from the fixation cross. Participants were instructed to press the
response button on the 5-button MRI compatible response system
with their right index finger if the arrow was pointing to the right
and with their left index figure if the arrow was pointing to the
left independently from where on the screen the arrow appeared.
Participants were asked to respond as quickly and accurately as
possible.

The stimuli were white arrows presented on a black background
to the right or to the left of a fixation cross. There were 32 congruent
(the arrow’s location and direction matched as when the left-
pointing arrow was presented on the left side of the screen) and
32 incongruent (the arrow’s location and direction mismatched as
when the left-pointing arrow was presented on the right side of
the screen) trials.

The task consisted of 2 runs of 32 trials. Trial duration was
randomly determined for each trial and varied between 6,400
and 13,600 ms. Each trial consisted of a fixation star, stimulus
presentation, and the rest period [i.e., the inter-trial interval (ITI)].
The fixation star duration ranged between 400 and 3,200 ms in
400 ms increment and was randomly determined for each trial.
Stimulus duration was equal to RT but could be no longer than
2,400 ms. The ITI consisted of a “PLEASE REST” screen whose
duration was calculated as the difference between the trial duration
and the sum of fixation duration and RT for that trial.

A concurrent auditory stimulus started simultaneously with
the onset of the visual stimulus (i.e., white arrows) and ended
when a participant responded in the trial. Auditory stimuli
were natural (e.g., birds chirping, thunderstorm) or man-made
(e.g., construction and sirens) sounds and accompanied 50%
of congruent and 50% of incongruent trials. The sounds were
presented via the MRI compatible Avotec audio system with low
profile headphones. To ensure participants could hear the sounds,
the sound volume was adjusted to a comfortable level for each

participant individually after they were placed inside the scanner.
Each run had an equal number of congruent/incongruent and
sound/no sound trials. The order of the congruent/incongruent
trials with and without sound as well as the trial and fixation
durations were randomized for each participant to avoid
systematic bias.

2.4. Neuroimaging data acquisition

The neuroimaging data were collected at the University of
Pittsburgh/UPMC Magnetic Resonance Research Center using a 3T
Siemens Prisma scanner with a 64-channel head coil and named
according to the ReproIn convention (di Oleggio Castello et al.,
2020). The EPI data were collected in the anterior-to-posterior (AP)
direction using a multi-band sequence (factor = 8, TR = 800 ms,
resolution = 2 × 2 × 2 mm, FOV = 210, TE = 30 ms, flip
angle = 52◦, 72 slices, 375 volumes). High-resolution T1w images
were collected using the MPRAGE sequence (TR = 2,400 ms,
resolution = 0.8 × 0.8 × 0.8 mm, 208 slices, FOV = 256,
TE = 2.22 ms, flip angle = 8◦). Field maps were collected in the
AP and posterior-to-anterior (PA) directions using the spin echo
sequence (TR = 8,000, resolution = 2 × 2 × 2 mm, FOV = 210,
TE = 66 ms, flip angle = 90◦, 72 slices).

2.5. Data analyses

2.5.1. Behavioral data analysis
The RT values for incorrect responses and those that were

outside the 2 IQRs (interquartile range) from the first or third
quartile were excluded from the RT analyses. As in our previous
study (Schwalbe et al., 2023), two-way mixed-effects models
examined the effects of Congruency and Sound on RT (using linear
mixed-effect models) and accuracy (using generalized linear mixed-
effects models) using the “lme4” package in R (Bates et al., 2015). In
all models, participants were treated as a random factor and their
age, sex, and IQ were used as covariates. For significant effects, the
contrasts and means were estimated from the mixed effects models
using the “modebased” package in R (Makowski et al., 2020).

Considering that all participants were recruited from the
previous study in which they completed the same task (albeit
outside the scanner), we were able to explore test-retest reliability
of the modified Simon task using the inter-class correlation analysis
(ICC) function in the “psych” package in R (Revelle, 2023).

2.5.2. Neuroimaging data analysis
2.5.2.1. Preprocessing

The DICOM images were converted to a BIDS (Gorgolewski
et al., 2016) dataset using heudiconv version 0.5.4 (Halchenko et al.,
2019). Data were examined for quality using mriqc 0.15.1 (Esteban
et al., 2017) and preprocessed using fmriprep 20.1.1 (Esteban
et al., 2019). T1w images were skull-stripped, brain surfaces were
reconstructed using recon-all (FreeSurfer 6.0.1) (Dale et al., 1999),
brain masks were generated, and a reference volume, and its skull-
stripped version were generated using fmriprep (Esteban et al.,
2019). Head-motion parameters were estimated with respect to
the BOLD reference before any spatiotemporal filtering using
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FIGURE 1

The design of the modified Simon task.

MCFLIRT [FSL 5.0.9 (Jenkinson et al. (2002); RRID:SCR_002823],
and applying slice-time correction using 3dTshift (Cox and
Hyde, 1997), (AFNI 20160207; RRID:SCR_005927). Fieldmaps
were estimated with 3dQwarp (Cox and Hyde, 1997) (AFNI
20160207) based on two spin echo images collected with
opposing phase-encoding directions (i.e., AP and PA). Based on
estimated susceptibility distortion, a corrected EPI (echo-planar
imaging) reference was calculated for more accurate co-registration
with the anatomical reference. The BOLD reference was co-
registered to the T1w reference using bbregister (FreeSurfer) (Dale
et al., 1999; RRID:SCR_001847) which implements boundary-
based registration (Greve and Fischl, 2009). Co-registration was
configured with six degrees of freedom. The BOLD time-
series were resampled onto the fsaverage surfaces (FreeSurfer
reconstruction nomenclature) and onto their native space by
applying a single, composite transform to correct for head-
motion and susceptibility distortions. The BOLD time-series were
resampled into standard space, generating a preprocessed BOLD
image in MNI152NLin2009cAsym space. Automatic removal of
motion artifacts using independent component analysis (ICA-
AROMA) (Pruim et al., 2015) was performed on the preprocessed
BOLD after removal of non-steady state volumes and spatial
smoothing with an isotropic, Gaussian kernel of 6 mm FWHM
(full-width half-maximum). After that, global signals within
the CSF and WM were extracted and regressed out from
preprocessed BOLD data and high-pass temporal filter (90-s cut-
off) was applied. All resamplings were performed with a single
interpolation step by composing all the pertinent transformations
(i.e., head-motion transform matrices, susceptibility distortion
correction when available, and co-registrations to anatomical and
output spaces). Gridded (volumetric) resamplings were performed
using antsApplyTransforms (ANTs), configured with Lanczos
interpolation to minimize the smoothing effects of other kernels
(Lanczos, 1964).

2.5.2.2. Subject-level analysis

Subject-level statistical maps were computed using FSL 6.0.3
installed system-wide on the workstation with GNU/Linux Debian
10 operating system. A hemodynamic response was modeled
using a gamma function. A subject-level model included seven
explanatory variables: correctly answered congruent trials without
sound, correctly answered incongruent trials without sound,
correctly answered congruent trials with sound, correctly answered

incongruent trials with sound, all trials with incorrect responses,
right-hand motor responses, and left-hand motor responses. The
motor responses were modeled as the last 200 ms of each trial on
which participants responded. The duration for all other conditions
was equal to the participants’ RT on that trial. If participants
failed to respond within 2.4 s, these trials were considered errors
and their duration was modeled as equal to the maximum trial
duration of 2.4 s.

The GLM contrasts included comparing all congruent vs. all
incongruent trials (i.e., a main effect of congruency), all trials with
sound vs. all trials without sound (a main effect of sound), and
the interaction between congruency and sound conditions (for
exploratory analyses).

2.5.2.3. Group-level analysis

First, we wanted to understand the neural underpinnings for
the main effects of sound and stimulus congruency observed in our
previous behavioral study (Schwalbe et al., 2023). For this purpose,
we contrasted the trials with vs. without sound and congruent vs.
incongruent trials using the swe (Sandwich Estimator)(Guillaume
et al., 2014) approach with 5,000 permutations for non-parametric
permutation inference, Threshold-Free Cluster Enhancement
(TFCE) correction (Smith and Nichols, 2009), and the FWE-
corrected p-values threshold set to p < 0.01 (0.05/4 = 0.0125)
to apply Bonferroni correction for the two contrasts (the effect
of sound and the effect of congruency) and two-tailed test (i.e.,
activation increases and decreases). Age, gender, and IQ were used
as covariates in all analyses.

Even though we did not observe the congruency by sound
interaction effect on RT and accuracy in the previous study, we still
wanted to explore the Congruency-by-Sound interaction effect on
brain activation. This exploratory analysis was conducted using the
same swe approach as describe above with the difference that the
FWE-corrected p-values threshold was set to p = 0.025 (or 0.05/2)
to apply Bonferroni correction for the two-tailed test.

The second exploratory analysis used the mixed effects models
to examine whether the RT differences between No Sound and
Sound conditions were related to the main and interaction effects
between Congruency (Congruent/Incongruent) and No Sound-
minus-Sound differences in BOLD percent signal changes in
the ROIs determined by the analyses described above. Sex, age,
and IQ served as covariates in these models. In addition, to
better understand the relationships between brain and behavior,
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we conducted correlation analyses between participants’ RT and
activation in the brain regions showing the Congruency-by-Sound
interaction effect for each of the four task conditions.

The third exploratory analysis compared percent signal changes
in the brain regions showing Congruency-by-Sound interaction
effect in participants with a history of falls during the past
12 months vs. those without such history using a Congruency-by-
Sound-by-Falls mixed effects model.

Functional localization was determined using the Harvard-
Oxford cortical and subcortical structural atlases and visualized
using fslviewer. The mean percent signal changes were extracted
from the clusters of voxels showing significant differences between
the conditions of interest. These values were then used in the
follow-up analyses.

3. Results

3.1. Demographics and behavioral

Twenty individuals [mean (SD) age = 72(4), mean (SD)
MoCA = 27.6 (1.8), mean (SD) IQ = 113.9 (5.5), 11 female,
5 participants reported falling within the past 12 months]
participated in the study and were included to the data analyses.

We excluded 3.4% of RT outliers because they exceeded
2 IQRs. The mixed effect analysis revealed significant main
effects of congruency [F(1,1156.30) = 121.8, p < 0.001] and
sound [F(1,1156.16) = 9.0, p < 0.01], but no Congruency-by-
Sound interaction effect on RT. Participants were faster on the
congruent compared to incongruent trials [t(1156.24) = −11.04,
fdr-corrected-p < 0.001], and on the trials with concurrent sound
compared to the trials without sound [t(1156.10) = −3, fdr-
corrected-p < 0.01] (Figure 2). There was also a significant effect
of IQ on RT [F(1,16.18) = 11.7, p < 0.01]. Individuals with
higher IQ responded faster [t(16.178) = −3.42, p < 0.01]. The
analysis of accuracy revealed a significant main effect of congruency
with higher accuracy on congruent compared to incongruent
trials (Z-value = 2.9, p < 0.05), but no significant main effect
of sound or Congruency-by-Sound interaction effect. Considering
that participants were very accurate on the task with over 94% on
any type of trial (Figure 2), we will refrain from further discussion
of accuracy.

The ICC revealed a moderate-to-high degree of tests-retest
reliability between our previous study when participants completed
the task outside the scanner (time 1) and the current study in which
participants completed the task inside the scanner (time 2). The
average measure ICC3k was 0.585 [F(19,19) = 2.4, p = 0.03] for
congruent trials without sound, 0.7 [F(19,19) = 3.3, p = 0.006] for
congruent trials with sound, 0.88 [F(19,19) = 8.3, p < 0.001] for
incongruent trials without sound, and 0.7 [F(19,19) = 3.4, p = 0.006]
for incongruent trials with sound.

3.2. Neuroimaging

No participants were excluded from the analyses based
on their head motion inside the scanner or behavioral
performance accuracy.

3.2.1. The effect of congruency between the
arrow direction and location

Our analyses revealed no significant differences between
congruent and incongruent trials. No cluster survived the
correction for multiple comparisons.

3.2.2. The effect of sound
The comparison of the trials with concurrent sound vs. the

trials without sound revealed an extended network of regions that
showed greater activation for the trials with sound. This network
included the bilateral Heschl’s gyrus, superior temporal gyrus,
postcentral gyrus, superior parietal lobule (SPL), supramarginal
gyrus, thalamus, caudate nucleus, and nucleus accumbens. The
activation clusters also extended to the hippocampus as well as the
frontal and occipital cortices (Table 1 and Figure 3).

3.2.3. Exploratory analyses
The first exploratory analysis revealed a significant

Congruency-by-Sound interaction effect on brain activation in the
left SPL, bilateral precuneus, left lateral occipital cortex, cuneal
cortex, and occipital fusiform gyrus (Table 2 and Supplementary
Figure 1).

The brain regions identified in the Congruency-by-Sound
interaction analysis could be associated with working memory;
therefore, we overlaid the map of the regions revealed in this
analysis and the working memory circuitry image that was derived
from the 1,091 studies in NeuroSynth meta-analysis (Yarkoni et al.,
2011). We found that the left SPL and bilateral precuneus found
in our analysis were a part of the working memory circuitry
(Figure 4A).

The second exploratory analysis conducted in the bilateral
auditory cortex, cuneal cortex, and occipital fusiform gyrus,
precuneus, left SPL, and left lateral occipital cortex examined
the main effects and interaction of congruency and No Sound-
Sound differences in brain activation on the No Sound-Sound
differences in RT. A significant interaction effect was found in the
left SPL [F(1,33) = 11.2, p = 0.002], and a marginally significant
interaction effect was found in the auditory cortex [F(1,33) = 3.5,
p = 0.07] (Figure 4B). The significant main effects of the No
Sound-minus-Sound activation differences on the No Sound-
minus-Sound RT differences were found in the bilateral auditory
cortex [F(1,33) = 5.3, p = 0.03], cuneal cortex [F(1,33) = 4.9,
p = 0.03], occipital fusiform gyrus [F(1,33) = 9.8, p = 0.004],
precuneus [F(1,33) = 8.2, p = 0.007], the left SPL [F(1,33) = 7.7,
p = 0.009] (Figure 4C).

The follow-up correlation analyses between RT and brain
activation conducted separately for each task condition revealed
a significant positive correlation between RT and brain activation
in the left SPL (Congruent – no sound: r = 0.58, p < 0.01,
Congruent – with sound: r = 0.51, p < 0.05, Incongruent – no
sound: r = 0.57, p < 0.01, Incongruent – with sound: r = 0.69,
p < 0.001). Specifically, lower RT (indicating faster responses) was
associated with lower activation in the left SPL (Supplementary
Figure 3). The bilateral precuneus positively correlated with RT
in the Incongruent – sound (r = 0.52, p < 0.05), but not any
other conditions. The other brain regions showed no significant
correlation with RT for either condition.

The third exploratory analysis conducted on percent signal
changes examined whether activation in the brain regions showing
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FIGURE 2

Estimated mean and standard error for RT and accuracy on different types of trials in the modified Simon task.

TABLE 1 Brain activation for the trails with vs. without sound.

Region n-vox Max Z-score MNI coordinates
X, Y, Z

L Planum temporale, parietal opercular, superior temporal g. 1,5371 12.5 −62, −26, 14

L Heschl’s g. (includes H1 and H2) 11.8 −52, −12, 6

L Planum polare, Heschl’s g. (includes H1 and H2) 10.9 −44, −20, −4

L Superior temporal g. 10.4 −66, −20, 4

R Planum temporale, parietal opercular, superior temporal g. 5,925 12.2 62, −22, 12

R Superior temporal g., supramarginal g. 11.2 66, −36, 8

R Heschl’s g. (includes H1 and H2) 10.7 54, −18, 6

R Superior temporal g. 9.68 68, −24, 4

R Planum polare, Heschl’s g. (includes H1 and H2) 9.04 44, −14, −4

L Thalamus 21 4.94 −6, −12, 10

R Caudate 19 4.62 10, 18, 8

L Postcentral g., superior parietal lobule 18 3.87 −22, −40, 74

L Postcentral g., superior parietal lobule 16 4.3 −18, −40, 66

L Superior parietal lobule, postcentral g. 16 4.25 −14, −50, 70

R Nucleus accumbens 13 5.26 6, 12, −6

g., gyrus. The regions without n-vox values are local maxima.

FIGURE 3

The contrast between trials with sound vs. trials without sound. The right hemisphere is on the left side of the image.

Frontiers in Aging Neuroscience 06 frontiersin.org330

https://doi.org/10.3389/fnagi.2023.1207707
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1207707 August 8, 2023 Time: 14:2 # 7

Manelis et al. 10.3389/fnagi.2023.1207707

TABLE 2 The interaction effect of Congruency-by-Sound on brain activation.

Region n-vox Max Z-score MNI coordinates
X, Y, Z

L Occipital fusiform g. 1,026 5.77 −28, −78, −16

R Lingual g. 5.32 14, −88, −8

R Occipital pole 4.76 20, −96, −14

L Lingual g. 4.23 −14, −70, −12

L Temporal occipital fusiform cortex 4.17 −26, −56, −16

R Lateral occipital cortex, superior division (LOCsup) 756 5.29 12, −64, 64

R Precuneus cortex 4.61 6, −60, 56

L Precuneus cortex 4.23 −4, −42, 48

L Lingual g. 747 4.5 −22, −84, 2

L Supracalcarine cortex 4.24 −6, −88, 14

R Cuneal cortex 3.87 18, −80, 30

R Lateral occipital cortex, superior division 3.77 16, −84, 24

L Cuneal cortex 3.71 −8, −84, 28

L Lateral occipital cortex, superior division (LOCsup) 544 4.72 −38, −72, 22

L Superior parietal lobule (SPL) 336 4.14 −34, −56, 48

L Angular g. 4.04 −46, −56, 52

L Supramarginal g., posterior division 3.55 −42, −42, 42

L Lateral occipital cortex, superior division 3.5 −44, −56, 60

R Lateral occipital cortex, superior division 147 5.03 40, −64, 24

R Lateral occipital cortex, inferior division 4.73 48, −68, 10

R Precuneus cortex 31 3.82 6, −56, 32

R Cingulate g, posterior division 3.66 8, −52, 26

g., gyrus. The regions without n-vox values are local maxima.

Congruency-by-Sound interaction effect was also related to
recent falls reported by our participants. We found a significant
Congruency-by-Sound-by-Falls interaction effect in the left SPL
[F(1,54) = 8.5, p = 0.005, Figure 5] with the more pronounced
increases in brain activation observed in the individuals with recent
falls on trials with sound [t(54) = 2.5, p = 0.015]. No significant
main or interaction effects of fall history were revealed in the other
brain regions.

The last exploratory analysis examined activation in the
anterior cingulate and insular cortices in Congruent/Incongruent
and Sound/No Sound conditions. This analysis was conducted
to determine whether a lack of significant differences in these
ROIs often associated with interference resolution was due to
low statistical power that did not permit detecting significant
differences in the whole-brain analysis. Given that both of these
regions are large and multifunctional, we limited the ROI analyses
to the voxels identified through the NeuroSynth (Yarkoni et al.,
2011) meta-analysis with the keyword “interference” (uniformity
test, fdr-corrected-p < 0.01; Supplementary Figure 2). Then, we
used the featquery tool in FSL to extract percent signal changes
from these regions from each participant for each condition
of interest (Congruent – no sound, Incongruent – no sound,
Congruent – sound, and Incongruent – sound). These percent
signal changes were analyzed using the mixed effects model with
Congruency, Sound and Congruency-by-Sound interaction as fixed

effects and participant as random effect. The analyses revealed no
significant main effects of Congruency or Sound, and no significant
Congruency-by-Sound interaction (all p-values > 0.1).

4. Discussion

The aim of the current fMRI study was to understand the
neural underpinnings of the sound effect observed in our previous
study (Schwalbe et al., 2023). We have replicated the behavioral
findings of Schwalbe et al. (2023) and revealed increased activation
in a distributed network of regions including the primary and
secondary auditory cortices, posterior parietal cortices, thalamus,
basal ganglia, hippocampus, and the regions in frontal and occipital
cortices for the trials that were accompanied by sounds vs. those
that were not.

Considering that the trials with and without sound differed
from each other only in the presence of sound, one might expect
that brain activation for trials with sound would be localized
to the primary and secondary auditory cortices such as Heschl’s
gyrus and the planum temporale (Langers et al., 2007; Röhl and
Uppenkamp, 2012). Our finding of greater brain activation for
sound vs. no-sound trials in the distributed network of fronto-
parietal and limbic regions (in addition to auditory cortices)
suggests heightened stimulus-driven attention in these trials
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FIGURE 4

Brain activation during the modified Simon task. (A) An overlay between the brain regions showing the Congruency-by-Sound interaction effect (in
yellow) and the working memory circuitry derived from the Neurosynth meta-analysis (in red) in the SPL and bilateral precuneus. (B) The interaction
effect of Congruency and the No Sound-minus-Sound differences in the left SPL and bilateral auditory cortex (Audit). (C) The main effect the No
Sound-minus-Sound differences in bilateral cuneal cortex (BCuneus), occipital fusiform gyrus (BOFFg), and precuneus (BPrecun) activation on the
No Sound-minus-Sound differences in RT.

FIGURE 5

The left SPL activation for congruent and incongruent trials without or without concurrent sound in the individuals with and without a recent history
of falls.

(Corbetta and Shulman, 2002). The results are also consistent with
the dedifferentiation hypothesis of cognitive aging that proposes
that neural representations of different types of information change
from sparse (in younger individuals) to more distributed (in older

individuals) thus leading to reduced specialization of brain regions
and more widespread brain activation patterns in older adults (Park
et al., 2004; Dennis and Cabeza, 2011; Cabeza and Dennis, 2014;
Koen and Rugg, 2019).
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While the reduced ability to suppress task-unrelated brain
activity may prevent older adults from taking full advantage of
relevant brain regions (Logan et al., 2002), it can also benefit
task performance by engaging additional brain regions supporting
cognitive processing. Also, it can make brain activation patterns
for different conditions more similar to each other. For example,
several previous studies revealed greater activation for incongruent
vs. congruent trials in the frontal, premotor, and SPL regions
(Maclin et al., 2001; Wittfoth et al., 2006) and noted involvement
of the anterior cingulate and insular cortices in interference
resolution (Bunge et al., 2001; Burgess and Braver, 2010). However,
contrary to these previous neuroimaging studies and despite
finding faster behavioral responses to congruent vs. incongruent
trials, we found no significant differences in the brain activation
patterns between these trials. To ensure that the lack of findings
was not due to low power to detect activation in the whole brain,
we conducted the follow up exploratory ROI analyses of percent
signal changes in the anterior cingulate and insular cortices. Those
analyses also failed to reveal significant main and interaction
effects. Although interpreting this lack of the effect is difficult
without comparing older individuals with younger counterparts,
one possible explanation is the similarity in activation patterns
for congruent and incongruent trials with potentially excessive
neurocognitive resources allocated to both types of trials. While
excessive resource usage reflects neural inefficiency (Reuter-Lorenz
et al., 2001; McDonough et al., 2022), it may provide necessary
support during cognitive task performance.

Our exploratory analyses revealed that the magnitude of sound-
related behavioral facilitation (i.e., the differences in RT for No
Sound-minus-Sound conditions) was associated with the changes
in activation between No Sound and Sound trials in the bilateral
auditory cortex, cuneal cortex, occipital fusiform gyrus, precuneus,
and the left SPL. In all these regions, greater differences in RT
between No Sound and Sound conditions (i.e., faster RT for
Sound vs. No Sound trials) was related to greater differences in
activation between No Sound and Sound conditions (i.e., lower
brain activation for Sound vs. No Sound trials). These results are
inconsistent with the neural compensation hypothesis that predicts
greater brain activation for better behavioral performance.

Interestingly, in addition to the main effects, we found a
significant BOLD by Congruency interaction in the left SPL with a
strong positive relationship between brain and behavior No Sound
vs. Sound changes during the Incongruent (more difficult), but
not Congruent (easier), condition. Further exploration revealed
that the left SPL activation positively correlated with RT in all
four task conditions with lower brain activation associated with
faster behavioral responses (i.e., lower RT). The SPL plays a critical
role for information manipulation and rearrangement in working
memory (Koenigs et al., 2009) and usually activates more for more
difficult working memory tasks (Owen et al., 2005; Rottschy et al.,
2012). The left SPL specifically shows age-related and task-related
increases during the tasks requiring cognitive inhibition (Long
et al., 2022). Given that performance on the Simon task relies on
working memory (Borgmann et al., 2007), slower RT is observed
in those older adults for whom sorting out relevant (i.e., the arrow
pointing direction) and irrelevant (i.e., the arrow location) features
is more difficult.

The SPL is not only linked to working memory but also
plays a significant role in visuomotor processing, attention

(Alahmadi, 2021), and integration of sensory information from
various modalities thus affecting an accurate and coherent
representation of body position and movement (Bakker et al.,
2008; Desmurget et al., 2009; Wang et al., 2015; Reinhardt et al.,
2020). SPL activation is also associated with motor imagery of
gait and movement intention during cognitive-motor dual-task
conditions (Bakker et al., 2008; Desmurget et al., 2009; Reinhardt
et al., 2020). Previous studies have demonstrated that the left
posterior parietal cortex plays a role in biasing selection away
from salient stimuli in the environment (Mevorach et al., 2006,
2009). Specially, the left SPL, in conjunction with the left pre-
supplementary motor area, plays a crucial role in activating
the ventral attention network, which responds to task-irrelevant
stimuli and helps resolve inferences (Mevorach et al., 2006, 2009;
Zhang et al., 2017). In our study, activation in the left SPL was
associated with participants’ recent history of falls by showing
greater activation for those who fell vs. those who did not. These
findings suggest that the individuals with a recent history of falls
may have a reduced ability to manipulate upcoming information
in working memory. These findings are consistent with previous
work indicating that a reduced ability to resolve interference may
be a risk factor for falls in older adults (Hausdorff et al., 2005;
Nagamatsu et al., 2016; Li et al., 2018; Schwalbe et al., 2023). We
would like to notice, however, that although these findings seem
plausible for older adults with a history of falls, they are based on a
very small sample size (n = 5) and, therefore, should be considered
as preliminary and need to be reproduced in a larger sample.

The fact that our study participants performed the same
modified Simon task twice [in this fMRI study and in the previous
behavior-only study (Schwalbe et al., 2023)] allowed us to evaluate
the task’s test-retest reliability. The intraclass correlation coefficient
was between 0.585 and 0.88 suggesting moderate-to-high reliability
that varied depending on the task condition.

One limitation of this study is the small sample size. Future
neuroimaging studies should compare larger samples of older
adults with and without history of falls to better understand
how interference resolution and associated brain responses are
related to the past and future history of falls. Considering that
stationary broadband environmental noise was shown to benefit
balance by potentially serving as an auditory anchor (Lubetzky
et al., 2020), future prospective studies should investigate the
correlation between participants’ balance, their brain response to
cognitive (congruency), and perceptual (sound) interference, and
the incidence of falls among older adults, particularly those with
different neurological and psychiatric conditions.

5. Conclusion

In summary, this neuroimaging study of older adults
has replicated the facilitatory effect of task-irrelevant but
environmentally meaningful sounds on performance in the
modified Simon task. Consistent with the dedifferentiation
hypothesis, the sound processing was associated with activation
in the distributed network of auditory, posterior parietal, frontal
and limbic brain regions suggesting that the effect of facilitation
may be achieved through recruitment of multiple neural circuitries
some of which are excessive for the task but may allow older
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adults to increase attention and mental alertness during the task.
Our preliminary finding of the relationship between the left SPL
activation, RT, and history of falls is indicative of a potential
relationship between posterior parietal activation, reduced ability
to resolve interference, and falls in older adults.
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Background: Early identification of subtle cognitive decline in community-

dwelling older adults is critical, as mild cognitive impairment contributes to

disability and can be a precursor to dementia. The clock drawing test (CDT) is a

widely adopted cognitive screening measure for dementia, however, the reliability

and validity of paper-and-pencil CDT scoring scales for mild cognitive impairment

in community samples of older adults is less well established. We examined the

reliability, sensitivity and specificity, and construct validity of two free-drawn clock

drawing test scales–the Rouleau System and the Clock Drawing Interpretation

Scale (CDIS)–for subtle cognitive decline in community-dwelling older adults.

Methods: We analyzed Rouleau and CDIS scores of 310 community-dwelling

older adults who had MoCA scores of 20 or above. For each scale we computed

Cronbach’s alpha, receiver operating characteristic curves (ROC) for sensitivity

and specificity using the MoCA as the index measure, and item response theory

models for difficulty level.

Results: Our sample was 75% female and 85% Caucasian with a mean education

of 16 years. The Rouleau scale had excellent interrater reliability (94%), poor

internal consistency [0.37 (0.48)], low sensitivity (0.59) and moderate specificity

(0.71) at a score of 9. The CDIS scale had good interrater reliability (88%), moderate

internal consistency [0.66 (0.09)], moderate sensitivity (0.78) and low specificity

(0.45) at a score of 19. In the item response models, both scales’ total scores gave

the most information at lower cognitive levels.

Conclusion: In our community-dwelling sample, the CDIS’s psychometric

properties were better in most respects than the Rouleau for use as a screening
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instrument. Both scales provide valuable information to clinicians screening older

adults for cognitive change, but should be interpreted in the setting of a global

cognitive battery and not as stand-alone instruments.

KEYWORDS

clock drawing, reliability, validity, cognitive screening, older adults, community sample,
mild cognitive impairment

1. Introduction

Mild cognitive impairment (MCI) is estimated to affect about
7% of adults aged 60–65, increasing to 25% by age 80–85 years
(Petersen et al., 2018). MCI is defined by the American Psychiatric
Association as subtle decline from baseline cognition accompanied
by decreased performance of cognitively-complex daily activities
(American Psychiatric Association [APA], 2013; Petersen et al.,
2018). Evidence guiding clinical screening of cognition during
routine health care for healthy older adults is evolving along
with recent advances in the understanding of both normal aging
and neurocognitive disease (Livingston et al., 2020). Recognition
has grown that healthy older adults may benefit from cognitive
screening as part of preventative health care (Anderson, 2019)
because cognitive impairment contributes to disability (Jekel
et al., 2015; Lindbergh et al., 2016) and has been found to
progress into dementia in about 15% of cases (Petersen et al.,
2018). In clinical practice, accurate early identification of mildly-
impaired cognition enables assessment and treatment of causes
of reversible cognitive decline (e.g., sleep or mood disorders),
pursuit of non-pharmacological interventions to support cognitive
aging (Tsolaki et al., 2011), and management of comorbidities
that contribute to dementia risk (Livingston et al., 2020). Thus
there is a critical need for rapid, reliable, and sensitive objective
screening tools that detect subtle cognitive change from baseline
(Anderson, 2019).

However, to meet these evolving clinical needs, more evidence
is needed on the value of cognitive screening in healthy older
adults. The U.S. Preventive Services Task Force rates the evidence
for benefit from screening asymptomatic older adults for cognitive
decline as insufficient (Lin et al., 2013), and many cognitive
screening instruments may not be reliable for this purpose as they
were designed to detect dementia, not subtle impairment. The
clock drawing test (CDT) is one such classic cognitive screening
instrument. The CDT is a paper-and-pencil tool developed for
dementia screening, administered by asking the patient to draw an
analog clock face with a specific time setting which is then scored by
the assessor using a scale of criteria for success. Although developed
over one hundred years ago (Hazan et al., 2018), it has recently
gained interest for its potential to detect mild impairment (Duro
et al., 2019), its neurofunctional correlations with the executive
functions required to complete complex daily activities (Royall
et al., 1999; Dion et al., 2022), and an adaptation to digital format
(Müller et al., 2017; Davoudi et al., 2020; Dion et al., 2020; Yuan
et al., 2021).

Clock drawing is of interest for screening healthy older
adults based on its plausible neurocognitive relevance to

milder impairment (Strauss et al., 2006) such as its reliance
on constructional praxis and executive function and their
neuroanatomical correlates (Talwar et al., 2019) which are often
affected in early dementia and MCI (Mendez et al., 1992; Rouleau
et al., 1992, 1996; Chiu et al., 2008; Talwar et al., 2019). A free-
drawn electronic CDT using an instrumented pen and electronic
tablet-style writing surface has been found to distinguish people
with MCI from healthy controls (Yuan et al., 2021), supporting
the assumption that the cognitive skills required to draw a
clock are relevant to the diagnostic purpose of screening for
mild impairment. Compared to this electronic version, paper
versions are not as accurate in detecting subtle change (Müller
et al., 2017); however, conventional versions are more practical,
brief, easy to obtain and administer, familiar [a CDT task is
incorporated into several test batteries such as the Mini-Cog
(Lam et al., 2011) and the Montreal Cognitive Assessment
(Nasreddine et al., 2005)], and still have potential to yield rich
clinical information. This makes conventional CDT appealing as a
screening instrument for mild impairment in community-dwelling
older adults.

Despite its benefits and potential, further examination of
conventional CDT’s appropriateness for detection of subtle
impairment is needed. First, some of the index measures used in
initial validation studies have since been shown to be insufficiently
sensitive to MCI in a range of patient populations (Arevalo-
Rodriguez et al., 2021), so these psychometric references do not
relate to current diagnostic practice or evidence. Second, it is
unknown whether the scoring ranges for many versions, scaled
to detect potential dementia, can detect small but meaningful
decreases from an unimpaired cognitive baseline. Third, although
paper-and-pencil CDT’s have been shown to have low sensitivity
to MCI (Pinto and Peters, 2009; Duro et al., 2019), only a
few recent studies have focused on community-dwelling older
adults (one of the most important populations to screen for
MCI). Particularly in older studies establishing cut scores, study
design precluded conclusions about mild impairment. Finally,
we were not able to find previous work that used methods
such as item response theory to determine whether these scales’
levels of difficulty are suitable for screening this population.
Although item response theory has been employed to evaluate
tests that include a clock drawing task [e.g., the Montreal
Cognitive Assessment (Luo et al., 2020), the Texas Functional
Living Scale (Lowe and Linck, 2021)] its application to stand-
alone clock scales has not been reported. Because (a) the CDT
was developed primarily to detect dementia, (b) the diagnostic
scope of neurocognitive disorder has since expanded to include
MCI, (c) gold standard screening tools are now more sensitive
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to MCI, and (d) more evidence is needed for community-
dwelling older adults who are the target population for screening,
further study is needed to confirm conventional clock drawing’s
psychometric properties for detecting small differences between
unimpaired and mildly impaired cognition in community-dwelling
older adults.

This study examined the reliability, sensitivity and specificity,
and construct validity of two CDT scoring systems, the Rouleau
(Rouleau et al., 1992, 1996) and the Clock Drawing Interpretation
Scale (CDIS) (Mendez et al., 1992), for identifying cognitive
performance consistent with MCI in community-dwelling older
adults. We hypothesized that (a) the CDIS would exhibit higher
reliability and validity than the Rouleau, and (b) both scales would
distinguish people with subtle cognitive deficits from cognitively
unimpaired individuals at a score close to the maximum.
Additionally, we will examine the construct validity of both scales’
measurement of cognitive ability.

2. Materials and methods

2.1. Design

This cross-sectional observational study was approved by the
University of Wisconsin-Madison Institutional Review Board. All
participants provided written informed consent.

2.2. Participants

A convenience sample of N = 345 community-dwelling older
adults was recruited in and around Madison, Wisconsin through
flyers posted in community spaces, in-person recruitment at
community events, and word-of-mouth. Inclusion criteria were
age 55 years and older, living in the community, self-reported
independence with daily activities, and ability to read and
write in English.

2.3. Instruments

To obtain clock drawings, participants were instructed to draw
a clock free-hand with the time setting “ten past eleven.” These
drawings were scored on the Rouleau and CDIS scales by two
licensed and registered occupational therapists (TM, GG) and two
occupational therapy graduate students under their supervision.
These scores were combined into one data set, and identifiers
linking scores with raters were removed.

2.3.1. Criterion measure: the Montreal Cognitive
Assessment

The Montreal Cognitive Assessment (MoCA) is a brief
screening of cognition (Nasreddine et al., 2005). It is a 10-
min, paper-and-pencil screen of global cognition, encompassing
multiple neurocognitive domains. It is scored from 0 to 30.
For broad use, score ranges are designated at 30–26 for
unimpaired cognition, 25–20 for performance consistent with
mild cognitive impairment, and 0–19 consistent with dementia

(Nasreddine et al., 2005); however, alternative cut scores of 24
(Townley et al., 2019) to 23 (Carson et al., 2018) have been
proposed for community-dwelling older adults and other specific
populations (Milani et al., 2018; Rossetti et al., 2019; Townley et al.,
2019). Compared to the Mini Mental Status Exam (the criterion
measure in the original validation papers for these clock scales), the
MoCA has superior sensitivity to MCI (90% for MoCA versus 18%
for the MMSE) and good positive and negative predictive values
(89 and 91%, respectively). As the criterion measure for the present
study, the MoCA has the added advantage of a CDT task with the
same “face, numbers, hands” structure as the Rouleau and CDIS.

2.3.2. Clock drawing test scales: the Rouleau and
the Clock Drawing Interpretation Scale

We selected these scales for several characteristics that
maximize their suitability for mild impairment screening. First,
they have similar structures; the scoring criteria are all sequentially
organized by the clock face, numbers, and hands. The relative
contributions of each of these aspects is only partially understood,
however, errors in hand placement have been suggested as
indication of need for further assessment (Esteban-Santillan et al.,
1998). Second, their difficulty is among the highest of the CDT
versions because the clocks are drawn free-hand using a three-step
command, which has been found to induce more errors than copied
versions (Chiu et al., 2008). This suggests a more difficult task,
which may be more likely to discriminate between persons with
and without mild impairment. Third, they are among the largest
and most detailed item banks of all the paper-and-pencil versions,
increasing their potential reliability (Bandalos, 2018a). Finally, the
clinical utility of this type of scale–using an unadjusted score based
on criteria that emphasize qualitative aspects of performance–have
been found to have the best clinical utility (Shulman, 2000). See
Appendix A for score criteria.

2.3.2.1. Rouleau clock drawing test scale

Rouleau’s scale is a modified version of a scale published
by Sunderland et al. (1989); Rouleau et al. (1992). It is scored
from 0 (most impaired) to 10 (least impaired), divided into three
polytomous items: the clock face (worth 2 points), numbers (4
points), and hands (4 points). To develop the items, Rouleau
et al. (1992, 1996) completed a “qualitative error analysis” of
clocks from 50 participants with dementia (25 with AD, 25
with Huntington’s disease), and found six dimensions of errors
which they then formalized as items. Rouleau did not report
the qualitative methodology for error identification, reliability, or
validity of this instrument; it has been found to be sensitive to
dementia but less so to MCI (Chiu et al., 2008; Duro et al., 2019).

2.3.2.2. Clock Drawing Interpretation Scale (CDIS)

The Clock Drawing Interpretation Scale (CDIS) is a 20-
item rating scale developed from clock drawing errors made by
persons with Alzheimer’s disease (Mendez et al., 1992). In a
sample of forty-six people with dementia recruited from a memory
clinic and twenty-six neurologically-healthy older adult controls
(N = 72), the CDIS was found to have excellent inter-rater reliability
(r = 0.95), and internal consistency (r = 0.95). Its highest concurrent
validity was found for constructional praxis, at a moderate level
(r = 0.65–0.66). The cut score for dementia was 19. Psychometric
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properties for individuals with MCI have not been reported for the
CDIS.

2.4. Statistical analysis

Descriptive statistics were computed and graphically-assessed
for distribution. Internal consistency was assessed using Cronbach’s
alpha (Cronbach, 1951). Sensitivity and specificity of the two
CDT scales to mild impairment were assessed using the receiver
operating characteristic area under the curve (ROC AUC) (Zweig
and Campbell, 1993) for MoCA cut scores of 26 (Nasreddine et al.,
2005) and 23 (Carson et al., 2018). The area under the curve is an
estimate of the percentage of times that a true positive is detected
(specificity) and a false negative is avoided (sensitivity), ranging
from 0.5 (no better than chance) to 1.0 (accurate 100% of the time).
Our two cut scores were chosen to compare the clock’s validity
against the original mild impairment cut score of 26 (Nasreddine
et al., 2005) versus Carson et al.’s (2018) recommendation for
better sensitivity in community samples of 23. Finally, we tested
the construct validity of the individual items and the three-aspect
structure (face, numbers, hands) using Item Response Theory
methods to estimates the scales’ correspondence to cognitive level.
For the Rouleau method’s hierarchical polytomous items, we tested
the assumptions of dimensionality and ordinal structure using the
Graded Response Model (Samejima, 2010), and then tested the
amount of information given about cognitive ability using factor
analysis with a 3-factor model. For the CDIS’s dichotomous items,
we tested the information given about cognitive ability using a
2-parameter model (2PL). An alpha level of 0.05 was used for
all statistical tests. Analyses were computed in R version 4.2.2 (R
Core Team, 2022) using the psych (Revelle, 2022), ltm (Rizopoulos,
2022), and mirt (Chalmers, 2012) packages.

To confirm scoring fidelity, we tested interrater reliability for a
subset of cases. The first author selected a random sample of n = 18
participants using a simulation-based random number selection in
R software, scored these participants’ drawings on both scales, then
computed weighted kappa statistics for each scale comparing their
scores to the original scores in the data set. The kappa statistics
were 0.94 for the Rouleau and 0.88 for the CDIS, indicating good
to excellent interrater reliability.

3. Results

3.1. Participants

We administered assessments to 345 community-dwelling
older adults aged 55 years and older, retaining 310 for this
analysis after excluding 35 people with MoCA scores below 20,
as individuals with possible dementia are outside this study’s
focus on mild impairment; this resulted in a final sample of 310
participants. Our sample was predominantly female (75%) and
Caucasian (86%), with a mean age 67 (8.9) years, and a mean of
16 (3.2) years of education. The overall mean score on the MoCA
was 25 (2.7), on the Rouleau was 9 (1.5), and on the CDIS was 18
(1.9). The sample’s MoCA scores were about evenly split between
unimpaired/impaired at a cut score of 26; a larger proportion were

classified as unimpaired with a cut score of 23. Table 1 presents
demographics and test scores.

3.2. Reliability

Cronbach’s alpha (α) was computed to estimate the internal
consistency of each clock drawing scale. The Rouleau coefficient
α was 0.367 (SD 0.48, 95% CI 0.23, 0.48), indicating poor
internal consistency, and the CDIS coefficient α was 0.665 (SD
0.09, 95% CI 0.61, 0.72) indicating moderate internal consistency.
Table 2 summarizes these reliability estimates. See Supplementary
Tables 1, 2 for item statistics.

3.3. Sensitivity and specificity

We computed ROC curves for both clock drawing scales to
establish criterion (or “cut” scores) using the MoCA as the index
measure. We computed each scale’s area under the curve (AUC),
sensitivity (the proportion of scores below the CDT’s cut score to
our two cut scores on the MoCA) and specificity (the proportion of
scores above the cut score on the CDT to the scores above the given
cut score). At a MoCA cut of 26, the AUC values were 0.65 for both
the Rouleau (0.5945–0.7055) and the CDIS (0.5897–0.7087). At a
MoCA cut of 23, these were 0.66 (0.5905–0.7305) for the Rouleau
and 0.63 (0.5590–0.6985) for the CDIS. Curves are presented in
Figure 1. CDT scale cut scores were determined with a threshold
analysis showing the optimal sensitivity and specificity balance. At
a MoCA cut of 26, a Rouleau score of 9 (out of 10) had sensitivity of
0.59 and specificity of 0.70, and a CDIS cut score of 19 (out of 20)
had sensitivity of 0.78 and specificity of 0.45. At a MoCA cut of 23,
a Rouleau score of 9 had sensitivity of 0.66 and specificity of 0.61,
and a CDIS cut score of 19 had sensitivity of 0.82 and specificity of
0.37. Table 2 summarizes these statistics.

3.4. Construct validity

3.4.1. Rouleau
Because this scale uses an ordinal item structure, the graded

response model (GRM) was used (Samejima, 2010). The GRM
estimates the item-wise probabilities of satisfying each criterion (or
response level) within each item (progressing from low to high
cognitive ability), and a value of the “threshold” between levels,
which estimates the item’s distinction between each criterion (an
important characteristic of an ordinal item). The item information
curves (Figures 2A-C) show that the probability of passing more
difficult items (y axis) increases with cognitive ability (x axis),
but that the level of ability required to pass them is lower
than the average cognitive level of our participants. The clearest
differentiation between performance on each criterion is in the
“hands” item, with distinct differences in the cognitive abilities
contained within each score. This suggests that this item clearly
discriminates between high, middle, and low cognitive levels, and is
therefore a true ordinal item. By contrast, the “face” and “numbers”
items’ middle scores are nearly contained within the lowest and
highest score levels, suggesting that they are less discriminative
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TABLE 1 Sample characteristics.

MoCA cut of 26 MoCA cut of 23

N = 310 MoCA in
unimpaired range

(26–30)
n = 146 (47%)

MoCA in mild
impairment range

(20–25)
n = 164 (53%)

Test, p-value MoCA in
unimpaired range

(23–30)
n = 241 (78%)

MoCA in mild
impairment range

(20–22)
n = 69 (22%)

Test, p-value

Sex, n (%) X2 = 2.3, NS X2 = 1.9, NS

Female, 233
(75%)

116 (79%) 117 (71%) 186 (77%) 47 (68%)

Male, 77 (25%) 30 (21%) 47 (29%) 55 (23%) 22 (32%)

Race, n (%) NS* NS*

White, 266
(86%)

132 (91%) 134 (82%) 217 (90%) 49 (71%)

Black/African
American, 33
(10%)

8 (6%) 25 (15%) 17 (7%) 16 (23%)

Other, 3 (<1%) 5 (3%) 5 (3%) 6 (2%) 4 (6%)

Ethnicity, n (%) NS* NS*

Hispanic/Latino,
9 (3%)

5 (3%) 4 (2%) 7 (3%) 2 (3%)

Not
Hispanic/Latino,
298 (96%)

140 (97%) 158 (98%) 232 (97%) 66 (97%)

Age; mean (SD)
69.85 year (8.9)

67 (6.6) 73 (9.8) t = −6.03
<0.001

69 (8.3) 73 (10) t = 2.79, 0.006

Education; mean
(SD)
16 year (3.2)

17 (3.2) 15 (2.9) t = 4.84,<0.001 16 (3.2) 14 (2.5) t = 6.00, <0.001

Instrument total
scores; mean
(SD)**

MoCA, 25 (2.7) 28 (1.2) 23 (1.6) t = 28.51,
<0.00

26 (2.0) 21 (0.75) t = 31.29, <0.00

Rouleau, 9 (1.5) 9 (1.4) 9 (1.4) t = 3.74,<0.001 9 (1.4) 9 (1.4) t = 3.50, <0.00

CDIS, 18 (1.9) 19 (1.8) 18 (1.9) t = 3.44,<0.001 19 (1.9) 18 (1.8) t = 2.26, <0.00

MoCA, “Montreal Cognitive Assessment”; CDT, “clock drawing test”; CDIS, “Clock Drawing Interpretation Scale”; ADCS, “Alzheimer’s Disease Cooperative Study–Activities of Daily Living
Scale.”
* Insufficient group representation to run X2 as either full or collapsed factor variable.
** Assessment statistic results are rounded to whole numbers to fit their scoring conventions.

and have very close thresholds–this suggests that, in practice,
they are more likely to work as binomial (impaired/unimpaired)
than ordinal (step-wise with multiple levels) items. The test
information curve (Figure 2D) also shows that this scale yields
the most information for participants with lower cognitive
performance. The Rouleau items contributed insufficient degrees
of freedom to assess goodness-of-fit using root mean square error
of approximation (RMSEA) (Cai and Hansen, 2013); the marginal
residual were heterogeneous, ranging 5.00 (“face” and “hands”) to
21.74 (“numbers” and “hands”).

To allow comparisons between the Rouleau and CDIS scales,
we then ran a factor analysis on the Rouleau scores using a 3-
factor item loading model. This model placed the Rouleau scale’s
difficulty below the average cognitive level in this sample (−8.28
to −0.54). The “face” aspect was the least discriminating (0.38)

and “numbers” was most discriminating (3.58). Figure 3 shows
changes in difficulty across cognitive levels (x axis) for the total
score (Figure 3A) and each item (Figure 3B). Note that the curves
for “numbers” are shifted to the left, suggesting that this component
is easier to score a point on than “hands.” The curve for “face”
is virtually flat, suggesting it does not give much discriminating
information. The overall leftward shift of the curves shows that this
scale provides more information at a lower cognitive level, which is
consistent with the graded response modeling above.

3.4.2. CDIS
This scale’s binomial (0 or 1 point) item structure was

assessed using a 2-parameter model (2PL). The 2PL model
includes parameter values for item discrimination (α-parameter)
and difficulty (β-parameter) to for each CDIS item. The coefficient
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TABLE 2 Summary of test statistics.

MoCA cut score of 26 MoCA cut score of 23

Rouleau CDIS Rouleau CDIS

Test
statistic

(sd)

CI Test
statistic

(sd)

CI Test
statistic

(sd)

CI Test
statistic

(sd)

CI

Cronbach’s
α

0.37 (0.48) (0.23, 0.48) 0.66 (0.09) (0.61, 0.72)

ROC

AUC 0.68 (0.59, 0.71) 0.65 (0.59, 0.71) 0.66 (0.59, 0.73) 0.63 (0.56, 0.69)

Sensitivity* 0.59 0.78 0.66 0.83

Specificity* 0.71 0.45 0.61 0.37

CDIS, “Clock Drawing Interpretation Scale”; ROC, “receiver operating characteristic”; AUC, “Area under the curve.” MoCA cut score is not used to compute Cronbach’s α.
* At a score of 9 on the Rouleau and 19 on the CDIS.

FIGURE 1

Receiver operating characteristic curves. (A) Rouleau ROC curve at MoCA = 26, (B) CDIS ROC curve at MoCA = 26, (C) Rouleau ROC curve at
MoCA = 23, (D) CDIS ROC curve at MoCA = 23.

values for these estimates are plotted for the items grouped by
aspect (Figures 4A-C) and total score (Figure 4D) as a test
information curve. As was the case for the Rouleau, this curve
shifts to the left; this shows that the CDIS scale yields the most
information for participants with poorer cognitive performance,
but with more restricted range of abilities compared to the Rouleau
scale. Model fit was estimated using RMSEA; a value of 0.09
indicated fair to poor model fit (Boateng et al., 2018).

4. Discussion

In this community-dwelling sample of older adults, we
found that the CDIS had moderate reliability (though superior
to the Rouleau scale), and that both scoring systems were
moderately sensitive to MoCA scores consistent with mild
cognitive impairment. Our item response theory models showed
that both scales provided very limited information about small

Frontiers in Aging Neuroscience 06 frontiersin.org342

https://doi.org/10.3389/fnagi.2023.1210585
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1210585 August 23, 2023 Time: 16:41 # 7

Kehl-Floberg et al. 10.3389/fnagi.2023.1210585

FIGURE 2

Rouleau item and test information curves from the graded response model. (A) Face Item Characteristic Curves (B) Numbers Item Characteristic
Curves (C) Hands Item Characteristic Curves (D) Rouleau Scale Test Information Function.

shifts toward impaired cognition, and that the “hands” items
appeared to be the most discriminating. These findings are
consistent with several prior findings on the Rouleau scale in
particular (Chiu et al., 2008; Pinto and Peters, 2009; Talwar et al.,
2019). Thus, our hypotheses were partially supported; the CDIS
scale was more reliable (but not more sensitive) than the Rouleau
scale, and a score of only one unsatisfied criterion had the highest
sensitivity to mild impairment. Based on these results, we found
insufficient evidence to recommend either scale be used as a stand-
alone screening instrument in this population.

Of the two scales, the CDIS showed higher internal consistency,
which we expected since reliability tends to increase as the number
of items in a scale increases. One possible contribution to our
low reliability is item composition. Quantitative ratings of a free-
drawn object require some amount of subjective interpretation, so
each item must be written for narrow interpretation with unmixed
criteria for success (Bandalos, 2018b). Best practices include giving

one criterion for success per item, avoiding qualifiers, and using
single clauses (Bandalos, 2018b). Several of these recommendations
are violated in these two scales. For instance, the Rouleau method
uses qualifiers - such as “most,” “minor,” and “slight”–in 8 out
of 10 items, and the CDIS in 3 out of 20. These qualifiers are
adjectives expressing relative degree, but neither scale provides
metrics to guide clinicians in placing performance between degrees.
The influence of wording on reliability could be explored in the
future by comparing item-total correlations and item statistics to
identify the items with the lowest correlation to the total score, then
dropping the low-correlated items and re-analyzing the scales.

Another consideration is our reliability estimator’s underlying
assumptions and limitations. We chose Cronbach’s alpha to allow
comparisons with prior work (Duro et al., 2019), however, there
is debate as to whether this statistic is an appropriate estimator
of internal consistency for this type of scale (Cho, 2021; Sijtsma
and Pfadt, 2021). First, use of the alpha statistic is based on the
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FIGURE 3

Rouleau factor analysis model, Total and Item Curves. (A) Test information (B) Item information.

assumption that the items of the scale are unidimensional, that
is, they measure the same construct. Although theses scales are
screening measures for dementia (one construct), they require
many overlapping abilities such as visuospatial, executive function,
motor and perceptual integration, and a cultural context for
chronological measurement of time (multiple constructs)–thus
they may not measure dementia per se, but rather multiple skills
as proxies of dementia. Second, the error variance of all items
should be uncorrelated–that is, items should vary independently
of one another (Trizano-Hermosilla and Alvarado, 2016). In the
assumptions of classical true score theory that underlies alpha,
error originates unpredictably from a random process, so item
variances should not influence one another. This is unlikely to apply
to these scales because elements of a drawing rely on previous
elements, for instance the clock’s hand placement relies on the
clock face being symmetrical and the numbers evenly spaced. Third
and finally, the scale’s items should be essentially tau-equivalent,
meaning they may differ in mean and variances but must have
similar covariances; if this assumption is violated then alpha is
likely to underestimate the scale’s true reliability (Bandalos, 2018a).
On the other hand, Cronbach’s alpha has also been found to
mask multidimensionality of test items, and slightly overestimate
ordinal scales such as the Rouleau scale (Vaske et al., 2017). We
retain Cronbach’s alpha for this study as a lower-bound estimate
of reliability, and acknowledge that other methods, such as a
stratified alpha (estimations for face, numbers, and hands singly),

the greatest lower bound, or expanded factor analytic methods
could provide more accurate estimates for this type of scale in a
larger sample.

Our criterion validity results were generally consistent with
other recent work. At the MoCA cut score of 26, the sensitivity
and specificity of these clock scales were moderate, and the AUC
point estimates were nearly identical to that of another recent ROC
analysis of the Rouleau scale (Duro et al., 2019). Lowering the
criterion score to 23 had a negligible effect on AUC, but shifted both
clock scales’ sensitivity 5–6 points higher, specificity 8–10 points
lower, and confidence intervals several points wider, suggesting
lower precision. At either cut, the highest sensitivities were lower
than the 90% (Nunnally, 1978) to 95% (Kaplan and Sarcuzzo, 2001)
recommended for a clinical screening tool, found at a score of only
one incorrect item (9/10 on the Rouleau, 19/20 on the CDIS).

There is evidence that the MoCA score of 26 is overly sensitive,
resulting in too many false positives (Carson et al., 2018; Townley
et al., 2019). With deference to the inconvenience and cost this
can cause, we argue that in high-functioning community-dwelling
adults it is preferable for a non-invasive and brief screening tool
to err on the side of greater sensitivity with the potential for
false positives, rather than greater specificity with the potential
to overlook cases. The MoCA is a screening measure to detect
potential impairment, not to diagnose (Dautzenberg et al., 2020),
and administering clinicians will also consider trends, subjective
report, and patient concerns in balance with scores. Compared
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FIGURE 4

CDIS 2-Parameter model (2PL) test information curves. (A) CDIS Item Characteristic Curves: Basic/Face (B) CDIS Item Characteristic Curves:
Numbers (C) CDIS Item Characteristic Curves: Hands (D) CDIS Test Information Function.

to the studies recommending lower cut scores (Carson et al.,
2018; Milani et al., 2018; Townley et al., 2019), our sample had
higher mean education in both impaired and unimpaired groups
regardless of classification score, and very low racial and ethnic
heterogeneity. Our ROC results at a cut score of 23 may be more
valid for community samples with low mean education (Carson
et al., 2018) and people from underrepresented racial groups
(Milani et al., 2018; Rossetti et al., 2019); however, we could not
verify this with our sample.

Our application of item response theory models is the first
use of these methods with these two scales. Our results help
clarify the relationship between ability and test performance,
a key aspect of the test’s appropriateness for subtle cognitive
decline. In our sample, these scales had levels of difficulty that
were more appropriate to rating performance by a person with
a lower level of cognition than the early or subtle decline we
hope to capture in community-dwelling older adults; in other

words, the scoring criteria on these scales appear to be too easy
for this population. We found a ceiling effect that begins to
detect change well below an unimpaired level, in turn driving the
scales downward in cognitive ability and resulting in restriction
of range that masks performances with subtle impairments. We
note that both scales’ test information curves are bimodal with a
leftward shift (right skew), suggesting that they are very informative
for a narrow range of ability at a low cognitive level, and
not informative for very small decreases from baseline. This is
consistent with prior study on their psychometric properties for
detecting dementia (Mendez et al., 1992; Chiu et al., 2008) and
was also consistent with our and others’ ROC analyses (Duro
et al., 2019). Hence, many of the items in these scales contributed
little to no information toward characterizing subtle change in
our sample. A caveat is that the GRM and 2PL models had
poor indicators of fit–the model “expects” a response pattern that
differed from that of our sample. We suspect two sources of
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this high error approximation; the scales may contain poorly-
performing items that introduce noise into the model, and, the
task’s step-by-step nature may constitute multidimensional latent
constructs contributing to each item. Both of these hypotheses
could be explored using exploratory factor analysis or other latent
trait modeling in a future study.

It is also notable to consider the change in diagnostic definition
and practice since these scales were developed. These scales’
purpose was to detect impairment within a binomial “dementia
vs. no dementia” construct of cognitive function, which contrasts
with our current understanding of neurocognitive decline as a
continuum. For instance, the original validation paper for the
CDIS compared healthy older adults to persons with dementia
but excluded those with “questionable” cognitive impairment,
establishing just one cut score for dementia rather than a range of
scores across the cognitive spectrum. Similarly, the scoring criteria
for the Rouleau scale (Rouleau et al., 1992, 1996) were developed
according to errors made by people with dementia, and did not
characterize a range of unimpaired performance as a reference.
At that time, a range of cognitive function was not necessarily
considered clinically useful, but this is no longer the case.

Based on our findings, we suggest that the task of drawing a
clock is not “too easy” for a person with subtle cognitive deficits
to execute without errors, but rather that dementia-validated paper
scales used to score their execution may be too lenient. If the scales’
sensitivity and specificity to MCI could be improved, they would
meet established criteria for good clinical screening tools (Edwards
et al., 2019). Future studies could attempt to improve these scales
by repeating testing and analysis after removing items with low
item-total correlations and RMSEA, conducting expanded factor
analyses, and using alternative reliability estimators.

4.1. Limitations

Our study has several limitations. First, our sample is not
representative of the population of normally-aging community-
dwelling older adults. We had three female participants for every
male, and an insufficient number of participants who were Black,
Hispanic, or other racial or ethnic identities to compute statistics
on these sub-groups. Although our racial and ethnic demographic
imbalance isn’t a barrier to comparing these results with the
original validation studies for these scales (neither reported these
variables), it is a barrier to implementing these findings in broader
clinical practice because it does not reflect the proportions of these
individuals in the population of people who develop dementia,
nor does it inform us on bias in these instruments (Chin et al.,
2011; Weuve et al., 2018) particularly given our index measure’s
different score distributions in some populations (O’Caoimh et al.,
2016; Milani et al., 2018; Rossetti et al., 2019). A second limitation
is the lack of cognitive diagnoses for our sample. We used the
MoCA (a screening measure with a disputed cut score) to test
the sensitivity of the two CDT scales (another screening measure
with no established cut score) without scores from a diagnostic
criterion measure. Thus, our analyses are limited to observing
groups with scores consistent with, but not definitively diagnostic of,
unimpaired versus mildly impaired cognition. Finally, our design
precludes determination of predictive validity because we used a
cross-sectional design without a repeating measure.

5. Conclusion

Although the task of free-drawing a clock has been found
to represent cognitive abilities affected by MCI (Royall et al.,
1999; Yuan et al., 2021) our analysis of the CDIS and Rouleau
clock drawing scales found that they did not reliably identify
persons scoring in the mildly impaired range on the MoCA.
We recommend use of these scales in combination with other
screening tools primarily as an opportunity to observe visuospatial
and executive abilities, with awareness of a ceiling effect in the
interpretation of their numeric score.

Cognitive changes are often subtle and granular; even
if diagnosis is categorical, small changes are both clinically
meaningful for care-planning and functionally meaningful for
patients. Assessment tools must reflect small differences in function
to be useful for screening community-dwelling older adults. In our
community-dwelling sample, the Rouleau and CDIS clock drawing
scales did not reflect these small differences.
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Appendix

Appendix A Rouleau and CDIS scale score rubrics.

Rouleau system.

Participant Code

1. Integrity of the clock face (maximum; 2 points)

2: Present without gross distortion

1: Incomplete or some distortion

0: Absent or totally inappropriate

2. Presence and sequencing of the numbers (maximum: 4 points)

4: All present in the right order and at most minimal error in the spatial arrangement

3: All present but errors in spatial arrangements

2: Numbers missing or added but no gross distortions of the remaining numbers; numbers placed in

clockwise direction; numbers all present, but gross disorders of spatial layout (i.e., hemineglect, numbers

outside the clock)

1: Missing or added numbers and gross spatial distortion

0: Absence or poor representation of numbers

3. Presence and placement of hands (maximum: 4 points)

4: Hands are in the correct position and the size difference is respected

3: Slight errors in the placement of the hands or no representation of size difference between the hands

2: Major errors in the placement of the hands (significantly out of course including 10 to 11)

1: Only one hand or poor representation of two hands

0: No hands or perseveration on hands

Total

Frontiers in Aging Neuroscience 13 frontiersin.org349

https://doi.org/10.3389/fnagi.2023.1210585
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1210585 August 23, 2023 Time: 16:41 # 14

Kehl-Floberg et al. 10.3389/fnagi.2023.1210585

Clock Drawing Interpretation Scale (CDIS).

Participant Code

Criteria Point

1 There is an attempt to indicate a time in any way

2 All marks or items can be classified as either part of a closure figure, a hand, or a symbol for clock

numbers.

3 There is a totally closed figure without gaps (closure figure)

Score only if symbols for clock numbers arc present

4 A “2” is present and is pointed out in some way for the time

5 Most symbols are distributed as a circle without major saps.

6 Three or more clock quadrants have one or more appropriate numbers: 12–3, 3–6, 6–9, 9–12 per

respective clockwise quadrant.

7 Most symbols are ordered in a clockwise or rightward direction.

8 All symbols are totally within a closure figure

9 An “11” is present and is pointed out in some way for the time.

10 All numbers 1–12 are indicated.

11 There are no repeated or duplicated symbols

12 There are no substitutions for Arabic or Roman numerals.

13 The numbers do not go beyond the number 12

14 All symbols lie about equally adjacent to a closure figure edge,

15 Seven or more of the same symbol type are ordered sequentially.

Score Only if One or More Hands Are Present

16 All hands radiate from the direction of a closure figure center.

17 One hand is visibly longer than another hand

18 There are exactly two distinct and separable hands.

19 Ail hands are totally within a closure figure.

20 There is an attempt to indicate a time with one or more hands.

Total (out of 20)
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Introduction: Excess body weight and Alzheimer’s disease (AD)

disproportionately affect older African Americans. While mid-life obesity

increases risk for AD, few data exist on the relationship between late-life obesity

and AD, or how obesity-based and genetic risk for AD interact. Although the

APOE-ε4 allele confers a strong genetic risk for AD, it is unclear if late-life obesity

poses a greater risk for APOE-ε4 carriers compared to non-carriers. Here we

assessed: (1) the influence of body mass index (BMI) (normal; overweight; class 1

obese; ≥ class 2 obese) on cognitive and structural MRI measures of AD risk; and

(2) the interaction between BMI and APOE-ε4 in older African Americans.

Methods: Seventy cognitively normal older African American participants

(Mage = 69.50 years; MBMI = 31.01 kg/m2; 39% APOE-ε4 allele carriers;

86% female) completed anthropometric measurements, physical assessments,

saliva collection for APOE-ε4 genotyping, cognitive testing, health and lifestyle

questionnaires, and structural neuroimaging [volume/surface area (SA) for medial

temporal lobe subregions and hippocampal subfields]. Covariates included age,

sex, education, literacy, depressive symptomology, and estimated aerobic fitness.

Results: Using ANCOVAs, we observed that individuals who were overweight

demonstrated better hippocampal cognitive function (generalization of learning:

a sensitive marker of preclinical AD) than individuals with normal BMI, p = 0.016,

ηp2 = 0.18. However, individuals in the obese categories who were APOE-ε4 non-

carriers had larger hippocampal subfield cornu Ammonis region 1 (CA1) volumes,

while those who were APOE-ε4 carriers had smaller CA1 volumes, p = 0.003,

ηp2 = 0.23.

Discussion: Thus, being overweight by BMI standards may preserve hippocampal

function, but obesity reduces hippocampal structure and function in older African

Americans with the APOE-ε4 Alzheimer’s disease risk allele.

KEYWORDS

body mass index, dementia, medial temporal lobe, underrepresented populations,
cognitive function
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1. Introduction

A burgeoning global health concern, obesity has nearly tripled
since 1975 (Gerontological Society of America, 2021; WHO,
2021). Adults with obesity are at increased risk for numerous
comorbidities, including cardiovascular diseases, stroke, type 2
diabetes, hypertension, and some cancers (CDC, 2021). Further,
obesity is linked to increased Alzheimer’s disease (AD) risk, another
growing public health crisis. Several studies highlight that obesity,
independent of cardiovascular disease comorbidities, is a risk factor
for later-life dementia (Whitmer et al., 2008). However, these
findings mainly apply to obesity in midlife (Whitmer et al., 2008;
Anstey et al., 2011; Xu et al., 2011; Meng et al., 2014), with relatively
few studies demonstrating that late-life obesity is associated with
increased AD risk (Gustafson et al., 2003). Conversely, several
studies demonstrate that in later-life, obesity is associated with a
lower risk of dementia (Atti et al., 2008; Fitzpatrick et al., 2009).
Overall, while midlife obesity appears to be a risk factor for AD,
later-life obesity may be neutral or even protective with respect to
AD (Bischof and Park, 2015).

Similarly, whether late-life obesity is related to better or worse
cognitive function remains equivocal. For example, while some
studies indicate that late-life obesity is associated with poorer
executive function, verbal abilities, and processing speed (Ihle et al.,
2016; Yang et al., 2018), there is also evidence that late-life obesity
may be associated with better cognitive function (Tolppanen et al.,
2014). One study suggests that obesity in late life is positively
associated with reasoning and speed of processing (Kuo et al.,
2006). In a longitudinal study, late-life obesity was associated
with attenuated decline in global cognition, perceptual speed,
visuospatial ability, as well as episodic, semantic, and working
memory (Aiken-Morgan et al., 2020). Thus, obesity may confer
detrimental or protective effects to cognition as measured by
standardized neuropsychological tests in later life.

Another area of consideration linking obesity and cognitive
function or AD risk is related to brain atrophy and structural
changes. In fact, some studies report higher body weight is
associated with lower whole brain volume in middle-age (Enzinger
et al., 2005; Ward et al., 2005; Taki et al., 2008). A 24-year follow-
up study among older females reported that higher body mass
index was related to greater temporal atrophy but there were no
associations with frontal, parietal or occipital atrophy (Gustafson
et al., 2004). However, most studies have examined whole brain or
hippocampal volume, and more recent research suggests fine-scale
subregional analysis of the hippocampus may have advantages over
overall volume (e.g., see Apostolova et al., 2010; Younes et al., 2014).
While the mechanisms linking obesity and brain atrophy are not
fully understood, obesity is related to other risk factors associated
with brain atrophy including reduced aerobic fitness (Colcombe
et al., 2003), hyperlipidemia (Bruce-Keller et al., 2009), increased
inflammation (Arnoldussen et al., 2014), and impaired respiratory
function (Zammit et al., 2010).

Alarmingly, African Americans bear a disproportionate burden
of both obesity and AD (US Department of Health and Human
Services, 2020). Across the lifespan, African Americans are 1.4
times more likely to have obesity relative to non-Hispanic white
Americans (US Department of Health and Human Services, 2020),
and more than 80% of African American females are overweight

or obese (National Center for Health Statistics, 2019). Notably, the
prevalence of obesity in midlife is higher in African Americans
(46.2%) than in non-Hispanic white Americans (34.9%) (Nianogo
et al., 2022). In parallel, the lifetime prevalence of AD is two
to three times higher among older African Americans than in
older non-Hispanic whites (Rajan et al., 2019). Importantly, 21.7%
of dementia cases among African Americans are attributable to
mid-life obesity as compared to 17.3% of dementia cases in non-
Hispanic whites (Nianogo et al., 2022). Although mid-life obesity
increases risk for AD, we still know too little about the relationship
between late-life obesity and AD, especially in older African
Americans.

Previous research demonstrates that the relationship between
cognitive function and BMI in older adults varies by race/ethnicity
(Bryant et al., 2014). Both non-Hispanic whites and African
Americans showed better cognitive function as BMI increased, but
African Americans showed poorer cognition at extreme BMI levels
(i.e., very low and very high). Notably, BMI standards may be too
crude a measure to accurately classify older African Americans
and other non-white samples, especially since body composition
indices were derived from predominantly non-Hispanic white
samples (Smalley et al., 1990; Wagner and Heyward, 2000). For
example, recent research demonstrates that whereas black women
have the highest levels of subcutaneous abdominal fat, Hispanic
women have the highest levels of visceral abdominal fat (Banack
et al., 2023); but BMI does not differentiate types of fat nor
where they accumulate. Further research is necessary to determine
how cognitive function associated with standard BMI cutoffs,
particularly in the high or low BMI ranges, may vary within high-
risk populations, such as older African Americans. In addition,
other factors that vary by race/ethnicity may influence the obesity-
cognition and obesity-brain structure relationships.

One possible factor confounding these relationships is AD
genetic predisposition. The apolipoprotein (APOE) ε4 allele located
on chromosome 19 is the most prevalent and well-studied genetic
risk factor for late-onset AD (Rajan et al., 2014). Although African
Americans are 1.4 times more likely to carry the APOE-ε4 allele
than European Americans (Rajan et al., 2014), its effect on AD
development is diminished in African ancestry groups (Hendrie
et al., 2014; Rajabli et al., 2018). Still, African Americans with at
least one copy of the APOE-ε4 allele are almost three times more
likely to develop AD than their noncarrier counterparts (Farrer
et al., 1997). Recent research, however, suggests environmental or
health factors, such as obesity, may modify the influence of APOE-
ε4 in some racial and ethnic groups (Rajabli et al., 2018). Indeed,
in several studies among homozygotic twin pairs, environmental
factors account for up to 20% in vulnerability to AD development,
suggesting a gene-environment interaction (for a review, see
Plassman and Breitner, 1996). Further, genetic factors account for
about 50% of AD risk (Gatz et al., 2006, for a review, see Tang
and Gershon, 2022). However, no work, to date, has systematically
examined the interactions of obesity and AD risk via APOE-ε4 in
older African American adults.

Therefore, the purpose of this study was to examine: (1) the
influence of body mass index (BMI) groups (normal; overweight;
class 1 obese; ≥ class 2 obese) on cognitive and structural
MRI measures of AD risk; and (2) the interaction between
BMI and APOE-ε4 in older African Americans. The current
analyses focused on a novel cognitive outcome, generalization,
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the ability to apply previously learned rules to new situations
and contexts (Myers et al., 2002). Previous studies have shown
that generalization is a cognitive marker of AD risk with deficits
preceding explicit memory declines (Myers et al., 2002, 2008; Myers
and Ahmed, 2019). For structural neuroimaging, we examined
the medial temporal lobe (MTL), including the hippocampus,
given its particular vulnerability to AD in preclinical stages
(Jagust et al., 2006). Further, both higher body weight and APOE-
ε4 allele presence individually have been associated with smaller
MTL region volumes among non-Hispanic white American and
European older adult samples (Reiman et al., 1998; Gustafson et al.,
2004; Cacciaglia et al., 2018).

2. Materials and methods

2.1. Participants

Participants were drawn from the database of an ongoing
longitudinal study at Rutgers University–Newark. Pathways
to Healthy Aging in African Americans. The Pathways study
investigates links between cognition, health, lifestyle, genetic,
brain structure and function, and sociodemographic variables of
African Americans ages 60 and older. Notably, this age criterion
is lower than the American Medical Association’s older adult age
designation of 65+ due to life expectancy of African Americans
estimated to be about 5 years lower than their white American
counterparts (Hill et al., 2022). Participants were recruited through
the Aging and Brain Health Alliance, a university-community
partnership established in 2006 comprising community members
from senior centers, public and subsidized housing, churches,
health and wellness companies, and other organizations that
serve greater Newark residents. Recruitment methods are detailed
elsewhere (Gluck et al., 2018).

Participants included had to: (1) be ages 60 years or older;
(2) identify as black or African American; (3) have intact mental
status with a mini-mental state examination (MMSE) score of
24 (to exclude individuals with cognitive impairment including
possible dementia); (4) have undergone neuroimaging; and (5)
have provided a saliva sample for APOE genotyping analyses
as part of the Pathways study. Exclusion criteria were: (1)
diagnosis of any neurodegenerative disorders; taking medications
typically prescribed for dementia such as Razadyne, Aricept, or
Namenda; diagnosis of a learning disability; (2) self-reported
excessive alcohol and/or recreational drug use; (3) had a medical
procedure that required general anesthesia in the past 3 months;
(4) presence of MRI contraindications (e.g., metallic stent, cardiac
pacemaker, claustrophobia); (5) inability to see a computer
screen at normal viewing distance; and (6) color blindness
(because some of the cognitive tasks used colors as discriminative
cues). Seventy participants met inclusion criteria for the present
analyses and did not significantly differ from the larger Pathways
study cohort participants (N = 404 participants at the time of
data extraction) on age, sex composition, education, literacy,
depressive symptomology, estimated aerobic fitness, or BMI,
ps > 0.05. All participants provided written informed consent at
enrollment. Ethical approval was granted by the Rutgers University
institutional review board.

2.2. Procedure

Candidates were telephone screened to determine initial
eligibility. Those potentially eligible attended an in-person
screening at Rutgers University–Newark. After providing informed
consent, participants who passed the in-person color-blindness
and mental status screening proceeded with a full laboratory visit
which consisted of cognitive assessments, physical function tests,
anthropometric assessments, and health/lifestyle questionnaires.
Participants provided a saliva sample for APOE genotyping and
returned for a neuroimaging visit within 2 weeks of the initial
laboratory visit.

2.3. Measures

2.3.1. Body mass index
Body mass index (BMI) was used as an estimate of body fat

and computed by dividing weight (in kilograms, kg) by height (in
meters, m). Participants were categorized into four groups per the
American Association of Clinical Endocrinologists clinical practice
guidelines (Garvey et al., 2016):

(1) Normal weight: BMI of 18.5 to 24.9 kg/m2;
(2) Overweight: BMI of 25 kg/m2 to 29.9 kg/m2;
(3) Class 1 obese: 30.0 to 34.9 kg/m2 and;
(4) Class 2 obese or greater BMI > 35.0 kg/m2.

2.3.2. APOE-ε 4
Saliva samples were collected using Oragene kits for DNA

extraction. Before processing for data analyses, saliva sample
vials were kept in a secure storage room in the laboratory.
Biosafety-trained research staff transported the samples to an
offsite biotechnology facility for genotyping. Genotyping was
conducted via quantitative PCR on an Eppendorf Mastercycler,
using a TaqMan custom genotyping assay. Following genotyping,
participants were characterized as either APOE-ε4 non-carriers
or APOE-ε4 carriers, regardless of hetero- or homozygosity as
described before (Foster et al., 2017). Importantly, we retained all
APOE-ε4 heterozygotes including individuals with ε2/ε4 genotype
given that the mere presence of ε4 confers greater risk for AD (Liu
et al., 2013).

2.3.3. Cognition
2.3.3.1. Rey auditory verbal learning test (RAVLT)

As a word learning test, RAVLT is used to assess episodic
memory (Rey, 1964). Participants are presented with a list of 15
words and asked to immediately recall as many words from that
list as possible. This process is repeated a total of five consecutive
times. Participants are then presented with a new list of 15 words
(distractor list) and asked to immediately recall as many words
from the distractor list as possible. They are then immediately asked
to recall as many words from the first word list. After a 30-min
delay, participants are once again asked to recall as many words
from the first list. The scores obtained for this task include the sum
of the first five trials to assess total learning recall, the sum of items
recalled after the distractor list is presented (short delay recall), and
the sum of items recalled after a 30-min time lapse (long delay
recall).
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2.3.3.2. Concurrent Discrimination and Transfer Task

The Concurrent Discrimination and Transfer Task assesses
the ability to generalize past learning to novel situations and has
been shown to be sensitive to subtle changes in the hippocampus
and MTL circuits implicated in preclinical AD (Myers et al.,
2008, 2002). The task involves two phases: (1) a training phase
during which participants learn to discriminate between the
incorrect and correct object in eight object pairs based on trial-
to-trial feedback and (2) a generalization phase during which
participants apply previously learned information to discriminate
between the incorrect and correct object among novel object
pairs. Example trials of both phases are depicted in Figure 1
and more details on the task are published elsewhere (Myers
and Ahmed, 2019). Performance is recorded as the number of
generalization phase errors committed; lower scores indicate better
performance.

2.4. Hippocampal subfield and medial
temporal lobe region volumetry

2.4.1. MRI data acquisition
Structural imaging data were acquired from a Siemens

Trio 3T MRI scanner equipped with 32-channel Multiband
parallel encoding head coils using T1-weighted 3-dimensional
high-resolution magnetization prepared rapid acquisition
with gradient echo (i.e., MP-RAGE) sequence in sagittal
plane with the following parameters: repetition time/echo
time/inversion time = 2,300/2.95/900 ms; flip angle 9◦; resolution
1.1 mm × 1.1 mm × 1.2 mm; 176 contiguous slices acquired
sagittally; field of view = 270 × 254 × 212. Scans were visually
inspected by a neuroimaging specialist in order to ensure
appropriate data quality.

2.4.2. MRI analysis
Advanced Normalization Tools (ANTs; Klein et al., 2009)

was used to account for global brain shape, including intracranial
volume and size differences for all participants by normalizing all
MPRAGE scans to an in-house high-resolution 0.65 mm isotropic
custom template. ANTs implements a powerful diffeomorphic
registration algorithm known as symmetric normalization
(SyN). Each participant’s scan and regions of interest (ROI)
segmentation map were used to warp gray/white matter boundary
to the gray/cerebrospinal fluid boundary into the custom
template space. Further, SyN uses the inter-boundary distance
to estimate thickness within specified anatomical constraints.
The following subregions of the MTL and hippocampal
subfields were segmented bilaterally: perirhinal cortex (PRC),
parahippocampal cortex (PHC), posteromedial entorhinal
cortex (pMEC), anterolateral EC (aLEC), subiculum, cornu
Ammonis region 1 (CA1), and dentate gyrus/CA3 (DG/CA3).
ROIs were segmented based on published protocols (Reagh
et al., 2018). The DG/CA3 were combined into one label as per
previously published protocols (Yassa et al., 2010). Anterolateral
and posteromedial entorhinal cortex were segmented based on
results from Maass et al. (2015), as also applied by Reagh et al.
(2018). Previous hippocampal morphology studies in cognitively
intact individuals at genetic risk for AD found a detrimental

effect of APOE-ε 4 on CA1 and DG/CA3 subfield thickness
(for a review, see de Flores et al., 2015). Evidence of this focal
atrophy in at-risk individuals underscores hippocampal and
MTL segmentation as a promising technique in AD-related
research.

2.5. Covariates

Age, sex, education, literacy level [North American
Adult Reading Test errors (NAART); Uttl, 2002], depressive
symptomology [Beck Depression Inventory-II (BDI-II); Beck
et al., 1996] and estimated aerobic fitness (derived from the
Six-Minute Walk Test; Steffen et al., 2002, Ross et al., 2010) were
included as covariates as per previous studies (Fausto and Gluck,
2020). We estimated participants’ maximal oxygen consumption
(i.e., VO2max estimate) using the following formula: VO2max
estimate = [4.948+(0.023∗Distance walked in meters)] (Ross et al.,
2010).

2.6. Statistical analysis

One-way analyses of covariance (ANCOVAs) were used to
compare the BMI groups, while controlling for age, sex, education,
literacy, depressive symptomology, APOE-ε4 status, and estimated
aerobic fitness. We also conducted a series of 2 × 2 between-
groups ANCOVAs to test for BMI APOE-ε4 status interactions
on all cognitive and structural imaging outcomes while controlling
for age, sex, education, literacy, depressive symptomology, and
estimated aerobic fitness. Intracranial volume was added as a
covariate for all structural imaging outcomes. The Benjamini and
Hochberg (1995) step up procedure was used to control the
false discovery rate (FDR) for simultaneous testing of multiple
independent hypotheses.

2.7. Power analysis

A power analysis using G∗Power software version 3.1.9.6 (Faul
et al., 2009) determined that a sample size of 70 has at least 80%
power to detect a medium effect size for a significant main effect of
BMI group on cognitive and structural imaging outcomes (α = 0.05,
two-tailed). The sample size of 70 also has more than 80% power to
detect a medium effect size for significant BMI × APOE-ε4 status
interactions (α = 0.05, two-tailed) with six groups [four BMI groups
(normal, overweight, class 1 obese, class 2 obese) and two APOE-ε4
status groups (ε4 carrier, non-carrier)].

3. Results

Descriptive statistics for the 70 participants are included in
Table 1. Participants were ages 60 to 90 years and completed, on
average, an associate’s degree or some college coursework. The vast
majority of the participants were female (86%). Almost half (47%)
of the participants’ BMI fell in the obese category and 39% were
APOE-ε4 allele carriers. See Table 2 for volumes and SAs by BMI
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FIGURE 1

Concurrent Discrimination and Transfer Task examples. (A) In this example, participants learn to choose the green box in preference to the green
mushroom during the training phase. Thus, shape is predictive (relevant), but color is not (irrelevant). In the generalization phase, participants are
presented with a brown box and brown mushroom; the brown box is the correct object; thus, shape is still predictive, but the irrelevant feature
(color) has been altered. (B) In this example, color is predictive (relevant), but shape is not (irrelevant).

group. See Supplementary Data Sheet 1, 2 for complete dataset
and statistical coding, respectively.

3.1. Cognitive outcomes

3.1.1. Main effects of BMI on cognitive outcomes
While there were no statistically significant differences between

BMI groups on RAVLT performance, ps > 0.05, FDR-corrected
ps = not significant. Concurrent Discrimination and Transfer Task–
Probe Errors was different among BMI groups [F(3, 52) = 3.76,
p = 0.016, FDR-corrected pcritical = 0.02, ηp

2 = 0.18] (see Figure 2).
Post-hoc comparisons revealed that the normal group committed
significantly greater Probe Errors than the overweight group,
p = 0.008, FDR-corrected pcritical = 0.008.

3.1.2. BMI ×APOE-ε4 status interactions on
cognitive outcomes

Separate ANCOVAs were also conducted to test interactions
between BMI group and APOE-ε4 status on cognitive outcomes.
There were no significant BMI ×APOE-ε4 status interactions on
any cognitive outcomes before and after covariate adjustment,
ps > 0.05, FDR-corrected ps = not significant.

3.2. Structural imaging outcomes

3.2.1. Main effects of BMI on structural imaging
outcomes

Although there were no significant main effects for BMI on any
structural imaging outcomes before and after covariate adjustment,
the following regions/subfields showed trending main effects that
did not survive FDR correction: right aLEC volume (p = 0.012,

FDR-corrected pcritical = 0.004); right at volume (p = 0.021, FDR-
corrected pcritical = 0.007); left CA1 volume (p = 0.042, FDR-
corrected pcritical = 0.01); and right aLEC surface area (p = 0.024,
FDR-corrected pcritical = 0.011).

3.2.2. BMI ×APOE-ε4 status interactions on
imaging outcomes

There was, nonetheless, a significant BMI group ×APOE-ε4
status interaction for left CA1 volume, F(3, 52) = 5.02, p = 0.004,
FDR-corrected pcritical = 0.007, ηp

2 = 0.23 (see Figure 3). BMI
(p = 0.042) and intracranial volume (p = 0.005) emerged as
significant covariates. The significant interaction was followed by
examining APOE-ε4 non-carriers and carriers separately with post-
hoc one-way ANCOVAs among the four BMI groups. For the
APOE-ε4 non-carriers, there was a significant main effect of BMI
group, F(3, 31) = 7.79, p < 0.001, ηp

2 = 0.43. Post-hoc pairwise
comparisons revealed that the normal BMI group had significantly
smaller left CA1 volumes than the overweight and class 2/severe
obesity groups, p < 0.001, FDR-corrected pscritical < 0.02. For the
APOE-ε4 carriers, there was no significant main effect of BMI
group, F(3, 14) = 0.98, p = 0.43, ηp

2 = 0.17. Exploratory post-hoc
pairwise comparisons revealed that the overweight BMI group had
larger left CA1 volumes than the class 2/severity obesity group, with
this contrast approaching significance, p = 0.12, FDR-corrected
pscritical = 0.04.

4. Discussion

We examined the independent effects of BMI group and
the interactive effects of BMI group and APOE-ε4 status on
MTL/hippocampal cognitive function and structure among older
African Americans. There were two main findings: (1) older
African Americans in the overweight range demonstrate better

Frontiers in Aging Neuroscience 05 frontiersin.org355

https://doi.org/10.3389/fnagi.2023.1239727
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/


fnagi-15-1239727 August 29, 2023 Time: 14:13 # 6

Osiecka et al. 10.3389/fnagi.2023.1239727

T
A
B
LE

1
D
es
cr
ip
ti
ve

st
at
is
ti
cs

o
f
an

al
yt
ic

sa
m
p
le

(N
=
70

).

V
ar

ia
b

le
N

o
rm

al
B

M
I(

18
.5

–
2

4
.9

)
(n

=
13

)
O

ve
rw

e
ig

h
t

B
M

I
(2

5
.0

–
2

9
.9

)
(n

=
2

4
)

C
la

ss
1

o
b

e
se

B
M

I
(3

0
.0

–
3

4
.9

)
(n

=
16

)
C

la
ss

2
o

b
e

se
B

M
I (

≥
3

5
.0

)
(n

=
17

)

M
e

an
(n

)
SD

(%
)

M
e

an
(n

)
SD

(%
)

M
e

an
(n

)
SD

(%
)

M
e

an
(n

)
SD

(%
)

A
ge

70
.7

7
8.

97
69

.0
8

5.
88

71
.4

4
9.

15
67

.2
9

4.
86

Se
x

(f
em

al
e)

(1
1)

(8
4.

60
)

(1
8)

(7
5.

00
)

(1
5)

(9
3.

80
)

(1
6)

(9
4.

10
)

Ed
uc

at
io

n
(y

ea
r s

)
13

.1
9

0.
88

14
.3

1
2.

17
13

.7
8

1.
96

14
.8

8
2.

39

N
A

A
RT

(e
rr

or
s)

13
.1

5
11

.4
1

34
.9

6
11

.8
7

41
.8

1
8.

63
36

.1
2

12
.3

0

BD
I-

II
(0

–6
3

po
in

ts
)

7.
08

5.
97

6.
54

5.
30

10
.3

8
7.

15
8.

59
5.

67

V
O

2m
ax

Es
t.

(m
L/

kg
/m

in
)

16
.1

5
2.

42
15

.5
4

2.
57

14
.3

1
2.

43
14

.1
3

1.
96

A
PO

E-
ε4

al
le

le
(p

re
se

nt
)

(6
)

(4
6.

20
)

(8
)

(3
3.

30
)

(6
)

(3
7.

50
)

(7
)

(4
2.

20
)

R
A

V
LT

Le
ar

ni
ng

40
.7

7
11

.0
9

41
.0

8
9.

62
38

.1
9

5.
39

43
.4

1
8.

49

Sh
or

td
el

ay
6.

77
3.

49
7.

29
2.

51
6.

94
2.

62
7.

47
3.

45

Lo
ng

de
la

y
6.

62
4.

31
7.

13
2.

92
7.

00
2.

78
7.

59
3.

55

C
on

cu
rr

en
tD

is
cr

im
in

at
io

n
an

d
Tr

an
sf

er
Ta

sk
(e

rr
or

s)
19

.7
7

20
.9

9
6.

50
12

.3
1

9.
69

12
.9

6
10

.7
6

16
.8

1

M
M

SE
,m

in
i-m

en
ta

ls
t a

te
ex

am
in

at
io

n;
N

A
A

RT
,N

or
th

A
m

er
ic

an
A

du
lt

Re
ad

in
g

Te
st

;B
D

I-
II

,B
ec

k
D

ep
re

ss
io

n
In

ve
nt

or
y-

II
;B

M
I,

bo
dy

m
as

si
nd

ex
in

kg
/m

2 ;R
AV

LT
,R

ey
au

di
to

ry
ve

rb
al

le
ar

ni
ng

te
st

.E
st

.,
es

tim
at

e.

ability to apply previously learned rules to novel situations (i.e.,
generalization performance) than individuals in the normal BMI
range; and (2) among older African Americans who are APOE-
ε4 non-carriers, obesity is associated with larger CA1 volumes.
In contrast, among APOE-ε4 carriers, obesity is associated with
smaller CA1 volumes. Overall, these data suggest being overweight
by BMI standards may preserve hippocampal function, but obesity
reduces hippocampal structure and function in older African
Americans with the APOE- ε4 Alzheimer’s disease risk allele.

Among older adults, conflicting studies have reported
overweight or obesity in late life to be both detrimental and
beneficial to cognitive function (Han et al., 2009, Walther et al.,
2010). Our study findings support being overweight but not
obese in late life may be beneficial to hippocampal-dependent
cognitive performance. This is consistent with prior work across
older white, African, and Hispanic Americans showing these
BMI ranges to be protective for global cognitive function (Kuo
et al., 2006; Yoon et al., 2012; Bryant et al., 2014) as well as for
reasoning, processing speed, and memory (Kuo et al., 2006).
Our study, though, is the first to identify that excess body
weight is neuroprotective for generalization performance in older
African Americans, independent of their demographics and other
potential confounding variables (i.e., fitness levels, depressive
symptomology). These findings suggest standard BMI cutoffs for
being overweight may systematically overestimate adiposity and
its negative effects on cognition and AD risk in this population.
Some evidence suggests alternative anthropometric measures of
central obesity (e.g., waist-to-hip ratio) may be better predictors
of cardiovascular and cognitive outcomes than BMI (Luchsinger
et al., 2012). Given reports that body morphology/composition
differs by race and ethnicity, future studies should compare the
relative contributions of BMI and measures of central obesity to
cognitive function and AD development within at-risk populations
such as older African Americans.

Importantly, while our study examined cross-sectional
associations, longitudinal changes in BMI appear to contribute to
dementia risk (Kadey et al., 2021; Guo et al., 2022). One study of
a predominantly non-Hispanic white sample (84.2%) found that
among only APOE-ε4 allele carriers, a decline in BMI over 5 years
was associated with conversion to mild cognitive impairment or
dementia (Kadey et al., 2021). Similarly, in another non-Hispanic
white majority sample (85.6% white), individuals who went on
to develop mild cognitive impairment had lower BMIs about
7 years preceding their diagnosis as compared to their cognitively
unimpaired counterparts (Guo et al., 2022). The decreases in
BMI as a risk factor for cognitive decline could be attributed to
negative health consequences that accompany obesity such as
chronic inflammation and muscle atrophy (as a result of reduced
physical activity and/or aerobic fitness). Indeed, the current study
cohort showed low overall estimated aerobic fitness levels (see
Table 1; Mean overall VO2max estimate = 15.04 mL/kg/min)
which is a lower reported estimate than other groups that analyzed
older adults samples (e.g., Mean VO2max estimates 19.1 and
22.8 mL/kg/min for women and men, respectively; Paterson
et al., 1999). Lower BMIs preceding cognitive impairment may
be attributed to alterations in appetite regulation that may
influence hippocampal plasticity and hence cognitive performance
and status (Fadel et al., 2013). Together, BMI declines in later
life (and related maladaptive health behaviors) along with a
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TABLE 2 Volumes and surface areas (mm2) for structural imaging outcomes by body mass index group (N = 70).

Variable Normal BMI (18.5–24.9)
(n = 13)

Overweight BMI
(25.0–29.9) (n = 24)

Class 1 obese BMI
(30.0–34.9) (n = 16)

Class 2 obese BMI
(≥ 35.0) (n = 17)

Structural outcome (mm3) Mean (n) SD (%) Mean (n) SD (%) Mean (n) SD (%) Mean (n) SD (%)

Volume left aLEC 443.07 64.96 460.58 94.20 419.98 59.87 415.06 61.65

SA left aLEC 442.48 53.33 459.65 65.73 423.14 47.66 428.73 46.99

Volume right aLEC 471.30 62.80 486.44 80.44 458.19 71.08 412.07 58.54

SA right aLEC 462.39 37.57 477.53 52.54 454.49 51.62 426.33 47.83

Volume left pMEC 256.08 44.02 282.32 45.33 267.64 43.39 269.17 55.66

SA left pMEC 311.45 35.73 326.39 41.48 324.97 34.86 311.92 46.04

Volume right pMEC 328.89 34.25 344.45 56.72 326.04 51.41 313.30 70.08

SA right pMEC 370.15 27.54 378.22 46.08 362.17 40.21 349.02 54.79

Volume left PRC 1,098.17 347.29 1,226.72 382.91 981.03 206.25 957.87 241.24

SA left PRC 739.56 155.83 794.84 154.97 684.86 100.56 672.64 116.37

Volume right PRC 1,109.26 295.04 1,148.02 279.40 905.86 214.48 983.94 266.77

SA right PRC 773.35 134.77 765.11 102.30 657.49 111.32 695.54 120.11

Volume left PHC 2,377.87 412.81 2,383.92 302.95 2,241.79 256.63 2,158.05 265.95

SA left PHC 1,417.31 125.24 1,419.93 124.18 1,338.80 111.00 1,302.33 125.98

V right PHC 2,272.42 360.69 2,259.78 308.95 2,053.41 300.77 2,156.01 274.53

SA right PHC 1,359.34 129.16 1,366.01 124.46 1,272.28 106.23 1,287.34 112.63

V left DG/CA3 534.14 95.86 589.83 84.35 569.14 55.33 545.32 91.73

SA left DG/CA3 565.16 70.42 599.75 61.40 592.71 50.71 578.11 71.04

V right DG/CA3 640.11 91.04 673.93 99.17 637.64 74.00 615.29 101.64

SA right DG/CA3 640.15 73.10 657.71 64.62 632.98 52.16 616.12 66.60

V left CA1 1,441.32 150.55 1,582.96 161.48 1,495.19 148.83 1,525.81 167.63

SA left CA1 1,331.57 120.78 1,415.63 99.73 1,397.27 126.50 1,404.25 106.79

V right CA1 1,475.52 143.18 1,628.01 169.65 1,504.95 179.95 1,551.64 158.05

SA right CA1 1,351.39 104.70 1,447.66 103.83 1,388.42 135.79 1,413.58 95.43

V left subiculum 638.77 71.31 702.68 108.36 698.12 73.51 699.54 85.87

SA left subiculum 695.83 46.15 725.52 78.60 739.87 65.02 748.53 59.75

V right subiculum 623.48 55.20 709.53 102.16 674.26 57.12 691.45 80.49

SA right subiculum 649.03 35.60 713.46 68.74 699.02 53.09 710.05 59.06

aLEC, anterolateral entorhinal cortex; pMEC, posteromedial entorhinal cortex; PRC, perirhinal cortex; PHC, parahippocampal cortex; DG/CA3 = dentate gyrus/CA3.
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FIGURE 2

Estimated marginal means of Concurrent Discrimination and Transfer Task errors by body mass index (BMI) groups. ANCOVA revealed a statistically
significant difference between BMI groups on Concurrent Discrimination and Transfer Task–Probe Errors. Post-hoc pairwise comparisons showed
that the normal group committed significantly greater Probe Errors than the overweight and obese groups. Covariates appearing in the model are
evaluated at the following values: age = 68.99, education = 14.16, sex 0 = F, l = M = 0.1493, depressive symptomology (Beck Depression
Inventory-II) = 8.03, literacy (NAART) = 36.24, Concurrent Discrimination and Transfer Task–training errors = 23.24, Vo2max estimate = 15.04. Error
bars: +/– 2 SE.

FIGURE 3

Estimated marginal means of standardized left CA1 volume for body mass index (BMI) groups by APOE-ε4 status. ANCOVA revealed a statistically
significant BMI × APOE-ε4 status interaction. Within the APOE-ε4 non-carriers, post-hoc pairwise comparisons revealed that the normal BMI group
had significantly smaller left CA1 volumes than the overweight and class 2/severe obesity groups. There was no significant main effect of BMI group
within the APOE-ε4 carriers. Covariates appearing in the model are evaluated at the following values: age = 68.99, education = 14.16, sex 0 = F,
l = M = 0.1493, depressive symptomology (Beck Depression Inventory-II) = 8.03, Literacy (NAART) = 36.24, VO2max estimate = 15.04,
ICV = 1,339,302.4607. Error bars: +/– 2 SE.

genetic predisposition may increase risk for dementia. Future
studies should examine how the interactions of late-life body
weight changes and genetic risk factors (e.g., APOE-ε4) influence
cognitive change and status over time within underrepresented
populations in biomedical research, including older African
Americans.

Our study also observed that obesity effects on hippocampal
subfield volume may differ by APOE-ε4 carrier status. Specifically,
APOE-ε4 non-carriers had larger left CA1 subfields if they were in
the overweight or higher ranges of BMI relative to individuals in the
normal BMI range. However, APOE-ε4 carriers had smaller CA1
subfields if they were in the obese range relative to individuals in
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the overweight range. The differential effect of AD genetic risk on
CA1 volume suggests late-life obesity is neuroprotective for APOE-
ε4 non-carriers while particularly detrimental to brain health for
APOE-ε 4 carriers.

Although a recent cross-sectional study found that older
European American individuals with higher BMI and high genetic
risk for AD had smaller hippocampal and entorhinal cortex
volumes (Hayes et al., 2020), the present study is the first to identify,
via fine-scale subregion structural analysis, that BMI and APOE-
ε4 synergistically impact CA1 volume specifically. Indeed, the CA1
is particularly susceptible to Alzheimer’s pathology early in the
disease course (Zarow et al., 2005; de Flores et al., 2015), and
atrophy in this subfield is linked to poorer verbal memory and
global cognition (Csernansky et al., 2005; Apostolova et al., 2006).
That genetic and health risk factors (i.e., obesity) synergistically
affect CA1 subfield volume may help explain why African
Americans–who have higher prevalence of both the APOE-ε4 allele
and obesity–are more likely to develop AD. The mechanism by
which obesity interacts with genetic factors is beyond the scope of
this work, but obesity has been suggested to be neuroprotective due
to hormonal changes (e.g., leptin, estrogen), dietary factors (e.g.,
vitamin E and D levels), and less risk for fragility (Yaffe et al., 2000;
Holden et al., 2009; Bove et al., 2013).

4.1. Limitations

The study has considerations that warrant mentioning. This
work is limited to cross-sectional data. Therefore, directionality of
the observed relationships cannot be determined. Further, given
the findings and prior evidence of differences in body morphology
by race (Wagner and Heyward, 2000), BMI may overestimate
morbidity and negative cognitive health consequences in older
African Americans. Indeed, the American Medical Association
recently voted to adopt a policy to move away from using BMI
as a standalone measure of weight and health (Blum, 2023). Other
measures such as waist circumference, waist-to-hip ratio, and body
composition metrics via dual x-ray absorptiometry or CT/MRI
scans of the abdomen to discern total body fat, abdominal fat,
and fat-free mass may be better indicators of excess weight and
correlates of health morbidity in this population (Flint et al.,
2010).

Further, there is a growing appreciation that metabolic
conditions, such as obesity, and exposures across the lifespan
including differences in access to education as well as varied
literacy levels, stress, and socioeconomic circumstances may
further contribute to disparities in cognitive health (Barnes and
Bennett, 2014). Some of these factors were outside the scope
of the current study (we controlled for age, sex, education,
literacy, depressive symptomology, and estimated aerobic fitness).
However, future studies may consider adding such factors to
analyses.

Recent reviews purport that the ∼1 mm3 resolution for T1-
weighted images may be insufficient to visualize hippocampal
subfield structure (Bussy et al., 2021; Wisse et al., 2021).
Nevertheless, similar to our findings, several studies have
consistently demonstrated the CA1 subfield to be the first impacted
in the AD development trajectory despite varying resolution

parameters (Bussy et al., 2021). Indeed, it will be important
to better examine these BMI-genetic-neuroimaging relationships
using higher resolution scanning in future investigations.

Finally, our sample comprised almost 86% older African
American females; thus, findings may only be generalizable in this
subgroup. Sensitivity analyses conducted on the subset of females
(n = 60) revealed similar trends of neuroprotection by obesity and
negative synergistic effects of BMI APOE-ε4 on left CA1 volume.
Further, prior research suggests that equivocal findings on the BMI-
cognition relationships may be due to sex-specific differences, with
overweight and obesity being more neuroprotective among females
than males (Armstrong et al., 2019). Future studies should recruit
higher proportions of males in order to test for sex differences in
the examination of BMI and BMI ×APOE-ε4 interactions on MTL
cognitive function and structure.

5. Conclusion

Being overweight (relative to normal weight by BMI standards)
may be neuroprotective with respect to MTL/hippocampal-
dependent cognitive function in older African Americans.
However, in the obese BMI ranges ( 30 kg/m2), AD genetic
susceptibility conferred by the APOE-ε4 allele may compound the
risk for hippocampal atrophy in this population. Future studies
should investigate the potential overlap between the metabolic
sequelae of late-life obesity and genetic mechanisms underlying
AD. The present data highlight the importance of examining the
synergistic effects of health and genetic risk factors on markers for
AD in diverse populations with the ultimate goal of developing
ways to delay progression to AD.
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Cognitive decline is a common feature of aging, particularly in memory domains 
supported by the medial temporal lobe (MTL). The ability to identify intervention 
strategies to treat or prevent this decline is challenging due to substantial variability 
between adults in terms of age of onset, rate and severity of decline, and many 
factors that could influence cognitive reserve. These factors can be somewhat 
mitigated by use of within-subject designs. Aged outbred Long-Evans rats have 
proven useful for identifying translationally relevant substrates contributing to 
age-related decline in MTL-dependent memory. In this population, some animals 
show reliable impairment on MTL-dependent tasks while others perform within 
the range of young adult rats. However, currently there are relatively few within-
subject behavior protocols for assessing MTL function over time, and most require 
extensive training and appetitive motivation for associative learning. In the current 
study, we aimed to test whether water maze learning impairments in aged Long-
Evans rats would be predictive of delayed recognition memory impairments and 
whether these odor memory impairments would be stable within subjects over 
multiple rounds of testing.

KEYWORDS

cognitive aging, recognition memory, spatial memory, medial temporal lobe, odor 
recognition memory

1. Introduction

Age-related cognitive decline in otherwise healthy individuals has a high societal cost but 
presents a considerable challenge for study. Not all aging individuals exhibit neurocognitive 
decline and those that do have distinctive profiles of cognitive complaints and trajectories of 
decline. Given these individual differences in aging, efforts to identify the underlying 
neurobiological basis of decline are likely to be more successful when behavioral and biological 
markers are assessed in the same subject. While this heterogeneity is well documented in human 
literature and has been shown to be a conserved feature of aging across species, there is a relative 
deficit in the number of cognitive testing paradigms for assessing this phenomenon in animal 
models. Cognitive testing paradigms which accurately assess individual cognitive differences in 
animals and stratify according to cognitive ability represent a powerful approach to identifying 
underlying neurobiological features contributing to age-related cognitive decline and for 
assessing potential treatments (Baxter and Gallagher, 1996; Logan et al., 2023).
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One very common complaint for individuals experiencing 
age-related cognitive decline is the ability to form and retrieve episodic 
memories, suggesting dysfunction in the medial temporal lobe (MTL) 
memory system. The MTL plays an essential role in the formation of 
episodic memories and research focused on episodic memory in 
humans, monkeys, and rodents has made strides in understanding the 
contribution of MTL cortical areas and the hippocampal formation 
across species (Mishkin, 1982; Fortin et al., 2004; Guderian et al., 
2011; Kim et  al., 2020; Cooper et  al., 2022). Aging is commonly 
associated with a diminution of episodic memory capacity; however, 
the rate and severity of this decline varies widely across individuals. 
Maintenance of memory function, referred to as successful aging, can 
occur in some aged humans while others in older cohorts are impaired 
(Davis et  al., 2003; Nyberg et  al., 2012; Salami et  al., 2018). The 
observation that non-human primates (Rapp et al., 1997) and aged 
outbred rodents (Gallagher and Burwell, 1989; Gallagher et al., 1993) 
also exhibit such individual differences in memory decline provides 
an opportunity to model this phenomenon for studies of underlying 
mechanisms in experimental laboratory research.

In aged rodents, spatial memory assessments, such as the Morris 
water maze, are commonly used to identify MTL-dependent memory 
impairments. In a well-characterized population of outbred Long 
Evans rats, age-dependent cognitive performance includes both 
learning impairments (aged-impaired, AI) and preserved cognitive 
function on par with young adults (aged-unimpaired, AU) (Gallagher 
et al., 1993). When pre-screened for spatial memory performance in 
the Morris water maze, learning scores for these animals have been 
shown to be stable over time (Gallagher and Burwell, 1989; Colombo 
et al., 1997) and predictive of performance on subsequent learning 
tasks that depend on the functional integrity of the medial temporal 
lobe, including the hippocampus (Koh et  al., 2010, 2013, 2020). 
Importantly, individual differences in MWM performance in aged 
Long-Evans rats has been shown to be  highly correlated with 
differences in neurobiological markers of circuit integrity in the MTL 
(Colombo et al., 1997; Smith et al., 2000; Lee et al., 2005; Haberman 
et al., 2011; Stranahan et al., 2011; Tran et al., 2018).

Here we use a spontaneous novel odor recognition protocol to 
further assess the reliability of aged outbred Long-Evans rats as 
memory-impaired and memory-unimpaired relative to young adults. 
Specifically, both young adult and aged animals characterized for 
spatial memory were given short- and long-term recognition memory 
assessments using olfactory odor sets during three distinct experiences 
across unique contexts. We found that both young adult and aged 
animals displayed good recognition memory for odors over a short-
term delay, but only those aged animals with poor spatial learning 
scores were impaired after a long-term 24-h delay. This impairment 
exhibited within-subject reliability for individual differences in 
neurocognitive aging over repetitions with new odorant cues, and thus 
may serve as a basis for multiple rounds of testing in future studies 
of interventions.

2. Methods

2.1. Animals

All procedures were approved by the Institutional Animal Care 
and Use Committees in accordance with the National Institutes of 

Health directive. Male Long-Evans rats were obtained at 8–9 months 
of age from Charles River Laboratories (Raleigh, NC). They were 
housed in a vivarium at Johns Hopkins University until they were 
24–26 months old for assessment of aged rats. Young adult rats were 
obtained from Charles River and were housed in the same vivarium. 
Rats were individually housed in cages containing corncob bedding 
and constant ventilation. The vivarium was 25°C and on a 12-h light/
dark cycle (lights on at 7 A.M.). Water and food were provided ad lib. 
Rats were continuously monitored for health. Pathogen-free status 
and necropsies were performed at the time of sacrifice. Rats that 
showed impaired health or disabilities that could impact behavioral 
performance (e.g., poor eyesight, clinical evidence of renal 
impairment, pituitary or other tumors) were excluded from the study. 
All procedures were approved by the Johns Hopkins University 
Institutional Animal Care and Use Committee in accordance with the 
National Institutes of Health directive.

2.2. Background behavioral 
characterization

Young adult (8–9 months) and aged rats (24 months) were tested 
in an assessment of hippocampal function prior to odor recognition 
memory behavioral tests. The background behavioral assessment used 
a well-established Morris water maze protocol as described in detail 
elsewhere (Gallagher et al., 1993; Tomás Pereira and Burwell, 2015). 
This protocol was designed to tax memory in the task with sparse 
training (3 trials per day) at 24-h intervals. Rats were trained for 8 days 
(3 trials per day) to locate a camouflaged escape platform that 
remained at the same location throughout training in a water maze 
surrounded by curtains with fixed cues. Every sixth trial consisted of 
a probe trial (no escape platform for the first 30s of the trial) that 
served to assess the development of a spatially localized search. 
Learning Index (LI) scores were derived from each rat’s proximity to 
the platform during the four probe trials. The proximity measure was 
obtained by sampling the position of the animal in the maze (10 times 
per second) to provide a record of its distance from the escape 
platform in 1-s averages. The learning index is the sum of weighted 
proximity scores obtained during probe trials, with low scores 
reflecting a more accurate search and indicating better retention of the 
platform location. A learning index cutoff was used to identify aged 
rats as Aged Unimpaired (“AU”) or Aged Impaired (“AI”). The cut off 
value was an index score of 240, with higher scores representing worse 
performance and reflecting scores that fall inside or outside the 
normative range collected from young adult Long-Evans rats over 
many years. Cue training was used to assess the sensori-motor and 
motivational status of the rats. Only rats with successful cue training 
performance were included in the present study. After behavioral 
characterization and cue training, a total of 23 rats, including Y (n = 7), 
AU (n = 8), and AI (n = 8) rats were selected (Figure 1B). One AI died 
before completing short-term delay test, and one AU did not meet 
minimum exploration criteria for the first long-term delay task.

2.3. Olfactory recognition memory test

Six weeks after MWM characterization, odor recognition 
memory was assessed over a 15-day protocol using odor sets in three 
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within-subject assessments. A square arena (70 × 70 × 50 cm) was 
used for long- and short-term memory testing and a circular arena 
(diameter = 76 cm) was used for a second long-term memory test to 
provide a distinctly different context. Both arenas were grey and were 
surrounded by a black curtain during sample and test phases. The 
bottom of each arena was covered with ~2 cm of corncob bedding 
which was refreshed between counterbalanced groups, each 
consisting of AU, AI, and Y rats (Antunes and Biala, 2012). Odors 
were made fresh each day with 200 μL of odor liquid extract 
(McCormick, Hunt Valley, MD) diluted in 1 mL of distilled water and 
placed on a gauze pad inside a scintillation vial which was fastened 
to the arena floor with Velcro. In the square and the circular arenas, 
odor vials were placed 10 cm from the walls. Odor concentration and 
identity was based on previous work showing that young adult and 
aged rats show no preference for or aversion to these odorants under 
these conditions (Weiler et al, 2021). The sequence of behavioral tasks 
is outlined in Figure 1A.

In the preliminary habituation and acclimation phase, rats were 
handled for at least 5 min per day for 3 days and then allowed to freely 
explore the test arena for 10 min a day for 5 days. Following this, 
animals were given a sampling phase in which two vials containing 
identical odors were introduced into the arena and rats were allowed 
to explore for 10 min. After a 24-h delay, the animals were placed in 

the square arena with two vials, one containing the odorant present 
on the sampling phase and the other containing a novel odor (Long-
term Memory 1, LTM1) (Weiler et al., 2021). After a 1-week delay, 
this was followed by a Short-term Memory (STM) test in the square 
arena in which animals were given a sampling phase with two 
identical odors followed by the test phase with one novel and one 
familiar odor, with a 5-min delay between test and sample phases. 
Finally, after a 1-week delay animals were given a second Long-term 
Memory test (LTM2) in a circular arena with a new set of odors. All 
animals were given the same pair of odorants for each test, with the 
identity of novel and familiar odors pseudo-counterbalanced across 
animals (LTM1: lime and orange, STM: banana and almond, LTM2: 
vanilla and coconut). For all sample and test phases, animals were 
allowed to freely explore for 10 min. All behavior occurred under red 
light with overhead lights off and with a white-noise generator on. All 
phases were digitally recorded for offline scoring between 
three experimenters.

For scoring during the sample and testing phases, exploration 
time was defined as the time the rat’s snout was either in or directly 
above the vial. A Recognition Index (RI) score [(novel)/(novel + 
familiar)] was calculated, as previously described for object and odor 
recognition (Ennaceur and Delacour, 1988; Weiler et al., 2021). An RI 
of 0.5 represents no odor exploration preference, reflecting a lack of 

FIGURE 1

Timeline of spatial learning characterization and odor recognition behavioral assessment. (A) Rats were first characterized for intact or impaired 
hippocampal-dependent learning ability via the Morris water maze (MWM). This was followed by handling and open field habituation prior to odor 
recognition tests. Rats were then given three novel odor sets for recognition memory tests with a 24-h (long-term memory) or 5-min (short-term 
memory) delays. (B) MWM learning index scores for each animal were derived from proximity measures during four probe trials interpolated 
throughout training as in Gallagher et al. (1993), with lower scores indicating better performance. Aged unimpaired animals perform within the range of 
young animals (<240) while age impaired (AI) perform more poorly (>240).
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recognition memory of the sample phase odor. All scoring was 
performed by raters who were blind to experimental conditions and 
scoring was confirmed across three different raters 
(Supplementary Figure S1). Any rat that explored odor vials for less 
than 5 s during the sampling or testing phase was excluded from 
further analysis.

2.4. Statistics

The Kolmogorov–Smirnov test was used to test for normal 
distribution of the data, and Bartlett’s test was used to test for equality 
of variances for all variables. Memory retention for sample phase 
odors was investigated using one-sample t-tests, comparing RI scores 
to 0.5 (i.e., comparing investigation preference for the novel odor to 
chance). To assess differences in recognition index memory in each 
task, one-way ANOVAs were performed with group as the 
independent factor with Tukey’s HSD post-hoc tests and Cohen’s d 
statistics where appropriate. Correlations between learning index and 
recognition index were determined with Spearman rank correlation 
coefficient and correlations between repeated recognition index scores 
were determined with Pearson correlation coefficient. Statistical tests 
were performed using GraphPad Prism version 10.0.0 for Windows 
(GraphPad Software, Boston, Massachusetts United  States, www.
graphpad.com). Full results of statistical tests not reported in the text 
are reported in Supplementary Table S1.

3. Results

3.1. Age-related spatial learning deficits 
parallel long-term odor recognition 
memory impairments

As illustrated schematically in Figure 1A, all rats used in this 
study were first assessed for individual differences in spatial learning 
followed by three tests of odor recognition memory at different 
delays. Spatial memory performance was assessed using the hidden 
platform water maze protocol developed in this study population and 
optimized for sensitivity to detect individual differences in aging 
apart from confounds due to physical disability or pathological 
conditions (Gallagher et al., 1993). Higher learning index (LI) scores 
signify worse performance by reflecting search at a greater distance 
from the escape location during memory probe tests. Figure  1B 
shows the learning index distribution derived from task performance 
over the four probe trials for young adult control (n = 7) and all aged 
rats (n = 16) used in this study. A repeated-measures, two-way 
ANOVA confirmed rats improved with training block (F (4, 
80) = 187.8, p < 0.001) with the last day showing differences between 
age groups.

As found in this study population and in the subset of animals 
used here, AU rats’ performance is on par with Y rats while AI rats fell 
outside the range of normative distribution of young adult rats (LI 
scores ≤240 and > 240 were classified as AU and AI, respectively). An 
overall one-way ANOVA of learning index demonstrated significant 
differences across age (F (2, 20) = 29.24, p < 0.0001). Y and AU groups 
differed significantly from AI rats (both groups p < 0.0001) but LI 
scores were not different for AU and Y rats (p = 0.98).

To assess the relationship between hippocampal-dependent spatial 
learning performance and odor recognition memory, the characterized 
rats in this study were given a series of odor recognition memory tasks 
with varying delays and a Recognition Index (RI) score was calculated 
[(novel/novel + familiar]). Two long-term memory tasks were 
performed in which rats were tested 24 h after concluding the sample 
phase (Figure 2). In the first of these tests (LTM1, Figure 2A), Y and 
AU animals preferentially explored the novel odor vial more than 
expected by chance (Supplementary Table S1; one-sample t test, mean 
difference compared with 0.5: Y: p = 0.011, AU: p = 0.007). AI animals, 
however, preferentially explored the familiar odor more than chance 
(p = 0.0394), resulting in lower RI scores as a group, significantly 
differing from both Y and AU (One way ANOVA: F (2, 19) = 13.83, 
p = 0.0002, Tukey post hoc: Y vs. AU: p = 0.997; Y vs. AI: p = 0.0007; AU 
vs. AI: p = 0.0006), suggesting that they may have treated the familiar 
odor as if it were novel, as reported elsewhere (see Burke et al., 2010). 
This was not driven by a failure to sample the familiar odor during 
initial presentation, as total exploration time in the LTM1 sampling 
phase was similar across groups (F (2, 19) = 1.304, p = 0.295) and was 
not correlated with RI scores (Spearman, r (15) = 0.282, p = 0.31), and 
not due to a failure to investigate the odor vials during the test phase 
(Figure 2C; Supplementary Table S1; F (2, 19) = 0.08697, p = 0.917). To 
further examine the relationship between this impairment in long-
term odor recognition memory and hippocampal-dependent memory 
in the aged animals, we plotted RI scores for LTM1 against LI scores 
for each animal (Figure  2B), identifying a significant negative 
correlation between the two test measures (Spearman, r (13) = −0.736, 
p = 0.0025).

3.2. Age-related odor recognition memory 
impairments are stable over repeated 
testing

To determine whether this impairment in odor recognition 
memory is stable over time for a given animal and across different 
odor pairs, animals were given a second Long-term Memory test 
(LTM2, Figure 2D) using different odors and in a different arena. Y 
and AU groups had above chance exploration of the novel odor, 
while AI performed at chance levels (Supplementary Table S1; 
one-sample t test, mean difference compared with 0.5: Y: p < 0.003, 
AU: p < 0.039, AI: p = 0.131). Again, RI scores for Y and AU rats were 
similar, while AI rats had significantly lower RI scores 
(Supplementary Table S1; one way ANOVA: F (2, 19) = 7.612, 
p = 0.0037, Tukey post hoc: Y vs. AU: p = 0.996; Y vs. AI: p = 0.0083; 
and AU vs. AI: p = 0.0079). Similar to LTM1, aged animals RI scores 
on LTM2 were negatively correlated with water maze LI scores 
(Figure 2E; Spearman, r (13) = −0.525, p = 0.0471). While total test 
phase odor vial exploration time in LTM2 was lower in the aged rats 
relative to Y (Figure 2F), there was not a statistical difference between 
the groups for sample phase exploration (Supplementary Table S1; 
one way ANOVA: F (2, 19):1.976, p = 0.1661) or test phase exploration 
(Figure  2F; Supplementary Table S1; one way ANOVA: F (2, 
19) = 0.580, p = 0.5695) and sample phase exploration did not 
correlate with RI scores (Spearman, r (15) = 0.054, p  = 0.853). 
Furthermore, there was a significant correlation between 
performance on LTM1 and LTM2 across all animals (Pearson, r 
(22) = 0.451, p = 0.040). Taken together, the results of LTM1 and 
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LTM2 suggest that for aged animals, the ability to recall previously 
experienced odor cues after a long-term delay is a stable phenotype 
and that this impairment has a direct relationship with an individual’s 
MTL-dependent cognitive abilities.

3.3. Age-related spatial learning 
impairments do not predict short-term 
odor recognition memory impairments

The failure of AI rats to explore the novel odor in these tests could 
result from an olfactory deficit or from a lack of novelty exploration 
preference. To determine whether this is the case, all rats were given a 
short-term memory test with a 5-min delay between sampling and 
testing phases (Figure 3). All young rats preferentially explored the 
novel odor vial presented in the test phase, demonstrating intact 
spontaneous novelty exploration under these conditions (Figure 3A). 
Similar to young adult animals, all aged animals preferentially 
explored the novel odor significantly more than chance in the test 

phase (Figure 3A; Supplementary Table S1; one-sample t test, mean 
difference compared with 0.5: Y: p = 0.0021, AU: p = 0.0001, AI: 
p = 0.001), with no statistical difference between groups 
(Supplementary Table S1; one way ANOVA: F (2, 20) = 2.13, 
p = 0.1446). Importantly, short-term memory RI scores were not 
correlated with MWM learning index scores (Figure 3B, Spearman, r 
(14) = −0.41, p = 0.113), indicating that the low RI scores for AI 
animals in the LTM tests was not due to an inability to identity the 
novel odor or a lack of innate novelty exploration preference. Aged 
rats as a group tended to have lower test phase exploration times 
relative to Y in the STM test (Figure 3C), but this was not significantly 
different (One way ANOVA: F (2, 20) = 1.319, p = 0.2896). The AU and 
AI, furthermore, did not differ in exploration during the sample phase 
(Supplementary Table S1; one way ANOVA: F (2, 20) = 4.372, 
p = 0.0266, Tukey’s post hoc: Y v AU: p = 0.3219, Y vs. AI: p = 0.0205, 
AU v AI: p = 0.2996) and sample phase exploration did not correlate 
with RI scores (Spearman, r (16) = −0.128, p = 0.635). These results 
demonstrate that under these experimental conditions, both AU and 
AI animals have intact odor recognition, can form a memory of a 

FIGURE 2

Aged rats with hippocampal dependent spatial learning deficits are impaired in long-term odor recognition memory. (A) Recognition index (RI) scores 
reflect the proportion of time spent exploring the novel odor during the test phase. RI scores for Y, AU, and AI animals on long-term odor recognition 
memory test 1 (LTM1) show that Y and AU animals perform similarly, while AI animals spent less time investigating the novel odor (Avg/SEM; Y: 
0.697  ±  0.0545; AU: 0.703  ±  0.0508, AI: 0.350  ±  0.0591). (B) Correlation plots of LTM1 RI scores versus water maze LI scores in aged rats show that 
animals with higher learning index scores (worse water maze performance) displayed lower RI scores. (C) Total test phase odor vial exploration in LTM1 
for Y, AU, and AI was not different across groups (Avg/SEM; Y: 25.51  ±  5.19, AU: 22.54  ±  4.51, AI: 24.37  ±  5.11). (D) Long-term memory test 2 (LTM2) RI 
scores for Y, AU, and AI phenocopy result from LTM1 with AI animals showing decreased investigation of the novel odor (Avg/SEM; Y: 0.65  ±  0.031, AU: 
0.64  ±  0.06, AI: 0.41  ±  0.051). (E) Correlation plots of LTM2 RI scores versus water maze LI scores in aged rats. (F) Total test phase odor vial exploration 
in LTM2 for Y, AU, and AI was not different across groups (Avg/SEM; Y: 35.6  ±  7.08, AU: 29.29  ±  4.96, AI: 27.94  ±  3.06). ***  =  p  <  0.001, **  =  p  <  0.01, 
*  =  p  <  0.05.
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recently presented odor cue, and have intact novelty exploration 
preference after a short delay when the relevant cues are odorants.

4. Discussion

The current work was designed to determine the stability of 
within-subject, age-related performance across olfactory recognition 
memory assessments in rodents to serve as a behavioral assay for 
within-subject intervention studies. Young adult and aged Long-
Evans rats were characterized for spatial learning ability via Morris 
water maze assessment, a well-established test of hippocampal 
function. As has been shown previously in this model (Gallagher 
et al., 1993), a subset of aged rats performed within the range of 
young adult animals while the rest performed outside this range, 
demonstrating impaired spatial learning. Rodent studies investigating 
the underlying neurological basis of this individual variability in 
age-related spatial learning have shown that Morris water maze 
performance is predictive of performance in other tests of spatial 
learning (Gallagher and Burwell, 1989; Colombo et al., 1997; Koh 
et al., 2010) as well as some tests of non-spatial learning (LaSarge 
et al., 2007; Robitsek et al., 2008).

The odor recognition memory test used here was based on 
spontaneous novel object (SOR) recognition paradigms which take 
advantage of rats’ preference for exploring novel stimuli (Ennaceur 
and Delacour, 1988). Two vials of the same odor were presented to 
young adult and aged rats, and after a short or long delay animals were 
assessed for their exploration of this familiar odor vial versus a novel 
one. Both young adult and aged animals displayed increased 
exploration of the novel odor vial following a short delay, indicating 
they formed a memory for the familiar odor and had intact odor 
discrimination and novelty exploration biases under these conditions. 
Following a long delay, aged rats had varying degrees of impairment 
in identifying the novel odor and the degree of this impairment 
paralleled that observed in the Morris water maze test for each aged 
rat. Furthermore, performance in a second test with a new pair of 
odors replicated these findings. Although RI scores for AI rats were 
slightly higher in the second long term memory test, individual 
performance was positively correlated across the two tests, suggesting 

that this impairment is replicable and generalizes across 
different odors.

It has been demonstrated that aged rodents are not impaired 
in their ability to recognize and preferentially explore novel objects 
when delays between sampling and testing are short (2–15 min) 
(Burke et al., 2010; Bergado et al., 2011; Arias-Cavieres et al., 2017) 
but are impaired relative to young adult animals with long-term 
delays (Cavoy and Delacour, 1993; Lukaszewska and Radulska, 
1994; Pietá Dias et al., 2007; Burke et al., 2010; Aktoprak et al., 
2013; Arias-Cavieres et al., 2017; Weiler et al., 2021), similar to 
animals with hippocampal inactivation (Hammond et al., 2004), 
perirhinal lesions (Ennaceur and Aggleton, 1997; Kesner et al., 
2001), and aged human subjects (Davis et al., 2003). This suggests 
that the observed age-related memory impairment is due to 
memory load rather than impaired ability to perceive differences 
between objects.

SOR paradigms have been used to assess a variety of 
neurobiological domains in rats as well as in studies of cognitive 
aging and are particularly attractive for use with aging animals as 
they require relatively little training and habituation and do not 
require food deprivation. Similarly, exploration of odor cues in this 
paradigm provides a rich space of possible cue combinations and 
shares the advantages of SOR paradigms. In addition, our research 
program has made extensive use of olfactory cues in many complex 
behavioral paradigms in this rodent model (Schoenbaum et al., 2002; 
Robitsek et al., 2008) in an effort to characterize age-related changes 
in memory and cognition. Here we demonstrate further that odor 
memory impairments at 24-h delays parallel MTL-dependent spatial 
memory impairments and that these impairments are stable over 
repeated testing.

Alongside the current findings using assessments that depend 
on the MTL, there is evidence that aging occurs independently in 
different neurocognitive domains associated with distinct neural 
networks (as reviewed in Baxter and Gallagher, 1996; Gallagher and 
Rapp, 1997). For example, in a study of aged human subjects 
characterized for both MTL and frontal lobe functioning, Glisky 
et al. (1995) reported a lack of association between performance on 
MTL-dependent and frontal lobe-dependent tasks, suggesting these 
neurocognitive domains do not necessarily decline in parallel or at 

FIGURE 3

Short-term odor recognition memory test. (A) RI for Y, AU, and AI animals in a short-term memory test with a 5-min delay between sampling and test 
phases (Avg/SEM; Y: 0.694  ±  0.038, AU: 0.80  ±  0.03, AI: 0.73  ±  0.042). (B) Correlation between short-term memory RI scores and water maze LI scores 
in aged rats. (C) Total odor vial exploration during the short-term memory test phase (Avg/SEM; Y: 36.57  ±  7.0, AU: 39.09  ±  10.36, AI: 22.90  ±  4.26).
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the same rate. Similarly, studies in rats have shown that aged rats 
exhibit individual differences in reversal learning and attentional 
set-shifting tasks that depend on the prefrontal cortex, but 
individual performance in those assessments was not systematically 
associated with Morris water maze spatial learning scores obtained 
in the same aged subjects (Barense et al., 2002; Schoenbaum et al., 
2002). In that context, it is notable that aged rats in the current 
study showed close correspondence between MTL-dependent 
spatial learning abilities with repeated tests for recognition memory 
at long delays.

Simple within-subject assessments, such as the one tested 
here, can provide a basis for within-subject intervention studies 
to test for cognitive improvements in impaired subjects or to 
prevent decline from occurring. Further, it is intriguing to note 
that while cognitively unimpaired aged humans and AU rats 
phenocopy young adult subjects in behavioral cognitive tests, 
there is substantial evidence that aged unimpaired rats in this 
study population retain cognitive abilities by adaptive mechanisms 
rather than by maintaining a young-like brain state. For example, 
in this model, AU rats show enhanced recruitment of inhibitory 
mechanisms relative to both young adult and AI animals (Tran 
et al., 2018; Branch et al., 2019) and this inhibitory recruitment 
appears to be supportive of cognitive function (Koh et al., 2020). 
Indeed, the occurrence of hyperactivity in the hippocampus in 
human aging is also recognized as a prognostic indicator of 
further cognitive decline (Leal et al., 2017; Berron et al., 2019). 
Thus, additional work may make use of novel odor recognition 
tests to identify other neurobiological substrates of 
successful aging.
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SUPPLEMENTARY FIGURE S1

Inter-rater reliability for odor exploration scoring. (A) Correlation and 
regression showing that the two raters (Raters 2 and 3) as compared to 
the experimenter (Rater 1) scored the behavior during the first long-term 
memory test, Pearson r = 0.96, p < 0.0001, Goodness of fit with Rater 2 
(R2 = 0.94) and Rater 3 (R2 = 0.90). (B) Correlation and regression 
showing that the two raters (Raters 2 and 3) as compared to the 
experimenter (Rater 1) scored the behavior during the second long-term 
memory test, Pearson r = 0.89, p = 0.001, Goodness of fit with Rater 2 (R2 
= 0.80) and Rater 3 (R2 = 0.82). (C) Correlation and regression showing 
that the two raters (Raters 2 and 3) as compared to the experimenter 
(Rater 1) scored the behavior during the short-term memory test, Pearson 
r = 0.78, p = 0.008, Goodness of fit with Rater 2 (R2 = 0.61) and Rater 3 
(R2 = 0.51).

SUPPLEMENTARY TABLE S1

Statistical tests and results. SEM: standard error of the mean, MD: mean 
difference, SS: sum of squares, df: degrees of freedom, MS: mean square,  
LL: lower limit, UL: upper limit, Test exp.: total test phase odor exploration, 
Sample exp.: total sample phase odor exploration.
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A key role of the gut microbiota in the pathogenesis of neurodegenerative 
diseases, such as Alzheimer’s disease (AD), has been identified over the past 
decades. Increasing clinical and preclinical evidence implicates that there is 
bidirectional communication between the gut microbiota and the central nervous 
system (CNS), which is also known as the microbiota-gut-brain axis. Nevertheless, 
current knowledge on the interplay between gut microbiota and the brain remains 
largely unclear. One of the primary mediating factors by which the gut microbiota 
interacts with the host is peripheral metabolites, including blood or gut-derived 
metabolites. However, mechanistic knowledge about the effect of the microbiome 
and metabolome signaling on the brain is limited. Neuroimaging techniques, such 
as multi-modal magnetic resonance imaging (MRI), and fluorodeoxyglucose-
positron emission tomography (FDG-PET), have the potential to directly elucidate 
brain structural and functional changes corresponding with alterations of the gut 
microbiota and peripheral metabolites in vivo. Employing a combination of gut 
microbiota, metabolome, and advanced neuroimaging techniques provides a 
future perspective in illustrating the microbiota-gut-brain pathway and further 
unveiling potential therapeutic targets for AD treatments.

KEYWORDS

Alzheimer’s disease, microbiome, metabolome, neuroimaging, microbiota-gut-brain 
axis

1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia, leading to a globally heavy 
healthcare and economic burden (Jia et al., 2018, 2020). According to the National Institute on 
Aging and Alzheimer’s Association (NIA-AA) research framework, AD-related biomarkers are 
mainly classified into three existing groups, including amyloid-β (Aβ) deposition, pathologic 
tau aggregation, and neurodegeneration [AT(N)] (Jack et al., 2018; Scheltens et al., 2021). 
However, the failure or unsatisfactory results of recent clinical trials targeting Aβ clearance 
underscores the importance of understanding new disease-driving mechanisms and seeking 
other available disease-modifying therapies.

Gut microbial dysbiosis may serve as a key factor for developing AD (Cryan et al., 2020). A 
large number of studies have presented compelling evidence that there is bidirectional 
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communication between the gut microbiota and brain (Cryan et al., 
2019). Indeed, alterations in the composition and function of the gut 
microbiota have been reported both in human AD patients (Vogt 
et al., 2017; Zhuang et al., 2018; Li et al., 2019; Liu et al., 2019b; Sheng 
et al., 2021, 2022) and mouse models of AD (Zhang et al., 2017; Chen 
et al., 2020; Kim et al., 2020; Chen et al., 2022). However, knowledge 
about underlying mechanisms of the gut microbiota in regulating the 
brain of AD remain unclear. A growing evidence supports that AD 
appears to be  a metabolic disease (Kaddurah-Daouk et  al., 2013; 
Varma et al., 2018; Whiley et al., 2021). One of the primary mediating 
pathways by which the gut microbiota interacts with the host brain is 
via peripheral metabolites, which are small molecules that are derived 
from bacterial metabolism of the non-digestible carbohydrates, the 
products of cholesterol metabolism, or directly from gastrointestinal 
bacteria, etc (Luan et  al., 2019; Lavelle and Sokol, 2020). Many 
metabolites play a series of roles in maintaining host health, including 
brain energy homeostasis, gut mucosal integrity, the host immune 
system and membrane lipid metabolism (Lavelle and Sokol, 2020). 
Gut microbiota can also give rise to metabolites, such as tryptophan 
derivatives and short-chain fatty acids (SCFAs), which may play an 
important role in modulating cognitive function and behavior (Silva 
et al., 2020; Doifode et al., 2021). Recently, advanced metabolomics 
techniques have been used to identify key AD-related metabolites and 
define changed metabolic pathways during AD disease trajectory 
(Toledo et al., 2017; Sun et al., 2020). Therefore, the integration of 
microbiome and metabolomics can help reveal the potential impact 
of altered microbial communities on host metabolism. Nevertheless, 
how do gut microbiome and peripheral metabolism impact brain 
health, and further cognitive function?

Interestingly, the advances in neuroimaging techniques may 
provide a promising approach to directly mirror the impact of the gut 
microbiota on human brain via the mediation role of peripheral 
metabolites (Cryan et al., 2019; Liu et al., 2019a; Arnoriaga-Rodríguez 
et  al., 2020). Multi-modal magnetic resonance imaging (MRI), 
including structural MRI (sMRI), functional MRI (fMRI) and 
diffusion tensor imaging (DTI), as well as [18F] fluorodeoxyglucose-
positron emission tomography (FDG-PET), have offered an avenue 
that allows non-invasively investigating abnormalities of brain 
structure, spontaneous functional activities and glucose metabolism 
in AD (Wang et  al., 2020). Therefore, the combination of 
neuroimaging, microbiome and metabolomics, which is also called 
neuroimaging-omics, has the potential to identify multi-dimensional 
biological signatures essential to reveal the complex gut microbiota-
metabolites-brain interaction mechanism.

In this review, we aim to summarize: (1) the microbiota-gut-brain 
axis and AD; (2) the potential mediator of the gut microbiota-brain 
pathway: peripheral (blood and gut) metabolites; (3) the integrative 
neuroimaging-omics method for studying AD. This review will 
facilitate a better understanding of the interplay between microbiota, 
metabolites and neurodegeneration along the gastrointestinal-brain 
axis in AD, possibly providing future targets for AD precision 
therapeutic modulation (see Table 1).

2. Microbiota-gut-brain axis and AD

Accumulating evidence suggests a close correlation between 
altered gut microbiota and brain, which is also called the 

microbiota-gut-brain axis. Alterations of the gut microbiota are 
associated with abnormal brain Aβ deposition in both AD animal 
models (Chen et al., 2020, 2022) and humans (Cattaneo et al., 2017; 
Sheng et  al., 2022), and the transfer of a healthy fecal microbiota 
reduces Aβ and tau pathology in AD animal models (Kim et al., 2020). 
Gut microbiota-host interactions may lead to the release of numerous 
substances, such as cytokines, neurotransmitters, neuropeptides, and 
gut-derived metabolites, into the blood and lymphatic system. These 
substances can permeate into the brain through the blood brain 
barrier (BBB), or directly influence the neural messages transmission 
carried by the vagal and spinal afferent neurons (Cryan et al., 2019), 
which may further regulate brain function and behavior. Thus, 
targeting gut microbiota would provide a critical opportunity for 
therapeutic intervention of AD.

Recently, cross-sectional preclinical and clinical studies have 
revealed the significantly altered gut microbiota in AD. Compared 
with cognitively normal individuals, patients with AD and MCI 
showed significantly decreased microbial diversity and changed 
relative abundance of phylum Firmicutes and its corresponding 
bacteria (Vogt et al., 2017; Sheng et al., 2021, 2022). Similarly, amnestic 
mild cognitive impairment (MCI) patients also exhibited significant 
alterations in the microbial compositions, such as 
Gammaproteobacteria, Enterobacteriales and Enterobacteriaceae, the 
relative abundance of which were between cognitively normal adults 
and AD patients (Liu et al., 2019b). Additionally, one recent study 
reported the decreased anti-inflammatory genus Faecalibacterium in 
individuals with subjective cognitive decline (SCD), providing the 
preliminary evidence of altered gut microbiota in elderly adults at risk 
of AD (Sheng et  al., 2021). For Aβ positive cognitively normal 
individuals, the relative abundance of phylum Bacteroidetes was 
enriched, whereas taxa in Firmicutes and Proteobacteria phyla were 
reduced (Sheng et al., 2022). Besides, the global brain Aβ burden was 
negatively associated with the Desulfovibrionaceae, Bilophila and 
Faecalibacterium, which confirmed the association of gut microbial 
dysbiosis with AD. Thus, gut microbiota may serve as a potential 
peripheral biomarker in identifying AD. Nevertheless, the regulatory 
mechanism of gut microbiota on the brain is unclear.

3. The potential mediator of the gut 
microbiota-brain pathway: peripheral 
metabolites

Currently, there is increasing interest in the interaction of gut 
microbiota with the brain in vivo. Metabolomics may provide an 
approach to understand why specific strains/probiotic interventions 
have the potential to modulate cognitive function. Metabolomics is an 
omics analysis that measures thousands of small molecule metabolites 
simultaneously (Luan et al., 2019; Lavelle and Sokol, 2020). Advances 
in high-throughput metabolomics techniques have provided new 
biochemical insights into disease mechanisms and revealed early 
systemic changes in disease. Given that the process of AD includes 
many biochemical changes, such as phosphorylation of tau, oxidative 
stress, and membrane lipid dysregulation (Toledo et al., 2017), the 
application of metabolomics may offer a promising perspective in AD 
diagnosis and functional pathway elucidation.

AD is now considered a metabolic dysfunction disease, with 
significant peripheral metabolic disturbances (Toledo et  al., 2017; 
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Varma et al., 2018; MahmoudianDehkordi et al., 2019; Arnold et al., 
2020; Huo et al., 2020). Blood- and gut microbiota-derived metabolites 
are regarded as the potential peripheral metabolites, which may play 
the important role in microbiota-host crosstalk in AD. Lipid 
metabolism dysfunction is a hallmark in the whole spectrum of AD, 
with the declined level of fasting serum sphingomyelin (SM) and 
ether-containing phosphatidylcholines (PC) in the asymptomatic 
stage of AD, as well as the decreased acylcarnitines, valine and 

α-aminoadipic acid (α-AAA) mainly in the symptomatic stage of AD 
(Toledo et al., 2017). To our knowledge, ether-linked PCs and SMs are 
rich in the lipid rafts of the membrane. Lipid rafts are fluctuating 
assemblies composed of sphingolipid, cholesterol and proteins, 
forming platforms for membrane signaling and trafficking (Lingwood 
and Simons, 2010). In addition, accumulating evidence suggests that 
lipid rafts act as a common platform for the progression of AD 
pathology, which may be associated with amyloid precursor protein 

TABLE 1 Summary of neuroimaging-omics studies in human AD.

Study Participants Study design Multi-omics techniques Main findings

Liang et al. (2022) Discovery cohort 

(n = 1,430)

Replication 1

(AD 30, MCI 30, NC 30)

Replication 2

(n = 1,300)

Cross-sectional study (1) Structural MRI

(2) 16S rRNA+Metagenomics

(3) Targeted metabolomics

Odoribacter was positively associated with hippocampal 

volume, which might be mediated by acetic acids.

Asaoka et al. (2022) MCI (n = 130) RCT (1) Structural MRI

(2) 16S rRNA

Probiotics Bifidobacterium breve consumption for 

24 weeks suppressed brain atrophy progression in MCI 

patients.

Verhaar et al. (2021) AD (n = 33)

MCI (n = 21)

NC (n = 116)

Cross-sectional study (1) Structural MRI

(2) 16S rRNA

Lachnospiraceae NK4A136 group spp. and Anaerostipes 

spp. correlated with lower global cortical atrophy visual 

scores on MRI.

Liu et al. (2021) MCI (n = 20)

NC (n = 22)

Cross-sectional study (1) Resting-state functional MRI

(2) 16S rRNA

In aMCI, at the typical band, Bacteroides was negatively 

correlated with fALFF of cerebellar vermis IV-V, and 

the Ruminococcaceae was negatively correlated with 

fALFF of left lenticular nucleus and pallidum. The 

Clostridiaceae and Blautia were positively correlated 

with the left cerebellum lobules IV-V at the slow-4 

band. The Veillonellaceae was positively correlated with 

fALFF of left precentral gyrus at the slow-5 band.

Saji et al., (2019) MCI (n = 61)

NC (n = 21)

Cross-sectional study (1) Structural MRI

(2) 16S rRNA

MCI patients with more Bacteroides were more likely to 

present with white matter hyperintensity and cortical 

and hippocampal atrophy.

Nho et al. (2019) AD (n = 305)

LMCI (n = 505)

EMCI (n = 284)

SMC (n = 98)

NC (n = 370)

Cross-sectional study (1) Structural MRI

(2) [18F] FDG-PET

(3) Targeted metabolomics

Bile acids levels were associated with hippocampal 

volume, cortical thickness, and brain glucose 

metabolism.

Toledo et al. (2017) AD (n = 175)

MCI (n = 356)

NC (n = 199)

Longitudinal study (1) Structural MRI

(2) Targeted metabolomics

Lower valine and α–AAA values were associated with 

faster cognitive decline, similarly the coefficient for 

valine was negatively associated with ventricular 

volume changes.

Arnold et al. (2020) AD (n = 302)

EMCI (n = 270)

MCI (n = 490)

SMC (n = 93)

NC (n = 362)

Cross-sectional study (1) [18F] FDG-PET

(2) Targeted metabolomics

There was negative association between C16:1 and 

FDG-PET, especially in male group.

Simpson et al. (2016) Baseline:

NC (n = 107)

Follow-up:

AD (n = 16)

MCI (n = 7)

Longitudinal study (1) PET

(2) Metabolomics

Lower plasma PCs concentrations were associated with 

lower rCBF in several brain regions, including bilateral 

frontal lobe, right superior temporal gyrus, left middle 

temporal gyrus, left anterior cingulate cortex, etc.

AD, Alzheimer’s disease; MCI, mild cognitive impairment; NC, normal control; EMCI, early mild cognitive impairment; LMCI, late mild cognitive impairment; SMC, subjective memory 
complaint; RCT, randomized controlled trial; MRI, magnetic resonance imaging; rRNA, ribosomal RNA; [18F] FDG-PET, [18F] fluorodeoxyglucose-positron emission tomography; fALFF, 
fractional amplitude of low-frequency fluctuation; α-AAA, α-aminoadipic acid; rCBF, regional resting state cerebral blood flow; PC, phosphatidylcholines.
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(APP) processing, Aβ accumulation and tau oligomers production 
(Rushworth and Hooper, 2010; Kawarabayashi et al., 2022). Therefore, 
changed lipid metabolism may provide a novel target for AD 
treatment. Moreover, current evidence from pre-clinical studies 
indicates that several lipid substances, such as bioactive sphingolipids, 
have the potential to modulate the gut microbiota and gut barrier 
function (Norris et  al., 2016, 2019; Rohrhofer et  al., 2021). For 
instance, intake of SMs shows protective properties against gut 
dysbiosis (Norris et al., 2019), indicating the interaction between gut 
microbiota and metabolites.

Short-chain fatty acids (SCFAs), as the most common form of gut 
microbiota-derived metabolites, also build a vital communication 
“bridge” between the gut and brain (Dalile et al., 2019; Colombo et al., 
2021; Doifode et al., 2021; Ameen et al., 2022). About 90% SCFAs are 
derived from indigestible carbohydrates in the cecum and colon 
through gut microbial fermentation. SCFAs play a key role in the 
homeostasis of CNS by maintaining the integrity of intestinal 
epithelium barriers (Feng et al., 2018), regulating the metabolism of 
glucose and lipid (Ge et al., 2008; Canfora et al., 2015), and modifying 
immune function (Corrêa-Oliveira et  al., 2016). Previous studies 
showed that the concentration of fecal SCFAs significantly declined in 
AD mice (Zhang et al., 2017). Wu et al. Wu et al. (2021) initially 
investigate the fecal metabolomics in the spectrum of AD, 
characterized by the progressively decreased trend of SCFAs from 
healthy controls to aMCI and AD patients. We speculate that the 
declined SCFAs level in AD may be due to the significant reduction of 
key SCFA-producing bacteria belonging to phylum Firmicutes, such 
as class Clostridia, order Clostridiales, family Ruminococcaceae and 
family Lachnospiraceae (Liu et al., 2019b; Sheng et al., 2021, 2022; 
Chen et al., 2023). Thus, SCFAs also exhibit the mediating impact 
between the gut microbiota and the brain.

4. An integrative neuroimaging-omics 
method for AD study

4.1. The framework of the 
neuroimaging-omics analysis

Neuroimaging techniques have the potential to reflect the 
microbiota-gut-brain interaction, and evaluate the effect of 
interventions targeting the gut microbiota (Tillisch et al., 2008; Tillisch 
and Labus, 2014). To date, several studies have explored the correlation 
between the gut and brain in other diseases using neuroimaging 
techniques (Wang et al., 2019; Arnoriaga-Rodríguez et al., 2020). For 
instance, a prior study has investigated the linkages of gut microbiota, 
systematic inflammation, amygdala-based functional connectivity, 
and cognitive performance in patients with end-stage renal disease. 
Causal mediation analysis revealed that the disrupted Roseburia 
indirectly regulated the amygdala-based functional connectivity 
through systematic tumor necrosis factor-alpha (Zheng et al., 2020). 
Tillisch and colleagues once reported that a four-week intake of a 
fermented milk product with probiotics by healthy women affected 
the activity of brain regions that control the central processing of 
emotion and sensation (Tillisch et al., 2013), providing direct evidence 
that intestinal bacteria can influence brain activity in healthy adults.

Currently, multimodal neuroimaging techniques, including sMRI, 
fMRI, DTI, and FDG-PET, can reveal subtle brain structural, 

functional, and glucose metabolism changes in AD (Wang et  al., 
2020). During the neuroimaging data preprocessing and analysis, 
multi-dimension features will be  extracted, such as gray matter 
volume, amplitude of low frequency fluctuation (ALFF), fractional 
ALFF (fALFF), fractional anisotropy (FA), mean diffusivity (MD), etc. 
Using the radiomics method, high-throughput features (e.g., gray level 
histogram, texture, and wavelet transform) are also extracted from 
different brain tissues (Feng and Ding, 2020; Li et al., 2020), which will 
provide more precise evidence for the diagnosis of AD.

Advances in high-throughput sequencing have promoted the 
rapid development of microbiome research. Intestinal microbiome 
sequencing analyses mainly includes 16 ribosome DNA (rDNA) 
amplicon and metagenomic sequencing. 16S rDNA amplicon 
sequencing is the most commonly used method for neurological 
diseases. The advantages of 16S rDNA amplicon sequencing are 
cost effective, relatively small data amount, and quick analysis. 
However, it can only reach genus-level resolution, and it is sensitive 
to the specific primers and the number of PCR cycles (Liu et al., 
2020). Metagenomic sequencing analysis, with higher taxonomic 
resolution (species- or strain-level) and potential functional 
information, will provide more microbial information than 
traditional 16S rDNA amplicon sequencing (Quince et al., 2017; 
Liu et al., 2020).

Peripheral metabolites (fecal and plasma/serum) exert diverse 
effects on host physiology and are likely to be  the key mediators 
between the gut microbiota and brain. Thus, the combination of brain 
imaging techniques with microbiome and metabolomics will greatly 
enhance our understanding of the microbiota-gut-brain axis in 
regulating cognition in AD (Cryan et  al., 2019). The proposed 
framework of the neuroimaging-omics analysis is shown in Figure 1.

4.2. Neuroimaging and microbiome in AD

De Santis has provided the definition of radiomicrobiomics, which 
is an approach designed to extract quantitative parameters by 
combining brain imaging and gut microbiome (e.g., gut microbial 
composition, alpha diversity) (De Santis et al., 2019), mining these big 
data to develop diagnostic biomarkers of diseases and further elucidate 
the causal nature of the gut-brain interaction. Accumulating evidence 
supports that alterations of the gut microbiome are associated with 
brain structural and functional changes. Using structural MRI and 16S 
rRNA analysis, researchers have confirmed that specific gut microbial 
features are associated with cognitive dysfunction and decreased 
hippocampal volume (Saji et al., 2019; Liang et al., 2022). A cross-
sectional study including AD, MCI and cognitively normal individuals 
found that the higher abundance of Lachnospiraceae NK4A136 group 
spp. and Anaerostipes spp. was correlated with lower global cortical 
atrophy visual scores (Verhaar et al., 2021). In addition, MCI patients 
with more Bacteroides were more likely to present with cortical and 
hippocampal atrophy (Saji et al., 2019). Resting-state fMRI can also 
build the crosstalk between the gut microbiota and the human brain. 
For instance, in patients with aMCI, gut microbiota, such as 
Bacteroides, Clostridiaceae, and Blautia, was confirmed to interact 
with intrinsic brain activity at different bands (Liu et  al., 2021). 
Moreover, one study has investigated the effect of the probiotic strain 
Bifidobacterium breve MCC1274 (A1) on preventing brain atrophy in 
patients with MCI (Asaoka et  al., 2022). The results showed that 
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probiotics Bifidobacterium breve consumption for 24 weeks suppressed 
brain atrophy progression in MCI patients, validating that 
manipulating gut microbial compositions can ameliorate the 
pathogenesis of AD.

4.3. Neuroimaging and metabolomics in AD

An increasing amount of findings in vivo suggest that alterations 
of blood- and gut-derived metabolites, such as lipid metabolites, 
amino acids, bile acids, and SCFAs, may be  closely linked to 
neuroimaging biomarkers of AD. Using targeted metabolomics, the 
declined concentrations of sphingomyelin (SM) and ether-containing 
phosphatidylcholines (PC) were associated with brain atrophy, 
suggesting that the dysfunction in lipid metabolism was linked to the 
brain morphological changes (Toledo et al., 2017). Female sex and 
APOE ε4 genotype are regarded as the major risk factors for 
AD. Interestingly, both APOE ε4 genotype and sex profoundly impact 
metabolism. Chang et  al. revealed the sex- and APOE genotype-
specific metabolic signatures in AD (Chang et al., 2023). Changes in 
amino acids were mainly in males, and PCs and tryptophan were in 
females. The APOE ɛ4 allele specifically affected the metabolism of 
PCs. In addition, Arnold et al. further confirmed that sex had the 
potential to modify the association of metabolites with AD-related 
biomarkers. A significant negative association between the level of 
palmitoleic acid (C16:1) and glucose uptake measured by FDG-PET 

was found mainly in the male group (Arnold et al., 2020). Thus, in 
future metabolomic studies, sex and APOE ɛ4 allele should 
be considered as confounding factors.

Peripheral metabolic changes may influence central abnormalities 
through the liver and gut-brain axis. Bile acids (BAs) appear to play a 
role in AD pathogenesis. When combining the structural MRI, [18F] 
FDG-PET and targeted metabolomics, Nho and colleagues found that 
bile acids levels were associated with hippocampal volume, cortical 
thickness and brain glucose metabolism in AD (Nho et al., 2019). For 
one primary bile acid metabolite, lower cholic acid (CA) levels were 
associated with decreased hippocampal volume and reduced glucose 
metabolism. Nevertheless, for bacterially produced conjugated 
secondary bile acid metabolites, including glycodeoxycholic acid 
(GDCA), glycolithocholic acid (GLCA), taurodeoxycholic acid 
(TDCA) and taurolithocholic acid (TLCA), higher levels were 
associated with decreased hippocampal volume and reduced 
glucose metabolism.

Currently, there was only one study combining fecal microbiome, 
targeted serum metabolomics and structural MRI data. Based on a 
large human cohort, the main finding was that Odoribacter was 
positively associated with hippocampal volume, which might 
be mediated by acetic acids (Liang et al., 2022). To date, the number 
of studies for revealing the interactions between gut microbiota, brain 
and cognition in humans is few. Future studies are needed to elucidate 
the effect of microbial modulation on cognition and behavior via the 
combination of metabolomics and neuroimaging.

FIGURE 1

The framework of the neuroimaging-omics analysis. (A) Data collection: recruitment of the disease group and control group, collection of the clinical 
information, fecal samples, fasting blood samples, and multi-modal neuroimaging scan data. (B) Data preprocessing and analysis: including 
microbiome high-throughput sequencing, untargeted/targeted metabolomics, images segmentation, normalization, etc. (C) Features extraction and 
selection: key multi-omics features are extracted and further selected using some algorithms, such as Max-Relevance and Min-Redundancy (mRMR) 
and least absolute shrinkage and selection operator (LASSO). (D) Correlation and diagnostic model: the correlation network is used to investigate the 
complex relationship between different omics features, and the establishment of diagnostic models is based on the selected key multi-omics features. 
LASSO, least absolute shrinkage and selection operator; mRMR, Max-Relevance and Min-Redundancy; sMRI, structural MRI; fMRI, functional MRI; DTI, 
diffusion tensor imaging.
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5. Discussion and future perspectives

Although accumulating literatures support the contribution of gut 
microbial dysbiosis to the pathogenesis of AD, the complex interaction 
mechanisms involving the microbiota-gut-brain axis remain to 
be fully established. Peripheral metabolites may be a vital intermediate 
factor in communicating gut microbiota and the brain. Neuroimaging 
techniques can quantitatively mirror brain structural and functional 
changes in AD, which can directly reflect the effect of altered gut 
microbiota and metabolites on the human brain. Currently, most 
studies have profiled the association of altered microbiome or 
metabolites with neuroimaging parameters in patients with AD or 
MCI, whereas few studies focus on their causative correlations and the 
establishment of diagnostic models using integrated multi-omics 
techniques, especially in preclinical AD. In the future, the application 
of integrated neuroimaging-omics analysis has the potential for the 
identification of early AD. Notably, in the revised NIA-AA diagnostic 
criteria for AD,1 the value of plasma and inflammatory/immune 
biomarkers are also highlighted. Therefore, the combination of multi-
omics indicators with new AD biomarkers may provide more 
diagnostic information for AD. In addition, longitudinal studies with 
a larger sample size from multiple centers are also needed, which may 
reveal the dynamic changes of these multi-omics biomarkers and 
further validate the robustness of findings. Moreover, the lack of data 
regarding neuroimaging modalities other than sMRI, DTI, and fMRI 
also deserves due attention. In conclusion, microbiota-gut-brain 
interactions may reveal novel insights into the mechanism of AD, and 
further provide the potential therapeutic target for AD interventions 
and treatments.

1 https://aaic.alz.org/nia-aa.asp
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Does muscle strength predict 
working memory? A 
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Objective: Previous research has primarily focused on the association between 
muscle strength and global cognitive function in older adults, while the 
connection between muscle strength and advanced cognitive function such 
as inhibition and working memory (WM) remains unclear. This study aimed to 
investigate the relationship among muscle strength, WM, and task-related cortex 
hemodynamics.

Methods: We recruited eighty-one older adults. Muscle strength was measured 
using a grip and lower limb strength protocol. We measured the WM performance 
by using reaction time (RT) and accuracy (ACC) in the N-back task and the 
cortical hemodynamics of the prefrontal cortex (PFC) by functional near-infrared 
spectroscopy (fNIRS).

Results: We found positive correlations between grip strength (p  <  0.05), 30-s 
sit-up (p <  0.05) and ACC, negative correlation between grip strength (p <  0.05) 
and RT. Furthermore, we  observed positive correlations between grip strength 
and the level of oxygenated hemoglobin (HbO2) in dorsolateral prefrontal 
cortex, frontopolar area, ventrolateral prefrontal cortex (p <  0.05), and negative 
correlations between grip strength and the level of deoxygenated hemoglobin 
(Hb) in left dorsolateral prefrontal cortex, frontopolar area, left ventrolateral 
prefrontal cortex (p <  0.05). Additionally, we noticed positive correlations between 
RT and the level of Hb in left dorsolateral prefrontal cortex, right frontopolar area 
(p  <  0.05), and negative correlations between RT and the level of HbO2 in left 
dorsolateral prefrontal cortex, frontopolar area (p <  0.05). However, the cortical 
hemodynamics did not mediate the relationship between muscle strength and 
WM performance (RT, ACC).

Conclusion: The grip strength of older adults predicted WM in the cross-section 
study. The level of hemodynamics in PFC can serve as a predictor of WM.

KEYWORDS

cognition, muscle strength, 30-s sit-up, grip strength, N-back, functional near infrared 
spectroscopy
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Introduction

Working memory (WM) was considered to be  an advanced 
cognitive function that involves the simultaneous storage and 
processing of information. Research showed that WM declines with 
age (Bopp and Verhaeghen, 2020), with a marked decrease after the 
age of 60 (Elliott et al., 2011). WM was closely related to prefrontal 
cortex (PFC) activation, and changes in PFC activation indicated 
aging of WM (Yaple et al., 2019). Studies found that the prefrontal 
cortex (PFC) was activated during WM tasks (Kobori et al., 2015), and 
the dorsolateral prefrontal cortex (DLPFC) was continuously activated 
during delayed response tasks. Studies showed that older adults 
experienced increased PFC activation (Agbangla et al., 2019), and 
more bilateral PFC activation, during N-back tasks (Vermeij et al., 
2012). One study found that older adults had greater right DLPFC 
activation at low WM load, but less right DLPFC activation at high 
WM load compared to younger adults (Wijeakumar et al., 2017). 
Taken together, increased activation of the PFC was related to 
improved WM performance, but the activation of the PFC decreased 
when the WM load exceeded the cognitive ability of the older adults.

Recent reviews found that preserving muscle strength was 
beneficial for brain health and cognitive function (Herold et al., 2019; 
Landrigan et al., 2020). In this context, a study showed that decreased 
muscle strength (grip strength, 5 sit-ups) in older adults was found to 
be  associated with worse WM performance (digit span test) and 
accompanied by medial temporal cortex atrophy (Liu et al., 2022). 
Upper and lower extremity strength was an important marker of brain 
health and might share a common neural basis with higher cognitive 
function (Fritz et al., 2017; Carson, 2018; Shaughnessy et al., 2020). 
The “muscle-brain axis” hypothesis suggested that changes in muscle 
mass and/or muscle strength were involved in the development of 
cognitive decline through changes in brain structure and function 
(Burtscher et  al., 2021). A study explored the mediation effect of 
cortical hemodynamics between grip strength and WM in young 
adults, but unfortunately, it was not found and recommended to 
be examined in older adults (Herold et al., 2021). Another study found 
a mediation effect of cortex hemodynamics between cardiorespiratory 
fitness and cognitive function in older adults (Hyodo et al., 2016). 
Given that cardiorespiratory fitness and muscle strength are both 
important components of health and fitness, so cortical hemodynamics 
may also mediate the relationship between muscle strength and WM.

Previous research primarily focused on the association between 
muscle strength and global cognitive function in older adults (Soga 
et al., 2018; Marston et al., 2019; Landrigan et al., 2020), while the 
connection between muscle strength and advanced cognitive function 
such as inhibition and WM remains unclear. Additionally, there was 
a lack of understanding regarding the neurophysiological mechanisms 
that underlie the relationship between higher levels of muscle strength 
and better WM performance. Therefore, this study aimed to 
investigate the interplay among muscle strength, WM, and prefrontal 
cortex hemodynamics (specifically, increased concentration of 
oxyhemoglobin and decreased concentration of deoxygenated 
hemoglobin) in older adults. We hypothesized that muscle strength 
(e.g., grip strength, 30-s sit-up) would be positively correlated with (1) 
WM, (2) prefrontal activation, and that WM would positively correlate 
with prefrontal activation. Furthermore, we hypothesized that changes 
in cortical hemodynamics would mediate the relationship between 
muscle strength and WM.

Methods

Participants and study design

In this study, we recruited older adults from three nursing homes 
located in the Songjiang, Qingpu, and Hongkou districts of Shanghai, 
China. There was no statistical difference in age, education level, 
cognitive status among the older adults in the three recruitment sites. 
The eligibility criteria for participation were as follows: participants 
had to be  over 75 years of age, right-handed, without exercise 
contraindications according to the American College of Sports 
Medicine healthy fitness pre-exercise screening questionnaire and had 
normal vision and hearing. Exclusion criteria included self-reported 
history of cardiac surgery, asthma, severe diabetes, severe 
hypertension, severe mental illness, dementia or the use of anti-
cognitive drugs, severe motor system disease, history of neurological 
diseases, and recent use of elastic bands for exercise. This study was 
conducted following the latest version of the Declaration of Helsinki 
and was approved by the Ethics Committee of Shanghai University of 
Sport (No.102772020RT060).

Experimental procedures

All participants were required to attend the laboratory on two 
occasions, with a minimum interval of 3 days between visits. During 
the first visit, participants received a brief introduction to the study, 
provided their consent, and completed a series of questionnaires 
assessing various factors such as demographics, muscle strength 
(measured by a handhold dynamometer and 30-s sit-up test), 
handedness (determined by the Edinburgh Handedness Inventory), 
and cognitive state (assessed by the Montreal Cognitive Assessment). 
During the second visit, fNIRS was utilized to record cortical 
hemodynamics while completing the N-back task.

Muscle strength

We chose grip strength and 30-s sit-up to measure the muscle 
strength of older adults. Grip strength was measured using a handhold 
dynamometer (Camry EH101, Senssun, China). Participants stood 
upright with their arms straight at their sides and their wrists in a 
neutral position. They were instructed to squeeze the handhold 
dynamometer as hard as they could for 3 s. Every participant 
conducted three trials for each hand and changed after one trial. The 
interval between each trial was 15 s, which was enough time to recover, 
and ensure the consistency of the test. The maximal grip strength 
(MGS) of the three trials for each hand was used for further analysis. 
To account for the influence of body composition, MGS was 
normalized to the participant’s body mass index (BMI) using the 
following equation: normalized grip strength (NGS) = MGS (kg) /BMI 
(kg/m2) (Mcgrath et al., 2020).

The 30-s sit-up test (30SUP) measured lower limb strength. 
30SUP had good reliability and validity for evaluating the lower limb 
muscle strength of older adults, and an evaluation model had been 
established for this test (Bai et al., 2020). During the test, participants 
stood in front of a chair that was approximately 43 cm high and 
crossed their arms in front of their chest. They were then required to 
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stand up and sit down repeatedly as quickly as possible for 30 s. 
Participants must maintain a straight back and cannot touch the back 
of the chair. The number of times they stood up in 30 s was recorded. 
To account for body composition, 30SUP and normalized 30 s sit-up 
(30NSUP) were used for analysis, 30NSUP = 30SUP (times) /BMI (kg/
m2) (Tan et al., 2012).

N-back task paradigm

We assessed WM using a computerized version of the Arabic 
numerals N-back task. The N-back task was chosen due to its 
previous usage in examining prefrontal cortex activation with 
fNIRS in literature (Stute et al., 2020). The N-back task consisted of 
three blocks (i.e., 0-back, 1-back, 2-back), which were repeated 5 
times. Stimuli were black Arabic numerals (0 ~ 9) with a stimulus 
object size of 3 cm × 3 cm, which were presented in the center of a 
screen on a grey background. Each stimulus was presented for 
500 ms followed by a response interval of 2000 ms. We used E-prime 
(version 2.0, Psychology Software Tools, Sharpsburg, PA, USA) for 
stimulus presentation, reaction time (RT), and accuracy (ACC) 
recordings.

In the 0-back condition, the Arabic numeral “0” served as the 
target, whereas in the 1-back and 2-back conditions, numerals from 0 
to 9 were randomly presented. Before the experiment started, the 
participants sat comfortably in a quiet, dim room, viewing a screen 
about 70 cm distance. Participants were required to determine 
whether each displayed numeral matched the numeral in the previous 
trial (1-back condition) or two trials before (2-back condition). If the 
stimulus was a target, participants used their right index finger to 
press “1,” and if it was a non-target, used their right middle finger to 
press “2” on the mini keyboard. Participants were instructed to 
respond as quickly and as accurately as possible. The total duration of 

the experiment was about 15 min. RT and ACC of the N-back task 
were used as outcome measures for WM performance. Responses with 
an RT of less than 200 ms or greater than 2,500 ms were excluded.

fNIRS measurement

We recorded changes in HbO2 and Hb concentrations by using 
a portable 24-channel continuous-wave fNIRS system (Brite24, 
Artinis Medical Systems, Netherlands; Figure 1A). The baseline 
was the blood oxygen concentration 30 s before the N-back task. 
The fNIRS system consists of 10 light emitters (emitting light at 
wavelengths of 760 and 850 nm), and 8 light receptors. The distance 
between each emitter and receptor was 3 cm. fNIRS optodes were 
located according to the 10–20 EEG system (Jurcak et al., 2007). 
We performed a virtual and probabilistic spatial registration using 
the software fNIRS Optodes’ Location Decider (Zimeo et al., 2018) 
and the Broadman atlas (Rorden and Brett, 2000). The region of 
interest (ROI) (Figure  1B) we  measured included the right 
dorsolateral prefrontal cortex (R-DLPFC) (ch1, ch4, ch5, ch8), left 
dorsolateral prefrontal cortex (L-DLPFC) (ch17, ch19, ch21, ch23), 
left frontopolar area (L-FPA) (ch12, ch13, ch15, ch16, ch20), right 
frontopolar area (R-FPA) (ch7, ch9, ch10, ch11, ch14), right 
ventrolateral prefrontal cortex (R-VLPFC) (ch2, ch3, ch6), left 
ventrolateral prefrontal cortex (L-VLPFC) (ch18, ch22, ch24).

Data analysis

fNIRS data processing
The fNIRS data were preprocessed using the software NIR-SPM 

(version 4 KAIST Seoul Korea). Firstly, we used principal component 
analysis to remove physiological noise from each channel and set the 

FIGURE 1

Portable near infrared brain imaging system Brite24 and ROI Setup. (A) Portable near infrared brain imaging system Brite24 and the distribution of light 
emitters and receptors. (B) Region of interest, T, light emitters; R, light receptors; red square, DLPFC; yellow square, VLPFC; green square, PFA.
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parameter to 0.97. Secondly, we  used the Wavelet-minimum 
description length (Wavelet-MDL) method for high-pass filtering, 
mainly to remove noise (head motion, heartbeat, etc.) and baseline 
drift. Wavelet-MDL applied wavelet transform to near-infrared time 
series and decomposed it into different scales of deviation, 
hemodynamic signals, and noise components. We  used the 
hemodynamic response function for low-pass filtering of fNIRS data. 
Then, the task effect was integrated by the general linear model, the 
task fitting reference wave was used to infer the parameter estimation, 
and the precoloring method was used to adjust the time 
autocorrelation of this process (Bai et al., 2016).

Statistical analysis
The statistical analysis was conducted using IBM SPSS (Version 

22, Chicago, Illinois, USA). The normal distribution of the data was 
assessed using the Shapiro–Wilk test. As most of the fNIRS data was 
not normally distributed, a non-parametric partial correlation analysis 
was used. In the second step, we examined the bivariate relationships 
between muscle strength (grip strength, 30-s sit-up) and WM (RT, 
ACC), WM and cortical hemodynamics (HbO2, Hb), cortical 
hemodynamics and muscle strength by calculating non-parametric 
partial correlations while controlling for age and sex. In the third step, 
Smart PLS software (Version 3.0 GmbH, Germany) was used for the 
mediation analysis. A mediation analysis was performed to investigate 
whether cortical hemodynamics mediate the relationship between 
muscle strength and WM. The level of statistical significance was set 
to α = 0.05 in the analysis.

Results

Participants characteristics

A total of 92 older adults were recruited from the three nursing 
homes, with 85 participants completing all tests. Four participants 
were excluded due to missing functional near-infrared spectroscopy 
(fNIRS) data, resulting in a final sample size of 81 individuals. 
Participants’ characteristics can be found in Table 1.

Correlation between muscle strength and 
WM performance

Correlation between grip strength and WM 
performance

After controlling for the variables of age and sex, there was a 
negative correlation between MGS/NGS and working memory, such 
that those with greater MGS/NGS displayed worse RT during all 
conditions (i.e., MGS: 0-back: r = −0.29, p = 0.008, 1-back: r = −0.45, 
p  < 0.001, 2-back: r = −0.40, p  < 0.001; NGS: 0-back: r = −0.24, 
p = 0.023, 1-back: r = −0.44, p < 0.001, 2-back: r = −0.37, p < 0.001), and 
with greater MGS/NGS displayed better ACC during all conditions 
(i.e., MGS: 0-back: r = 0.29, p = 0.008, 1-back: r = 0.40, p  < 0.001, 
2-back: r = 0.33, p = 0.001; NGS: 0-back: r = 0.28, p = 0.010; 1-back: 
r = 0.33, p = 0.002, 2-back: r = 0.32, p = 0.003; Figure 2).

Correlation between 30-s sit-up and WM 
performance

After controlling for the variables of age and sex, there was a 
negative correlation between 30SUP/30NSUP and working memory, 
such that those with greater 30SUP/30NSUP displayed worse RT 
during some conditions (i.e., 30SUP: 0-back: r = −0.35, p = 0.008, 
1-back: r = −0.26, p < 0.001; 30NSUP: 0-back: r = −0.22, p = 0.023), and 
with greater 30SUP/30NSUP displayed better ACC during some 
conditions (30SUP: 0-back: r = 0.39, p = 0.008, 1-back: r = 0.42, 
p  < 0.001, 2-back: r = 0.32, p = 0.001; 30NSUP: 1-back: r = 0.25, 
p = 0.002; Figure 3; Table 2).

Correlation between muscle strength and 
cortical hemodynamics

Correlation between muscle strength and 
oxygenated hemoglobin

We observed a positive correlation between grip strength and the 
HbO2 level in L-DLPFC (MGS: channel 19: r = 0.212, p = 0.034), 
R-DLPFC (NGS: channel 8: r  = 0.222, p  = 0.033), R-FPA (NGS: 
channel 11: r = 0.206, p = 0.041) during 0-back; between MGS and the 
HbO2 level in VLPFC (channel 3: r = 0.282, p = 0.009, channel 18: 
r = 0.321, p = 0.003), DLPFC (channel 4: r = 0.309, p = 0.005, channel 
17: r  = 0.253, p  = 0.018, channel 19: r  = 0.299, p  = 0.008), L-FPA 
(channel 13: r = 0.247, p = 0.021) during 1-back; between NGS and 
the HbO2 level in R-DLPFC (channel 4: r = 0.315, p = 0.003) during 
2-back. Furthermore, 30NSUP showed a positive correlation with the 
HbO2 in R-DLPFC (channel 5: r  = 0.230, p  = 0.008) during the 
2-back task.

Correlation between muscle strength and 
deoxygenated hemoglobin

We observed a negative correlation between grip strength and the 
Hb level in L-DLPFC (MGS: channel 19: r  = −0.277, p  = 0.011, 
channel 23: r  = −0.222, p  = 0.034; NGS: channel 19: r  = −0.313, 
p = 0.003), L-VLPFC (NGS: channel 22: r = −0.227, p = 0.011) during 
0-back; between grip strength and the Hb level in FPA (MGS: channel 
9: r  = −0.356, p  < 0.001, channel 13: r  = −0.233, p  = 0.003; NGS: 
channel 9: r  = −0.351, p  < 0.001), L-DLPFC (MGS: channel 19: 
r = −0.356, p = 0.001, channel 23: r = −0.235, p = 0.006; NGS: channel 

TABLE 1 Basic information of the participants.

Total 
(n  =  81)

Female 
(n  =  48)

Male (n  =  33)

Age (year) 86.39 ± 9.00 85.64 ± 10.00 87.94 ± 8.00

Height (cm) 158.29 ± 7.50 155.46 ± 6.50 164.13 ± 11.30

Weight (kg) 55.30 ± 19.50 52.15 ± 13.00 61.78 ± 18.50

BMI (kg/m2) 21.97 ± 5.50 21.52 ± 4.70 22.88 ± 5.10

MoCA (point) 23.37 ± 7.50 22.39 ± 9.00 25.38 ± 3.80

Handedness right right right

Education level 

(years)

9.35 ± 4.58 8.75 ± 4.71 10.21 ± 4.31

BMI, body mass index; MoCA, Montreal cognitive assessment; data are 
median ± interquartile range.
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19: r = −0.35, p < 0.001, channel 23: r = −0.223, p = 0.028) during 
1-back; between MGS and the Hb in L-FPA (channel 20: r = −0.288, 
p  = 0.014) during the 2-back task. Furthermore, we  observed a 

significant negative correlation between 30NSUP and the Hb level in 
DLPFC (channel 1: 0-back: r = −0.270, p = 0.016, channel 23: 1-back: 
r = −0.292, p = 0.008).

FIGURE 2

Scatter plot of the relationship between maximal grip strength and working memory performance (RT/ACC). (A) RT0, reaction time during 0-back; 
(B) RT1, reaction time during 1-back; (C) RT2, reaction time during 2-back; (D) ACC0, accuracy during 0-back; (E) ACC1, accuracy during 1-back; 
(F) ACC2, accuracy during 2-back; MGS, maximal grip strength.

FIGURE 3

Scatter plot of the relationship between 30-s sit-up and working memory performance (RT/ACC). (A) RT0, reaction time during 0-back; (B) RT1, 
reaction time during 1-back; (C) RT2, reaction time during 2-back; (D) ACC0, accuracy during 0-back; (E) ACC1, accuracy during 1-back; (F) ACC2, 
accuracy during 2-back; MGS, maximal grip strength.
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Correlation between WM performance and 
cortical hemodynamics

Correlation between WM performance and 
oxygenated hemoglobin

During the 0-back task, a significant negative correlation was 
found between RT and the HbO2 in L-DLPFC (channel 17: r = −0.240, 
p = 0.028, channel 19: r = −0.288, p = 0.003, channel 23: r = −0.250, 
p = 0.032), while a positive correlation was observed between ACC and 
the HbO2 in FPA (channel 11: r = 0.246, p = 0.019, channel 15: r = 0.267, 
p = 0.005), L-DLPFC (channel 23: r = 0.299, p = 0.001). During the 
1-back task, a negative correlation was found between RT and the 
HbO2 in FPA (channel 11: r = −0.256, p = 0.025, channel 12: r = −0.253, 
p = 0.027, channel 16: r = −0.223, p = 0.028), L-DLPFC (channel 23: 
r = −0.237, p = 0.002). During the 2-back task, a positive correlation 
was found between ACC and the HbO2 in L-DLPFC (channel 23: 
r = 0.263, p = 0.011; Table 3).

Correlation between WM performance and 
deoxygenated hemoglobin

During the 0-back task, a significant positive correlation was 
found between RT and the Hb in L-DLPFC (channel 17: r = 0.243, 
p = 0.026, channel 19: r = 0.267, p = 0.005), while a negative correlation 
was observed between ACC and the Hb in L-DLPFC (channel 19: 
r = −0.325, p = 0.001, channel 23: r = −0.287, p = 0.003). Furthermore, 
a significant positive correlation was observed between 1-back RT and 
the Hb in R-FPA (channel 9: r = −0.249, p = 0.021), L-DLPFC (channel 
19: r = 0.326, p = 0.001, channel 23: r = 0.313, p = 0.001), and a 
significant negative correlation was found between ACC of 0-back and 
the Hb in L-DLPFC (channel 19: r = −0.325, p = 0.001, channel 23: 
r = −0.287, p = 0.003). Lastly, there was a significant negative 

correlation between 2-back ACC and the Hb in DLPFC (channel 5: 
r = −0.221, p = 0.037, channel 17: r = −0.265, p = 0.005), FPA (channel 
10: r = −0.269, p = 0.005, channel 13: r = −0.259, p = 0.016), L-VLPFC 
(channel 22: r = −0.262, p = 0.014).

Mediation analysis

This study only conducted mediation analysis if the path model 
satisfied two conditions: firstly, non-parametric partial correlation 
analysis indicated a significant correlation between the mediator and 
the independent or dependent variable; secondly, the correlation 
coefficient between the mediator and the dependent or independent 
variable was at least 0.20 (Ferguson, 2009; Figure 4). Based on these 
conditions, 13 channels (27 path models) for HbO2 and 11 channels 
(23 path models) for Hb satisfied the requirements for mediation 
analysis (Tables 4, 5).

The Smart PLS mediation effect test process was used to find that 
muscle strength had a significant impact on RT (i.e., 0-back, 1-back) 
and ACC (i.e., 0-back, 1-back, 2-back) when cortical hemodynamics 
were not considered, fulfilling the first step’s conditions. With the 
inclusion of cortical hemodynamics, muscle strength predicted the 
change of cortical hemodynamics (HbO2: channel 17, Hb: channel 4, 
14, 22) during N-back task, indicating that path A was significant, but 
cortical hemodynamics did not predict WM performance, indicating 
that Path B was not significant, and the mediation analysis was 
discontinued. Similarly, cortical hemodynamics (HbO2: ch12, 19; Hb: 
ch9, 22) predicted WM performance, indicating that Path B was 
significant, but muscle strength did not predict cortical 
hemodynamics, indicating that Path A was not significant and 
stopping the mediation analysis.

TABLE 2 Correlation between Hb and muscle strength and N-back performance.

Ch Hb Muscle strength RT ACC N-back

MGS NGS 30SUP 30NSUP

1 −0.035 ± 0.672 0.075 0.049 −0.168 −0.270* 0.005 −0.096 0-back

17 0.096 ± 0.368 −0.129 −0.157 0.011 0.040 0.243* −0.032 0-back

19 0.047 ± 0.214 −0.277* −0.313* −0.011 0.034 0.267* −0.325* 0-back

22 0.084 ± 0.210 −0.112 −0.227* −0.036 0 0.172 −0.129 0-back

23 0.034 ± 0.487 −0.222* −0.114 −0.101 0.046 0.140 −0.287* 0-back

9 0.068 ± 0.261 −0.356* −0.351* 0.067 −0.021 0.249* −0.250* 1-back

13 0.042 ± 0.270 −0.233* −0.138 −0.084 0.078 0.006 −0.146 1-back

19 0.051 ± 0.347 −0.356* −0.351* 0.067 −0.021 0.326* −0.271* 1-back

23 0.065 ± 0.295 −0.235* −0.223* −0.207 −0.292* 0.313* 0.069 1-back

5 −0.032 ± 0.403 0.009 0.050 −0.058 −0.010 0.052 −0.221* 2-back

10 −0.022 ± 0.347 −0.094 −0.093 −0.063 −0.068 0.018 −0.269* 2-back

13 0.006 ± 0.329 −0.070 −0.092 0.025 0.003 0.098 −0.259* 2-back

17 0.073 ± 0.391 0.010 −0.103 0.059 0.002 0.047 −0.265* 2-back

20 0.049 ± 0.310 −0.288* −0.195 0.136 0.021 −0.186 0.102 2-back

22 0.065 ± 0.407 0.010 −0.160 −0.032 −0.074 0.053 −0.262* 2-back

Ch, channel; Hb, deoxygenated hemoglobin; MGS, maximal grip strength; NGS, normalized grip strength; 30SUP, 30-s sit-up; 30NSUP, 30-s normalized sit-up; RT, reaction time; ACC, 
accuracy, the covariates were age and sex, *p < 0.05.
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Furthermore, the mediation effect test showed that the indirect 
effect was not significant, as the 95% confidence interval includes 0 
(Tables 6, 7), indicating that there was no mediation effect in the 
relationship between muscle strength and WM.

Discussion

This study investigated the correlation among muscle strength, 
working memory, and cortical hemodynamics during N-back task, 

TABLE 3 Correlation between HbO2 and muscle strength and N-back performance.

Ch HbO2 Muscle strength RT ACC N-back

MGS NGS 30SUP 30NSUP

8 0.097 ± 0.325 0.152 0.222* 0.024 0.009 −0.081 0.049 0-back

11 0.071 ± 0.622 0.094 0.206* 0.079 0.056 −0.009 0.246* 0-back

14 0.130 ± 0.407 −0.112 −0.123 0.035 0.080 −0.073 0.267* 0-back

15 0.089 ± 0.464 −0.132 −0.120 −0.001 −0.005 −0.030 0.299* 0-back

17 0.065 ± 0.492 0.157 0.027 0.020 −0.049 −0.240* −0.071 0-back

19 0.052 ± 0.643 0.212* 0.082 0.013 0.034 −0.288* −0.076 0-back

23 0.138 ± 0.586 0.051 0.056 −0.041 −0.062 −0.250* 0.305* 0-back

3 0.181 ± 0.581 0.282* 0.117 0.087 0.019 0.161 0.220 1-back

4 0.132 ± 0.633 0.309* 0.056 0.008 0.016 0.001 −0.049 1-back

11 0.040 ± 0.513 −0.229 0.001 0.024 0.159 −0.256* −0.160 1-back

12 0.125 ± 0.569 −0.175 0.036 −0.106 −0.115 −0.253* −0.102 1-back

13 0.100 ± 0.491 0.247* 0.041 0.035 0.119 0.033 −0.005 1-back

16 0.090 ± 0.435 −0.109 −0.019 −0.124 −0.108 −0.223* 0.026 1-back

17 0.126 ± 0.661 0.253* 0.083 0.100 0.022 0.072 0.143 1-back

18 0.073 ± 0.483 0.321* 0.183 −0.138 −0.048 0.043 0.099 1-back

19 0.087 ± 0.551 0.299* −0.035 −0.086 −0.128 −0.170 0.150 1-back

23 0.118 ± 0.597 0.104 0.004 0.086 0.010 −0.237* 0.022 1-back

4 0.155 ± 0.604 0.139 0.315* −0.016 0.060 0.143 0.174 2-back

5 0.229 ± 0.838 0.125 0.062 0.088 0.230* 0.082 0.157 2-back

10 0.166 ± 0.832 −0.031 −0.139 0.008 0.062 −0.240* 0.125 2-back

23 0.138 ± 0.586 0.008 −0.053 0.057 0.045 0.115 0.263* 2-back

22 0.065 ± 0.407 0.010 −0.160 −0.032 −0.074 0.053 −0.262* 2-back

Ch, channel; HbO2, oxygenated hemoglobin; MGS, maximal grip strength; NGS, normalized grip strength; 30SUP, 30-s sit-up; 30NSUP, 30-s normalized sit-up; RT, reaction time; ACC, 
accuracy, the covariates were age and sex, *p < 0.05.

FIGURE 4

Schematic diagram of mediation.
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and further explored whether cortical hemodynamics during N-back 
task mediated the relationship between muscle strength and WM 
performance. We observed that muscle strength (particularly grip 
strength) predicted WM of older adults in this cross-sectional study, 
which validated our hypothesis and expanded on previous research 
findings. Studies demonstrated that grip strength predicted executive 
function decline in patients with mild cognitive impairment (Herold 
et al., 2022). Other cross-sectional studies showed that grip strength 
and lower limb strength also predicted cognitive impairment 
(Veronese et al., 2016; Chou et al., 2019). Previous research revealed 
that grip strength was positively linked to cognitive functions such as 
WM, language fluency, and word recall (Ruan et al., 2020).

The reason why grip strength predicted working memory might 
be the control of muscles by the nervous system. Grip strength was 
influenced not only by muscle volume but also by the central nervous 
system, conversely, neurologic deterioration not only contributed to 
cognitive decline but might also be a factor in strength loss (Tian, 2020). 
This was consistent with the findings of the present study, where 

we found that greater muscle strength was associated with higher levels 
of activation in specific regions of the PFC and better WM performance. 
The greater the muscle strength, the stronger the activity of L-DLPFC 
at a low WM load (i.e., 0-back). At moderate, high WM load (i.e., 1-, 
2-back), the greater the muscle strength, the more active areas 
(R-DLPFC, L-DLPFC, R-FPA, and L-FPA). Some studies suggested that 
the PFC played a crucial role in high grip strength performance, 
indicating that it may be the connection between grip strength and 
executive function (Dai et al., 2001). A systematic review found that 
resistance exercise improved brain function, particularly changes in the 
PFC, accompanied by improvements in executive function (Herold 
et al., 2019). Our findings further validated that a certain level of muscle 
strength was beneficial for brain health.

Furthermore, our finding that higher WM load was associated 
with fewer activation areas supported our hypothesis and was 
consistent with the compensation-related utilization of the neural 
circuit hypothesis, which suggested that older adults showed over-
activations at a lower WM load, and under-activations at a higher 

TABLE 4 Mediation model test of Hb.

Path 
mode

Path A Path B Path C′

Coefficient t p Coefficient t p Coefficient t p

S-8-RT0 −0.253 2.756 0.006 0.117 0.144 0.480 −0.431 5.376 <0.001

S-8-ACC0 −0.255 2.727 0.006 −0.046 0.421 0.674 0.262 2.221 0.026

S-14-RT0 −0.239 2.165 0.031 0.268 1.318 0.188 −0.401 5.670 <0.001

S-14-ACC0 −0.240 2.145 0.032 0.119 1.559 0.119 0.305 2.233 0.026

S-20-ACC0 0.021 0.032 0.749 0.258 2.506 0.012 0.254 2.224 0.026

S-20-RT0 0.231 2.092 0.037 −0.231 1.272 0.203 −0.412 6.362 <0.001

S-22-ACC0 −0.203 1.627 0.104 0.005 0.068 0.946 0.198 2.316 0.021

S-22-RT0 −0.195 1.506 0.132 0.201 1.475 0.140 −0.381 5.732 <0.001

S-1-RT0 −0.096 0.922 0.357 −0.094 1.187 0.235 −0.428 7.131 <0.001

S-1-ACC0 −0.102 0.825 0.410 0.043 0.448 0.654 0.264 2.505 0.012

S-23-ACC0 −0.021 0.204 0.839 −0.024 0.880 0.556 0.246 2.077 0.038

S-23-RT0 −0.022 0.198 0.843 0.022 0.150 0.881 −0.420 6.939 <0.001

S-9-RT1 0.055 0.651 0.515 −0.323 2.387 0.017 −0.479 5.981 <0.001

S-9-ACC1 0.049 0.654 0.513 0.227 3.271 0.001 0.458 7.204 <0.001

S-20-RT1 0.264 3.245 0.001 −0.189 1.422 0.155 −0.417 5.186 <0.001

S-20-ACC1 0.242 2.567 0.010 0.166 1.538 0.124 0.407 6.158 <0.001

S-1-RT1 0.013 0.084 0.933 −0.169 1.669 0.095 −0.463 4.852 <0.001

S-1-ACC1 −0.087 0.665 0.060 −0.050 0.424 0.671 0.444 5.682 <0.001

S-23-RT1 −0.036 0.299 0.765 −0.084 0.626 0.531 −0.467 6.434 <0.001

S-23-ACC1 −0.029 0.266 0.790 0.110 1.097 0.273 0.453 6.733 <0.001

S-20-ACC2 0.098 0.644 0.520 0.132 1.723 0.085 0.385 4.126 <0.001

S-22-ACC2 −0.050 0.272 0.786 0.131 1.356 0.175 0.406 4.256 <0.001

S-5-ACC2 −0.092 0.490 0.624 0.015 0.134 0.893 0.401 4.020 <0.001

S-10-ACC2 −0.068 0.422 0.673 −0.007 0.061 0.951 0.399 4.185 <0.001

S-13-ACC2 −0.340 1.726 0.084 0.001 0.010 0.992 0.399 3.663 <0.001

S-17-ACC2 −0.215 1.097 0.273 0.037 0.369 0.712 0.407 3.892 <0.001

S, muscle strength; Arabic numerals, channel number; RT0, reaction time during 0-back; RT1, reaction time during 1-back; RT2, reaction time during 2-back; ACC0, accuracy during 0-back; 
ACC1, accuracy during 1-back; ACC2, accuracy during 2-back; Path A, muscle strength predicted the task-related hemodynamics; Path B, the task-related hemodynamics predicted working 
memory; Path C′, muscle strength predicted working memory.
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WM load (Cappell et al., 2010). Previous research found that higher 
levels of oxyhemoglobin concentration in the PFC of older adults 
during cognitive tasks were associated with better cognitive 
performance, particularly in the DLPFC, which was closely linked 
to WM (Bierre et al., 2017). Additionally, studies showed that the 
level of PFC activation increased with increasing WM load in older 
adults, and then tended to stabilize or decrease (Mattay et al., 2006). 
Older adults exhibited greater DLPFC activation than younger 
adults during WM tasks (Turner and Spreng, 2012), and meta-
analysis showed that when young people and older adults had the 
same cognitive performance, young people exhibited greater 
activity in L-VLPFC, while older people exhibited greater activity 
in L-DLPFC (Spreng et al., 2010). These findings suggested that 
older adults could compensate for cognitive performance by 
activating more task-related brain regions, supporting the 
assumption of a positive neurobiobehavioral relationship between 
cortical hemodynamics and cognitive performance.

Our study found cortical hemodynamics during N-back tasks did 
not mediate the relationship between muscle strength and WM 
performance. This was consistent with Herold’s work, which found 
that cortical hemodynamics during Sternberg task did not mediate the 
relationship between grip strength and WM in young adults (Herold 
et al., 2021). It suggested that the reason for the absence of a mediation 
effect could be  related to the absence of a significant correlation 
between grip strength and WM, which was contrary to the results of 
the present study. The relationship between grip strength and higher 
cognitive functions has been demonstrated in both young (Kuwamizu, 
2021) and older adults (Cui et al., 2021). The different results of the 
two studies may be due to different cognitive tests or differences in the 
participants. The reason for the absence of a mediation effect in this 
study was that although we observed significant correlations between 
task-related hemodynamics and muscle strength, and WM, these 
correlations were only in a few channels observed, and the correlation 
coefficient was very small (Table 8).

TABLE 5 Mediation model test of HbO2.

Path 
mode

Path A Path B Path C′

Coefficient t p Coefficient t p Coefficient t p

S-15-RT0 −0.043 0.507 0.612 0.013 0.164 0.870 −0.462 8.026 <0.001

S-15-ACC0 −0.053 0.612 0.541 0.038 0.527 0.598 0.264 2.798 0.005

S-10-RT0 −0.108 1.178 0.239 −0.103 0.078 0.188 −0.474 7.520 <0.001

S-10-ACC0 −0.157 1.676 0.094 0.074 0.900 0.368 0.273 2.727 0.006

S-19-RT0 0.223 1.622 0.105 −0.158 1.945 0.052 −0.426 6.245 <0.001

S-19-ACC0 0.111 0.615 0.539 −0.024 0.241 0.809 0.260 2.574 0.01

S-23-RT0 −0.012 0.112 0.911 −0.076 0.700 0.484 −0.421 7.242 <0.001

S-23-ACC0 −0.011 0.103 0.918 −0.086 1.598 0.110 0.261 2.730 0.006

S-17-RT0 0.219 1.970 0.049 −0.091 0.969 0.332 −0.401 6.148 <0.001

S-17-ACC0 0.220 1.935 0.053 −0.017 0.167 0.868 0.266 2.628 0.009

S-2-RT1 0.134 1.223 0.221 −0.141 0.778 0.437 −0.441 4.914 <0.001

S-2-ACC1 0.159 1.484 0.138 0.190 1.801 0.072 0.419 5.762 <0.001

S-12-RT1 0.149 1.403 0.161 0.285 2.187 0.029 −0.506 7.741 <0.001

S-12-ACC1 0.144 1.409 0.159 −0.024 0.236 0.813 0.453 6.550 <0.001

S-22-ACC1 0.055 0.377 0.707 0.003 0.029 0.977 0.449 6.957 <0.001

S-19-RT1 0.223 1.657 0.098 −0.158 1.966 0.049 −0.426 6.389 <0.001

S-19-ACC1 0.072 0.749 0.454 0.077 0.627 0.531 0.444 6.751 <0.001

S-14-ACC2 0.009 0.071 0.944 −0.081 1.230 0.219 0.400 4.559 <0.001

S-15-ACC2 −0.005 0.054 0.957 −0.028 0.517 0.605 0.399 4.573 <0.001

S-20-ACC2 −0.013 0.113 0.91 −0.069 0.910 0.363 0.398 4.379 <0.001

S-16-ACC2 0.013 0.104 0.917 −0.026 0.267 0.790 0.400 4.393 <0.001

S-4-ACC2 −0.054 0.289 0.773 −0.053 0.687 0.492 0.396 4.072 <0.001

S-5-ACC2 0.087 0.517 0.605 −0.085 1.118 0.264 0.406 3.836 <0.001

S-10-ACC2 −0.046 0.280 0.780 −0.096 1.190 0.234 0.394 3.994 <0.001

S-17-ACC2 −0.068 0.403 0.687 −0.119 1.760 0.079 0.391 4.118 <0.001

S-17-ACC2 0.151 0.803 0.422 −0.025 0.319 0.750 0.402 4.031 <0.001

S-19-ACC2 0.077 0.642 0.521 0.076 0.981 0.327 0.393 4.411 <0.001

S, muscle strength; Arabic numerals, channel number; RT0, reaction time during 0-back; RT1, reaction time during 1-back; RT2, reaction time during 2-back; ACC0, accuracy during 0-back; 
ACC1, accuracy during 1-back; ACC2, accuracy during 2-back; Path A, muscle strength predicted the task-related hemodynamics; Path B, the task-related hemodynamics predicted working 
memory; Path C′, muscle strength predicted working memory.
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TABLE 6 Hb mediation analysis.

Path model Direct effect Indirect effect Total effect

c′ 95%CI a*b 95%CI c 95%CI

S-8-RT0 −0.431 −0.562, -0.237 −0.03 −0.142, 0.029 −0.461 −0.560, −0.313

S-20-RT0 −0.412 −0.518, −0.265 −0.053 −0.205, 0.026 −0.465 −0.005, −0.556

S-22-RT0 −0.381 −0.483, −0.202 −0.039 −0.208, 0.007 −0.42 −0.518, −0.286

S-1-RT0 −0.428 −0.528, −0.286 0.009 −0.012, 0.051 −0.419 −0.517, −0.276

S-23-RT0 −0.420 −0.525, 0.284 0 −0.101, 0.022 −0.42 −0.516, −0.286

S-9-RT1 −0.479 −0.623, −0.315 −0.018 −0.096, 0.017 −0.497 −0.623, −0.323

S-9-ACC1 0.458 0.316, 0.527 0.011 −0.014, 0.052 0.469 0.332, 0.578

S-20-RT1 −0.417 −0.481, 0.026 −0.054 −0.176, 0.006 −0.471 −0.596, −0.297

S-20-ACC1 0.407 0.273, 0.525 0.040 −0.007, 0.123 0.447 0.304, 0.569

S-1-RT1 −0.463 −0.592, −0.195 −0.002 −0.074, 0.052 −0.465 −0.597, −0.182

S-1-ACC1 0.444 0.219, 0.561 0.004 −0.022, 0.077 0.448 0.243, 0.559

S-23-RT1 −0.467 −0.590, −0.301 0.003 −0.038, 0.043 −0.464 −0.592, −0.299

S-23-ACC1 0.453 0.306, 0.572 −0.003 −0.028, 0.018 0.450 0.302, 0.563

S-20-ACC2 0.385 0.152, 0.530 0.013 −0.023, 0.082 0.398 0.163, 0.536

S-22-ACC2 0.406 0.211, 0.569 −0.006 −0.075, 0.035 0.400 0.210, 0.543

S-5-ACC2 0.401 0.182, 0.568 −0.001 −0.062, 0.030 0.400 0.182, 0.546

S-10-ACC2 0.399 0.187, 0.561 0 −0.035, 0.054 0.399 0.184, 0.541

S-13-ACC2 0.399 0.146, 0.583 0 −0.076, 0.084 0.399 0.179, 0.536

S-17-ACC2 0.407 0.172, 0.577 −0.008 −0.086, 0.032 0.399 0.182, 0.538

S, muscle strength; Arabic numerals, channel number; RT0, reaction time during 0-back; RT1, reaction time during 1-back; RT2, reaction time during 2-back; ACC0, accuracy during 0-back; 
ACC1, accuracy during 1-back; ACC2, accuracy during 2-back; c′, direct effect; a*b, indirect effect; c, total effect.

TABLE 7 HbO2 mediation analysis.

Path model Direct effect Indirect effect Total effect

c′ 95%CI a*b 95%CI c 95%CI

S-20-RT0 −0.474 −0.578, −0.325 0.011 −0.006, 0.060 −0.463 −0.007, −0.561

S-19-RT0 −0.426 −0.539, −0.268 −0.035 −0.108, 0.002 −0.461 −0.559, −0.305

S-19-ACC0 0.260 −0.020, 0.420 −0.003 −0.005, 0.030 0.257 0.008, 0.407

S-23-RT0 −0.421 −0.520, −0.291 0.001 −0.020, 0.034 −0.420 −0.521, −0.285

S-17-RT0 −0.401 −0.509, −0.254 −0.020 −0.081, 0.013 −0.421 −0.519, −0.289

S-17-ACC0 0.266 −0.006, 0.424 −0.004 −0.059, 0.040 0.262 0.005, 0.410

S-2-RT1 −0.441 −0.591, −0.220 −0.019 −0.120, 0.024 −0.460 −0.593, −0.271

S-2-ACC1 0.419 0.251, 0.540 0.030 −0.003, 0.105 0.449 0.307, 0.557

S-12-RT1 −0.506 −0.617, −0.359 0.043 −0.013, 0.155 −0.463 −0.592, −0.302

S-12-ACC1 0.453 0.300, 0.574 −0.004 −0.047, 0.026 0.449 0.305, 0.560

S-22-ACC1 0.449 0.307, 0.559 0 −0.028, 0.032 0.449 0.305, 0.553

S-19-RT1 −0.426 −0.536, −0.263 −0.035 −0.115, 0.003 −0.461 −0.553, −0.310

S-19-ACC1 0.444 0.301, 0.555 0.003 −0.012, 0.065 0.447 0.307, 0.555

S-14-ACC2 0.400 0.177, 0.540 −0.001 −0.038, 0.023 0.399 0.175, 0.533

S-15-ACC2 0.399 0.174, 0.537 0 −0.013, 0.017 0.399 0.182, 0.537

S-20-ACC2 0.398 0.162, 0.534 0.001 −0.021, 0.039 0.399 0.165, 0.538

S-16-ACC2 0.400 0.165, 0.544 0 −0.035, 0.026 0.400 0.166, 0.543

S-4-ACC2 0.396 0.139, 0.545 0.003 −0.023, 0.058 0.399 0.152, 0.546
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Limitations

Although our findings are intriguing, this study has certain 
limitations that require further discussion. Firstly, the population under 
investigation comprised older adults residing in nursing homes. Given 
their age, their brain may have experienced some degree of atrophy. The 
characteristics of this research population restrict the generalizability of 
our results. Future research should seek to validate these findings in 
relatively younger older adults residing in the community. Secondly, 
while our sample size met the required standards, it was relatively small. 
Finally, heart disease, diabetes, hypertension, education level, and other 
factors may affect the results of the study, which should be considered 
as confounding factors in future research.

Conclusion

The study showed a positive correlation between muscle strength, 
particularly grip strength, and WM in older adults. Higher levels of grip 
strength were associated with better WM performance. Furthermore, 
greater muscle strength was linked to increased activation in the 
prefrontal cortex during N-back task, indicating that muscle strength 
had a positive influence on brain health. It can be  inferred that an 
increase in muscle strength was associated with prefrontal cortex 
activation, thereby promoting positive effects on brain health.
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Table 8 Correlation between muscle strength and working memory performance in older adults.

RT0 ACC0 RT1 ACC1 RT2 ACC2

MGS −0.29*** 0.29** −0.45*** 0.40*** −0.40** 0.33**

NGS −0.24* 0.28* −0.44*** 0.33** −0.37** 0.32**

30SUP −0.35** 0.39*** −0.26* 0.42*** 0.11 0.32**

30NSUP −0.22* 0.2 0.09 0.25* 0.15 0.19

RT0,0-back reaction time; ACC0, 0-back accuracy; RT1, 1-back reaction time; ACC1, 1-back accuracy; RT2, 2-back reaction time; ACC2, 2-back accuracy; GS, grip strength; MGS, maximal 
grip strength; NGS, normalized grip strength; 30SUP, 30-s sit-up; 30NSUP, 30-s normalized sit-up; *p < 0.05; **p < 0.01; ***p < 0.001.

Path model Direct effect Indirect effect Total effect

c′ 95%CI a*b 95%CI c 95%CI

S-5-ACC2 0.406 0.087, 0.561 −0.007 −0.069, 0.016 0.399 0.085, 0.547

S-10-ACC2 0.394 0.090, 0.537 0.004 −0.039, 0.055 0.398 0.102, 0.538

S-13-ACC2 0.391 0.153, 0.539 0.008 −0.042, 0.068 0.399 0.161, 0.543

S-17-ACC2 0.402 0.155, 0.563 −0.004 −0.067, 0.024 0.398 0.146, 0.547

S-19-ACC2 0.393 0.181, 0.539 0.006 −0.008, 0.059 0.399 0.175, 0.539

S, muscle strength; Arabic numerals, channel number; RT0, reaction time during 0-back; RT1, reaction time during 1-back; RT2, reaction time during 2-back; ACC0, accuracy during 0-back; 
ACC1, accuracy during 1-back; ACC2, accuracy during 2-back; c′, direct effect; a*b, indirect effect; c, total effect.
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Directed functional connectivity 
of the sensorimotor system in 
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Neurology and Center of Clinical Neuroscience, Charles University, Prague, Czechia

Introduction: Studies in the sensorimotor system of older versus young individuals 
have shown alterations in functional connectivity and organization. Our objective 
was to explore the implications of these differences in terms of local organizations, 
and to identify processes that correlate with neuropsychological parameters.

Methods: Using a novel multivariate analysis method on resting-state functional 
MRI data obtained from 50 young and 31 older healthy individuals, we identified 
directed 4-node functional pathways within the sensorimotor system and 
examined their correlations with neuropsychological assessments.

Results: In young individuals, the functional pathways were unidirectional, flowing 
from the primary motor and sensory cortices to higher motor and visual regions. 
In older individuals, the functional pathways were more complex. They originated 
either from the calcarine sulcus or the insula and passed through mutually coupled 
high-order motor areas before reaching the primary sensory and motor cortices. 
Additionally, the pathways in older individuals that resembled those found in young 
individuals exhibited a positive correlation with years of education.

Discussion: The flow pattern of young individuals suggests efficient and fast 
information transfer. In contrast, the mutual coupling of high-order motor regions in 
older individuals suggests an inefficient and slow transfer, a less segregated and a more 
integrated organization. The differences in the number of sensorimotor pathways 
and of their directionality suggests reduced efferent degenerated pathways and 
increased afferent compensated pathways. Furthermore, the positive effect of years 
of education may be associated with the Cognitive Reserve Hypothesis, implying that 
cognitive reserve could be maintained through specific information transfer pathways.

KEYWORDS

aging, functional connectivity, multivariate analysis, neuropsychological tests, 
dedifferentiation, the impaired GABA theory

1. Introduction

The sensorimotor system refers to the complex network of structures and processes involved 
in sensing, perceiving, and controlling movements. With advancing age, the sensorimotor 
system undergoes various changes, resulting in difficulties in sensory perception, motor control, 
balance, posture, motor learning, and sensorimotor integration (Varangis et al., 2019; Frolov 
et al., 2020). The aging process is influenced by a combination of genetic, environmental, and 
lifestyle factors, and several strategies have been studied to slow down the aging process, such 
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as regular exercise (Rebelo-Marques et  al., 2018), healthy diet, 
adequate sleep (Taillard et al., 2021), stress management (Yegorov 
et al., 2020), social connections (Van Orden et al., 2021) and mental 
stimulation (Christie et al., 2017). Multiple macro-scale studies have 
demonstrated changes in connectivity with age, which can affect the 
functional communication between different brain regions and 
contribute to age-related cognitive changes. These changes encompass 
alterations in structural connectivity, functional connectivity, 
compensation mechanisms, and disrupted interhemispheric 
connectivity (Damoiseaux, 2017).

In this study, our aim is to qualitatively compare the macroscopic 
directed functional connectivity of the sensorimotor system between 
young and older individuals. Specifically, our objectives are:

(i) To explore the implications of lower segregation, increased 
integration, and functional dedifferentiation in terms of the differences 
in local organizations observed in the sensorimotor system of older 
vs. young individuals (Goh, 2011; Deery et al., 2023). (ii) To identify 
processes in older individuals that correlate with neuropsychological 
parameters and to infer their effects on aging. This endeavor aims to 
unveil the neuronal underpinnings of neuropsychological behaviors 
through the exploration of directed processes, thereby enriching our 
comprehension of age-related phenomena. It is worth noting that 
corresponding scores for the younger individuals are regrettably 
unavailable. Furthermore, we aim to test and extend our understanding 
of the impaired GABA (gamma-aminobutyric acid) theory, which 
suggests that age-related changes in the brain’s primary inhibitory 
neurotransmitter system, the GABAergic system, contribute to the 
aging process and age-related cognitive decline (Stagg et al., 2014; 
Bachtiar et al., 2015).

To obtain precise estimates of directed connectivity, we recently 
introduced a multivariate analysis method that utilizes resting-state 
fMRI data. This approach enables the identification of interactions 
among four different anatomical regions and their directionality using 
phase coherence, allowing for the definition of functional directed 
couplings and pathways (Goelman and Dan, 2017; Goelman et al., 
2018, 2019, 2021a,b). Computer simulations of the Kuramoto model 
have been used to test the accuracy of this analysis (Goelman and 
Dan, 2017), and its applications to the human brain have 
been demonstrated.

Using resting-state functional MRI data from 50 healthy young 
and 31 healthy older individuals, we identified functional directed 
pathways of the sensorimotor system for each group separately. By 
combining these pathways, we were able to infer general directed flow 
diagrams for each group. Furthermore, we calculated and combined 
pathways that correlated with a battery of neuropsychological tests.

2. Materials and methods

2.1. Subjects

This study used data from young and old healthy participants who 
underwent fMRI measurements at two different sites using the same 
systems and identical protocols. The study was approved by the 
Hadassah Medical Center, Jerusalem, Israel, Ethics Committee and the 

Ethical Committee of the General University Hospital in Prague, 
Czech Republic. All participants provided written informed consent 
prior to inclusion in the study, which was carried out in compliance 
with the Declaration of Helsinki.

The young subject group: Fifty-two, healthy, young, undergraduate 
students at the Hebrew University of Jerusalem, Israel were recruited 
for this study. To exclude past or present psychiatric disorders, 
participants were evaluated by a clinical psychologist or a psychiatrist 
using the Structured Clinical Interview for DSM-IV (SCID-5-CV). 
Additional exclusion criteria were neurological disorders, and, for 
women, the use of hormonal contraceptives, pregnancy or 
breastfeeding. Two male subjects were excluded by these criteria, 
yielding a final sample of 20 men (age:23.9 ± 2.9 years) and 30 women 
(23.9 ± 2.4 years).

The old subject group: Forty elderly individuals were recruited 
from a community in Prague. Nine of them were excluded due to: 
severe atrophy or vascular lesions (n = 5), in-scanner motion (n = 3), 
or use of lithium (n = 1) which yielded a final sample of 31 individuals. 
The final group included 16 females (age 61.2 ± 6.4 years) and 15 males 
(65.2 ± 8.8 years). Exclusion criteria were a history of psychotic 
symptoms, depression, dementia or a cognitive state on the Montreal 
Cognitive Assessment <22 (Kopecek et al., 2017).

A segment of this dataset has been previously employed in distinct 
research endeavors, albeit with varying focuses. Notably, data from the 
younger subjects were utilized to explore emotional states (Dan et al., 
2019a, 2023) and the Default Mode Network (DMN; Goelman et al., 
2022), whereas data from the older subjects contributed to 
investigations related to both the DMN (Goelman et al., 2022) and 
Parkinson’s diseases (Dan et al., 2019b; Goelman et al., 2021a,b). All 
participants, in both groups, were right-handed according to the 
Edinburgh Handedness Inventory.

2.2. Neuropsychological tests of older 
subjects

Older individuals underwent a battery of neuropsychological 
assessments by an experienced neuropsychologist during a 
preliminary visit approximately 2  weeks before the MRI session. 
Depression symptoms were measured using the Beck Depression 
Inventory (BDI-II; Beck et al., 1996; Ciharova et al., 2020). Anxiety 
was measured using the Spielberger State–Trait Anxiety Inventory 
(STAI; Spielberger et  al., 1970). Apathy was assessed using the 
Starkstein Apathy Scale (AS; Starkstein et  al., 1992). MCI was 
estimated using MoCA (Nasreddine et al., 2005; Kopecek et al., 2017) 
and by a neuropsychological battery to measure cognitive functions 
(Litvan et  al., 2012; Bezdicek et  al., 2017; level II, comprehensive 
assessment, see Supplementary Table  1). Long-term memory was 
measured by Rey Auditory Verbal Learning Test, delayed recall 
(Bezdicek et al., 2014) and Brief Visuospatial Memory Test, revised, 
delayed recall (Benedict et  al., 1996; Havlík et  al., 2020). The 
visuospatial function was measured by the CLOX (Royall et al., 1998) 
and Judgment of Line Orientation (Woodard et  al., 1998). 
Psychomotor speed and working memory were measured by the Trail 
Making Test, part A (Bezdicek et al., 2012) and by the Digit span 
backwards from the Wechsler Adult Intelligence Scale, third revision 
(WAIS-III; Wechsler, 1997). The executive function was measured by 
the Tower of London (Michalec et al., 2014) and by semantic verbal Abbreviations: BOLD, Blood oxygenation level-dependent; fMRI, functional MRI.
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fluency (Nikolai et al., 2015). Language was measured by the Boston 
Naming Test, Czech version (Zemanová et al., 2016; Bezdicek et al., 
2021) and WAIS-III Similarities (Wechsler, 1997). The score on each 
test was transformed into a z-score using the Rankit formula (Solomon 
and Sawilowsky, 2009). Rankits denote the predicted values of order 
statistics derived from a sample extracted from the standard normal 
distribution, where the sample size aligns with that of the provided 
dataset. Among diverse sample sizes and distributions, Rankits have 
emerged as a notably accurate method. Consequently, they are 
considered the default choice for score normalization within the realm 
of social and behavioral sciences (Solomon and Sawilowsky, 2009). 
The z-scores of each domain were summarized for each individual to 
create summary scores, with a higher score indicating a better function.

Table  1 lists the participants’ demographic data and the 
neuropsychological evaluation tests. Supplementary Tables 3, 4 
provides further details on the neuropsychological Scores.

2.3. MRI data acquisition and preprocessing

MRI data of the young and old participants were acquired with 3 T 
MR scanners (Magnetom Skyra, Siemens, Germany) in the 
neuroimaging center of the Hebrew University of Jerusalem, Israel; and 

the Charles University in Prague, Czech Republic, respectively. At both 
locations, participants underwent a 10-min resting-state 
fMRI (rs-fMRI) during fixation on a visual crosshair, using the same 
MRI acquisition protocols. Functional images were acquired 
using a T2*-weighted gradient-echo, echo-planar imaging sequence 
with TR = 2 s, TE = 30 ms, image matrix = 64 × 64, field of 
view = 192 × 192 mm, flip angle = 90°, resolution = 3 × 3 × 3 mm, 
interslice gap = 0.45 mm. Each brain volume comprised 30 axial slices, 
and each functional run contained 300 image volumes. Anatomical 
images were acquired using a sagittal T1-weighted MP-RAGE sequence 
with TR = 2.2 s, TE = 2.43 ms, resolution = 1 × 1 × 1 mm. For the older 
participants’ group, T2-weighted images were collected as well, for 
diagnostic purposes, to exclude significant atrophy or any other 
pathological brain changes.

All functional MRI data underwent the following preprocessing 
using SPM12.1 Functional images were spatially realigned, 
coregistered to T1 anatomical images; slice-time corrected and 
normalized to MNI space. Further preprocessing was done in a 
CONN toolbox (Whitfield-Gabrieli and Nieto-Castanon, 2012). 

1 http://www.fil.ion.ucl.ac.uk/spm/software/spm12

TABLE 1 Demographic and neuropsychological characteristics.

Demographics and 
neuropsychology

Young mean  ±  SD (range; 
n  =  50)

Older mean (raw score)  ±  SD  
(range; n  =  31)

Age, years 23.9 ± 2.6 (19–28) 63.2 ± 7.89 (46–83)

Gender (male/female) 20/30 15/16

Education, years 14.1 ± 1.75 (12–20) 14.8 ± 3.5 (11–25)

BDI-II 6.9 ± 5.2 (0–19)

STAI-X1 (state) 32.7 ± 5.7 (20–47)

STAI-X2 (trait) 35.1 ± 8.2 (22–55)

Starkstein apathy scale 9.58 ± 4.4 (1–21)

MoCA 26.6 ± 2.2 (22–30)

Long-term memory

RAVLT-30 8.97 ± 2.5 (2–12)

BVMT-R 10.23 ± 1.70 (5–12)

Visuospatial function

Royall’s CLOX (CLOX I) 13.26 ± 1.15 (11–15)

Judgment of line orientation 24.65 ± 3.88 (11–29)

Psychomotor speed and working memory

Trail making test, part A 35.2 ± 9.1 (20–58)

WAIS-III digit span backwards 6.7 ± 2.2 (4–12)

Executive function

Tower of London 26.1 ± 4.1 (16–34)

Semantic fluency 65.6 ± 11.8 (38–93)

Language

WAIS-III similarities 23.7 ± 5.7(11–32)

Boston naming test 54.4 ± 6.5 (27–60)

Abbreviations: BDI-II, Beck Depression Inventory, second edition; BVMT-R, Brief Visuospatial Learning Test—Revised; CLOX, Royall’s Clock Drawing Test; STAI, Spielberger State–Trait 
Anxiety Inventory; MoCA, Montreal Cognitive Assessment; RAVLT, Rey Auditory Verbal Learning Test; WAIS-III, Wechsler Adult Intelligence Scale—Third Revision.
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Potential confounding effects were regressed out using the aCompCor 
method for anatomical component-based noise correction (Behzadi 
et  al., 2007). These included: (i) outlier scans, i.e., censoring/
scrubbing (Power et al., 2014). Outlier scans were identified based on 
the amount of individual’s motion in the scanner as measured by 
frame-wise displacement (FD) and global BOLD signals. Acquisitions 
with FD > 0.9 mm or global BOLD signal changes >5 standard 
deviations were considered outliers and removed by regression; (ii) 
the first five principal components (PCAs) of the CSF and white 
matter signals, to minimize the effects of physiological non-neuronal 
signals such as cardiac and respiratory signals; (iii) estimated 
individual’s motion parameters and their first-order derivatives (a 
total of 12 parameters); (iv) session effects: the potential effects of the 
beginning of the session were removed by a step function convolved 
with the hemodynamic response function, in addition to the linear 
BOLD signal trend. After regression of all potential confounding 
effects, temporal band-pass filtering (0.008–0.09 Hz) was performed. 
Note that we  did not apply global signal regression, due to its 
controversy. Global signal regression may introduce artifactual biases 
(Murphy et  al., 2009) and remove potentially meaningful neural 
components (Chai et  al., 2012). Instead, the aCompCor method 
(Behzadi et al., 2007) was applied to regress out the first 5 principal 
components (PCAs) of the CSF and white matter signals. This was 
done to minimize the effects of potential physiological non-neuronal 
signals such as cardiac and respiratory signals, without the risk of 
artificially introducing anticorrelations into the functional 
connectivity estimates.

2.4. Multivariate directed functional 
connectivity and correlations with 
behavioral tests

A detailed description of the analysis was presented in our 
previous publications (Goelman and Dan, 2017; Goelman et al., 2018, 
2019, 2021a,b), therefore, only the main points are summarized below. 
For a group of four weakly coupled BOLD temporal signals, with each 
signal corresponding to a different anatomical location, the analysis 
assumed that the phases contained temporal information of their 
mutual coupling. This coupling is expressed in terms of specific 
relations between the four phases, as we defined (Goelman and Dan, 
2017), and enables the definition of four-node pathways corresponding 
to information transfer among them. Here, we averaged over time and 
frequency, in the time-frequency wavelet space. Averaging over 
frequency was performed since in a preliminary study, no effect of 
frequency was found in the sensorimotor system. Note that 
we restricted the analysis to continuous, unidirectional pathways to 
define pathways among the four BOLD signals, i.e., pathways that 
started in one region and subsequently went through all the other 
regions. In this case, there were 24 possible pathways (listed in 
Supplementary Table 5). In this table, the four regions are symbolized 
by R1 to R4. By choosing pathways that were invariant to the choice 
of reference-phase (see below), we  guaranteed that all phase 
differences were below 2π (Goelman et al., 2021a,b), thus obtaining 
unbiased pathways.

For each participant (sub) and each pathway’s type (k), a binary 
pathway value (PW) was defined as “1” for the cases where phase 
differences were in line with the pathway and “0” for when they were 

not (for detailed explanation and illustration, see (Goelman, et al., 
2021a; Supplementary Figure 1 their):

 

( )
    1 4  

0       

 
=  
 

k
phases in line with the k pathway for all

reference phasesPW sub
phases not in line with the pathway

 
(1)

with ‘k’ = 1, 2… 24 corresponding to a pathway’s number in 
Supplementary Table 5, and “sub” a subject.

A group pathway index (PWI) was defined as:
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N
PW subk
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N
k� � �

�
�1

 
(2)

similar to the definition of the phase lag index (PLI; Stam et al., 
2007; Stam and van Straaten, 2012) but describing the coherence 
among four regions, while PLI describes the coherence between two 
regions. We further note that averaging the wavelet coherences among 
participants solved the intrinsic time-frequency uncertainty (Torrence 
and Compo, 1998; Torrence and Webster, 1999).

To identify the pathways in the old subject group that correlated 
with the nine neuropsychological tests listed in Table 1, we used a 
partial correlation model between PW subk � � of Equation 1 and each 
test, while statistically controlling for the contributions of all other 
tests, as well as for age, gender, years of education and the frame-wise 
displacement (FD). This enabled us to obtain the pathways that were 
uniquely affected by each of these tests. Furthermore, to estimate how 
essential were specific characteristics of the pathways such as their 
starting regions (see results), we counted the numbers of the pathways 
with these characteristics for each individual, and calculated the 
partial correlations of these sums while controlling for the effects of 
the other tests and parameters.

Multivariate wavelet calculations were performed with IDL 
version 8.2.0 (Exelis Visual Information Solutions, Inc.) using custom-
developed software. The complex Morlet wavelet functions were 
chosen for wavelet analysis because they have been shown to provide 
a good trade-off between time and frequency localization (Muller 
et al., 2004). We used 10 for the smallest scale, 2 for time resolution, 
and 21 scales to cover the entire frequency window. Wavelet software 
was provided by Torrence and Compo (1998) (Torrence and 
Webster, 1999).2

2.5. Method workflow

The method workflow consisted of the following steps:

 1. Region selection was performed using the Automated 
Anatomical Labeling (AAL) atlas (Tzourio-Mazoyer et  al., 
2002), which provided 90 cortical regions. The average BOLD 
signals were calculated for each individual from each region.

2 http://paos.colorado.edu/research/wavelets
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 2. To assess the occurrence of these 90 ROIs in sensorimotor 
pathways, two preselected sensorimotor regions were chosen, 
and all possible four-node pathways were calculated by 
combining these regions with the third and fourth nodes taken 
from the other 88 AAL ROIs. This resulted in a total of 7,832 
pathways. The preselected nodes were the primary sensory and 
primary motor cortexes of the dominant hemisphere (left).

 3. The number of times each of these 88 ROIs appeared within 
significant pathways (ROI’s rate) was counted separately for the 
young and older subject groups. Nine regions that were 
common to both groups and had a high rate were selected.

 4. Four-node pathways were calculated for each group separately, 
considering all possible combinations (330 in total, 11 4C ) of the 
selected nine ROIs and the two preselected nodes.

 5. The pathways identified in step 4 for the older individuals were 
examined for significant correlations with the 
neuropsychological tests.

 6. To determine whether pathways in older individuals were 
similar to those in young individuals, the number of “similar” 
pathways was partially correlated with each parameter listed in 
Table 1 (see result “Education affects pathway’ characteristic”).

2.6. Statistical analysis

We employed permutation non-parametric tests to calculate the 
null distributions of Equation 2. The null distributions were obtained 
using rs-fMRI signals from specific regions of interest (ROIs) selected 
based on a preliminary study that indicated their high occurrence in 
sensorimotor pathways. The chosen ROIs were the primary motor, 
primary sensory, supplementary motor area of the left hemisphere, 
and the Rolandic operculum of the right hemisphere, as defined by the 
AAL atlas.

To ensure uncoupling, we utilized a random number generator to 
select regions from different participants. This process was repeated 
10,000 times, and Equation 2 was computed for each group separately. 
The lowest value of p attainable with 10,000 calculations is 0.0001, thus 
establishing our cutoff at uncorrected p < 0.0001. In the young group, 
this value corresponded to PWI k = 0 15. , while in the older subject 
group, it was PWI k = 0 17. .

It is important to note that in method workflow step 2, where the 
four-node pathways were calculated 7,832 times, the cutoffs were not 
corrected for multiple comparisons. However, this step served solely 
as a guide for ROI selection. In method workflow step numbers four 
and five, where pathways were calculated 330 times, we applied the 
Bonferroni correction for multiple comparisons, resulting in cutoffs 
below pcor < 0 05. . It is worth mentioning that we used the same 
uncorrected value of p of 10 4− for the partial correlation in step five. 
As for the correlation in step six, the correlation was performed only 
once, eliminating the need for correction. For this step, significant 
results were considered at p < 0.05.

2.7. Pathway’s directionality

To determine the direction of coupling in the ranked pathways 
presented in Supplementary Table 5, we made assumptions regarding 

the signal transfer direction, specifically whether the signal flowed 
from right to left or from left to right. This is a common consideration 
in coherent studies and depends on a reference phase, which is an 
intrinsic factor of the system. Since our pathways were defined for a 
group, it was necessary for the reference phase to be consistent across 
all datasets within the group. Therefore, all datasets in a group needed 
to be  acquired using the same system. Once this factor was 
determined, it was applied to all pathways within the group since it 
was common to all participants (Stam and van Straaten, 2012).

To infer directionality, we needed to identify a pathway whose 
directionality was known or could be  assumed. Following the 
methodology of our previous studies (Goelman and Dan, 2017; 
Goelman et al., 2018, 2019, 2021a,b), we calculated thalamocortical 
pathways using Equation 2, assuming that the majority of pathways in 
the resting-state were bottom-up. For these calculations, the 
preselected regions were the left thalamus, left primary motor cortex, 
and left primary sensory cortex, focusing on the motor system of the 
dominant hemisphere. The fourth region consisted of rs-fMRI voxels, 
utilizing all 3D image voxels. The null distribution of these cases 
indicated that PWI k = 0 2.  corresponded to cluster-size corrected with 
p ~ 0.001 (Goelman et  al., 2021b). Our findings revealed that the 
majority of the undirected pathways were either “Thalamus-M1-S1-X” 
or “Thalamus-S1-M1-X,” with “X” representing clusters in the motor 
system or frontal areas (Goelman et al., 2021a,b). Based on bottom-up 
processes, we  inferred left-to-right directionality in the pathways 
presented in Supplementary Table 5 for the older group and right-to-
left directionality in the pathways for the young group. These 
directionality assumptions were applied consistently to all pathways 
in this study.

3. Results

3.1. ROI’s selection

Using the non-parametric (uncorrected) cutoffs for permutation 
analysis, we  conducted calculations to determine sensorimotor 
pathways. These pathways consisted of the primary sensory and motor 
regions in the left hemisphere, along with any of the other 88 AAL 
ROIs for the third and fourth nodes of the pathways. Our analysis 
resulted in 434 pathways for older individuals and 185 pathways for 
young individuals. Figure 1 illustrates the occurrences of ROIs in these 
pathways, revealing significant differences between the two age groups 
in the regions involved.

For the young individuals, the regions with the highest occurrence 
rates were the right anterior cingulate cortex, right Heschel gyrus, 
right insula, and bilateral Rolandic operculum. On the other hand, the 
regions with the highest occurrence rates for older individuals were 
the left calcarine sulcus, left middle cingulate cortex, right insula, 
bilateral Rolandic operculum, and right supramarginal gyrus. The 
Rolandic operculum and insula were common regions observed in 
both age groups.

To simplify the calculations, facilitate interpretations, enable 
group comparisons, and reduce the number of comparisons, 
we selected nine ROIs with high or moderate occurrence rates in both 
groups. These ROIs were combined with the primary motor and 
sensory regions for the calculations of the four-node pathways in both 
groups. In other words, we calculated all possible permutations of 
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these 11 ROIs, resulting in 330 pathways. The following ROIs were 
chosen: left calcarine sulcus, left middle cingulate cortex (MCC), 
bilateral insula, right lingual gyrus, bilateral Rolandic operculum, left 
supplementary motor area (SMA), and right supramarginal gyrus.

3.2. The young subjects’ group

Table 2 presents a list of the 42 pathways that exhibited significance 
in young individuals. Among these pathways, 28 initiated from the 
primary motor cortex, while 10 originated from the primary sensory 
cortex. Notably, 20 pathways terminated in the insula. To create an 
estimated flow diagram consolidating these pathways, certain 
considerations were made. Firstly, it was acknowledged that these 
pathways represented functional connections rather than precise 
anatomical connections and second, that they were assumed to be strictly 
unidirectional. Consequently, we applied linear arguments to merge 
pathways together. For instance, the pathways “A → B → C → D” and 
“B → C → D → E” were merged into the pathway “A → B → C → D → E”. 
Similarly, the pathways “A → B → C → D” and “A → B → D → C” were 
combined into “A → B → [C↔D]”, indicating bidirectional 
communication. By employing such inferences, we derived a generalized 
resting-state sensorimotor flow for young individuals from the 
information in Table 2, as depicted in Figure 2A. To elucidate, these 
assumptions are linear in nature and were applied to the directed four-
node pathways, potentially resulting in partial accuracy. This flow pattern 
suggested a feedforward progression that initiated from the primary 
motor and sensory cortices, traversed the Rolandic operculum and 
insula, and reached either the cingulate or calcarine sulcus. This direct 
and feedforward flow is anticipated to be rapid in nature.

3.3. The older subjects’ group

Table 3 lists the 135 pathways that demonstrated significance 
in older individuals. Among these pathways, 57 originated from 

the insula, 30 from the calcarine sulcus, 19 from the middle 
cingulate cortex, and 17 from the supramarginal gyrus. Notably, 
55 pathways terminated in the primary motor area, while 51 
pathways ended in the primary sensory area. The complexity of 
the flow depicted in Table 3 made it challenging to infer a single 
flow diagram that encompassed all pathways.

Figure 2B represents a suggested flow diagram that aligns with the 
majority of pathways presented in Table 3. It reveals a predominantly 
bidirectional network involving the Rolandic operculum, 
supplementary motor area (SMA), supramarginal gyrus, middle 
cingulate cortex (MCC), and insula. This organization suggests a less 
specific arrangement, often referred to as “dedifferentiation,” with 
information flow likely occurring at a slower pace. Furthermore, the 
directionality of the flow generally opposes that observed in young 
individuals. In this case, the flow terminates in the sensorimotor 
regions while commencing from various locations throughout 
the brain.

3.4. Correlation with neuropsychological 
assessments

Figure  3 displays the number of pathways in the older 
individuals exhibiting significant positive correlations with 
neuropsychological assessments. Only a small number of pathways 
(less than 6) were found to have a negative correlation. Among the 
positive correlations, the assessments of apathy and psychomotor-
speed-and-working-memory (SWM), exhibited a high number of 
pathways. Detailed information regarding these pathways can 
be  found in Supplementary Tables 6, 7, which highlight their 
intricate nature.

Regarding apathy, a total of 48 pathways were identified. Among 
them, 18 pathways originated from the insula, eight from the middle 
cingulate cortex (MCC), and eight from the primary motor cortex 
(M1). Figure 4A presents a flow diagram that summarizes the majority 
of pathways associated with apathy. It illustrates a complex information 

FIGURE 1

The occurrence of Automated Anatomical Labeling (AAL) regions in directed functional four-node pathways of the young and older subject groups. 
These pathways were calculated using two predefined nodes: the primary motor and primary sensory cortexes. The x-axis of the graph represents the 
AAL region numbers.
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TABLE 2 List of pathways identified in the young subject group.

Region 1 Region 2 Region 3 Region 4

Precentral_L Rolandic_Oper_L Rolandic_Oper_R Insula_L

Precentral_L Rolandic_Oper_L Rolandic_Oper_R Insula_R

Precentral_L Rolandic_Oper_L Supp_Motor_Area_L Insula_R

Precentral_L Postcentral_L Insula_R Insula_L

Precentral_L Postcentral_L Rolandic_Oper_L Insula_L

Precentral_L Postcentral_L Rolandic_Oper_L Insula_R

Precentral_L Postcentral_L Rolandic_Oper_R Insula_R

Precentral_L Rolandic_Oper_L Insula_L Insula_R

Precentral_L Rolandic_Oper_R Insula_L Insula_R

Precentral_L Supp_Motor_Area_L Insula_L Insula_R

Precentral_L Rolandic_Oper_R Insula_R Insula_L

Precentral_L Rolandic_Oper_R Rolandic_Oper_L Insula_L

Precentral_L Rolandic_Oper_R Rolandic_Oper_L Insula_R

Precentral_L Supp_Motor_Area_L Rolandic_Oper_R Insula_R

Precentral_L Rolandic_Oper_L Insula_L Precentral_L

Precentral_L Rolandic_Oper_R Insula_L Cingulum_Mid_L

Precentral_L Rolandic_Oper_L Insula_R Cingulum_Mid_L

Precentral_L Rolandic_Oper_R Insula_R Cingulum_Mid_L

Precentral_L Insula_L Insula_R Cingulum_Mid_L

Precentral_L Postcentral_L Rolandic_Oper_L SupraMarginal_R

Precentral_L Postcentral_L Rolandic_Oper_R SupraMarginal_R

Precentral_L Rolandic_Oper_L Rolandic_Oper_R SupraMarginal_R

Precentral_L Rolandic_Oper_L Lingual_R Calcarine_L

Precentral_L Rolandic_Oper_R Lingual_R Calcarine_L

Precentral_L Supp_Motor_Area_L Lingual_R Calcarine_L

Precentral_L Postcentral_L Insula_R Supp_Motor_Area_L

Precentral_L Postcentral_L Rolandic_Oper_L Rolandic_Oper_R

Precentral_L Postcentral_L Rolandic_Oper_L Lingual_R

Postcentral_L Rolandic_Oper_L Insula_R Cingulum_Mid_L

Postcentral_L Rolandic_Oper_R Insula_R Cingulum_Mid_L

Postcentral_L Rolandic_Oper_R Rolandic_Oper_L Cingulum_Mid_L

Postcentral_L Rolandic_Oper_L Rolandic_Oper_R SupraMarginal_R

Postcentral_L Rolandic_Oper_L Lingual_R Calcarine_L

Postcentral_L Rolandic_Oper_L Rolandic_Oper_R Insula_L

Postcentral_L Rolandic_Oper_L Rolandic_Oper_R Insula_R

Postcentral_L Rolandic_Oper_L Insula_L Insula_R

Postcentral_L Supp_Motor_Area_L Insula_L Insula_R

Postcentral_L Supp_Motor_Area_L Rolandic_Oper_R Insula_R

Lingual_R Calcarine_L Rolandic_Oper_R Cingulum_Mid_L

Lingual_R Calcarine_L Insula_L Cingulum_Mid_L

Lingual_R Calcarine_L Insula_R Cingulum_Mid_L

Lingual_R Calcarine_L Insula_R Insula_L

The directionality is from left to right, starting from region 1, then progressing to region 2, region 3, and finally reaching region 4.
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flow pattern that initiates from the insula and involves mutual 
interactions between all sensorimotor regions.

In the case of SWM, 31 pathways showed correlation. Among 
them, nine pathways started in the lingual gyrus, six in the Rolandic 
operculum, and five in the MCC. The pathways originating from the 
lingual gyrus terminated in either the primary somatosensory cortex 
(S1) or the primary motor cortex (M1). Notably, the pathways 
correlated with SWM seemed to correspond to at least two distinct 
flow diagrams. One of them, depicted in Figure  4B, involved a 
unidirectional flow from the lingual gyrus through the supramarginal 
sulcus to the primary sensorimotor cortex. The other diagram featured 
complex interactions between the MCC, Rolandic operculum, insula, 
and SMA.

3.5. Education affects pathway’ 
characteristic

The striking disparities observed in Figure 2, highlighting the 
differences in pathways between young and older individuals, led us 
to investigate whether there were any pathways in older individuals 
that resembled those of the younger individuals. If such pathways 
existed, we aimed to characterize them. To explore this, we examined 
whether the number of pathways in older individuals starting from 
either the primary motor or sensory cortexes correlated with any 
demographic or neuropsychological characteristics listed in Table 1.

To accomplish this, we  quantified the number of pathways 
originating from the primary motor or sensory cortex in each 
individual and calculated the partial correlation between these counts 
and each parameter from Table 1. It is important to note that this 
count was not limited to the significant pathways in 
Supplementary Table 5 but encompassed all 330 calculated pathways. 
We conducted statistical corrections to account for the influence of 
other parameters. Remarkably, only one significant correlation 

emerged, which was with the variable ‘years of education.’ This 
correlation exhibited a positive relationship with an R-value of 0.4 
(p < 0.03).

4. Discussion

This study focuses on investigating the sensorimotor functional 
organization in resting-state conditions among young and older 
healthy individuals. The objective is to gain a better understanding of 
the differences and similarities between these age groups. This 
research builds upon our previous study, which revealed opposing 
flow directions between the default-mode network (DMN) and the 
sensorimotor networks. Specifically, in young individuals, pathways 
combined the sensorimotor (SM) and the DMN in an efferent manner 
(DMN < SM), while in older individuals, the flow was afferent 
(DMN > SM; Goelman et al., 2022). In here, we employed a simplified 
version (averaged over frequency) of our novel method of multivariate 
directed functional connectivity (Goelman and Dan, 2017; Goelman 
et al., 2018, 2019, 2021a,b). This method, based on phase coherences, 
enables the inference of multiple-node directed functional pathways, 
providing insights into the flow of information between 
anatomical regions.

Our study’s key findings are as follows:
 i. The older individuals exhibited a higher number of 

sensorimotor pathways compared to the young individuals 
(more than three times), indicating greater functional 
connectivity in the older age group.

 ii. In young individuals, the functional flow demonstrated a 
unidirectional pattern, originating from the primary motor 
and sensory cortices and extending to higher-level motor and 
visual regions (Figure 2A). This “simple” flow is expected to 
be efficient and fast.

FIGURE 2

The estimated flow group diagrams illustrate the consolidation of most of the pathways in each group. (A). Flow diagram of the young individuals. (B). 
Flow diagram of the older individuals. Arrows in blue indicate unidirectional connections, while arrows in red represent bidirectional connections.
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TABLE 3 List of pathways identified in the older subject group.

Region 1 Region 2 Region 3 Region 4

Insula_L Insula_R Rolandic_Oper_R Precentral_L

Insula_L Rolandic_Oper_L Rolandic_Oper_R Precentral_L

Insula_L Rolandic_Oper_L Supp_Motor_Area_L Precentral_L

Insula_L Insula_R Rolandic_Oper_L Postcentral_L

Insula_L Insula_R Rolandic_Oper_R Postcentral_L

Insula_L Rolandic_Oper_L Rolandic_Oper_R Postcentral_L

Insula_L Rolandic_Oper_L Precentral_L Postcentral_L

Insula_L SupraMarginal_R Rolandic_Oper_R Precentral_L

Insula_L SupraMarginal_R Rolandic_Oper_L Postcentral_L

Insula_L Supp_Motor_Area_L Rolandic_Oper_R Postcentral_L

Insula_L SupraMarginal_R Rolandic_Oper_R Postcentral_L

Insula_L Rolandic_Oper_L Postcentral_L Precentral_L

Insula_L Rolandic_Oper_R Postcentral_L Precentral_L

Insula_L Supp_Motor_Area_L Cingulum_Mid_L Postcentral_L

Insula_L Cingulum_Mid_L Postcentral_L Precentral_L

Insula_L Postcentral_L Supp_Motor_Area_L Precentral_L

Insula_L Cingulum_Mid_L Rolandic_Oper_R Precentral_L

Insula_L Calcarine_L Rolandic_Oper_R Postcentral_L

Insula_L Cingulum_Mid_L Rolandic_Oper_L Postcentral_L

Insula_L Cingulum_Mid_L Rolandic_Oper_R Postcentral_L

Insula_L Rolandic_Oper_L Postcentral_L Supp_Motor_Area_L

Insula_R Rolandic_Oper_L Supp_Motor_Area_L Precentral_L

Insula_R Rolandic_Oper_R Supp_Motor_Area_L Precentral_L

Insula_R Rolandic_Oper_L Rolandic_Oper_R Postcentral_L

Insula_R Rolandic_Oper_L Precentral_L Postcentral_L

Insula_R Rolandic_Oper_R Precentral_L Postcentral_L

Insula_R Rolandic_Oper_R Rolandic_Oper_L Precentral_L

Insula_R SupraMarginal_R Rolandic_Oper_R Precentral_L

Insula_R Rolandic_Oper_R Rolandic_Oper_L Postcentral_L

Insula_R Supp_Motor_Area_L Rolandic_Oper_L Postcentral_L

Insula_R Insula_L Precentral_L Postcentral_L

Insula_R Rolandic_Oper_L Postcentral_L Precentral_L

Insula_R Rolandic_Oper_R Postcentral_L Precentral_L

Insula_R Rolandic_Oper_L Cingulum_Mid_L Precentral_L

Insula_R SupraMarginal_R Cingulum_Mid_L Precentral_L

Insula_R Rolandic_Oper_R Insula_L Precentral_L

Insula_R Rolandic_Oper_R Cingulum_Mid_L Postcentral_L

Insula_R SupraMarginal_R Cingulum_Mid_L Postcentral_L

Insula_R Cingulum_Mid_L Postcentral_L Precentral_L

Insula_R Insula_L Postcentral_L Precentral_L

Insula_R Cingulum_Mid_L Calcarine_L Precentral_L

Insula_R Insula_L Cingulum_Mid_L Precentral_L

Insula_R Insula_L Cingulum_Mid_L Postcentral_L

Insula_R Calcarine_L Rolandic_Oper_L Precentral_L

Insula_R Cingulum_Mid_L Rolandic_Oper_R Precentral_L

Insula_R Insula_L Rolandic_Oper_L Precentral_L

Insula_R Insula_L Rolandic_Oper_R Precentral_L

(Continued)
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TABLE 3 (Continued)

Region 1 Region 2 Region 3 Region 4

Insula_R Insula_L Supp_Motor_Area_L Precentral_L

Insula_R Cingulum_Mid_L Rolandic_Oper_L Postcentral_L

Insula_R Insula_L Rolandic_Oper_L Postcentral_L

Insula_R Insula_L Rolandic_Oper_R Postcentral_L

Insula_R Rolandic_Oper_R Precentral_L Supp_Motor_Area_L

Insula_R Rolandic_Oper_R Postcentral_L Supp_Motor_Area_L

Insula_R Insula_L Precentral_L Supp_Motor_Area_L

Insula_R Insula_L Postcentral_L Supp_Motor_Area_L

Insula_R Insula_L Lingual_R Calcarine_L

Insula_R Precentral_L Calcarine_L Lingual_R

Calcarine_L Cingulum_Mid_L Insula_L Rolandic_Oper_L

Calcarine_L Cingulum_Mid_L Rolandic_Oper_L Precentral_L

Calcarine_L Cingulum_Mid_L Rolandic_Oper_R Precentral_L

Calcarine_L Insula_L Rolandic_Oper_L Precentral_L

Calcarine_L Insula_R Rolandic_Oper_L Precentral_L

Calcarine_L Lingual_R Rolandic_Oper_L Precentral_L

Calcarine_L Lingual_R Supp_Motor_Area_L Precentral_L

Calcarine_L Rolandic_Oper_L Supp_Motor_Area_L Precentral_L

Calcarine_L Cingulum_Mid_L Insula_L Postcentral_L

Calcarine_L Cingulum_Mid_L Rolandic_Oper_L Postcentral_L

Calcarine_L Cingulum_Mid_L Rolandic_Oper_R Postcentral_L

Calcarine_L Cingulum_Mid_L Supp_Motor_Area_L Postcentral_L

Calcarine_L Insula_L Rolandic_Oper_L Postcentral_L

Calcarine_L Insula_R Rolandic_Oper_L Postcentral_L

Calcarine_L Insula_R Rolandic_Oper_R Postcentral_L

Calcarine_L Lingual_R Supp_Motor_Area_L Postcentral_L

Calcarine_L Insula_R Precentral_L Postcentral_L

Calcarine_L Cingulum_Mid_L Rolandic_Oper_R Rolandic_Oper_L

Calcarine_L Cingulum_Mid_L Supp_Motor_Area_L Rolandic_Oper_R

Calcarine_L SupraMarginal_R Cingulum_Mid_L Precentral_L

Calcarine_L Insula_R Insula_L Precentral_L

Calcarine_L Rolandic_Oper_R Rolandic_Oper_L Precentral_L

Calcarine_L Insula_R Insula_L Postcentral_L

Calcarine_L Rolandic_Oper_R Rolandic_Oper_L Postcentral_L

Calcarine_L Supp_Motor_Area_L Rolandic_Oper_L Postcentral_L

Calcarine_L Cingulum_Mid_L Postcentral_L Precentral_L

Calcarine_L Lingual_R Postcentral_L Precentral_L

Calcarine_L Rolandic_Oper_R Postcentral_L Precentral_L

Calcarine_L Lingual_R Cingulum_Mid_L Supp_Motor_Area_L

Calcarine_L SupraMarginal_R Cingulum_Mid_L Rolandic_Oper_R

Cingulum_Mid_L Rolandic_Oper_L Rolandic_Oper_R Postcentral_L

Cingulum_Mid_L Rolandic_Oper_R Supp_Motor_Area_L Postcentral_L

Cingulum_Mid_L Insula_L Lingual_R Calcarine_L

Cingulum_Mid_L Insula_R Lingual_R Calcarine_L

Cingulum_Mid_L Rolandic_Oper_R Rolandic_Oper_L Precentral_L

Cingulum_Mid_L SupraMarginal_R Lingual_R Postcentral_L

(Continued)
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 iii. In contrast, the functional flow in older individuals was 
considerably more complex. It originated from the calcarine 
sulcus or the insula, passed through high-order motor areas 
characterized by mutually involved bidirectional connections, 
and ultimately reached the primary sensory and motor cortices 

(Figure 2B). This organization is anticipated to be less efficient, 
slower, and less specific.

 iv. The older individuals displayed a significant number of 
pathways that positively correlated with apathy and with SWM 
(Figure 3). In the case of apathy, these pathways initiated in the 

TABLE 3 (Continued)

Region 1 Region 2 Region 3 Region 4

Cingulum_Mid_L Rolandic_Oper_R Rolandic_Oper_L Postcentral_L

Cingulum_Mid_L Supp_Motor_Area_L Rolandic_Oper_L Postcentral_L

Cingulum_Mid_L SupraMarginal_R Rolandic_Oper_L Postcentral_L

Cingulum_Mid_L Supp_Motor_Area_L Rolandic_Oper_R Postcentral_L

Cingulum_Mid_L SupraMarginal_R Rolandic_Oper_R Postcentral_L

Cingulum_Mid_L Precentral_L Postcentral_L Rolandic_Oper_L

Cingulum_Mid_L Rolandic_Oper_L Postcentral_L Precentral_L

Cingulum_Mid_L Rolandic_Oper_R Postcentral_L Precentral_L

Cingulum_Mid_L Supp_Motor_Area_L Postcentral_L Precentral_L

Cingulum_Mid_L Rolandic_Oper_L Precentral_L Lingual_R

Cingulum_Mid_L Supp_Motor_Area_L Postcentral_L Insula_L

Cingulum_Mid_L Supp_Motor_Area_L Postcentral_L Rolandic_Oper_L

Cingulum_Mid_L Supp_Motor_Area_L Postcentral_L Rolandic_Oper_R

SupraMarginal_R Insula_R Precentral_L Postcentral_L

SupraMarginal_R Postcentral_L Precentral_L Supp_Motor_Area_L

SupraMarginal_R Insula_R Precentral_L Supp_Motor_Area_L

SupraMarginal_R Rolandic_Oper_R Precentral_L Supp_Motor_Area_L

SupraMarginal_R Insula_R Postcentral_L Supp_Motor_Area_L

SupraMarginal_R Cingulum_Mid_L Postcentral_L Precentral_L

SupraMarginal_R Insula_L Postcentral_L Precentral_L

SupraMarginal_R Insula_R Postcentral_L Precentral_L

SupraMarginal_R Rolandic_Oper_L Postcentral_L Precentral_L

SupraMarginal_R Rolandic_Oper_R Postcentral_L Precentral_L

SupraMarginal_R Insula_L Cingulum_Mid_L Precentral_L

SupraMarginal_R Insula_R Cingulum_Mid_L Precentral_L

SupraMarginal_R Insula_R Insula_L Precentral_L

SupraMarginal_R Rolandic_Oper_R Rolandic_Oper_L Precentral_L

SupraMarginal_R Insula_R Insula_L Postcentral_L

SupraMarginal_R Rolandic_Oper_R Rolandic_Oper_L Postcentral_L

SupraMarginal_R Supp_Motor_Area_L Rolandic_Oper_L Postcentral_L

Rolandic_Oper_R Rolandic_Oper_L Postcentral_L Supp_Motor_Area_L

Rolandic_Oper_R Rolandic_Oper_L Postcentral_L Precentral_L

Rolandic_Oper_R Postcentral_L Lingual_R Calcarine_L

Rolandic_Oper_L Postcentral_L Precentral_L Supp_Motor_Area_L

Supp_Motor_Area_L Rolandic_Oper_R Rolandic_Oper_L Postcentral_L

Supp_Motor_Area_L Postcentral_L Lingual_R Cingulum_Mid_L

Lingual_R Supp_Motor_Area_L Precentral_L Postcentral_L

Lingual_R Insula_R Rolandic_Oper_L Postcentral_L

Lingual_R Insula_R Rolandic_Oper_R Postcentral_L

Insula_R Insula_L Rolandic_Oper_R Precentral_L

Precentral_L Supp_Motor_Area_L Lingual_R Calcarine_L

The directionality is from left to right, starting from region 1, then progressing to region 2, region 3, and finally reaching region 4.

400

https://doi.org/10.3389/fnagi.2023.1222352
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org


Goelman et al. 10.3389/fnagi.2023.1222352

Frontiers in Aging Neuroscience 12 frontiersin.org

insula and exhibited complex bidirectional flow between 
primary and higher-order motor and sensory regions 
(Figure 4A). For SWM, the pathways suggested several distinct 
processes, with the most frequent one involving unidirectional 
flow from the lingual gyrus to the primary sensorimotor cortex 
(Figure 4B).

 v. Pathways in older individuals that shared similarities with 
pathways in young individuals in terms of their starting 
regions, exhibited a positive correlation with “years 
of education.”

The finding of a higher number of sensorimotor pathways in older 
individuals, indicating higher functional connectivity, aligns with 
previous reports. A literature review on large-scale resting-state 

functional brain networks across the adult lifespan demonstrated that 
older adults exhibit reduced within-network connectivity but 
increased between-network connectivity (Deery et  al., 2023). 
Additionally, studies have reported lower levels of endogenous 
γ-aminobutyric acid (GABA) in the resting sensorimotor system of 
older individuals, and these GABA levels were found to be negatively 
correlated with the strength of resting functional motor connectivity 
(Stagg et  al., 2014; Bachtiar et  al., 2015). Several studies have 
investigated alterations in effective connections within motor 
networks through the application of directed connectivity analysis 
mainly during motor execution. Notably, Wang and colleagues 
employed Granger causality and unveiled heightened effective 
connections among motor regions, coupled with diminished within-
hemisphere connections in older individuals (Wang et  al., 2019). 

FIGURE 3

Number of pathways in the older individuals that exhibited a positive correlation with various neuropsychological assessments. BDI refers to the Beck 
Depression Inventory, STAI represents the State–Trait Anxiety Inventory, MCI indicates mild cognitive impairment, SWM represents psychomotor speed 
and working memory, EF refers to executive function, Lan represents language, Mem denotes memory, and VSF represents visuospatial function.

FIGURE 4

The estimated flow diagrams for the older individuals illustrate the consolidation of most of the pathways that positively correlate with: (A). Apathy. (B). 
Psychomotor speed and working memory. Arrows in blue indicate unidirectional connections, while arrows in red represent bidirectional connections.
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Likewise, a study utilizing magnetoencephalography data and Granger 
causality demonstrated an escalation in both functional and effective 
connectivity throughout the entire brain in older subjects. This 
entailed an augmentation in contralateral information flow and a 
concurrent reduction in interhemispheric flow (Larivière et al., 2019).

On the behavioral level, age-related motor slowdown, increased 
reaction time, reduced motor control, and difficulties in learning new 
motor skills were reported (Frolov et al., 2020). These findings are 
consistent with the findings of complex flow organizations found for 
the older individuals that include complex bidirectional connections. 
Furthermore, the mutual coupling of high-order motor regions 
suggests a less segregated and more integrated organization, which 
aligns with findings of functional dedifferentiation and altered 
connectivity in older adults (Goh, 2011).

The unique capacity of our method to discern the directionality 
of flow has empowered us to pinpoint age-dependent pathways, which 
we theorize might embody degenerative and compensatory processes. 
Specifically, the diminished count of sensorimotor efferent pathways 
in the older individual group is posited to reflect a degenerative 
progression, leading to the reduction or elimination of pathways that 
were evident in the younger individual group. Similarly, the elevated 
number of sensorimotor afferent pathways in the older individual 
group is perceived as indicative of supplementary, compensatory 
processes that were not prominent in the younger subject group.

This speculation aligns seamlessly with the broader context of 
sensorimotor efferent processes, encompassing facets such as motor 
control, coordination, execution of motor commands, motor learning, 
and the acquisition of novel motor skills, all of which tend to decline 
with advancing age (Frolov et al., 2020). In contrast, older individuals 
might counterbalance these deficits by emphasizing skills tied to 
sensorimotor afferent processes, encompassing sensory perception 
(e.g., vision and hearing) and sensory processing (e.g., discrimination 
or integration of sensory inputs). In this context, we suggest that the 
reduction in sensorimotor efferent activity correspond to degenerated 
pathways, while the heightened sensorimotor afferent activity to 
adaptive compensatory mechanisms.

With regards to the correlation with neuropsychological 
assessments in the older subjects, we showed that while apathy is 
primarily associated with changes in mood and motivation, it can also 
affect the sensorimotor system of older individuals, leading to reduced 
goal-directed behavior and motor slowing or impairments in motor 
planning. Figure 4A, the estimated flow diagrams that is correlated 
with apathy, illustrates the mutual influence of multiple high-order 
sensorimotor regions on the primary motor and sensory cortices, 
which aligns with the concept of slowness and difficulties in goal-
directed behavior. The critical involvement of the insula in apathy has 
been demonstrated previously, including the directionality depicted 
in Figure 4A (Goelman et al., 2021b). Furthermore, elderly individuals 
often exhibit slow response and processing, difficulties in motor 
coordination, reduced working memory capacity and efficiency, and 
increased susceptibility to interferences. Supplementary Table  7 
illustrates several distinct processes that were correlated with SWM, 
with the flow depicted in Figure  4B being the most frequently 
observed. This flow pattern resembles the expected information flow 
during working memory tasks, involving observations leading 
to actions.

Finally, the finding of a positive correlation between the number 
of pathways starting in the primary sensorimotor system in older 

individuals and “years of education” may be attributed to the Cognitive 
Reserve Hypothesis (CRH; Tucker-Drob et al., 2009). According to the 
CRH, individuals with higher cognitive reserve possess a greater 
ability to resist cognitive decline. Cognitive reserve refers to the brain’s 
capacity to optimize or adapt its cognitive processes and is primarily 
focused on the relationship between cognitive reserve and cognitive 
abilities. However, it is important to recognize that the sensorimotor 
system, which encompasses sensory perception and motor control, 
can also contribute to the cognitive reserve framework. Several studies 
have indicated a connection between the sensorimotor system and 
cognitive reserve (Guzzetti et  al., 2019). Hence, we  speculate that 
cognitive reserve may also manifest in the sensorimotor pathways that 
resemble those found in young individuals. This suggests that the 
preservation of specific information-transfer pathways within the 
sensorimotor system could contribute to cognitive reserve.

How can the confluence of the aforementioned findings 
be  synthesized into a unified framework? One potential avenue is 
through the lens of the GABA deficit theory (Rozycka and Liguz-
Lecznar, 2017), although our study indirectly aligns with this theory due 
to the absence of GABA level measurements. The GABA deficit theory 
posits that functional impairments in GABA-mediated neural signaling 
constitute a mechanism underlying age-related declines in behavior 
(Rozycka and Liguz-Lecznar, 2017), neural distinctiveness in perceptual 
and motor realms (Cassady et al., 2020), and alterations in functional 
dedifferentiation and connectivity patterns (Goh, 2011). Supporting this 
theory, imbalanced GABAergic concentrations have been implicated in 
impaired behavior (Heise et al., 2013), increased connectivity, reduced 
segregation, enhanced functional dedifferentiation, and compromised 
motor control (Hamer and Chida, 2009; Heise et al., 2022). Notably, 
many of our findings corroborate the GABA deficit theory, deepening 
our comprehension of phenomena such as reduced segregation and 
heightened dedifferentiation. The alteration in sensorimotor 
directionality observed in our study may also be intricately linked to the 
GABA deficit theory, albeit in a more intricate manner. This shift in 
directionality is hypothesized to reflect a blend of degenerative and 
compensatory processes. Degenerative changes might involve neuronal 
loss, structural and functional shifts in neural networks, and a decline 
in neurotransmitter levels, such as GABA. Figure 2B posits that the 
compensatory strategy in older individuals encompasses reciprocal 
activation of brain regions and the integration of others that once served 
distinct functions. This adaptive process culminates in dedifferentiation, 
a phenomenon associated with compromised GABA concentrations.

An alternative framework for unifying all these findings, 
particularly those delineated in Figure 2, draws parallels with our 
previous investigation. In that study, we  elucidated divergent 
directionality patterns between the sensorimotor and Default Mode 
(DM) networks across young and older cohorts. Specifically, pathways 
fusing the sensorimotor (SM) and DM networks displayed efferent 
directionality in the young group (DMN < SM), while afferent 
directionality was evident in the older group (DMN > SM). 
We  theorized that this directional contrast could be  attributed to 
heightened regulatory influence emanating from the medial prefrontal 
cortex on sensorimotor activity (Goelman et al., 2022). Applying a 
similar rationale, we  postulate that reciprocal interactions within 
several higher-order motor regions—encompassing components of 
the cingulate, supplementary motor area (SMA), rolandic operculum, 
and insula—may function analogously to the medial prefrontal cortex 
in governing other motor functions that could also be non-voluntary 
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activity. Herein, we do not have experimental findings to support 
these speculative ideas. To substantiate any of these conceptual views, 
further empirical investigations are imperative.

By employing a measure of multiple-node directed functional 
pathways, we were able to identify specific differences between young 
and older individuals, in their functional organizations that explain 
the higher integration, dedifferentiation, and inefficient information 
transfer in the sensorimotor system of older individuals. Additionally, 
we  identified specific pathways that are reserved by cognitive 
processes. This approach enhances our understanding of the 
underlying age-dependent mechanisms in the sensorimotor system.

4.1. Limitation

We recognize that the varying sample sizes within our study may 
introduce bias. To mitigate these potential biases, we incorporated 
sample size considerations into our null distribution calculations, 
which in turn influenced the corresponding cutoff values. As a result, 
our conclusions were drawn separately for each group, and any 
comparisons between groups were made qualitatively. Therefore, 
we maintain the perspective that the effect of uneven sample sizes on 
our results is relatively minimal.
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