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Subcortical Volumes

Talia R. Seider'2*, Robert A. Fieo', Andrew O’Shea’, Eric C. Porges’, Adam J. Woods'
and Ronald A. Cohen’

' Center for Cognitive Aging and Memory, Department of Aging and Geriatric Research, Institute on Aging, University of
Florida, Gainesville, FL, USA, 2 Department of Clinical and Health Psychology, University of Florida, Gainesville, FL, USA

As the population ages and dementia becomes a growing healthcare concern, it is
increasingly important to identify targets for intervention to delay or attenuate cognitive
decline. Research has shown that the most successful interventions aim at altering
lifestyle factors. Thus, this study examined how involvement in physical, cognitive,
and social activity is related to brain structure in older adults. Sixty-five adults (mean
age = 71.4 years, standard deviation = 8.9) received the Community Healthy Activities
Model Program for Seniors (CHAMPS), a questionnaire that polls everyday activities in
which older adults may be involved, and also underwent structural magnetic resonance
imaging. Stepwise regression with backward selection was used to predict weekly time
spent in either social, cognitive, light physical, or heavy physical activity from the volume
of one of the cortical or subcortical regions of interest (corrected by intracranial volume)
as well as age, education, and gender as control variables. Regressions revealed that
more time spent in cognitive activity was associated with greater volumes of all brain
regions studied: total cortex (f = 0.289, p = 0.014), frontal (8 = 0.276, p = 0.019),
parietal (# = 0.305, p = 0.009), temporal (f = 0.275, p = 0.020), and occipital
(8 =0.256, p = 0.030) lobes, and thalamus (# = 0.310, p = 0.010), caudate (f = 0.233,
p = 0.049), hippocampus (8 = 0.286, p = 0.017), and amygdala (f = 0.336, p = 0.004).
These effects remained even after accounting for the positive association between
cognitive activity and education. No other activity variable was associated with brain
volumes. Results indicate that time spent in cognitively engaging activity is associated
with greater cortical and subcortical brain volume. Findings suggest that interventions
aimed at increasing levels of cognitive activity may delay cognitive consequences of
aging and decrease the risk of developing dementia.

Keywords: cognitive aging, cognitive activity, healthy aging, brain volume, MRI, gray matter, social activity,
physical activity

INTRODUCTION

Older age is the primary risk factor for neurodegenerative diseases such as Alzheimer’s disease
(AD). As the size and proportion of the population over age 65 increases, the number of people
with dementia is expected to increase substantially, raising healthcare costs and caregiver burden
(Alzheimer’s Association, 2015). Thus, it is becoming increasingly important to identify targets for
intervention with the aims of delaying or attenuating cognitive decline.
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While several pharmaceuticals exist to delay cognitive
decline, research has shown that the best results come from
interventions aimed at altering lifestyle factors (Williams et al.,
2010; Imtiaz et al, 2014). Greater self-reported levels of
engagement in cognitive, social, and physical activity have
frequently been associated with higher cognitive functioning
scores (Barnes et al., 2004; Newson and Kemps, 2005; McGue
and Christensen, 2007; Vemuri et al., 2012; Opdebeeck et al.,
2016). Furthermore, physical activity and cognitive engagement
are among the only factors consistently associated with decreased
risk for AD and cognitive decline (Fratiglioni et al., 2004;
Kramer et al, 2004; Hertzog et al, 2009; Williams et al,
2010). Still, the mechanisms of such effects remain poorly
understood.

Brain structure and function presumably mediate the link
between an active lifestyle and reduced risk for cognitive
decline. Observational studies have shown that increased levels
of physical activity are associated with larger brain volumes,
especially in frontal and hippocampal areas (Rovio et al., 2010;
Bugg and Head, 2011; Doi et al., 2015), and interventional studies
have shown that physical activity can increase hippocampal
(Erickson et al.,, 2011) and frontal volumes (Colcombe et al.,
2006).

Research on the association between cognitive or social
engagement and brain volume is less extensive. Proxy measures
of cognitive reserve, such as intellectual attainment, have
been linked with greater brain volume (Stern, 2009). New
learning has been shown to cause increased parietal and
hippocampal size in young adults (Draganski et al., 2006),
and cognitive training has been associated with increased
hippocampal volume and preserved white matter integrity
in older adults (Engvig et al, 2014). Greater frequency of
cognitive leisure activities has been associated with larger
gray matter volume in frontal and limbic regions (Schultz
et al, 2015), while higher scores on measures combining
cognitive and social activities have been related to more normal-
appearing white matter (Gow et al, 2012a) and reduced
hippocampal decline over time (Valenzuela et al., 2008). More
self-reported social engagement has also been associated with
greater temporal and occipital gray matter volume (James
et al., 2012), and an intervention study reported that increase
in social activity was associated with increased total brain
volume (Mortimer et al, 2012). Still, other research has
shown no relationship between cognitive or social activity
and volumetric data (Foubert-Samier et al, 2012; Vaughan
et al, 2014; Van der Vegt, 2015), and the link between
these lifestyle factors and regional cerebral volumes remains
understudied.

The purpose of this study was to examine how physical,
cognitive, and social activity is related to brain structure. Levels of
engagement in everyday activities was measured via self-report.
Based on previous research, we generally expected higher self-
reported levels of physical, social, and cognitive activity to be
associated with greater volumes, especially in frontal and limbic
regions for physical activity, temporal and occipital regions
for social activity, and parietal, frontal, and limbic regions for
cognitive activity.

MATERIALS AND METHODS

Participants

Sixty-five community dwelling individuals in the Gainesville and
North Florida region were recruited to complete a magnetic
resonance imaging (MRI) scan and a cognitive assessment,
including the Montreal Cognitive Assessment (MoCA), a brief
screen of cognitive functioning. Exclusion criteria included
history of head injury with loss of consciousness greater than
20 min, neurologic condition such as dementia, epilepsy, or
stroke, major psychiatric illness such as schizophrenia or bipolar
disorder, inability to undergo MRI, and MoCA score less than 20.
Sample demographics and characteristics are listed in Table 1.
Participants had a mean age of 71, they were generally well
educated with a mean education of 17 years, slightly more than
half were females, they were mostly Caucasian, and they were
generally cognitively intact with a mean MoCA score of 26. The
study was approved by University of Florida Institutional Review
Board and written informed consent was obtained from all study
participants.

Activity Assessment

The Community Healthy Activities Model Program for
Seniors (CHAMPS) questionnaire was developed as part of an
intervention study aimed at increasing participation in physical
activities in community dwelling elderly. It was designed to
measure current levels of energy expenditure by taking a poll
of everyday activities in which older adults may be involved
(Stewart et al.,, 1997). Participants were asked whether or not
they engaged in a particular activity during a typical week
in the past month. If they had, they were asked to fill in the
number of times they engaged in the activity per week and
mark the total number of hours spent in the activity per week.
Total hours were grouped into 6 integer values such that 1
indicated less than 1 h was spent engaged in that activity per
week, 2 indicated 1 - 2!/ h spent, 3 indicated 3 - 4!/ h, 4
indicated 5 - 6!/2 h, 5 indicated 7 - 8!/ h, and 6 indicated
9 or more hours (Figure 1). Participants are also allowed to
fill in “other” and record an activity that was not listed in the
questionnaire.

Physical activities were divided into light and moderate-heavy
groups based on the ratio of work metabolic rate to resting
metabolic rate (MET) adjusted for older adults (Ainsworth et al.,
1993) as was done in the original CHAMPS research (Stewart
et al., 2001). Light physical activities were those with a MET

TABLE 1 | Sample characteristics (N = 65).

Mean (SD) Range
Age (years) 71.4(8.9) 48-85
Education (years) 16.8 (2.5) 12-20
% male 431
% Caucasian 95.4
MoCA 26.0 (2.7) 20-30

MoCA, Montreal Cognitive Assessment.
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FIGURE 1 | Sample Community Healthy Activities Model Program for Seniors (CHAMPS) test item.

score below 30 and included conditioning training, yoga or tai
chi, leisurely walking, walking to do errands, light gardening,
light house work, golfing using a cart, and aerobic dancing.
Moderate-heavy physical activities were those with a MET score
equal to or above 30 and included sports, light or heavy strength
training, swimming gently or fast, water exercises, working on
aerobic machines, bicycling, fast walking, uphill walking or
hiking, jogging or running, working on machinery (car, lawn
mower, etc.), heavy gardening, heavy housework, singles or
doubles tennis, golfing without use of a cart, dancing (such as
square, folk, line, or ballroom), and skating (ice, roller, or in-line).
Social activities were any for which the majority of time spent
likely involved interpersonal interaction. These included visiting
with family or friends, going to a senior center, volunteering,
church-related activities, participating in clubs or groups, playing
cards or board games with others, and shooting pool or billiards.
Cognitive activities were those for which the majority of time
spent was likely cognitively engaging rather than interpersonal.
These included using a computer, doing arts or crafts, attending
a concert, movie, lecture, or sport event, playing a musical
instrument, and reading. If the “other” option was filled in, the
activity described was placed in the most appropriate group. The
integer measures (1 through 6) representing amount of time
spent weekly in each activity were summed to create totals for
light and moderate-heavy physical activities, social activities, and
cognitive activities.

Magnetic Resonance Imaging

Acquisition

Magnetic resonance imaging data were acquired using a
Philips Achieva 3.0 Tesla scanner (Achieva; Philips Electronics,
Amsterdam, The Netherlands) at the McKnight Brain Institute
(University of Florida, Gainesville, FL, USA) with a standard 32-
channel receive-only head coil. High-resolution 3D T1-weighted
MPRAGE scans were performed. Scans were acquired in a sagittal
orientation with parameters as follows: voxel size = 1 mm
isotropic; 1 mm slice thickness; TE = 3.2 ms; TR = 7.0 ms;
FOV =240 x 240; Number of slices = 170.

Analysis

T1-weighted MRIs were automatically segmented and volumes
were calculated using FreeSurfer software, version 5.3.0, available
at http://surfer.nmr.mgh.harvard.edu/ (Fischl et al., 2002).

Following preprocessing, all results underwent quality control to
confirm correct detection of gray and white matter. Any errors
in segmentation were corrected manually and the T1 images
were re-processed through FreeSurfer. Seventy one percentages
of cases had some form of manual edit. These consisted of
adding control points to extend the white matter boundary (55%),
removing voxels from the brain mask (29%), and editing the
white matter mask (6%). Some subjects had edits from more
than one category, such as both control points and brain mask
edits. Previous research has shown that this semi-automated
procedure yields accurate and reliable results when compared to
manual segmentation (Fischl et al., 2002; Jovicich et al., 2009;
Morey et al, 2009) and histological measures (Morey et al.,
2009). Automatically parcellated FreeSurfer gray matter regions
of interest (ROIs) were based on the Desikan-Killiany atlas.
Intracranial volume (ICV) was calculated based on the talairach
transform (Buckner et al., 2004). ROIs for the left and right
hemisphere were summed and corrected for ICV (by dividing
ROI volume by ICV and multiplying by 100) to create bilateral,
normalized ROIs. Some of these were then summed to create
volumes for the four major lobes of the brain. Specifically, the
frontal ROI consisted of the caudal and rostral anterior cingulate
cortices, the caudal and rostral middle frontal cortices, the lateral
and medial orbitofrontal cortices, the pars orbitalis, the superior
frontal cortex, and the frontal pole; the parietal ROI consisted
of the precuneus, the inferior and superior parietal lobules, and
the supramarginal gyrus; the temporal ROI consisted of the
entorhinal cortex, the inferior, middle, and superior temporal
regions, the transverse temporal region, and the temporal pole;
and the occipital ROI consisted of the lateral occipital region,
the lingual and fusiform gyri, the pericalcarine region, and the
cuneus. All four lobes were added together to create a measure
of total cortical gray matter volume. Subcortical ROIs were
chosen based on their relevance to cognitive and behavioral
functioning and included the thalamus, caudate, hippocampus,
and amygdala.

Statistical Analysis

All statistical analyses were performed using SPSS. Stepwise
regression with backward selection was used to predict weekly
time spent in either light physical, heavy physical, social, or
cognitive activity using a cortical or subcortical ROI (corrected
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by total ICV) as well as age, education, and gender as covariates.
Individual regression analyses were conducted for each ROL
In stepwise regression with backward selection, all independent
variables (predictors and covariates) are entered into the equation
and sequentially removed based on the probability of F. The
criterion used was p > 0.10. The first model for which all
independent variables included explained significant variance
in the dependent variable was chosen as the best model. The
benefits of using this analytic method is that it allows for all
variables to included, as it may be that a set of variables has
better predictive validity than the subset, but it also removes
those that may be falsely lowering the contribution of significant
predictors by overlapping in variance explained. Thus, the
final model efficiently explains the variance in the dependent
variable and better identifies the unique contribution of the
predictors.

RESULTS

Table 2 displays the percentage of ICV for cortical and subcortical
regions in this sample. In regards to activity measures, scores
do not refer directly to number of hours, but rather to ordinal
measures reflecting roughly 1.5-h increments (Figure 1). Though
it cannot be determined exactly how much time was spent in
each of the activity categories, it appears that participants divided
their time roughly evenly amongst light physical (mean = 8.7,
SD = 5.1), heavy physical (mean = 8.4, SD = 5.7), social
(mean = 10.5, SD = 6.0), and cognitive (mean = 11.3, SD = 4.5)
activities.

Cognitive activity was the only outcome significantly
associated with gray matter volume. Table 3 lists these final,
best-fitting models. Final models revealed a positive association
with education (p < 0.001) and all cortical and subcortical ROIs
examined (ps < 0.05). Figure 2 depicts the relationships between
cognitive activity and brain volumes, controlling for education.
In each regression, variables excluded were age and sex.

In contrast, there were no significant associations observed
between the volumes of these brain regions and engagement in
light physical, heavy physical, or social activities as reported on
the CHAMPS. More heavy physical activity was associated with
younger age and male gender, whereas other activities were not

TABLE 2 | Gray matter regions of interest presented as percentages of
total intracranial volume.

Region of Interest Mean (SD) Range
Frontal lobe 7.83(1.19) 6.18-11.52
Parietal lobe 5.77 (0.82) 4.34-8.35
Temporal lobe 4.75(0.72) 3.48-6.94
Occipital lobe 4.43 (0.73) 3.43-6.33
Total cortex 22.78 (3.35) 18.14-32.43
Thalamus 0.91 (0.15) 0.71-1.35
Caudate 0.47 (0.08) 0.37-0.71
Hippocampus 0.54 (0.13) 0.30-1.01
Amygdala 0.22 (0.05) 0.13-0.37

associated with age or sex. Supplemental material includes these
results.

DISCUSSION

In this study, we found that greater time dedicated to cognitively
engaging activities was associated with greater cortical and
subcortical brain volume. We did not find significant associations
with physical or social activity level and volumetric data.
Cognitive engagement activities represent one of three potential
proxies for the construct of cognitive reserve. Epidemiologic-
based support for the association between leisure and cognitive
status has been accumulating for nearly a quarter of a century
(Christensen and Mackinnon, 1993). In an effort to clarify
causal attributions or directionality, other epidemiologic work
has used sophisticated dynamic change models to show that
change in cognitive leisure participation can result in higher
scores on cognitive ability measures (Mitchell et al., 2012). Such
evidence has sparked experimental investigations, with clinical
trials demonstrating improved cognition over short periods
(3-6 months) for those participating in cognitive leisure activities
compared to controls (Stine-Morrow et al., 2008).

More recently, investigators have begun to examine imaging
and volumetric evidence, showing that one’s level of cognitive
reserve is associated with brain volume. For instance, it has
been shown that a more active cognitive lifestyle is associated
with greater frontal and parietal brain volume in healthy older
adults (Stine-Morrow et al,, 2008). Our finding that higher
cognitive engagement is associated with greater hippocampal
volume was also reported in a longitudinal study (Valenzuela
et al, 2008). Valenzuela et al. (2008) used the Lifetime of
Experiences Questionnaire (LEQ), in which sample activities
included creative arts, reading, writing, and socializing. The
investigators reported a significant association between total LEQ
and average hippocampal volume, controlling for age, gender,
hypertension, and ICV. High LEQ individuals experienced an
average loss of 3.6% of hippocampal volume over a 3-year
period, while low LEQ individuals exhibited more than twice this
volumetric loss (8.3%). It is important to note that these studies
used a composite measure to establish these associations, which,
in addition to cognitive engagement activities, also included
education and job complexity. Yet cognitive engagement or
cognitive leisure activities show unique contributions to cognitive
health, independent of the variance attributed to education and
occupational status (Stern, 2009; Foubert-Samier et al., 2012).
Indeed, in the current investigation, the relationship between
more involvement in cognitively engaging leisure activities and
greater brain volumes was not explained by education.

Findings from the current study are similar to those of
another observational study in which greater frequency of
cognitive leisure activities (playing games like cards, checkers,
crosswords, or other puzzles) was related to better cognitive
performance and reduced brain atrophy (Schultz et al., 2015).
Schultz et al. (2015) reported that higher activity scores
were associated with greater gray matter volumes in several
ROIs including the hippocampus, posterior cingulate, anterior
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TABLE 3 | Best-fitting models predicting cognitive activity from gray matter region of interest, age, sex, and education.

Model/ROI Variable B R2 Model p Excluded Variables
Frontal lobe Frontal lobe 0.276 0.019* 0.247 <0.001* Age
Education 0.493 <0.001* Sex
Parietal lobe Parietal lobe 0.305 0.009* 0.262 <0.001* Age
Education 0.505 <0.001* Sex
Temporal lobe Temporal lobe 0.275 0.020* 0.246 <0.001* Age
Education 0.501 <0.001* Sex
Occipital lobe Occipital lobe 0.256 0.030* 0.237 <0.001* Age
Education 0.490 <0.001* Sex
Total cortex Total cortex 0.289 0.014* 0.253 <0.001* Age
Education 0.502 <0.001* Sex
Thalamus Thalamus 0.310 0.010* 0.261 <0.001* Age
Education 0.526 <0.001* Sex
Caudate Caudate 0.233 0.049* 0.227 <0.001* Age
Education 0.482 <0.001* Sex
Hippocampus Hippocampus 0.286 0.017* 0.250 <0.001* Age
Education 0.513 <0.001* Sex
Amygdala Amygdala 0.336 0.004* 0.280 <0.001* Age
Education 0.519 <0.001* Sex

ROI, region of interest. *p < 0.05.

cingulate, and middle frontal gyrus. However, our findings differ
from a longitudinal study that found no relationship between
cognitive activity and MRI measures of whole brain volumes
of gray and white matter (Vaughan et al., 2014). One potential
reason for a lack of association in the Vaughan et al. (2014)
study may be related to the items included in their 6-item
measurement of cognitive activities. Like in the present study,
they included reading and craft activities, but they also included
group activities, social activities, and watching television. It is
possible that group and social activities present with the local
dependence, or relatedness; local independence, or unrelatedness,
of items is a modern test theory assumption that, when violated,
negatively impacts construct validity. Furthermore, television
use has been shown to be negatively correlated with other
cognitive activity items (Gow et al., 2012b; Fieo et al., 2014).
Television time has also been associated with less frequent
engagement in social and physical recreation (Hu et al., 2003)
and increased risk for dementia (Rundek and Bennett, 2006).
These factors may have reduced the power for detecting
associations in the Vaughan et al. (2014) study. The current
findings, combined with prior research in cognitive leisure
activity, reinforce the relationship between hippocampal and
cortical volumes and cognitive activity, consistent with our
hypothesis.

It is somewhat surprising that heavy physical activity was not
associated with volumetric data, as studies examining exercise
effects on regional brain volume typically implicate frontal
and hippocampal brain areas (Colcombe et al., 2006; Pereira
et al, 2007; Erickson et al, 2011). Part of this discrepancy
undoubtedly comes from the differences between intervention
and observational studies. Intervention studies inherently involve
introducing something novel in the lives of research participants.
It may be that the amount of novelty an activity offers is

more important than the type of activity itself in impacting
cognitive and neurological functioning (Bielak, 2010). Thus,
when intervention studies implement a physical activity regimen
in sedentary adults (Colcombe et al., 2006), the novelty of the
activity and significant change in lifestyle may very well impact
brain structure.

Part of the discrepancy between the current findings and
results from previous physical activity studies may be due to
differences in methodology for measuring physical activity. The
CHAMPS questionnaire asked participants to retrospectively
indicate their levels of physical activity in a variety of class
categories for a typical week over the previous month. Given
the number of parameters that had to be remembered, it is
possible that participants gave unreliable reports of their own
activity (LaPorte et al., 1985). Indeed, Buchman et al. (2008)
showed that objectively measured physical activity was associated
with cognitive function, whereas self-reported daily physical
activity in the same group was not. However, an evaluation
of the CHAMPS questionnaire revealed a moderately strong
correlation between self-reported engagement in moderate
physical activity and activity objectively measured by a waist
monitor (r = 0.48) (Harada et al., 2001). Furthermore, other
self-report studies have shown associations between physical
activity levels and cortical volumes (Erickson et al., 2010; Bugg
and Head, 2011; Gow et al., 2012a; Benedict et al., 2013).
As such, it is unlikely that the lack of association is entirely
explained by the self-report nature of the physical activity
measurement.

Our findings are consistent with Gow et al. (2012a),
who measured baseline physical activity via self-report at
age 70 years and administered MRIs at age 73. They found
physical activity to be associated with white matter volume,
but not gray matter volume. Thus, lack of findings in the
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present study may reflect the fact that only gray matter
volume was measured. Given that the current findings are
inconsistent with a large body of research on the impact of
physical activity on brain volumes, we do not feel comfortable
rejecting our hypothesis that greater physical activity is associated
with greater volumes, particularly in frontal and limbic
regions.

Social activity is more tenuously linked to brain volume
than are physical and cognitive activity, and the relationship
was not supported in the current investigation. Greater social
involvement has been associated with greater normal-appearing
white matter (Gow et al., 2012a), total brain (Mortimer et al,,
2012), and gray matter (James et al, 2012) volumes. Yet
methodological differences may explain discrepancies between
prior results and our own.

Gow et al. (2012a) combined cognitive and social leisure
activities when measuring the link between activity and brain
structure. While greater cognitive and social activity was related
to more normal-appearing white matter, these activities were
not found to be associated with gray matter volume, consistent
with the present data. Whether social activity has a stronger
relationship to white matter than to gray matter volume deserves
further investigation.

Mortimer et al. (2012) performed an intervention study and
found that their social interaction groups showed significant
increases in total brain volume over the study period. The fact
that this study was an intervention may explain why their results
differ from the current study, since, as previously discussed,
the amount of novelty provided by an intervention may be
a significant driver of results (Bielak, 2010). The intervention

Frontiers in Aging Neuroscience | www.frontiersin.org

10

May 2016 | Volume 8 | Article 94


http://www.frontiersin.org/Aging_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Aging_Neuroscience/archive

Seider et al.

Cognitive Activity and Brain Volume

group met three times per week at a neighborhood community
center, the participants decided on their own to organize and
select topics of conversation, and the discussions were described
as extremely lively. Thus, lifestyle was significantly impacted in
these participants.

James et al. (2012) demonstrated that higher social
engagement was associated with greater total brain volume
and total gray matter volume, as well as greater temporal
and occipital gray matter lobar volumes. Yet methodological
differences might also explain the discrepancies between their
results and our own. The James et al. study included a question
more related to physical than social activity in their eight-item
measure of social engagement, as they asked participants how
many times in the past week/month they had done any indoor or
outdoor recreational activity like bowling, working out, fishing,
hiking, boating, swimming, or golfing. Given that physical
activity has a more robust association to gray matter volume
than does social activity, responses to this question may have
been a strong driver of results. Another important difference is
in the study samples; the James sample was, for the most part,
comprised of former lead workers who were recruited for a study
of lead exposure and cognitive function. They were less socially
engaged than population-based controls, who comprised 12%
of the sample. Not only were the participants in the current
study recruited from the same community population, but the
sample size was significantly smaller compared to the James et al.
sample of 348. Thus, differences in population and sample size
may have given James et al. more statistical power to detect any
relationship between the measured activities and gray matter
volume.

Our null findings for social activity are similar to those
of Foubert-Samier et al. (2012), who assessed activity in
midlife and in retirement. They asked participants whether
or not they engaged in a number of activities during midlife
(when they worked) and currently (in retirement) and assigned
one point for each activity. Social activity in both midlife
and retirement was related to better semantic verbal fluency,
but unrelated to total brain, gray matter, or white matter
volumes.

Current findings are also consistent with Van der Vegt (2015),
who found no association between social activity with family and
friends and brain volume (Van der Vegt, 2015). In that study,
participants were asked two questions: “In general, how often do
you have contact with your family members (including telephone
calls or letters)?” and, “In general, how often do you have contact
with your friends or well-known acquaintances (including
telephone calls or letters)?” Interestingly, factor analytic methods
have shown that social activity can be presented as a bi-factor
model: social-private and social-public (Jopp and Hertzog, 2010).
Additionally, social-private was more highly correlated with
cognitive functioning measures. As such, social-private may have
a stronger relationship with brain volume than social private, and
combining separable constructs may negatively impact predictive
validity. The association between different types of social activity
and volumetric data of cortical and subcortical regions warrants
further study. Nevertheless, considering prior research and the
results of the current study, we cannot support our hypothesis

that social activity is associated with greater gray matter volumes
in temporal and occipital regions.

As mentioned previously, novelty may be an important
driving factor in the relationship between leisure activities
that are engaging, cognitively or otherwise, and larger brain
volumes. Animal models have shown that, in aged animals,
environmental enrichment attenuates the age-related changes
in cortical thickness (Mora et al., 2007). A defining feature of
enrichment in animals is often novelty. For instance, repeatedly
substituting and replacing the objects in the home cages creates a
wide range of opportunities for enhanced cognitive stimulation,
formation of tuned spatial maps, and proficient detection of
novelty (Petrosini et al., 2009). In humans, one theoretical
explanation for how novelty exerts a protective effect in older
adults relates to non-adaptive “routinization” (Tournier et al.,
2012). That is, as older adults continue to accumulate age-
related insults (e.g., medical comorbidities or muscle related
fatigue), some individuals may seek out more controlled,
stable, predictive environments, thus limiting exposure to novel
environments or experiences. Evidence in support of this can
be found in a Bergua et al. (2006) study, demonstrating that
preferences for routine were positively correlated with cognitive
decline over 3 years. Additional support can be observed in
the finding that greater variety of participation in cognitively
stimulating activities was associated a ~10% lower risk of
cognitive impairment, regardless of how challenging these tasks
were (Carlson et al., 2012). As such, though novel environments
and situations may be more difficult to navigate as people
age, they may be the most protective against neurological
decline.

Limitations

The most common grouping scheme for investigating the
efficacy of leisure activities has been the broad domains of
physical, social activities, and other cognitive leisure activities,
which is what we followed for this investigation. However,
with such broad domains, many activities cannot be assigned
unambiguously. Volunteering work, for instance, is likely to
have a strong social component, but may in some instances
entail more non-verbal cognitive or physical effort. Ideally,
large item/activity pools would allow for the formation of
more distinct, unidimensional activity constructs, for example,
further delineating social activities into social-private and social-
public (Jopp and Hertzog, 2010). Furthermore, historically,
the evidence in observational studies, including the present
study, has been limited to an examination of frequency of
participation. However, contemporary conversations have moved
beyond questioning the frequency of participation, placing
greater emphasis on novelty/variety and cognitive challenge
(Bielak, 2010; Chan et al., 2014). Finally, as previously mentioned,
the accuracy of measurement in self-report questionnaires is
questionable, as participants may have subjective biases and may,
intentionally or unintentionally, misrepresent their objective
activity levels (Erickson et al., 2012). Nevertheless, CHAMPS
has several strengths, including robust psychometric properties
(Harada et al.,, 2001; Wilcox et al., 2009), sensitivity to change
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(Stewart et al., 1997), and correlations with objective measures of
physical activity and functioning (King et al., 2000; Harada et al.,
2001; Stewart et al., 2001).

CONCLUSION

Results of this study emphasize the relationship between
volumetric data and the independent contribution of cognitively
engaging activities. This process is of considerable value if
we consider that cognitive leisure activities show unique
contributions to cognitive health, independent of the variance
attributed to other cognitive reserve proxies (e.g., education and
occupational status) (Stern, 2009; Foubert-Samier et al., 2012).
Results of the present study show that more time spent engaged
in cognitive activity is associated with greater brain volume.
Importantly, these lifestyle variables are modifiable, suggesting
that interventions aimed at increasing levels of cognitive activity
may delay onset or decrease risk of developing dementia. In
fact, intervention studies have shown positive neurological effects
of cognitive interventions. Still, the field of cognitive aging will
benefit from more research investigating interventions aimed at
increasing everyday cognitively engaging activities as well as the
role of other biomarkers such as inflammatory agents and genetic
factors in influencing brain structure and function.
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Age-Related Differences in
Associative Learning of Landmarks
and Heading Directions in a Virtual
Navigation Task

Jimmy Y. Zhong and Scott D. Moffat*

School of Psychology, Georgia Institute of Technology, Atlanta, GA, USA

Previous studies have showed that spatial memory declines with age but have not
clarified the relevance of different landmark cues for specifying heading directions among
different age groups. This study examined differences between younger, middle-aged
and older adults in route learning and memory tasks after they navigated a virtual
maze that contained: (a) critical landmarks that were located at decision points (i.e.,
intersections) and (b) non-critical landmarks that were located at non-decision points
(i.e., the sides of the route). Participants were given a recognition memory test for critical
and non-critical landmarks and also given a landmark-direction associative learning task.
Compared to younger adults, older adults committed more navigation errors during
route learning and were poorer at associating the correct heading directions with both
critical and non-critical landmarks. Notably, older adults exhibited a landmark-direction
associative memory deficit at decision points; this was the first finding to show that
an associative memory deficit exist among older adults in a navigational context for
landmarks that are pertinent for reaching a goal, and suggest that older adults may
expend more cognitive resources on the encoding of landmark/object features than on
the binding of landmark and directional information. This study is also the first to show
that older adults did not have a tendency to process non-critical landmarks, which
were regarded as distractors/irrelevant cues for specifying the directions to reach the
goal, to an equivalent or larger extent than younger adults. We explain this finding in
view of the low number of non-critical cues in our virtual maze (relative to a real-world
urban environment) that might not have evoked older adults’ usual tendency toward
processing or encoding distractors. We explain the age differences in navigational
and cognitive performance with regards to functional and structural changes in the
hippocampus and parahippocampus, and recommend further investigations into the
functional connectivity between the prefrontal cortex and hippocampus for a better
understanding of the landmark-direction associative learning among the elderly. Finally,
it is hoped that the current behavioral findings will facilitate efforts to identify the neural
markers of Alzheimer’s disease, a disease that commonly involves navigational deficits.

Keywords: age-related differences, spatial navigation, route learning, landmark recognition, associative learning,
associative memory deficit
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INTRODUCTION

Age-related decline in spatial navigation skills, which refers to
the ability to learn and navigate in large-scale spaces, has been
documented by many studies in both real-world (e.g., Kirasic,
1991; Wilkniss et al., 1997) and virtual environments (VE; e.g.,
Moffat et al., 2001; Driscoll et al., 2003; Head and Isom, 2010;
Harris and Wolbers, 2012, 2014). Behavioral assessments of
age-related deficits in navigational ability generally showed that
non-demented elderly adults are less proficient than younger
adults at learning novel routes (Wilkniss et al., 1997; Moffat
et al, 2001), forming and utilizing an allocentric cognitive
map for navigating three-dimensional environments (Moffat
and Resnick, 2002; Iaria et al., 2009; Wiener et al., 2013),
path integration (Mahmood et al, 2009; Adamo et al., 2012;
Harris and Wolbers, 2012) and associating landmarks to specific
locations or places (Newman and Kaszniak, 2000; Head and Isom,
2010).

Despite these developments, there has been relatively little
research examining age-related differences in the associative
learning of landmarks and heading directions during route
navigation. Utilizing a virtual maze, Head and Isom (2010)
showed that younger adults outperformed older adults on a
test of landmark-direction knowledge that required the recall
of heading directions leading to the finishing point in the
maze. The authors suggested that an associative memory
deficit (Naveh-Benjamin, 2000; Old and Naveh-Benjamin, 2008)
explained older adults’ poorer binding of landmark and direction
information. However, the specific details of this potential age-
related deficit in associative memory require further investigation
as memory for direction-relevant landmarks (i.e., landmarks
located at intersections) and direction-irrelevant landmarks (i.e.,
landmarks located at the sides of one-way passageways) was
not assessed separately. Thus, the extent to which younger and
older adults differ in the representations of landmark-direction
associations for landmarks located at different navigation sites
remains unknown.

The investigation of landmarks with regards to differences in
their navigational or directional relevance is important because
studies have shown that not all landmarks in the environment
are perceived and processed in the same fashion. Landmarks that
are situated at turns and intersections on a map have been shown
to be described more often by people when giving directions of
travel to different places (Ward et al., 1986; Blades and Medlicott,
1992) and rated as more important for wayfinding (Lipman,
1991; Daniel and Denis, 1998) than landmarks that are located
at the periphery of a route. Assessments of landmark knowledge
have also shown that landmarks that are adjacent to correct
turns (i.e., turns which lead to the goal point) are better recalled
than landmarks that are adjacent to incorrect turns (i.e., turns
leading into dead ends) and located by the sides of straight
pathways (Cohen and Schuepfer, 1980; Jansen-Osmann, 2002;
Jansen-Osmann and Wiedenbauer, 2004; Jansen et al., 2010).
Furthermore, in the learning of a route in a virtual maze, Janzen
(2006) showed that landmarks/objects located at intersections
and turning points (i.e., decision points) were recognized faster
than landmarks located at the sides of straight route segments

(i.e., non-decision points), and suggested that the differences in
recognition time could be attributed to differences in the mental
representations associated with the two types of landmarks for
navigation purposes.

Previous studies have not examined age group differences
in the use of different types of landmark cues for specifying
heading directions. Therefore, in this study, we examined and
compared navigational and cognitive task performance between
younger, middle-aged and older adults in a virtual maze that
contained two types of landmark cues: (i) critical cues located
at decision points (i.e., intersections) where one has to decide
on the proper direction to take from several directional options;
and (ii) non-critical cues located at non-decision points (i.e.,
along one-way passageways) where deliberate decisions about
left- and right-turning directions are not required. In contrast
to the critical landmarks which were directly pertinent for
learning the right turns to make in order to reach the goal,
we regard non-critical landmarks as navigationally irrelevant or
even distracting cues that did not facilitate directional decision-
making toward the goal. As numerous studies have demonstrated
older adults to be prone toward the processing (e.g., Connelly
et al., 1991; Duchek et al., 1998; May, 1999; McGinnis, 2012)
and preservation of distracting lexical and semantic information
compared to younger adults (e.g., Bell et al., 2008; Campbell et al.,
2010; Amer and Hasher, 2014), we were further interested to
investigate whether older adults would exhibit the same distractor
processing tendency in a navigational context, leading to the
prediction that older adults would encode/recognize more non-
critical landmarks than younger adults. In addition, we included
middle-aged adults for our age-group comparisons as Jansen
et al. (2010) have shown that they may differ from younger
and older adults in terms of route learning and cognitive map
formation.

MATERIALS AND METHODS

Participants

A total of 114 participants (58 younger, 29 middle-aged and 27
older adults) participated in this study. The young adults (aged
18-38) were recruited from the psychology research volunteer
pool at Wayne State University and from the community.
The middle-aged (aged 51-64) and older adults (aged 65-
90) were recruited using newspaper advertisements and notices
distributed at older adult community centers and events. Based
on self-reports of medical history following screening, all
participants were in generally good health (i.e, no current
history of coronary heart disease, cancer and dementia) and
free of any medications that could potentially influence their
cognitive performance. None of them suffered from any existing
psychiatric or neurological disorders. All of them scored from 27
to 30 on the Mini-Mental State Examination (MMSE) (Folstein
et al, 1975), a range that has been shown to offer high
classification sensitivity and specificity for ruling out dementia
(O’Bryant et al., 2008). With the exception of age and computer
gaming experience (see below), older and younger participants
were well-matched on demographic characteristics and mental
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status. Informed consent for this study was approved by the
institutional review board at Wayne State University. Table 1
provides a summary of the demographic information for the
sample.

Procedures

Assessment of Level of Computer Experience

As the elderly participants may have less experience using
computers than the younger adults, all participants completed a
computer experience questionnaire (CEQ) prior to being tested
in the VE. This questionnaire contains three items that asked
participants to rate the amount of experience they had using a
computer, playing computer games and playing computer games
that involve VEs. The scores from each of these items (each
rated from 0 to 7) were summed to give a composite computer
experience rating for each participant (maximum rating = 21)
(see Table 1).

Pre-Test Training

Before being formally tested, the participants underwent
navigation training in a VE. This was done during an initial
phase of experimenter instruction, followed by a phase of free
exploration of the VE using the joystick. After demonstrating
their ability to guide themselves to targets designated by the
experimenter, the participants were administered a joystick
control speed test. On this test, they navigated a long winding
corridor as quickly and accurately as possible until they reached
a trophy at the finishing point. The criterion for demonstrating
competency in the use of the joystick was completing the task
within 120 s. Following the joystick control speed test, the
participants conducted navigation in a practice maze over three
trials. This maze was similar to the ensuing test maze except that
it was of a simpler design.

Virtual Maze Learning Task

The maze learning task was designed using a modified version
of Unreal Tournament 2003 and the software package Unreal
Editor 3.0 (Epic Games, Inc., Cary, NC, USA). The task
was presented on a 21-inch flat panel LCD monitor situated
approximately 25 inches in front of the participants. The maze
was presented from a first-person perspective and comprised
of textured alleys and intersections (see Figure 1). There were
four intersections at which the participants had to decide about

TABLE 1 | Demographic characteristics of participants.

Younger Middle aged Older
Age range 18-38 51-64 65-90
Age? 20.33 (3.77) 58.79 (4.33) 71.37 (5.45)
% Females 51.7% 44.8% 63.0%
Education® 12.90 (1.00) 14.45 (2.17) 14.39 (2.84)
MMSE 29.29 (0.90) 29.41 (0.91) 28.93 (1.11)
CEQ? 14.17 (2.85) 11.38 (3.14) 9.15 (3.57)

Data presented in Mean (+SD). Education: education of participant in years.
MMSE, Mini-Mental State Examination. CEQ, Computer Experience Questionnaire.
aVariables on which a significant age group difference was present (p < 0.05).

their turning directions into the adjoining alleys. Some of
these alleys led to the goal point (marked by the presence
of a trophy) while others led to dead ends (for an overhead
view, see Figure 2). Four intersections were created from pilot
testing and showed that they were sufficiently challenging for
the older participants. To facilitate maze learning, landmarks
in the form of variegated wall textures were positioned at the
intersections and along certain alleys. The participants traversed
the maze on five consecutive trials after being instructed to
locate the goal point as quickly and as accurately as possible
and to try to remember the route to the goal over consecutive
trials. They navigated the maze using a Logitech WingMan
joystick. Aside from being instructed to learn the route to
the goal point, they were not given any instruction about the
follow-up cognitive tests to be performed. The absence of such
instruction allowed for incidental learning of the landmarks
for all participants. This ensured that any age effect from
the follow-up cognitive tasks would not be overly affected
by pre-existing age differences in the cognitive processing
of environmental features that could be enlarged through
specific instructions of intentional learning (see Old and Naveh-
Benjamin, 2008).

The scoring of the maze learning task was automatically done
by a program that was specifically developed for recording each
participant’s coordinate position and heading bearing in degrees
every 20 ms. Based on this record, an analysis of navigation errors
was conducted. A navigation error was scored as any deviation
from the correct route into an alley that led to a dead end or a
journey down a correct route in the wrong direction. An error
was noted as soon as the participant crossed the threshold of an
intersection into a dead-end alley (i.e., they did not have to reach
the end of the alley) and every time they crossed the threshold
of an intersection on the correct route but traveling in the wrong
direction.

Post-Navigation Cognitive Tasks

Card rotations test

This is a pen-and-paper test of mental rotation with 20 target
figures presented with eight other alternative illustrations of it
on its right (Ekstrom et al., 1976). Among these eight alternative
figures, some are rotated versions of the target figure while others
are mirror images of the target figure. For each of these figures,
the participant must decide whether it appears to be the same as
(i.e., rotated in the picture plane) or different from (i.e., mirror
image) the target figure. The test has two parts and the dependent
measure was the total number of correct items minus the total
number of incorrect items summed over these two parts. The
maximum score attainable is 160.

Landmark recognition memory task

This task assessed the ability to recognize previously encountered
landmarks in the virtual maze. It comprised of 48 trials showing
the eight landmarks from the maze and eight “foil” landmarks
that served as distractors. Each landmark was enlarged to the
same scale and presented at the center of a gray background. Each
landmark was presented three times in a randomized fashion
leading to 48 trials. This repetition of landmark displays was
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FIGURE 1 | First-person views of a one-way alley (i.e., non-decision point) (A) and an intersection (i.e., decision point) (B) within the virtual maze.
Landmarks in the form of wall textures with varied colors and patterns were found at each intersection and along certain alleys. Participants were instructed to reach

the goal point as quickly and as accurately as possible over five trials.

FIGURE 2 | Overhead view of the virtual maze showing the start and
ending points. There were four intersections or decision points. While
making the correct turn at each intersection led one on the right path to the
goal point, making an erroneous turn at each intersection led to a dead-end.

made due to the fact that there were only four intersections
in the maze, which were established in order to ensure that
maze learning occurred at an appropriate level of difficulty for
older adults. This practice of redisplaying pictures of landmarks
or objects for recognition purpose has also been espoused by
other researchers (e.g., Janzen, 2006). Consequently, 24 trials
presented the landmarks that were found in the maze. On
each trial, the participants were instructed that they must
decide on whether they had seen the landmark in the maze
by saying either ‘yes’ or ‘no.’ The experimenter tested every
participant individually and recorded the verbal response on
each trial. There was no time limit and the participants were
instructed to respond as accurately as they could. The dependent

measures recorded from each participant pertained respectively
to the number of correctly recognized landmarks at decision
and non-decision points in the maze and the number of
correctly rejected foil landmarks. These recorded measures
were converted to sensitivity index scores (d’) (Stanislaw and
Todorov, 1999) that represented participants’ ability to discern
between previously seen and distractor landmarks. They were
computed for each participant by subtracting the proportion of
foil landmarks that were incorrectly recognized (‘false alarms’)
from the proportion of correctly recognized landmarks in the
maze (‘hits’). Due to the number of trials showing critical
and non-critical landmarks respectively (12) being less than
that showing foil landmarks (24), all of the percentage scores
were converted to z-scores to ensure standardized comparisons.
For the two sets of d’ scores reflecting the corrected hits of
critical and non-critical landmarks were computed based on:
d = Z (hits) — Z (false alarms) (see Macmillan and Creelman,
2005).

Landmark-direction association task

This task comprised 20 trials that required making decisions
about the direction of travel in the virtual maze. A first-
person still-photo of a particular location with a landmark
appeared on each trial and the participant had to make
a decision about the correct direction to take by pressing
one of the arrow keys on the keyboard. Participants were
asked “If you found yourself in this place in the maze,
which direction would you travel?” On 12 trials, views of
intersections were presented together with three directional
arrows and the subject responded by indicating (i) forward,
left, or right; (ii) backward, left, or right; (iii) left, forward, or
backward; (iv) right, forward, or backward depending on the
view. The participants decided on the directions by pressing
arrow keys on the keyboard that corresponded to the relevant
arrows on screen. On the remaining eight trials, views of
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the unidirectional alleys were presented together with two
directional arrows in each trial and participants made their
decisions with regards to three combinations of directional
arrows: (i) forward or backward; (ii) left or backward; (iii)
right or backward. These eight views were organized around
four distinct landmarks and regarded as non-critical decision
points for making directional decisions. Altogether, these 20
views were presented to participants in a randomized trial
sequence. No time limit was imposed and the participants
were instructed to respond as accurately as they could on each
trial. The experimenter tested every participant individually and
recorded the response on each trial. The dependent measures
recorded from each participant pertained to the number of
correct directional decisions made at the critical and non-critical
decision points respectively.

RESULTS

Virtual Maze Learning

To examine the potential gender and age group differences from
the learning of the maze over the five trials, a mixed-model
ANCOVA was performed with Age Group and Gender as the
independent variables, navigation errors on each Trial as the
within-subjects factor and computer experience as the covariate.
There was a significant main effect of age, F(2,107) = 6.36,
p=0.002, 1% = 0.106. Post hoc Bonferroni pairwise comparisons
showed that older adults committed more errors than younger
adults (p = 0.002) and marginally more than middle-aged
adults (p = 0.061). There was also a significant main effect
of Trial, F(4,104) = 17.04, p < 0.001, n? = 0.396 (see
Figure 3) but no significant interaction between Trial and Age
Group, F(8,210) = 1.16, p = 0.324, n?> = 0.042. Post hoc
Bonferroni pairwise comparisons showed that the number of
errors committed on the first trial was significantly greater
than that committed on any subsequent trial (p < 0.001).
Moreover, there was a significant main effect of Gender,
F(1,107) = 6.59, p = 0.012, n? = 0.058, with female adults
committing more navigation errors (M = 1.72, SD = 1.31) than
males (M = 1.09, SD = 1.30). Gender interacted significantly
with Age Group, F(1,107) = 4.08, p = 0.020, n* = 0.078 and
with both Age Group and Trial, F(8,210) = 2.82, p = 0.006,
n? = 0.097.

The Gender x Age Group interaction was attributed to
female adults committing more errors than male adults in both
younger, F(1,55) = 6.89, p = 0.011, n> = 0.111 and older age
groups, F(1,24) = 4.51, p = 0.044, n? = 0.158, (see Figure 4).
Post hoc Bonferroni comparisons showed that younger females
committed significantly fewer errors than both middle-aged
(p = 0.05) and older females (p = 0.003) whereas younger males
committed significantly fewer errors than middle-aged males
only (p = 0.010).

As for the three-way interaction of Gender with Age Group
and Trial, it resulted from the Trial x Age Group interaction
being significant among the female adults, F(8,108) = 2.19,
p =0.034,1? = 0.139 (see Figure 5A), but non-significant among
the male adults, F(8,96) = 1.33, p = 0.238, n? = 0.100 (see
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FIGURE 3 | Total number of navigation errors committed as a function
of Age Group and Trial. Adjusted means and SEs are shown after
controlling for the covariate effect of computer experience. Younger adults
committed fewer errors overall. Error bars indicate + 1 SE.
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FIGURE 4 | Total number of navigation errors committed as a function
of Age Group and Gender. Adjusted means and SEs are shown after
controlling for the covariate effect of computer experience. Older female adults
committed the highest number of errors overall. Error bars indicate + 1 SE.

Figure 5B). Older females exhibited a learning slope that was
relatively flat across the trials (M = 2.73, SD = 0.63), with no
pairs of trials differing significantly in navigation errors based on
an alpha of 0.01 (Bonferroni corrected). This slope was in direct
contrast to the learning slopes of the other groups of females and
male adults, all of which exhibited a distinctive downward trend
across the trials.

Memory for Landmarks and

Landmark-Direction Associations

As the initial maze learning trials were self-directed and self-
paced, there were individual differences in the frequency with
which each participant encountered a landmark. That is, people
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FIGURE 5 | Total number of navigation errors committed by female (A) and male participants (B) as a function of Age Group and Trial. Adjusted means
and SEs are shown after controlling for the covariate effect of computer experience. Compared to other groups, older females showed little improvement across
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who made more errors and spent more time in the maze
would see the landmarks more frequently and from a variety of
different viewpoints. In the analyses of the performance on the
tests of landmark recognition memory and landmark-direction
association that followed maze learning, an additional measure
of the total number of viewing events was computed. As the age
groups were found to differ on this measure, F(2,111) = 16.23,
p < 0.001,1? = 0.226, with older adults having significantly more
landmark views (M = 15.44, SD = 6.03) than both middle-aged
(M = 11.31, 6.03) (p = 0.031) and younger adults (M = 7.55,
SD = 6.03) (p < 0.001) s, this measure was added to the
univariate analyses as a covariate to ensure that age differences
on the cognitive task measures were not confounded by age
differences in the extent of visual exposure to the different
cues.

Landmark Recognition Memory

To analyze the performance on the landmark recognition
memory test, a mixed-model ANCOVA was performed with
Age Group and Gender as the independent variables, d’ scores
from the correct recognition of critical and non-critical landmark
cues (located at decision and non-decision points respectively)
as the repeated dependent measure and total viewing events
as the covariate. There was a significant main effect of age,
F(2,107) = 4.43, p = 0.014, n?> = 0.045, with younger adults
attaining higher & scores than both middle-aged and older
adults. There was no significance difference between the two
sets of landmark recognition d” scores, F(1,107) = 1.99 x 1074,
p = 0989, n> < 0.001. The interaction between Age Group
and Landmark Cue Type was significant, F(2,107) = 3.15,
p = 0.047, 1* = 0.056. This interaction was due to the age groups
differing significantly in non-critical landmark recognition,

Young ¥ Middle mOld
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FIGURE 6 | @’ scores on the Landmark Recognition Memory Task from
all participants as a function of age group and landmark cue type.
Adjusted means and SEs are shown after controlling for the covariate effect of
total viewing events. Error bars indicate + 1 SE.

F(2,107) = 5.75, p = 0.004, n? = 0.095, but not in critical
landmark recognition, F(2,107) = 2.92, p = 0.058, n> = 0.050
(see Figure 6). Post hoc Bonferroni comparisons showed that
younger adults attained significantly higher d’ scores than older
adults (p = 0.003) in the recognition of non-critical landmark
cues. Gender did not produce any significant main effect and did
not interact significantly with Age Group and/or Landmark Cue
Type, Fs < 2.09, ps > 0.12.
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Landmark-Direction Associative Learning

To analyze the performance on the landmark-direction
association task, a mixed-model ANCOVA was performed with
Age Group and Gender as the independent variables, percentage
accuracy scores from the two types of landmark cues (shown at
decision and non-decision points respectively) as the repeated
dependent measure and total viewing events as the covariate.
In view of the difference in chance-level performance between
critical (chance = 33.33%) and non-critical landmark scenes
(chance = 50%) that elicited a discrepancy in mean performance
values, we converted all the percentage accuracy scores from
each landmark condition to z-scores to render a more precise
portrayal of the pattern of within-subjects differences across the
age groups.

The results showed a significant main effect of age,
F(2,107) = 7.54, p < 0.001, n?> = 0.123, after controlling
for the significant covariate effect of total viewing events,
F(1,107) = 5.44, p = 0.022, n? = 0.048. Post hoc Bonferroni
pairwise comparisons showed that younger adults attained
significantly higher percentage accuracy scores (M = 76.29,
SD = 15.31; Z = 0.30) than both middle-aged (M = 71.14,
SD = 14.49; Z = 0.04) (p = 0.047) and older adults (M = 61.32,
SD = 15.69; Z = —0.48) (p = 0.001). There was no significant
interaction between Age Group and Landmark Cue Type,
F(2,107) = 2.35, p = 1.00, 1% = 0.042. Gender did not produce
any significant main effect and did not interact significantly
with Age Group and/or Landmark Cue Type, Fs < 1.0,
ps > 0.66.

Card Rotation

An ANOVA with Age Group and Gender as the independent
variables and card rotation accuracy as the dependent variable
showed a significant main effect of age, F(2,108) = 7.27,
p = 0.001, n?> = 0.119. Post hoc comparisons using Tukey
HSD showed that younger adults attained significantly higher
scores (M = 104.02, SD = 30.64) than older adults (M = 75.04,
SD =29.61) (p < 0.001). Middle-aged adults’ scores (M = 88.17,
SD = 32.49) did not differ significantly from either group
(ps > 0.05). There was also a significant main effect of gender,
F(1,108) = 7.40, p = 0.008, n* = 0.064, with males scoring
higher (M = 102.75, SD = 32.24) than females (M = 84.68,
SD = 31.17). The interaction between Age Group and Gender
was not significant, F(2,108) = 2.16, p = 0.12, 1> = 0.038.

Correlational Analyses

We tested the relationships between navigation errors and
landmark-direction association accuracy from each navigation
point (in z-scores), landmark recognition discriminability
of each cue type and card-rotation accuracy. For navigation
errors, we used the sum of all errors over the five trials.
As shown in Table 2, there were some common findings
across the age groups: cumulative navigation errors were
moderately and negatively correlated with the landmark-
direction accuracy scores from decision points in each
of the three groups (—0.35 < r < —0.27, ps < 0.10), as
well as with the card rotation accuracy scores of younger
[r(58) = —0.32, p = 0.015] and older adults [r(27) = —0.65,

p < 0.001]. However, older adults were exceptional
for having positive and moderate correlations between
cumulative navigation errors and recognition d’ scores for
both critical [r(27) = 0.39, p = 0.045] and non-critical
landmarks [r(27) = 0.42, p = 0.031].

DISCUSSION

This study examined the differences between younger, middle-
aged and older adults with regards to their navigation
performance in a virtual maze and subsequent performance in
landmark recognition memory, landmark-direction associative
learning and visuospatial ability. Overall, younger adults
outperformed older adults in all the tasks except in critical
landmark recognition. They also outperformed middle-aged
adults in the recall of heading directions from decision
and non-decision points and in card rotation performance.
Middle-aged adults outperformed older adults on all the
task measures but the differences did not reach significance.
Correlations between the task measures further showed different
patterns of relationships between the navigation performance
and cognitive task performance measures across the age
groups.

Closer examinations starting with total navigation errors
showed that older adults committed significantly more errors
than younger adults. These findings were consistent with
previous studies that showed an age-related differences in the
efficiency of route learning, particularly with regards to the
planning or selection of the best route to reach a particular
destination (e.g., Moffat et al., 2001; Allain et al., 2005; Salthouse
and Siedlecki, 2007). Likewise, the prominent differences between
younger and older adults in terms of landmark-direction
association replicated previous findings which showed older
adults to be relatively poorer at such associative learning
(Head and Isom, 2010). Moreover, older adults’ lower level of
mental rotation ability (as represented by their card rotation
accuracy scores) was consistent with those found in previous
studies (e.g., Berg et al, 1982; Hertzog and Rypma, 1991).
Card rotation accuracy scores were negatively correlated with
cumulative navigation errors among the older adults (i.e.,
lower rotation accuracy, more navigation errors), suggesting
that older adults’ poorer route learning could be partly
accounted by poorer mental rotation ability or spatial working
memory capacity than younger adults (Hertzog and Rypma,
1991).

Younger adults’ demonstration of better memory for non-
critical landmarks was contrary to our prediction that older
adults would recognize relatively more non-critical landmarks.
It seems that older adults’ predisposition toward encoding
distractors (Bell et al, 2008; Campbell et al, 2010; Amer
and Hasher, 2014) did not similarly apply to the encoding of
irrelevant landmark cues in the navigational context of a virtual
maze. However, it must be acknowledged that even though
we deliberately placed irrelevant cues in the virtual maze, this
environment was simpler and contained fewer cues than would
be encountered in the real-world. Navigating an actual city, for
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TABLE 2 | Pearson product-moment correlations between cumulative navigation errors and cognitive task measures in each age group.

Cumulative navigation errors

Younger adults Middle-aged adults Older adults
Critical landmarks d” —0.02 —-0.18 0.39*
Non-critical landmarks d’ —0.05 -0.29 0.42*
LLandmark-direction association ACC (Decision Points) —0.27* —0.347 —0.357
Landmark-direction association ACC (Non-decision Points) -0.17 —0.08 —0.09
Card otation ACC —0.32** —0.08 —0.65**

o <0.70; *p < 0.05; **p < 0.01.

example, would present a plethora of navigationally irrelevant
cues that may prove to be much more distracting.

In addition, a somewhat paradoxical finding was that item
recognition memory for critical and non-critical landmarks
was positively correlated with navigation errors (i.e., better
recognition memory, poorer navigation performance) in the
older adults. These findings suggest that older adults who attend
to and encode item/object characteristics (leading to better item
recognition memory) may do this at the expense of linking the
objects to directions, culminating in poorer landmark-direction
associative learning and poorer navigation performance.

It is also noteworthy that both middle-aged and older
adults seem to experience a common deficit in associative
memory for landmark-direction associations. This pattern of
results is analogous to those from previous studies in which
participants were instructed to utilize a particular memory
strategy for binding together paired associates (e.g., for word
pairs, see Naveh-Benjamin, 2000; Naveh-Benjamin et al., 2007;
for name-face pairs, see Naveh-Benjamin et al., 2009). Owing
to the fact that this study employed incidental learning with
no instructions about strategy, this suggests that middle-aged
and older adults might have adopted self-initialized strategies
that led them to focus more on the object characteristics
of the landmarks than on the relations of those landmarks
with spatial or contextual information (i.e., heading directions,
background scenes). Consequently, this might lead both age
groups to have fewer cognitive resources or lower cognitive
capacity than younger adults for the formation of appropriate
landmark-direction associations. This interpretation is supported
by previous research which showed that older adults have
reduced cognitive resources for episodic or associative memory
formation under conditions where they need to allocate more
attentional resources to the processing of individual items instead
of the relations between them (e.g., Craik and Byrd, 1982; Craik,
1983; Naveh-Benjamin et al., 2005; Naveh-Benjamin and Kilb,
2014).

Furthermore, the relatively high performance of younger
adults in the landmark-direction association task could reflect
their more effective use of spatial representation strategies. Such
strategies generally pertain to an orientation strategy that focuses
on the estimation and tracking of one’s orientation relative
to surrounding landmarks (Lawton, 1994, 1996; Pazzaglia and
De Beni, 2001; Lawton and Kallai, 2002; Kato and Takeuchi,
2003) and an allocentric strategy that focuses on visualizing
interobject relations and forming a cognitive map from an

environment-centered perspective (Pazzaglia and De Beni, 2001;
Hegarty et al., 2002; Rodgers et al., 2012). As the landmark-
direction association task involved selecting directions based
on viewpoints that were not necessarily directly encountered, a
potentially more effective use of a spatial orientation strategy by
younger adults might have facilitated their learning of landmark-
direction pairings from multiple viewpoints, eventually enabling
them to outperform both middle-aged and older adults on the
task. Consistent with evidence showing that younger adults
were stronger adherents of the allocentric strategy than older
adults when navigating a two-choice Y-maze (Rodgers et al,
2012), younger adults most probably conducted better cognitive
mapping of the spatial relations between the landmarks, leading
them to commit substantially fewer navigation errors than older
adults.

Another novel aspect of this study pertains to the gender
effects that affected navigation performance. Older female
adults—unlike the other female adults and male adults,
all of whom demonstrated learning across repeated trials—
were exceptional for not showing any noticeable decline
in navigation errors with more trial exposure. This led to
them committing substantially greater navigation errors than
older males—a difference that might be attributed to gender
differences in navigation strategy use (i.e., males prefer to
use metric-based/spatial information whereas females prefer
to use landmark information) (e.g., see Lawton, 1994, 1996;
Dabbs et al., 1998; Lawton and Kallai, 2002; Saucier et al,
2002). Specifically, older females’ potential use of a non-spatial
landmark strategy that focuses on processing landmark/object
characteristics (Dabbs et al., 1998; Saucier et al., 2002) might
have deterred them from learning the spatial layout of the
virtual maze, thereby leading them to maintain a relatively high
level of navigation errors across the trials. Further research on
relating potential gender differences in navigation strategy use
and navigational performance among older adults is needed to
clarify this possibility.

Along with the implications of the behavioral findings
above, it is worth noting that age-differences in spatial
navigation and associative learning may be underpinned
by age-related differences in brain-related processes. Extant
fMRI studies have demonstrated that activation in the
hippocampal/parahippocampal region among non-demented
older adults, when compared to younger adults, was either
reduced (Meulenbroek et al., 2004; Moffat et al., 2006) or absent
(Antonova et al., 2009) during the performance of navigational
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tasks. Moreover, activation in the parahippocampal gyrus has
been related to encoding of salient and navigationally relevant
landmarks and their corresponding positions in space (Aguirre
et al, 1996; Maguire et al, 1998; Janzen et al., 2007). For
instance, when navigating a maze-like virtual museum, the
parahippocampal gyrus was shown to have markedly higher
activation in response to landmarks located at decision points
compared to those located at non-decision points (Janzen and
van Turennout, 2004; Janzen and Weststeijn, 2007; Janzen
et al., 2007; Wegman and Janzen, 2011). These fMRI studies
were complemented by structural MRI studies which further
highlighted the hippocampus as one of the brain areas that
exhibit shrinkage in volume with increased age (Raz et al., 2005)
and a positive relationship between its volume and navigational
performance (Moffat et al., 2007; Head and Isom, 2010; Schinazi
et al, 2013). Cumulatively, these studies suggest that age-
related changes in the functional and structural properties of the
hippocampal/parahippocampal formation may have led to the
age-related differences in navigational performance observed in
our virtual maze task.

Likewise, in consideration of associative learning and
memory, there have been studies that implicated the
hippocampus as pivotal for the automatic binding of information
(e.g., Eichenbaum and Bunsey, 1995; Henke et al, 1997
Wallenstein et al., 1998). These automatic binding processes,
normally activated under incidental learning conditions, have
also been shown to be negatively affected in older adults
(e.g., see Moscovitch, 1994; Grady et al.,, 1995; Mitchell et al,,
2000). In tasks that require the binding or combined encoding
of different features, older adults have been shown to have
lower activation in the hippocampus and prefrontal cortex
than younger adults (e.g., Mitchell et al., 2000; Dennis et al.,
2008). The prefrontal and hippocampal regions have also been
proposed to be involved in strategic-effortful and automatic
binding processes respectively (Moscovitch and Winocur, 1992;
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Neuroimaging provides for non-invasive evaluation of brain structure and activity and
has been employed to suggest possible mechanisms for cognitive aging in humans.
However, these imaging procedures have limits in terms of defining cellular and
molecular mechanisms. In contrast, investigations of cognitive aging in animal models
have mostly utilized techniques that have offered insight on synaptic, cellular, genetic,
and epigenetic mechanisms affecting memory. Studies employing magnetic resonance
imaging and spectroscopy (MRI and MRS, respectively) in animal models have emerged
as an integrative set of techniques bridging localized cellular/molecular phenomenon
and broader in vivo neural network alterations. MRI methods are remarkably suited to
longitudinal tracking of cognitive function over extended periods permitting examination
of the trajectory of structural or activity related changes. Combined with molecular and
electrophysiological tools to selectively drive activity within specific brain regions, recent
studies have begun to unlock the meaning of fMRI signals in terms of the role of neural
plasticity and types of neural activity that generate the signals. The techniques provide
a unique opportunity to causally determine how memory-relevant synaptic activity is
processed and how memories may be distributed or reconsolidated over time. The
present review summarizes research employing animal MRI and MRS in the study
of brain function, structure, and biochemistry, with a particular focus on age-related
cognitive decline.

Keywords: fMRI, DTI, magnetic resonance spectroscopy, hippocampus, memory, preclinical MRI, aging
neuroscience

INTRODUCTION

Among the various techniques in neuroscience, magnetic resonance imaging and spectroscopy
are uniquely suited for longitudinal measurements; providing in-depth assessments of neural
activity, tissue microstructural organization, and chemistry in the aging brain. Functional and
diffusion magnetic resonance imaging (fMRI and dMRI, respectively) are among the most
promising MRI modalities that may be used to investigate the relationship between regional
changes in neural activity and structural connectivity. These neuroimaging methods have been
employed in aging humans to suggest that variability in the decline of several cognitive processes
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results from changes in defined neural circuits (O’sullivan et al.,
2001; Gunning-Dixon and Raz, 2003; Salat et al., 2005; Dennis
et al., 2008; Kaufmann et al, 2008; Duverne et al., 2009;
Wang et al., 2009; Lighthall et al., 2014). However, cellular
and synaptic mechanisms underlying regional differences in
vulnerability to aging are difficult to assess in human subjects.
Thus, the utility of fMRI and dMRI in studying functional
and neuroanatomical correlates of the human aging brain is
strengthened by animal studies that combine imaging with
invasive assessments. Animal imaging approaches combining
fMRI with electrophysiological recordings, direct electrical
stimulation and/or optogenetic modulation of neuronal activity,
may bring us closer to characterizing links between neural
activity and memory formation, both in healthy aging and
with cognitive impairment. Other animal imaging methods not
widely used in human subjects, such as pharmacological MRI
(Box 1), may be used to discern specific drug effects on BOLD
activity in memory networks. Functional and anatomical imaging
techniques find strong complementation with in vivo magnetic
resonance spectroscopy (MRS), which describes biochemical
correlates in memory regions.

The present article provides an overview of animal studies
that use fMRI, dMRI, and MRS to assess functional, structural,
and chemical characteristics in brain areas involved in learning
and memory. Rather than providing an extensive overview of
the full breadth of the animal imaging literature, the review
focuses on studies that are particularly relevant to normal aging
animal models, and on imaging and spectroscopy studies of
temporal lobe, prefrontal cortical and striatal circuits. The medial
temporal lobe episodic memory system and a prefrontal cortex
and striatal executive function system are highly vulnerable
to changes in structure and activity associated with cognitive
decline in humans, monkeys, rats, and mice. Furthermore,
there is a rich repertoire of behavioral paradigms that can
be applied to study of age-related decline in memory and
executive function across species (Moss et al., 2007; Nagahara
et al., 2010; Zeamer et al., 2011; Alexander et al., 2012; Bizon
et al, 2012; Foster et al, 2012; Holden and Gilbert, 2012;
Roberson et al., 2012; Crystal and Wilson, 2015). Monkeys may
have an advantage for behaviors that depend on the higher
complexity of the cortex. In this regard, the anatomy of the
prefrontal cortex in Old world primates is more analogous
to that of humans. However, aged non-human primates may
exhibit extensive neuronal loss in the prefrontal cortex, which
is not evident in aging humans or other animal models (Smith
et al, 2004; Burke and Barnes, 2006). Furthermore, while
comparative studies have identified similarities in connectivity
for auditory and visual system pathways, some connections
involving the prefrontal cortex may be absent in non-human
primates (Rilling, 2014), which may underlie differences in
behaviors between humans and non-human primates (Stoet and
Snyder, 2003). In contrast, rodents are a common model of
“normal” cognitive aging, particularly for studies seeking to
understand cellular and molecular mechanisms underlying age-
related changes in brain structure and function. We will attempt
to offer interpretations on the summarized literature and discuss
how the imaging findings might be reconciled with what is

BOX 1 | Pharmacological MRI is a term used to describe the use
of functional magnetic resonance imaging modalities to measure the
BOLD response to neuropharmacologically active compounds (Chen
et al., 1999; Salmeron and Stein, 2002). Studies typically employ BOLD
imaging, however, the term is inclusive of arterial spin labeling, iron contrast-
based cerebral blood volume measurements, and manganese enhanced MRI
studies designed to screen brain activity in response to CNS drugs.

known on the synaptic circuitry and mechanisms of learning and
memory.

EMERGING APPROACHES TO DRIVE
AND RECORD FROM MEMORY
CIRCUITS DURING fMRI

Findings from fMRI experiments are perhaps the most intriguing
among preclinical imaging studies because of the potential
of resolving functional changes involving hippocampal and
prefrontal circuits during specific stages of memory formation
and reconsolidation. A major question concerns the underlying
neuronal activity that generates the BOLD signal. Is the signal
related to region specific neuronal discharge activity or does
it reflect synaptic activity associated with afferent input and
local circuits? Several studies have examined neuronal discharge
activity in behaving animals. Based on visual stimulation
induced changes in BOLD signal in humans and neuronal
discharge activity in monkeys it was suggested that the BOLD
signal is representative of neuronal firing rate (Heeger et al,
2000; Rees et al, 2000). However, in both rats and non-
human primates BOLD fMRI signals correlate more closely
with local field potentials (LFPs) than with multi-unit activity
(MUA; Logothetis et al., 2001), although recent work in rats
indicates that cerebral blood flow (CBF) correlates better with
LFPs than do BOLD signals or cerebral blood volume (CBV;
Herman et al, 2013). The LFPs represent relatively slow
changes in membrane depolarization and hyperpolarization
due to afferent input and local circuit synaptic activity. Thus,
the BOLD response is largely associated with local neuronal
processing of synaptic inputs, as well as excitatory and
inhibitory synaptic activity of the local circuit, rather than the
consequent neuronal discharge activity which represents the
output computation (Logothetis and Wandell, 2004). Thus, it
is possible that neuromodulatory influences that inhibit the
discharge activity of principle cells can increase the BOLD
response, while increased discharge activity due to GABA
antagonist may not alter the BOLD response (Thomsen et al.,
2004). In this regard, the BOLD signal will differ across
regions due to the local excitatory/inhibitory configuration of the
circuit.

Functional Imaging of Hippocampal

Networks

Taking advantage of the well-defined synaptic circuitry of the
hippocampal formation, Angenstein et al. (2007, 2009) have
utilized direct current stimulation and neural recordings across a
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series of studies to determine the relationship between local field
activity and the BOLD signal, particularly in relation to its evoked
spatial and temporal properties in hippocampus (Tiede et al.,
2012; Angenstein, 2014; Scherf and Angenstein, 2015). Electrical
stimulation of afferents and recording in specific hippocampal
regions allowed this group to control input activity to the
dorsal CAl/dentate region, where BOLD signals were measured.
Using this technique they determined important properties of
hippocampal BOLD responses in relation to the neuronal activity
driving this signal. For BOLD response originating in the dentate
gyrus, it seems that afferent synaptic activity of the perforant
path correlates better with BOLD responses rather than the
discharge response of the population of granule cells (Angenstein
et al., 2007). Furthermore, the propagation of BOLD activity
across interconnected hippocampal subregions is influenced by
the internal processing dynamics and synaptic plasticity in
this region (Angenstein et al., 2009). The induction of long-
term potentiation (LTP) requires activation of N-methyl-D-
aspartate (NMDA) receptors (Foster, 2012), thus treatment with
an NMDA receptor blocker (MK801) prior to afferent stimulation
blocks hippocampal network activity (Tiede et al., 2012). Hence,
increased BOLD signal changes associated with the induction
of LTP suggests that memory-related changes in neural activity
are measurable with fMRI (Canals et al., 2008; Angenstein et al.,
2013).

Here is where animal-imaging studies may provide key
insights in the regulation of neural activity during memory
formation and recalling specific events, as reported in
human subjects (Ranganath et al., 2004; Flegal et al., 2014).
Parahippocampal areas of normal healthy human subjects show
greater BOLD responses during correct recall of events than
with incorrect recall (Eldridge et al., 2000). In awake Rhesus
macaques, correct recall of events on a serial probe recognition
task was associated with increased BOLD in caudal entorhinal
cortex, perirhinal cortex and hippocampus (Miyamoto et al,
2014). While this temporal lobe network in primates reflects
early consolidation phases, the intraparietal sulcus plays a role
in long-term retrieval processes (Miyamoto et al., 2013). The
idea that synaptic activity mediates the BOLD response has
important implications for interpreting the response as it relates
to mechanisms for cognitive function during aging (Figure 1).
Impaired memory encoding and retrieval is associated with
decreased BOLD activity in the hippocampus and medial
temporal lobe of humans (Daselaar et al., 2003; Morcom et al.,
2003; Dennis et al., 2008; Salami et al., 2012; Pudas et al., 2013;
Sherman et al., 2015). Conversely, an increase in frontal cortex
neural activity is observed in older humans and may relate to
performance of executive function tasks (Rosano et al., 2005;
Turner and Spreng, 2012; Maillet and Rajah, 2014). Studies in
animals suggest that the level of cell discharge activity is not
dramatically altered in the hippocampus or prefrontal cortex
of older cognitively impaired animals (Oler and Markus, 2000;
Burke and Barnes, 2006; Wang et al., 2011; Caetano et al., 2012).
Rather, cognitive decline is associated with an inability to modify
cell discharge activity. In turn, modifiability of cell discharge
activity depends on synaptic plasticity, and thus age-related
cognitive decline is associated with a decrease in the strength

of excitatory synapses and impaired synaptic plasticity (Luebke
et al., 2004; Foster, 2012; Guidi et al., 2015b).

In spite of the aforementioned insights, direct electrical
current stimulation presents technical challenges preventing
straightforward interpretations that can link these results to
human imaging work. Among these is the non-specificity of
neuronal groups targeted for stimulation, a lack of control over
excitatory versus inhibitory activity, and off-target antidromic
activation of afferent inputs to the stimulation site that could
hinder clear interpretations of fMRI data. Some of these
limitations may be resolved through the use of optogenetics
in conjunction with fMRI Initial studies applying this strategy
have focused on hippocampal and prefrontal cortical regions.
Therefore, these types of experiments are highly relevant to
characterizations of circuit adaptations in memory and normal
aging. Following a seminal study using the light sensitive cation
channel rhodopsin 2 (ChR2) to drive motor thalamocortical
BOLD responses (Lee et al., 2010), Lee and colleagues conducted
a similar opto-fMRI study centered on eliciting hippocampal
activation (Dufly et al,, 2015). Light stimulated excitation of
dorsal CAl pyramidal neurons increased BOLD activation
in the hippocampus and its output regions in the medial
septum (Duffy et al., 2015). Increasing stimulation frequencies
to levels capable of triggering seizure-like after discharges
elicited a greater distribution of BOLD activation to contralateral
hippocampus, neocortex, and mediodorsal thalamus, an effect
closely resembling optogenetically evoked BOLD activation in
mouse CALl circuitry (Takata et al., 2015). Among the implied
conceptual benefits of the opto-fMRI studies of hippocampal
networks is the potential for measuring how neural activity
moves through subregions of hippocampal memory networks.
Importantly, future studies are likely to target specific cell
groups to characterize hippocampal network activity and how
memory and recall mechanisms modify activity through this
structure. Studies directed at understanding specific roles
for neurotransmitter systems in modulating BOLD activation
through their effects on LFPs and MUA are coming to fruition in
non-human primates (Rauch et al., 2008; Arsenault et al., 2013;
Zaldivar et al., 2014). Applying such targeted cell- and receptor-
specific approaches in imaging hippocampal networks is likely
to provide powerful insight into effects of aging on hippocampal
activity, memory, and cognitive behaviors.

Functional Imaging of Prefrontal
Networks

The prefrontal cortex plays a role in working memory and
its role in normal aging is functionally distinct from that of
hippocampus and amygdala. Due to the complexity of the
prefrontal cortex, in terms of afferents, efferents, and local
circuits, optogenetics is essential in order to specify neuronal
activation patterns with memory and in aging. Optically exciting
output neurons from the prelimbic area of the prefrontal
cortex of awake rats has been shown to increased BOLD
activation in ventral striatum, other neocortical areas, and
the mediodorsal thalamus (Liang et al., 2015). It should be
noted that BOLD activity in mediodorsal thalamic nucleus
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S

FIGURE 1 | Schematic illustration of (A) the BOLD signal, which is positively correlated with memory, such that impaired memory is associated with
reduced BOLD activity in the hippocampus. (B) Discharge activity of hippocampal cells in response to environmental stimuli is not related to age or memory.
Rather, cognitive impairment is associated with reduced ability to modify discharge activity. (C) Synaptic transmission and synaptic plasticity in the hippocampal slice

is reduced with age, particularly in memory-impaired animals.
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occurs with optogenetic stimulation of the hippocampus and
prefrontal cortex. This region is known to be an integral part
of anterior thalamic limbic circuitry involved in memory and
learning (Aggleton and Brown, 1999; Aggleton et al., 2010).
Interestingly, mediodorsal thalamic BOLD activation observed
when driving prefrontal neurons of awake rats was not observed
in rats under anesthesia. Conversely, hippocampally driven
mediodorsal thalamus activation occurred under anesthetized
conditions (Duffy et al, 2015). The distinct responsiveness
of the mediodorsal thalamus to stimulation of these two
brain areas thus appears varies according to the state of
consciousness of the animals. It is possible that prefrontal cortex-
to-mediodorsal thalamus activation requires an awake state
whereas it does not appear to be necessary in hippocampal
networks. This brings up interesting possibilities regarding the
potential properties of temporal and prefrontal lobe interactions
in memory networks. Mediodorsal thalamic neurons project to
limbic frontal areas such as the prelimbic, orbital, insular and

anterior cingulate regions (Gabbott et al., 2005). Here, they
form asymmetric synaptic contacts with layer III pyramidal
neurons projecting back to mediodorsal thalamus (Kuroda
et al., 2004). Mediodorsal thalamic neurons also synapse onto
two types of GABAergic interneurons that modulate both
pyramidal cells and GABAergic interneurons, thus offering a
potential network controlling and modifying thalamocortical
and corticocortical activity (Kuroda et al., 2004). This medial
thalamic circuitry also modulates hippocampal-to-prefrontal
activity (Floresco and Grace, 2003). Driving hippocampal
activity to the prefrontal cortex is modulated by stimulation
of mediodorsal thalamus (Floresco and Grace, 2003). Tetanic
stimulation of mediodorsal thalamus-to-prefrontal neurons
potentiates ventral hippocampal-to-prefrontal activity (Floresco
and Grace, 2003). Thus, the hippocampal-prefrontal circuitry
shows synaptic plasticity that is under partial control by
mediodorsal thalamic neurons. These, and other results, strongly
suggest that mediodorsal thalamic neurons regulate the transit
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of limbic activity to and from frontal cortical and hippocampal
networks, and it also offers a pathway that can be targeted for
further opto-fMRI studies.

The functional role of the dorsolateral area of the prefrontal
cortex in working memory has been characterized using fMRI
in humans and neurophysiological recordings in non-human
primates (Funahashi et al., 1989; Curtis and D’Esposito, 2003; Nee
and D’Esposito, 2016). Working memory tasks that engage this
region elicit a BOLD activation pattern that reflects its temporary
storage buffer and processing capacity (D'Esposito et al., 1999a;
Rypma and D’Esposito, 1999), with a temporal neural activity
profile similar to that measured electrophysiologically in non-
human primates (Funahashi et al., 1989; Compte et al., 2000).
It appears that with aging there is compensatory increased
activation in the dorsolateral prefrontal cortex, with reduced
BOLD activation in caudal sensory processing structures, such
as the temporal and occipital cortices (Gigi et al., 2010; Fakhri
et al., 2012). Older adults show greater BOLD activation in this
prefrontal region that expands to the contralateral site when
compared to young individuals (Cabeza et al., 2004). The greater
BOLD activation in older versus young individuals may be
related to a compensatory activation of neurons in this region
during a working memory task. Interestingly, it was previously
shown that the BOLD response to a high load working memory
task is higher and more lateralized (to the right hemisphere of
the laterodorsal prefrontal cortex) than in a low load working
memory condition (Rypma and D’Esposito, 1999). More recent,
work in older individuals has shown that this pattern may
vary, with high cognitive load eliciting weaker activation (failure
to meet demands) and low load activating the region more
strongly (compensation for the functional loss; Cappell et al,
2010; Toepper et al.,, 2014). It is unclear if the expansion is
in fact compensation in order to facilitate behavior, or is a
sign of decreased specificity, and/or a sign of the impairment.
Comparable studies have not been carried out in rats in order
to address this matter more directly by manipulation of frontal
cortical brain areas (Liang et al., 2015). Therefore, this is an area
that would greatly benefit from opto-fMRI studies in rodents.
During working memory tasks, the discharge activity of some
cells does not increase to the same extent in aged rats (Caetano
et al., 2012) and monkeys (Wang et al., 2011). In turn, the shift
in discharge activity is thought to results from a shift in the
balance of excitatory/inhibitory synaptic activity (Luebke et al.,
2004; Guidi et al., 2015b), including the loss of dendritic spines
(Dumitriu et al., 2010). If the BOLD expands in older humans,
then the decline in discharge activity would not directly explain
this. An alternative would be that decreased activity in the region
may result in decreased lateral inhibition, permitting increased
activity of other regions (thus the expansion of BOLD to other
areas). Such a shift in the balance of excitatory/inhibitory synaptic
activity could explain the expansion, and is an intriguing target
for optogenetic manipulations in aged rats.

In summary, fMRI studies designed to activate the hippo-
campus of rats reveal that causally driving afferent inputs to
the dentate gyrus via the perforant path increases BOLD in
this region, and in downstream areas, and this appears to
involve dynamic processing of synaptic activity. Variations in

BOLD associated with high frequency pattern stimulation are
likely due to synaptic plasticity in local circuits. These plasticity
mechanisms, which can be engaged during learning or due to
pathology such as epilepsy, influence the spread of neural activity
to connected regions. Finally, a decrease in synaptic strength
or plasticity, or a shift in the balance of excitatory/inhibitory
synaptic activity may underlie changes in the BOLD response in
association with cognitive aging.

IMAGING RESTING STATE NETWORKS
INVOLVED IN MEMORY

Resting state fMRI is becoming a highly valuable strategy for
characterizing neural circuits involved in learning and memory,
especially when measures of behavioral performance on cognitive
tasks are also assessed. Resting state connectivity provides
information on intrinsic functional brain organization, which
under baseline conditions involves correlated BOLD signals
between specific subsets of brain areas (e.g., default, executive,
salience networks can be assessed). Similarity in resting state
functional connectivity of the hippocampus is observed between
humans and animals models, including rodents, rabbits and
monkeys (Becerra et al., 2011; Hutchison et al., 2011; Jonckers
etal., 2011; Schroeder et al., 2016). Resting state connectivity has
been examined in awake marmoset and rhesus monkeys and in
anesthetized macaques. Effective connectivity (which estimates
directionality of connectivity) between hippocampus and parietal
cortex increases during memory retrieval in awake macaques
(Miyamoto et al., 2013). Areas of the default mode network (e.g.,
medial and lateral parietal areas, anterior and posterior cingulate,
and medial prefrontal cortex) exhibit decreases in activity during
performance of goal-directed and attention-demanding tasks,
and show increase functional coupling when the brain is in
an “idle” mode (Raichle et al., 2001). This network appears
to be active in anesthetized monkeys (Hutchison et al., 2011;
Mantini et al., 2011, 2013) and rats (Upadhyay et al., 2011; Lu
et al., 2012), and activity is decreased as monkeys attend to
external stimuli (Mantini et al., 2011). Macaques and humans
have a homologous temporal-parietal resting state network
that involves parahippocampal areas, retrosplenial, posterior
cingulate, superior temporal gyrus, and posterior parietal cortex,
which may be involved in mnemonic processes (Vincent et al.,
2010). Some of these areas are also part of the default network and
this further strengthens the notion that this system is preserved
across species of primates and rodents (Kojima et al., 2009; Lu
et al., 2012), although a difference in the role of the striatum
within the default system has been reported between human and
non-human primates (Kojima et al., 2009).

Functional connectivity networks are increasingly used to
assess network-level alterations associated with learning and
memory and conditions of impaired cognition including aging.
In rats, it has been shown that training-induced improvement in
performance on a Morris water maze (MWM) task is associated
with increased connectivity within hippocampal regions and
between the hippocampus and other memory associated regions
such as the septum, retrosplenial cortex, entorhinal cortex, and
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task associate regions such as the visual and motor cortices and
thalamus (Nasrallah et al., 2016). The increased connectivity
between these regions was again reduced 7 days after the
last MWM session, suggesting a waning of memory associated
network BOLD activity (Nasrallah et al, 2016). In humans,
resting state connectivity is reduced with age (Achard and
Bullmore, 2007; Andrews-Hanna et al., 2007; Damoiseaux et al.,
2008; Wu et al,, 2011; Dennis and Thompson, 2014; Song et al,,
2014; Ferreira et al.,, 2015; Huang et al.,, 2015; Li et al.,, 2015;
Scheinost et al., 2015; La et al., 2016). Thus, one possibility is
that a decrease in resting state connectivity is an indication of
impaired memory formation or consolidation during aging. In
a study that examined changes in resting state connectivity, older
rats exhibited a postoperative impairment in cognition associated
with decreased resting state connectivity, which recovered over
time (Xie et al.,, 2013). In contrast, results obtained in middle
age non-human primates showed increased connectivity strength
between hippocampus and neocortical areas in animals with low
memory performance scores (Koo et al., 2013). These animals
showed reduced white matter integrity, suggesting that loss of
memory performance with aging is associated with increased
functional connectivity to compensate for structural white matter
losses (Koo et al., 2013). Similarly, it should be noted that
patients diagnosed with mild cognitive impairment exhibited
increased connectivity between hippocampal and prefrontal
regions, which the authors suggest is a result of a maladaptive
reorganization of the brain (Gardini et al., 2015). It is thus
possible that increased hippocampal functional connectivity
reflects compensatory increases in neuronal activity in temporal
lobe and neocortical networks of middle aged individuals, or
individuals with milder forms of cognitive impairment. Although
not yet determined, such compensatory neuronal activity might
fail at later ages, or with the progression of senescent synaptic
function with more advanced age and/or dementia.

In sum, experimental paradigms recruiting memory systems
in normal aging may modify patterns of resting state functional
connectivity across specific functional networks involving default
mode and temporal lobe areas that are preserved across
species (hippocampal areas in case of rats). While there is an
extensive literature linking aspects of Alzheimer’s disease and
other forms of neurodegenerative dementia’s to alterations in
these networks, normal aging connectivity patterns need further
investigation. Of note is the fact that functional connectivity
analysis is based on statistical correlation methods and, as a
result, limits the establishment of causal links to cellular and
synaptic mechanisms. In spite of this limitation, future animal
imaging studies should further define links between neuronal
aging mechanisms and distinct functional connectivity patterns
associated with impaired cognitive function.

FUNCTIONAL IMAGING AND
NEUROVASCULAR COUPLING DEFICITS
IN COGNITIVE AGING

Neurovascular coupling is a critical aspect of BOLD fMRI that
can be impacted by cellular and molecular events altered in

aging, especially as it relates to vascular mechanisms (D’Esposito
et al, 1999b). This in turn could directly affect cognitive
performance, even in the absence of data indicating impairments
in synaptic plasticity. Cerebral metabolic rates for oxygen,
arterial perfusion and blood volume changes contribute to the
BOLD effect and may all be independently influenced by an
aging cerebrovasculature (Mehagnoul-Schipper et al, 2002).
Also, supporting cells, such as astrocytes, and the expression
of vasoactive molecules, which play an important role in
neurovascular coupling (Takano et al., 2006; Drake and Iadecola,
2007) may also be affected by aging mechanisms and in turn
affect functional MRI results. Functional MRI alterations in the
aging brain may, therefore, be influenced not only by changes in
synaptic activity and strength, but may also occur as a result of
changes in neurovascular coupling.

Aged rats show lower oxyhemoglobin, CBF and percent
increases in BOLD signal in cortex in response to hypercapnia
than young rats (Desjardins et al., 2014). These perfusion
deficits worsen with age, and even more so with hypertension
(Lee et al, 2011, 2014). Interestingly, deficits in response to
hypercapnic challenge show a linear relationship with mild
cognitive impairments in aged rats and are thought to be
predictive of reduced performance on cognitive tasks (Mitschelen
et al., 2009). Direct effects of aging on neurovascular uncoupling
may contribute to reductions in cognitive performance, even
in the absence of a change in synaptic function. Inhibiting the
vasoactive signaling molecules cyclooxygenase-2, epoxygenase,
and nitric oxide synthase (NOS) reduced CBF in response to
whisker barrel stimulation. Reduced CBF was in turn associated
with reduced performance in Y- and T-maze tasks and object
recognition in the absence of altered synaptic strength (Tarantini
et al, 2015). Cerebrovascular insufficiency has been shown
to be associated with reduced performance on a MWM task,
increased CA1 neuron damage, increased glial acidic fibrillary
protein (GFAP) expression, reduced hippocampal blood flow,
and increased ! P-phosphomonoester, which may be an indicator
of altered membrane phospholipid turnover rates (de la Torre
et al.,, 1992). The results suggest that vascular impairments with
age might lead to blunted BOLD signal responses compared to
young adults and contribute to impaired cognition.

In aged animals the BOLD response is linked to several
biological markers that are thought to contribute to cognitive
deficits. Transcriptional profiling in vulnerable brain regions has
revealed a relationship between age, cognitive function and gene
expression (Prolla, 2002; Blalock et al., 2003; Loerch et al., 2008;
Zeier et al., 2011). In general, aging is associated with increased
expression of genes associated with the immune response and a
decrease in expression of genes linked to synaptic connectivity
and neural activity. Gene changes are relatively region-specific
and suggest regional vulnerability to aging (Wang and Michaelis,
2010; Zeier et al.,, 2011). The regional specificity for an altered
BOLD response suggests that the blunted BOLD signal may
be due to local changes in synaptic function, metabolism,
and neuroinflammation associated with these gene expression
changes (Blau et al., 2012; Moreno et al., 2012; Sanganahalli
etal.,, 2013). In support of this notion, several recent studies have
combined gene manipulations with neuroimaging to understand
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the relationship between transcriptional markers of aging or
neurodegenerative disease and the progression brain changes
(Song et al., 2004; Maheswaran et al., 2009; Moreno et al,
2012; Lewandowski et al., 2013; Pavlopoulos et al., 2013; Zerbi
et al., 2014; Micotti et al., 2015; Sevgi et al.,, 2015). Mutation
or absence of the cholesterol transporter protein apolipoprotein-
¢ (ApoE) is associated with deficits in functional connectivity
and in CBF in the mouse hippocampus (Zerbi et al., 2014).
The functional impairments are associated with increased mean
diffusivity, which in turn are linked to synaptic loss and presence
of pro-inflammatory cells in the region. In one study, a decline in
the expression of histone binding protein RbAp48 was observed
specific to the dentate gyrus of humans and mice over the
course of aging (Pavlopoulos et al, 2013). Expression of a
dominant-negative inhibitor of RbAp48 resulted in impaired
memory and a decrease in BOLD activity within the dentate gyrus
suggesting that altered histone regulation underlies cognitive
impairment and/or decreased BOLD activity. The idea that age-
related cognitive impairments are associated with a decrease in
activation of the dentate gyrus is supported by work in a primate
model of aging showing reduced CBV, which was associated
with reduced expression of the neural activity marker Arc (Small
et al., 2004). Thus, the above-cited studies appear to arrive at
a consensus that age related reductions in CBF are particularly
robust in the dentate gyrus. This represents a promising direction
for preclinical imaging research.

IN VIVO HIPPOCAMPAL AND CORTICAL
VOLUMETRIC CHANGES ASSOCIATED
WITH AGING

A reduction in synaptic connectivity in the hippocampus with
aging may consequently produce atrophy of this structure, impair
memory functions, and this may explain not only impaired
BOLD fMRI and vascular changes, but also volumetric changes
in this region. There is currently a debate as to whether cognitive
aging is associated with a decline in hippocampal volume in
humans (Jernigan et al., 1991; Golomb et al., 1993; Sullivan
et al, 1995; Raz et al, 2000), non-human primates (Shamy
et al.,, 2006; Willette et al., 2013), and dogs (Su et al., 1998;
Tapp et al, 2004; Kimotsuki et al, 2005). In aged Rhesus
macaques, spatial memory was not associated with the size of
the hippocampus; although, expression of the synaptic marker
synaptophysin was reduced in animals with impaired memory
(Haley et al., 2012). In contrast, another study indicated that
gray matter areas of the prefrontal and temporal cortices of
macaques show age related reductions in volume accompanied
by reduced performance on delayed non-match to sample task
(Alexander et al., 2008; Wisco et al.,, 2008). Synaptic proteins
and mRNA levels, and hippocampal volumes, decline in aged-
memory impaired rats, with volumes lower in aged and middle
age rats compared to young rats (Smith et al., 2000; Blalock
et al., 2003; Driscoll et al., 2006). The decline in hippocampal
volume correlated with reduced performance on a MWM task.
Similarly, transgenic mice expressing ApoE4 show greater aged
related reductions in hippocampal and cortical volumes, and

also suffer greater cognitive deficits than wild-type mice (Yin
et al,, 2011). The reduced hippocampal volume is associated
with increased microglial marker ibal and tumor necrosis
factor a, suggesting a role for neuroinflammation. Finally, aged
lemurs that performed poorly on shifting and discrimination
tasks also show significant volumetric reductions in caudate-
putamen, hippocampus, septum, and temporal, occipital and
cingulate cortices (Picq et al., 2012). Volumetric reductions may
be influenced by co-occurring conditions affecting the aging
population. For instance, using a heart failure model, Suzuki et al.
(2015) showed a significant reduction in gray matter volume in
rats with coronary ligation. There is also promising evidence
suggesting that physical activity may ameliorate reductions in
cortical and hippocampal volumes (Fuss et al., 2014; Mariotti
et al., 2014; Sumiyoshi et al., 2014).

Volumetric changes can be linked to functional changes
through the use of manganese enhanced MRI (MEMRI) in
animal studies (Koretsky and Silva, 2004). The paramagnetic
manganese ion (Mn?™) enters voltage dependent Ca?* channels
(VDCC), which are pervasively present on synapses across the
brain. It is therefore used as a surrogate marker of synaptic
activity during baseline conditions and following chronic disease
states, memory tasks, or drug stimulation (Pautler et al., 2003;
Pautler, 2004). Intra-synaptic sequestering and transsynaptic
transport allows for the measurement of neural circuit activity-
associated increases in signal intensity in high resolution T,
weighted images. A popular application of MEMRI is to quantify
rates of signal intensity change in major fiber pathways in order
to indirectly estimate in vivo brain axonal transport rates (Bearer
etal., 2007; Smith et al., 2007, 2010, 2011; Kim et al., 2011). Using
this methodology, Cross et al. (2008) showed a significant decline
in olfactory pathway transport rates in aged vs. young and middle
aged rats. This has been demonstrated as well in mouse models of
amyloidosis, tauopathy, and neurodegeneration (Serrano et al.,
2008; Majid et al., 2014).

Interestingly, given its mechanism involving VDCC uptake,
this imaging strategy can provide an indication of Ca?™
regulation (Lu et al., 2007; Berkowitz et al., 2014; Groschel
et al,, 2014). Dysregulation of Ca?* during aging is thought to
underlie changes in cell excitability (Landfield, 1988; Disterhoft
et al., 1993; Foster, 2007; Thibault et al., 2007; Kumar et al.,
2009; Oh and Disterhoft, 2010) and the senescence of synaptic
function (Foster and Norris, 1997; Kumar et al., 2009; Foster,
2012). The MEMRI technique has been employed to demonstrate
increased Ca?t of sensory systems associated with an age-
related impairment of sensory processing (Bissig et al., 2013;
Groschel et al., 2014). For example, 13- to 18-month-old mice
with significant hearing loss show greater accumulation of Mn?™
signal in auditory networks and the hippocampus relative to 3-
month-old mice (Groschel et al., 2014). An increase in MEMRI
signal intensity in the pyramidal cell layer of the CA1l is also
observed in 6- to 18-month-old rats (Bissig and Berkowitz, 2014).
However, it is unclear if the changes represent accumulation in
active neurons, active synapses, or glial cells (Nairismagi et al.,
2006; Hsu et al., 2007; Immonen et al.,, 2008; Eschenko et al,,
20105 Perez et al,, 2013; Zhang et al., 2015). For example, an
increase in Mn?™ signal intensity in dorsal CAl and dentate
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gyrus of mice showing neurodegeneration and forebrain atrophy
might be associated with increased presence of glial cells in
the region (Perez et al., 2013) and an increase in the area
of Mn?T intensity was observed at the mossy fiber to CA3
synaptic terminal region following a learning (Zhang et al.,
2015). In spite of these interesting results, a significant limitation
of MEMRI is the neurotoxic effects of Mn?* on dopamine
neurons (Aschner et al., 2007), and its actions as a glutamatergic
NMDA receptor blocker, both of which may interfere with its
intended use of measuring neuronal activity and aging related
changes in neuronal activity (Guilarte and Chen, 2007; Liu
et al,, 2013). Furthermore, because Mn?* competes with Ca?*,
it will have effects on Ca?"-dependent processes including the
release of transmitter and possible synaptic plasticity (Eschenko
et al., 2010). Systemic administration of Mn?" may also affect
overall health and chronically affect weight gain in rats (Jackson
et al,, 2011), thus further reducing the utility of this method for
longitudinal MRI studies.

PHARMACOLOGICAL MRI OF
POTENTIAL COGNITIVE MODULATORS

BOLD fMRLI, arterial spin labeling, and superparamagnetic iron
oxide nanoparticle based functional imaging of blood volume
are also used for in vivo measurement of drug-induced brain
activation. The use of these modalities initially started with
administration of psychoactive substances in studies of drug
abuse and addiction (Mandeville et al., 1998; Marota et al., 2000
Schwarz et al., 2003; Febo et al., 2004, 2005a,b), but over the last
decade other applications, particularly the testing of modulators
of cognitive function and mood has emerged. For instance, one
of the key mechanisms involved in LTP is an increase in AMPA
receptor-mediated synaptic currents through the insertion of
AMPA receptors into the post-synaptic terminal (Luscher et al.,
2000). Drugs that enhance AMPA mediated effects can thus
be considered to be potential targets for modulating memory
through a well-defined synaptic mechanism. Administration
of an AMPA receptor agonist (LY404187) increased BOLD
activation largely in the dorsal hippocampus and septum and this
was blocked by pretreatment with the AMPA/kainite antagonist
LY293558 (Jones et al., 2005). This is consistent with previous
work with the same AMPA agonist compound showing increases
in cerebral metabolic rates for glucose and c-fos expression in
the same regions (Fowler et al., 2004). Cholinergic modulation
in the brain has also been assessed using drugs that activate
muscarinic and nicotinic receptors (Hoff et al., 2010, 2011; Haley
et al,, 2011; Bruijnzeel et al., 2014). Experiments focusing on the
cholinergic system show pronounced thalamocortical activation,
which is very low in studies examining AMPA receptor activation.
This shows the capacity of combining pharmacology and fMRI to
distinguish among these two drug classes acting through different
receptor systems. Bruijnzeel et al. (2014) showed dose-dependent
nicotine-induced BOLD activation of anesthetized rat brain,
which was blocked by the general nicotine receptor antagonist
mecamylamine (Bruijnzeel et al., 2014). Administration of the
non-specific muscarinic receptor antagonist scopolamine to aged

monkeys resulted in greater increases in hippocampal BOLD
signal, but only in animals performing well on spatial maze
task (Haley et al., 2011). This correlated with greater levels M1
but not M2 receptor density in greater performing than poorly
performing animals.

In humans, an age-related decline in activity within the
posterior brain regions including the hippocampus is associated
with increased activity in the prefrontal cortex (Sperling,
2007; Kaufmann et al., 2008; Park and Reuter-Lorenz, 2009;
Turner and Spreng, 2012; Lighthall et al.,, 2014; Tromp et al,
2015). Interestingly, inhibition of NMDA receptors in the
hippocampus or prefrontal cortex drives activity in the prefrontal
cortex (Jodo et al., 2005; Homayoun and Moghaddam, 2007).
Furthermore, low level NMDA receptor blockade impairs
hippocampal function and improves executive processes that
depend on the prefrontal cortex (Guidi et al., 2015b). Chin et al.
(2011) showed that ketamine, an amnesic/dissociative agent that
blocks NMDA receptors produced robust activation of cortical
regions and the hippocampus of awake rats. This effect was
modulated by the glutamate metabotropic agonist LY379268
(Chin et al., 2011). More recent work has confirmed that
ketamine increases functional interactions between brain regions
involved in memory (hippocampus, areas of the limbic prefrontal
cortex, and retrosplenium; Gass et al., 2014; Grimm et al., 2015).
These studies illustrate the potential for pharmacological MRI
to investigate brain wide activation in response to cognitive
modulators.

DIFFUSION BRAIN IMAGING IN NORMAL
AGING RATS

Compared with fMRI, diffusion MRI has been applied more
extensively to the study of animal models of neurodegenerative
diseases. However, we will mostly focus here on dMRI
studies relevant to normal cognitive aging. In diffusion
MR, directionally applied diffusion-sensitizing magnetic field
gradients tag protons in slowly moving (diffusing) water
molecules (in the order of 1073 pwm?/s), and thus omit water
moving at faster rates (e.g., inside blood vessels, as measured
in the above-cited fMRI modalities; Le Bihan et al., 2001). The
fractional anisotropy (FA) index is one of the main scalars
estimated from a series of diffusion-sensitized MRI images. FA
has been used extensively as an indicator of underlying tissue
microstructural integrity (Mori and Zhang, 2006). This value
is most reliable when assessed in major white matter (WM)
tracts in rodent brain at high fields, although a growing number
of studies are also reporting FA for gray matter regions. FA
values range from 0 to 1, with 1 indicating high directionality
of water diffusion (anisotropic diffusion) and 0 low directionality
(isotropic diffusion). Thus, lowest FA values are measured from
cerebroventricles (because of the high mobility of unbound water
molecules have in this compartment), whereas highest values are
measured in WM fiber bundles, such as the corpus callosum,
fimbria, internal capsule, where water molecules show a high net
directionality due to the presence of highly organized barriers
to diffusion formed by myelinated axonal fibers. Reductions in
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myelination, increases in fluid filled inter-axonal spaces, altered
cellular density, local cellular inflammatory responses, and edema
can all reduce FA (Peled, 2007). Reduced FA is thought to
represent WM alterations in aging and pathologies of Alzheimer’s
disease in humans (Bozzali et al., 2001; Teipel et al., 2010; Douaud
etal., 2011, 2013). Recent evidence for a link between reduced FA
and pathology was provided by studies in a mouse overexpressing
microtubule associated protein tau (Sahara et al., 2014). Similar to
human studies, the results demonstrate a progressive reduction
of FA in WM structures of the tau-expressing mice. Changes
in FA were associated with an increase in tau pathology and
disorganization of unmyelinated processes. Indeed, changes
in dMRI were detectable as early as 2.5 months, before the
emergence of obvious overt pathology. Similar age-associated
reductions in FA (and concomitant increases in diffusivity scalars,
axial, radial, and mean diffusivities) have been reported in a
transgenic rat model of Huntington disease (Antonsen et al.,
2013), and in corpus callosum of normal aged rats (Guo et al,
2015). In spite of these correlations, the mechanistic basis for
changes in FA still remains unclear.

In humans, it has been known for many years that WM
content in brain shows an inverted U maturational change that
peaks at middle age (45 years of age). This was first demonstrated
in postmortem tissue and subsequently supported by Bartzokis
et al. (2004) using MRI. The loss of WM begins early in
middle-age in humans and rhesus monkeys, with a prolonged
decline during aging (Makris et al., 2007; Westlye et al., 2010;
Yeatman et al., 2014). In contrast, WM loss is initiated much
later for chimpanzees, suggesting that older chimpanzees exhibit
decreased atrophy relative to humans (Chen et al., 2013). Rodents
show a age progressive change in WM similar to humans,
occurring at earlier stages in the rodents lifespan, with a steep
rise in FA from 0-40 days (ending at mid adolescence), and
a gradual but progressive decline thereafter (Calabrese et al,
2013). Interestingly, mean diffusivity peaks earlier between 10-
20 days of age and then remains stable, or shows a steady
decline (Mengler et al., 2014), at least until day 80 (Calabrese
et al., 2013). FA values in outer cortical layers of developing
rat brain is reduced during the first 10 postnatal days (Huang
et al., 2008). Therefore, diffusion MRI can distinguish between
non-WM maturational changes. Thus, these represent early
life maturational changes, perhaps associated with early brain
development (Mengler et al., 2014). Synaptic and axonal pruning
and increases in myelination of major fiber tracts account in
part for these early life changes in FA and mean diffusivity
(Huang et al., 2008). Compared to 3-month-old rats, 12-month-
old rats show lower apparent diffusion coefficient (ADC) values
in cortex (Heiland et al., 2002). ADC mapping is typically used
in preclinical stroke research, with reduced gray matter ADC
values indicative of early hemorrhagic events and high values
indicative of progressive edematous tissue damage. Aged rats
sustaining transient global ischemia also show greater reductions
in ADC than young animals imaged under the same conditions
(Canese et al., 1998, 2004). Hypotension-associated with a single
hemorrhage event causes a greater reduction in hippocampal
ADC in 18-month-old compared to 12-month-old rats (Plaschke
et al., 2009). Thus, vascular events that increase in risk with age

are observed to alter diffusion MRI indices of tissue integrity.
While this is an area that needs further investigation, it points
to the possibility of developing the diagnostic capabilities of
diffusion MRI as a technique that offers tissue quantitative
measures that could assess risk or vulnerability in aging brain
under specific challenges. For example, age-related reduction in
FA in corpus callosum is prevented in aged rats subjected to a
caloric restriction (Guo et al., 2015).

PROTON MAGNETIC RESONANCE
SPECTROSCOPY

A major advantage of ultra-high field imaging (7 T and
above), apart from the greater signal-to-noise, is the improved
capacity to resolve or separate the chemical shift peaks of
various biomolecules involved in neurotransmitter metabolism
in cells (Di Costanzo et al., 2003; Moser et al., 2012). MRS,
particularly involving hydrogen ('H) nuclei, has been used
for years to assess various chemical species in brain diseases,
both neuropsychiatric and neurologic conditions (Maddock and
Buonocore, 2012; Rossi and Biancheri, 2013). Imaging techniques
have better spatial resolution than MRS techniques, but ' H-MRS
offers strong complementary data because of its specificity and
quantitative capabilities, which permit the assessment of tissue
concentrations of distinct biologically relevant molecules and
metabolic intermediates. 'H-MRS can detect molecular markers
for neurons and glia, transmitters, and antioxidant capacity (see
Table 1).

For example, N-acetylaspartate (NAA) and myo-inositol
are measured as neuronal and glial markers, respectively
(Demougeot et al., 2004; Harris et al, 2015). Following
experimental ischemia, a decline in NAA is observed in the most
vulnerable brain regions and correlates with cell loss (Higuchi
et al., 1997; Sager et al., 2001). However, there is also evidence
for a decline in NAA not linked to neuronal loss (Jenkins et al.,
2000). NAA is synthesize in the mitochondria and a rapid decline
in NAA following ischemia may represent impaired neuronal
function, which can recover during reperfusion (Demougeot
et al, 2004). Indeed, minor levels of hippocampal cell loss
following mild ischemia was not associated with a change in
hippocampal NAA (Galisova et al., 2014).

In Alzheimer’s disease, a decline in NAA is observed in
hippocampus and posterior cingulate in association with a loss
of synaptic markers and increased hyperphosphorylated tau,
consistent with a neuronal loss. Interestingly, increased myo-
inositol levels where more prominent in the cortex in association
with amyloid-beta levels, suggesting activation of glial markers
may precede neuronal loss (Murray et al., 2014; Wang et al,
2015). In this case, the increase in glial markers may be an
early sign, possibly representing neuroinflammation. Indeed,
APP/PSI transgenic mice, an increase in myo-inositol precedes
the decline in NAA and changes in both markers precede
cognitive impairment (Chen et al., 2012).

In the case of normal aging in humans and in animal
models of brain aging, an increase in glial markers, possibly
as a sign of neuroinflammation, is observed in the absence of
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TABLE 1 | Proton MRS markers relevant to aging, inflammation, neurodegeneration, and excitatory neurotransmission.

Molecule or metabolic Marker for

intermediate

Age-related change

NAA
myo-inositol Glia
Acorbate, GSH

Glutamate, GABA

Neuronal health

Oxidative stress
Neurotransmitters

No change with normal aging, decreased in neurodegenerative disease

Increased in normal aging, possibly as a sign of neuroinflammation

Generally decreased with age, indicating brain regions that are vulnerable to oxidative stress
Region specific changes may reflect a shift in the balance of excitatory/inhibitory transmission

profound neuronal loss. Studies of 'H-MRS profiles in aging
humans indicates no change or a small decrease in NAA and
an increase myo-inositol, consistent with an increase in glial
markers (Boumezbeur et al., 2010). Similar changes are observed
in 'H-MRS profiles of aging non-human primates (Herndon
et al,, 1998; Ronen et al,, 2011) and rodents (Driscoll et al.,
2006; Duarte et al., 2014; Harris et al., 2014), consistent with
an increase in astrocytic markers associated with chronological
age. A consistent observation of aging in humans and animal
models, is a persistent low level increase in serum markers of
inflammation and this pro-inflammatory phenotype is thought to
influence neuroinflammation, the activation glial cells, astrocytes
and microglia, and may contribute to age-related cognitive
decline (Rafnsson et al.,, 2007; Gimeno et al., 2008; Bettcher
et al., 2012; Scheinert et al,, 2015). Studies that employ 'H-
MRS and correlate brain levels of myo-inositol with measures
of systemic inflammation indicate a positive relationship (Eagan
et al., 2012; Schneider et al., 2012). Interestingly, just as with
neurodegenerative disease and aging, not all brain regions
are equally vulnerable to the effects of systemic inflammation
(Semmler et al., 2005; Silverman et al., 2014; Scheinert et al., 2015)
and regional markers of inflammation, including levels of myo-
inositol correlate with behavioral changes (Schneider et al., 2012;
Scheinert et al., 2015).

One important goal for the neurobiology of aging is to
understand regional differences in neuronal vulnerability to
aging (Jackson et al,, 2009; Wang and Michaelis, 2010; Zeier
et al., 2011). Total choline levels may reflect membrane turn
over including demyelination and inflammation and brain levels
increase with age in humans and animal models (Duarte et al,,
2014; Harris et al., 2014). However, it is unclear whether the age-
related increase in total choline is due to membrane turnover
or linked to functional changes including cognitive decline
(Charlton et al., 2007). Thus, animal studies could provide a
rich source for hypotheses concerning the cellular and molecular
constituents of total choline measures, as well as a test of
regional vulnerability. Oxidative stress increases with advancing
age and oxidative damage may contribute to neuronal death
associated with neurodegenerative disease. Recent work indicates
that the oxidation-reduction (redox) status of neurons underlies
senescent physiology including impaired synaptic plasticity and
the emergence of cognitive impairment (Bodhinathan et al,
2010a,b; Kumar and Foster, 2013; Lee et al., 2014; Guidi et al,,
2015a). 'H-MRS can be employed to examine redox status by
measuring the level of antioxidant molecules, ascorbate and
glutathione (GSH). GSH is mainly observed in astrocytes (Slivka
et al, 1987; Keelan et al, 2001) and an increase in GHS

could indicate activation of astrocytes. Alternatively, a decline
in GHS could signal an increase in oxidative stress. In rats,
maturation is associated with an increase in the level of GSH in
the prefrontal cortex and prenatal immune activation interferes
with an inability to increase GSH levels (Vernon et al.,, 2015).
In general, aging is associated with a decline in antioxidant
molecules in the brain. Moreover, the decline is regionally
selective and can vary by gender (Terpstra et al., 2006; Emir
et al., 2011; Duarte et al., 2014; Harris et al., 2014), which
provides grist for hypotheses concerning vulnerability to aging
and neurodegenerative disease.

Finally, 'H-MRS can detect the level of certain transmitters.
The most common measures are for glutamate, aspartate, and
gamma-aminobutyric acid (GABA). Changes in transmitter
levels are observed in several animal models of neurological
diseases (Biedermann et al., 2012; Bagga et al., 2013; Berthet
et al.,, 2014; Santin et al., 2014). In some cases, the animal models
exhibit a good correspondence with the human condition.
For example, altered levels of glutamate are observed in the
prefrontal cortex of schizophrenia patients and animal models
of schizophrenia (Iltis et al., 2009; Maddock and Buonocore,
2012; Puhl et al, 2015). Similarly, a decrease in prefrontal
cortex glutamate is observed in depressed patients and in animal
models of stress (Knox et al., 2010; Hemanth Kumar et al.,
2012; Drouet et al., 2015). Examination of transmitters over
time may give clues to mechanisms and how processes change
over time. A decline in both glutamate and GABA show a
progressive decline in animal models of Alzheimer’s disease
(Nilsen et al., 2012) and a differential decline in glutamate and
GABA is observed during the development of temporal lobe
epilepsy (van der Hel et al., 2013). An increase in glutamatergic
transmission may contribute to the development of Parkinson’s
disease. MRS studies examining glutamate levels in the striatum
of humans with Parkinson’s disease do not agree possibly due to
the etiology, stage of the disease, or pharmacological intervention
(Kickler et al., 2007; Griffith et al., 2008; Modrego et al., 2011).
Similarly, in animal models differences in glutamate levels may
depend on the etiology or the animal model (Delli Pizzi et al.,
2013). For example, treatment with 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine decreased glutamate levels in felines (Podell
et al, 2003), no change in canines (Choi et al., 2011), and
increased glutamate levels in mice (Chassain et al., 2008, 2013),
Even when examined in the same animal model differences may
arise associated with the power of the magnet (Kickler et al., 2009;
Coune et al., 2013).

Regional differences in transmitter levels are associated with
aging in humans (Grachev et al, 2001; Gao et al, 2013;
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Zahr et al., 2013; Riese et al., 2015). In male rats, aspartate and
glutamate exhibited a decline with in specific brain regions, which
may reflect a shift in the balance of excitatory and inhibitory
transmission (Harris et al., 2014). In contrast, measures of both
GABA and glutamate or aspartate declined in an aging male
and female mice (Duarte et al., 2014). Future studies will need
to investigate these discrepancies which may include regions
examined and sex differences in glutamate over the course of
aging (Zahr et al, 2013), as well as variability associated with
variability in cognitive decline.

CONCLUDING REMARKS

One of the key aspects of aging brain is a gradual loss of
memory to the point where this affects the individuals’ normal
daily activities (Gauthier et al., 2006). In normal aging cognitive
impairment can be progressive, and while not necessarily
entailing a severe loss of neurons, as in neurodegenerative
diseases, the animal literature supports alterations in neuronal
activity (Kumar and Foster, 2007; Watson et al., 2012; Foster
et al, 2016). Indeed, these changes may involve alterations
in excitatory/inhibitory balance, changes in synaptic proteins
and intracellular signaling mechanisms, and spine density and
morphology (Foster et al., 1996, 2000, 2012, 2016; Foster and
Norris, 1997; Foster and Dumas, 2001; Blalock et al., 2003;
Foster, 2007, 2012; Kumar and Foster, 2007, 2013; Kumar et al.,
2009; Dumitriu et al., 2010; Guidi et al., 2015a,b). Translating
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Healthy aging simultaneously affects brain structure, brain function, and cognition.
These effects are often investigated in isolation ignoring any relationships between them.
It is plausible that age related declines in cognitive performance are the result of age-
related structural and functional changes. This straightforward idea is tested in within
a conceptual research model of cognitive aging. The current study tested whether
age-related declines in task-performance were explained by age-related differences in
brain structure and brain function using a task-switching paradigm in 175 participants.
Sixty-three young and 112 old participants underwent MRI scanning of brain structure
and brain activation. The experimental task was an executive context dual task with
switch costs in response time as the behavioral measure. A serial mediation model was
applied voxel-wise throughout the brain testing all pathways between age group, gray
matter volume, brain activation and increased switch costs, worsening performance.
There were widespread age group differences in gray matter volume and brain
activation. Switch costs also significantly differed by age group. There were brain regions
demonstrating significant indirect effects of age group on switch costs via the pathway
through gray matter volume and brain activation. These were in the bilateral precuneus,
bilateral parietal cortex, the left precentral gyrus, cerebellum, fusiform, and occipital
cortices. There were also significant indirect effects via the brain activation pathway
after controlling for gray matter volume. These effects were in the cerebellum, occipital
cortex, left precentral gyrus, bilateral supramarginal, bilateral parietal, precuneus, middle
cingulate extending to medial superior frontal gyri and the left middle frontal gyri. There
were no significant effects through the gray matter volume alone pathway. These results
demonstrate that a large proportion of the age group effect on switch costs can be
attributed to individual differences in gray matter volume and brain activation. Therefore,
age-related neural effects underlying cognitive control are a complex interaction between
brain structure and function. Furthermore, the analyses demonstrate the feasibility
of utilizing multiple neuroimaging modalities within a conceptual research model of
cognitive aging.

Keywords: gray-matter volume, task related brain activity, mediation, aging, cognitive control
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Structure-Function—-Performance Relations in Aging

INTRODUCTION

Age has a multi-faceted effect on many aspects of our bodies and
our cognitive abilities. Declines in cognitive control and executive
function are thought to underlie other age-related declines in
cognition, specifically fluid ability (Baltes, 1993). One approach
to investigating cognitive control is with tasks requiring dual-
task processing (Kray and Lindenberger, 2000). Engagement in
multiple simultaneous tasks requires task switching and this
switch hinders response time with respect to performance of
either in isolation (Rogers and Monsell, 1995). The performance
decline when engaged in two tasks is termed switch costs. Switch
costs fall into two categories, local and global. Local costs are the
trial-to-trial decrements in performance, while global costs refer
to block effects, namely blocks of single task conditions compared
to blocks of dual task trials. Understanding the neural origins
of increasing switch costs and cognitive control is an important
goal for understanding the aging process (Braver and Barch, 2002;
Madden et al,, 2010). Understanding the neural underpinnings
of performance decline on task-switching experiments provides
better insight for intervention programs aimed at maintaining
and improving daily life through maintenance of cognitive
control (Karayanidis et al., 2010).

Neuroimaging approaches provide insight into the effects
of aging on the brain. Advancing age affects many neural
measures including gray matter volume and task-related brain
activation. Age-related neural declines are also related to
executive functioning (Van Petten et al, 2004; Sakai et al.,
2012). Integration of various age-related findings into a single
conceptual research model provides a better understanding of
the complexities of the aging process. This approach may shed
further light on the neural underpinnings of age-related cognitive
decline. Furthermore, incorporating multiple modalities of
neural measures to better understand cognitive aging is a current
topic of discussion in the literature (Grady, 2012; Steffener and
Stern, 2012; Reuter-Lorenz and Park, 2014). The present work
attempts to explain age-related differences in cognitive control
with full brain voxel-wise measures of gray matter volume and
brain activation.

The hypothesis of this study is that age related declines
in cognitive performance are the result of age-related declines
in MRI derived measures of brain structure which result in
altered brain function. This straightforward hypothesis has had
limited explicit testing. Previous work along the same line of
inquiry has focused on linking together functional and structural
connectivity (via white matter measures) and age-related changes
in cognition (Gold et al, 2008; Madden et al, 2010). The
current work focuses on gray matter volume and brain function
and incorporates the measures into an established theoretical
model of cognitive aging (Grady, 2012; Steffener and Stern, 2012;
Reuter-Lorenz and Park, 2014).

The hypothesized model of this study tests whether age-
related differences in switch costs are partially explained by age-
related declines in gray matter volume resulting in altered brain
activation resulting in greater switch-costs. The model is tested
with serial mediation analyses and links together three consistent
observations in the aging literature: gray matter volume decline,

task-related brain activity differences, and increased switch costs.
This nature of this model incorporates the main hypothesis
of this work along with three other possible effects. Age may
indirectly affect switch costs via gray matter volume or brain
activation, while holding the other measure constant. Age may
also directly affect switch costs after accounting for both brain
measures. Summing the three indirect effects and the direct
effects is the total effect of age on switch costs. The total effect
is simply the effect size of age on switch costs in the absence
of any neural measures. The statistical tests in this study imply
causal relationships between variables as specified in the a priori
theoretical model. Since the data used is cross-sectional, caution
is warranted when making causal claims or interpretations. The
mediation analyses test whether the data fit the conceptual
research model that age effects on brain volume, alter brain
activity resulting in altered switch costs.

The task employed was the executive context factor (ECF)
task first discussed by Koechlin et al. (2003). This initial work
with young adults demonstrated that manipulations of cognitive
control included activation within increasingly rostral regions
of the inferior frontal cortex. Regional age-related differences
in brain activation using this task, and multivariate statistics,
included middle frontal gyrus, the precentral gyrus, the anterior
cingulate, and the superior parietal lobule and were shown to be
related to switch costs (Gazes et al., 2012) and replicated with an
independent sample (Gazes et al., 2015). For further background
on switch costs we refer the reader to these referenced works.

The current study tested for indirect and direct effects of age
group on global switch costs with the ECF task. Based on our
previous multivariate analyses with this task and the literature
(DiGirolamo et al., 2001; Madden et al., 2010), we expected the
current univariate analyses to demonstrate age related differences
in task related brain activation within the middle prefrontal,
precentral, cingulate and parietal regions. There is an expected
age-related decrease in gray matter volume throughout the brain
and switch costs are expected to increase with advancing age. This
study integrates full brain data into a comprehensive model of
cognitive aging.

MATERIALS AND METHODS
Study Participants

One hundred and seventy-five healthy adults were scanned
including 63 healthy, young participants (24 men and 39
women mean (£SD) age = 25.79 (2.70); mean (£SD) years of
education = 15.46 (1.97); all right handed), and 112 healthy, old
participants (4530 men and 59 women; mean (£SD) age = 65.47
(2.89); mean (£SD) years of education = 16.04 (2.64); all
right handed). Participants were recruited using market-mailing
procedures to equalize the recruitment process for young and old
adults. Participants who responded to the mailing were telephone
screened to ensure they met basic inclusion criteria (right handed,
English speaking, no psychiatric or neurological disorders,
normal or corrected-to-normal vision). All participants found
eligible via the initial telephone screen were further screened
in person with structured medical, neurological, psychiatric,
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and neuropsychological evaluations to ensure that they had no
neurological or psychiatric disease or cognitive impairment. The
screening procedure included a detailed interview that excluded
individuals with a self-reported history of major or unstable
medical illness, significant neurological history (e.g., epilepsy,
brain tumor, and stroke), history of head trauma with loss
of consciousness for greater than 5 min or history of Axis I
psychiatric disorder (American Psychiatric Association, 1994).
Individuals taking psychotropic medications or medications
that influenced cognition were also excluded. Global cognitive
functioning was assessed with the Mattis Dementia Rating Scale,
on which a score of at least 133 was required for retention in
the study (Mattis, 1988). Informed consent, as approved by the
Internal Review Board of the College of Physicians and Surgeons
of Columbia University, was obtained in writing prior to study
participation, and after the nature and risks of the study were
explained. Participants were compensated for their participation
in the study.

Behavioral Task

The behavioral task was derived from Experiment 2 in the task
developed by Koechlin et al. (2003). This is an intrinsically cued
task-switching paradigm with a no-go component where the
color of each stimulus served as the task cue, see Figure 1.
Participants were presented with a series of four conditions
comprised of two single-task conditions and two identical task-
switching conditions, with the duplication serving to match
the number of trials for each discrimination between the
single and switch-task conditions (see below). Each block was
preceded by a 4.8 s instruction cue to inform the participant
of the appropriate action for each stimulus. Each 33.6 s block,
comprised 12 sequential letters (or trials) each presented for
1900 ms with an inter-trial time of 500 ms. Each stimulus
was terminated when a response was made or when the trial
deadline was reached. These trial dynamics were selected based
on performance characteristics of the older adults in behavioral
pilot studies, and deviated from Koechlin’s briefer presentations
(Koechlin et al,, 2003). Participants responded to each letter
with a right-hand/left-hand button press or by making no action
at all.

In addition to the four active conditions, there were two
33.6 s resting conditions when no stimuli were presented and
no response was required. The two resting conditions were
identical, but were separately enumerated to simplify description
of the Latin Square design. Each resting block presented an
instruction cue (“REST”) followed by a blank screen. During
fMRI acquisition, each participant was given six repetitions of
each of the four active and two resting conditions, for a total of
36 blocks. Conditions were presented in a 6 x 6 fully balanced
Latin Square design. The fMRI data acquisition protocol requires
stopping the scanner after every six blocks, typically requiring less
than 30 s, resulting in the total session duration of approximately
26 min and a total of six fMRI runs with six blocks in each run.

In order to promote the scanning of participants in a stable
behavioral and cognitive state, participants were pre-trained on
the task and then tested on the entire paradigm in a quiet office
prior to the MRI scanning session. Training consisted of giving

A B
Task structure

Single-task

2400
3 -
- C

50
ms
4.

FIGURE 1 | The switching cognitive task used during fMRI scanning.
(A) An example of the beginning of a block including the instruction screen for
a task-switching block, intertrial interval, a stimulus for the vowel/consonant
task, intertrial interval, and a stimulus for the upper-/lower-case task. (B,C)
The instruction screens for the single-task and the task-switching conditions,
respectively. The colors served as task-cues: green for the vowel/consonant
task, red for the upper-/lower-case task, and white for no-go trials. Arrows
show the response-hand assignments: left for vowel/right for consonant and
left for lower-case/right for upper case.

between one and three blocks of each condition, with unlimited
time to inspect the full instructions and the instruction cues
preceding each block, and with auditory feedback indicating
incorrect responses. Then participants were tested on the entire
6 x 6 Latin Square identical to the testing protocol described
above (pre-scan phase).

Stimulus Presentation

Task stimuli were back-projected onto a screen located at the
foot of the MRI bed using an LCD projector. Participants
viewed the screen via a mirror system located in the head
coil and, if needed, had vision corrected to normal using
MR compatible glasses (manufactured by SafeVision, LLC.
Webster Groves, MO, USA). Responses were made on a
LUMItouch response system (Photon Control Company)
using the index fingers. Task administration and collection
of RT and accuracy data were controlled using PsyScope
5X B53 (Macwhinney et al, 1997) running on a Macintosh
G3/G4 iBook. Task onset was electronically synchronized
with the MRI acquisition computer. A MellonIOLabs
Systems USB Button Box provided digital input-output
for the response system and synchronization with the MRI
acquisition computer, as well as millisecond accurate timing of
responses.

MRI Data Acquisition

MRI images were acquired in a 3.0 T Philips Achieva Magnet
using a standard quadrature head coil. A T1-weighted scout
image was acquired to determine participant position. One
hundred and sixty-five contiguous 1 mm coronal T1-weighted
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images of the whole brain were acquired for each participant
with an MPRAGE sequence using the following parameters: TR
6.5 ms, TE 3 ms; flip angle 8°, acquisition matrix 256 x 256
and 240 mm field of view. Six functional scan sets were
acquired, each of which included collection of 111 functional
images acquired using a field echo echo-planar imaging (FE-
EPI) sequence TE/TR = 20 ms/2000 ms; flip angle = 72°%
112 x 112 matrix; in-plane voxel size = 2.0 mm x 2.0 mm;
slice thickness = 3.0 mm (no gap); 41 transverse slices per
volume. Before the initiation of the executive task, four volumes
were acquired and discarded to allow transverse magnetization
immediately after radiofrequency excitation to approach its
steady-state value. A neuroradiologist reviewed all T1 scans for
potentially clinically significant findings, such as abnormal neural
structure; no clinically significant findings were identified or
removed.

Image Pre-processing

All image pre-processing and statistical analyses used SPM8
(Wellcome Department of Cognitive Neurology). For each
participant’s EPI dataset: images were temporally shifted to
correct for slice acquisition order using the first slice acquired
in the TR as the reference. All EPI images were corrected
for motion by realigning to the first volume of the first
session. The T1-weighted (structural) image was coregistered
to the first EPI volume using mutual information. This co-
registered high-resolution image was used to determine the
transformation into a standard space defined by the Montreal
Neurologic Institute (MNI) template brain supplied with SPMS.
This transformation was applied to the EPI data and re-sliced
using sinc-interpolation to 2 mm x 2 mm x 2 mm. Finally, all
images were spatially smoothed with an 8 mm FWHM kernel
(Mikl et al., 2008).

Time-Series Analysis

First-level time-series analyses used a block-based model
composed of epochs separately representing the single and
switch-task conditions. Each epoch was convolved with a
canonical model of the hemodynamic response function supplied
with SPM8. Contrasts of the switch-task versus single task
conditions were entered into the group-level mediation analysis.

Gray Matter Volume

The T1-weighted anatomical images were first segmented into
three tissue types: gray matter, white matter, and cerebrospinal
fluid, using the unified segmentation routines in SPMS$
(Wellcome Department of Cognitive Neurology; Ashburner
and Friston, 2000, 2005; Good et al., 2001b). This procedure
uses a single generative model to correct for image intensity
non-uniformity (bias), registration with tissue class priors,
and tissue classification. The result is a classification for
each voxel based on the probability that it belongs to each
tissue type. Each image segment therefore contains measures
of tissue densities in each voxel location. The images were
spatially normalized to the study specific normalization template
using 12 degrees of freedom affine transforms and non-linear
warping. Once warped, the images were modulated using the

Jacobian determinant, which converts the density images into
measures of absolute volume at each voxel location (Good
et al., 2001b). The resultant modulated, spatially normalized
gray matter probability maps were spatially smoothed with an
isometric Gaussian smoothing kernel of 8 mm? at its full-width
at half-maximum (FWHM) to result in gray matter volume
maps.

Covariates

As a measure of whole brain gray matter volume, the proportion
of intra-cranial volume occupied by gray and white matter was
calculated. Total volume of gray matter plus white matter was
divided by the sum of gray, white, and CSF volume to derive
the intra-cranial brain fraction (Chard et al., 2002; Fotenos
et al.,, 2005). This measure is termed normalized whole brain
volume (nWBV) and was used as a covariate in the analyses. Sex
differences are well established in global brain size differences,
with males having larger total brain volumes (Good et al., 2001a);
therefore, sex was also included in all analyses as a covariate.

Mediation Analyses

The mediation model tested whether age related differences in
global switch costs (total effects) could be partially explained by
voxel-wise measures of gray matter volume and/or task related
brain activation (indirect effects). This approach uses switch costs
as an output measure that is assumed to be affected by brain
function, brain structure, and other age-related effects. Testing
for mediation involves fitting multiple linear regression models at
every voxel of the brain and assessment of statistical significance
using non-parametric statistics specifically designed for use with
brain imaging data to correct for multiple comparisons

The mediation model used in this study includes two
mediators of the relationship between age and task performance.
These are structure (S) measured as gray matter volume and
functional brain activity (F). The indirect effect of age on switch
costs may therefore arise through four pathways (see Figure 2):

A — (P|S,F), the direct effect of age on performance after
accounting for structure and function.

A — S — (P|F), the indirect effect of age on performance
as mediated by structure after accounting for the effects of brain
function.

A — F — (P|S), the indirect effect of age on performance
as mediated by brain function after accounting for the effects of
structure.

A — § — F — P, the indirect effect of age on performance as
mediated by structure and brain function.

The regression equations for testing this model are:

1P

2S

3 F=b-S+d-A+¢g;

4 P=e-F+f-S+c - A+ey

The total effect of age on performance is ¢ in Eq. 1. This is the
effect that the mediation model is trying to explain with measures
of gray matter volume and brain activity. This total effect of age
on switch costs is therefore split into the direct effect and three
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indirect effects. The indirect effects are calculated by multiplying
regression parameters together.

o Total effect: ¢

e Direct effect: ¢/

o Indirect effect through S: a - f

e Indirect effect through F: d - e

e Indirect effect through Sand F:a-b - e

o Total effect = direct effect + all indirect effects:

c=cd+4a-b-c+a-f+d-e

After fitting Eqs 2-4 at each voxel in the brain, the indirect
effects were calculated. Testing voxel-wise significance of
indirect effects used permutation inference and the ‘single
threshold’ permutation test (Nichols and Holmes, 2002;
Winkler et al., 2014) using threshold free cluster enhancement
(TECE; Smith and Nichols, 2009). This approach accounts for
multiple comparisons. For this method, 2000 permutations were
performed where group assignment was randomly shuffled for
each permutation. All analyses used the publically available
and modifiable “Process Models for Neuroimaging” toolbox'
developed by the author JS. This toolbox implements the
methods of Preacher and Hayes for use with neuroimaging data.
An additional threshold was used based on the percentage of
total effect of age on switch costs that was accounted for by the
indirect effects. The effects had to be at least five percent of the
total effect. This threshold limits results to brain regions having
significant effects that are also relatively large.

RESULTS

Behavioral Results

Global switch costs for correct trials were greater for the old
adults than the young when tested with linear regression of age
group onto switch costs: f = 0.0799, #(173) = 3.90, p < 0.001,
mean (SD) of the young: 0.22 (0.083) seconds and for the old: 0.30
(0.15) seconds. Levene’s test for equality of variance demonstrated
that the variance was significantly higher for the old adults,
F(1,173) = 19.79, p < 0.001. After accounting for covariates
of sex and nWBV this effect was still significant (3 = 0.067,
t(171) = 2.21, p < 0.05). The B-value here is the total effect ¢
from Eq. 1. Analyses only focused on global switch costs since
they best matched the block-design used for analysis of the fMRI
data.

Brain Imaging Results

All analyses were performed in brain regions demonstrating
increased task-related signal change in at least one of the groups
using uncorrected two-tailed t-tests of & < 0.05 intersected with
a gray matter probability mask of 0.5. Inclusion of this mask
ensures that results are limited to brain locations where there is
a significantly large effect size for the brain activation measure
in regions comprised largely of gray matter. This helps minimize
spurious findings and provides an additional control over type I
error.

Uhttps://github.com/steffejr/ProcessModelsNeuroImage

Effects of age group on gray matter volume and brain
activation are shown in Figure 3. These results represent the
first step in the mediation analysis on the left hand side of
Figure 2. They also demonstrate the magnitude and direction
of the effects in the mediation analyses shown in Figure 4. The
liberal threshold used here is to demonstrate that age group
effects occur in the data. This threshold has no impact on the
indirect effects reported later, which use strict correction for
multiple comparisons.

Advancing age had a negative effect on gray matter volume
throughout the brain. Therefore, as age increased, gray matter
volume decreased, see Figure 3A. Advancing age was related to
increased levels of task related signal change. In other words,
older adults had higher levels of brain activity than younger
adults, see Figure 3B.

Mediation Results

Mediation analyses tested the three indirect pathways between
age group and global switch costs. Results were thresholded at
two-tailed a < 0.05 correcting for multiple comparisons using the
TFCE method with the ‘single threshold’ permutation test with
2,000 permutations. The TFCE method eliminates the need for
cluster threshold allowing results to be interpreted with a single
threshold instead of a combination of height and cluster size
thresholds. Results from the indirect effects are shown in Figure 4
and in Tables 1 and 2. The tables include the proportional size of
the indirect effects and the ¢-values for the within and between
age group differences in brain activation.
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FIGURE 2 | Mediation model testing how age group differences in
performance are explained by direct or indirect effects. This model
represents three regression equations fit at every voxel in the brain data. The
solid arrow represents the direct effect of age group on task performance.
This is the effect of age group on task performance after accounting for brain
structure and function in the regression model. The three broken arrows
represent the three possible indirect effects from age group to task
performance. The dotted line is the pathway: Age Group — Brain Structure
— Performance. The dashed line is the pathway: Age Group — Brain
Function — Performance. The dot-dash line is the pathway: Age Group —
Brain Structure — Brain Function — Performance. The sum of the direct and
three indirect effects of age group on task performance represent the total
effect of age group. This total effect may also be calculated by simply
regressing age group onto task performance.
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FIGURE 3 | Direct effects of age on gray matter volume and brain activity. (A) The effect of age on gray matter volume using voxel based morphometry
(VBM). Al effects are in the negative direction; older adults have lower gray matter volume than young adults. This is represented with a blue arrow in the path model
on the left. (B) The effect of age on brain activation. All effects are in the positive direction; older adults have greater levels of task-related brain activation than young
adults. This is represented with a red arrow in the path model on the left. Images are thresholded using a two-tailed test of p < 0.05, Z > 1.96.
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FIGURE 4 | Overlays of the two significant indirect effects in the model. (A) The indirect effect between age group and performance, via gray matter volume
and brain function. (B) The indirect effect between age and performance via brain function. The effects in (A,B) are thresholded at a two-tailed alpha <0.05
corrected for multiple comparisons using 2000 permutations and threshold free cluster enhancement (tfce). The colors of the arrows on the path models represent
the direction of the effects. Blue arrows represent negative effects and red arrows are positive effects. The colors of clusters of activations in the brain overlays
represent the direction of the indirect effects. These indirect effects are calculated by multiplying the effects at each step in the pathway together. Therefore, the one

negative and two positive effects in (A) result in an overall negative effect.

[l \egative Direction

Mediation results were significant in two out of the three
possible pathways, age to structure to function to switch costs
and age to function to switch costs, see Figure 4. Both pathways
partially explained the negative effect of age group on switch
costs.

Age to Structure to Function to Switch Costs
Pathway

This effect is shown in Figure 4A and Table 1. All indirect effects
along this pathway were negative. Therefore, as age increased,

gray matter volume decreased; gray matter volume and brain
activation were positively related and brain activation and switch
costs were also positively related. The bilateral precuneus had
a significant effect and brain activity in these regions were
significantly greater than zero for the old adults; however, not for
the young adults. Results within the bilateral parietal cortex had
highly significant brain activity for the old adults and lower, but
also significantly greater than zero, brain activity for the young.
Regions of the left precentral gyrus, cerebellum, fusiform, and
occipital cortices also had significant indirect effects.
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Age to Function to Switch Costs Pathway

This effect is shown in Figure 4B and Table 2. Results
from testing this pathway were exclusively masked with the
results from the age to structure to function to switch costs
pathway to highlight results specific to this pathway only.
Brain regions demonstrating a significant indirect effect along
this pathway were all in the positive direction. Therefore, as
age increased, brain activation increased and brain activation
and switch costs were positively related. Large regions within
the cerebellum and occipital cortex demonstrated this effect.
Additional regions included the left precentral gyrus, bilateral
supramarginal, bilateral parietal, precuneus, middle cingulate
extending to medial superior frontal gyri and the left middle
frontal gyri. Significant effects along this pathway are controlled
for gray matter volume.

DISCUSSION

A full brain exploration identified whether the effects of age
group on cognitive control, as measured with global switch costs,
are related to regional gray matter volume and brain activation
during the task. Results show that advanced age has a universal
negative effect on gray matter volume throughout the brain.
Furthermore, brain activity was always greater in the old adults
compared to the young. The total effect of age on switch costs was
positive: increased age was related to increased switch costs. The
analyses parsed this total effect into three indirect effects through

the mediating pathways of gray matter volume and brain activity,
and a direct effect. The direct effect is the leftover relationship
between age and switch costs after accounting for both neural
variables. Therefore, the sum of the direct and indirect effects
equals the total effect.

The results of this study converge on many findings from
the literature relating age, neural measures, and switch costs.
The current results reflect the presence of multiple age-related
neural effects having relationships with task performance. At the
group level, performance on the cognitive control task declined
with advancing age. In all regions where the indirect effect
via structure and function were significant, Figure 4A, they
were in the same direction. Age increased, gray matter volume
decreased, brain activation increased and switch costs worsened.
It is possible that the increased levels of brain activity were
in response to the age-related declines in gray matter volume.
While a number of previous studies reported lower gray matter
volume (Raz and Rodrigue, 2006; Fjell and Walhovd, 2010) and
increased brain activation with aging (D’Esposito et al., 2003;
Lustig et al., 2009), the current work is novel by demonstrating
direct and indirect associations among age, gray matter volume,
brain activation and switch costs within a single analysis.

The effect of advancing age on switch costs is positive;
however, the negative indirect effect implies that as age
increases, switch costs decrease. Within the statistical literature
this represents inconsistent mediation or statistical suppression
(MacKinnon et al., 2000). Therefore, controlling for brain
function increases the negative effect of age-related declines in

TABLE 1 | Age — Gray Matter Volume — Brain Activity — Switch costs.

Region H BA X y z k Y (t) O (1) O>Y(t) %IND
Angular L 40 -32 -50 38 166 4.22 6.52 0.40 -5.12
Sup. Parietal L 7 -20 —62 42 - 1.97 6.60 2.03 —-5.27
Inf. Parietal L 7 -28 -60 42 - 4.43 7.25 0.78 —5.34
Angular R 7 28 -62 46 105 2.16 5.37 1.33 -12.17
Angular R 40 36 —54 40 - 3.17 4.79 0.72 —5.02
Precuneus L 7 -4 —66 42 453 1.94 6.76 1.99 —6.02
Precuneus R - 4 -58 44 - 0.67 4.34 1.77 —5.64
Precuneus L - —6 —58 44 - 1.34 5.58 217 —6.70
Inf. Parietal L 40 -38 -38 46 22 0.62 3.36 1.32 —5.52
Cerebellum L 18 -20 -78 -22 51 0.82 3.73 1.64 —6.10
Cerebellum L 19 —28 —76 —-20 - 0.93 4.60 2.25 —6.47
Cerebellum R 18 18 -78 -18 43 1.21 4.40 1.90 —7.54
Inf. Occipital L 19 -30 -84 -6 16 2.32 5.44 1.81 —5.52
Inf. Occipital R 19 32 —88 —4 22 4.13 5.84 0.81 —6.52
Vermis R - 4 —64 -12 4 -0.32 2.95 2.07 —9.04
Fusiform R 37 34 -40 -20 24 2.89 2.33 -0.37 —7.36
Fusiform L 19 —-38 —66 -16 10 1.56 3.84 1.70 —5.26
Fusiform L 37 —34 —58 —-16 - 0.75 5.10 2.91 —-5.23
Precentral L - —46 —4 38 47 -1.90 3.20 3.43 -11.07
Cerebellum R - 20 —56 —28 17 0.54 3.18 1.44 —6.35
Lingual L 17 —6 —68 6 11 —-0.24 2.26 1.46 —6.14
Cerebellum L - -16 -60 -28 10 0.32 4.74 2.54 —6.64

Y ), O(t), and O > Y (t) are t-values from within and between group tests for the size of the brain activation effect. %IND is the percentage, with direction, of the total effect
of age on performance that this indirect effect accounts for. BA, Brodmann Areas; — refers to local maxima or locations without atlas labels, Inf, inferior; Sup, superior.
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gray matter on switch-costs. In other words, if there were no brain
function in any of these regions gray matter declines would have a
larger effect on switch costs than they actually do. Therefore, the
presence of increased brain function lessens, or suppresses, the
negative effects of gray matter on task performance.

However, explaining these findings as statistical suppression
does not eliminate the fact that gray matter volume and brain
function are positively related. Likewise, brain function and
switch costs are positively related. The directionality of these
effects fits well with current theories of cognitive aging. Declining
gray matter volume is thought to decrease neural efficiency and
capacity (Stern, 2009; Steffener and Stern, 2012; Barulli and Stern,
2013). Decreased neural efficiency and capacity are reflected in
the current data as age-related increases in switch costs due to
decreased efficiency. Likewise, neural capacity, the maximal level
of brain function, declines as gray matter volume declines.

In regions where the indirect effects via function alone were
significant, Figure 4B, the results were in the positive direction.
Age-related increases in switch costs were related to age-related
increases in brain activity within the cerebellum. This suggests
that the increased brain activity in the cerebellum is related to
switch costs but independent of the effects of gray matter volume.
The cerebellum was identified in previous work with this task
using multivariate analyses (Gazes et al., 2012). In patients, who
underwent surgical damage to the cerebellum for tumor removal,

there were increased switch costs, despite normal learning of the
task (Berger et al., 2005).

The cingulate and supplementary motor areas (SMA) were
also highlighted by the age to function to switch costs pathway.
These regions were nodes in a previous multivariate analysis
of brain activation using the same task and expression of this
pattern was related to switch costs (Gazes et al., 2012). Increased
activation in older adults was also related to increased response
time in a similar task-switching experiment (Hakun et al., 2014).
In a motor switching task, increased activation in the SMA was
interpreted as evidence for an alternative strategy being used by
the older adults for task completion (Coxon et al., 2010). Within
the current results, the young adults had non-significant levels
of brain activation in these regions, while activation levels were
significant for the old age group, see the Y(f), O(f), and O > Y
(t) columns of Tables 1 and 2. This supports the idea of Coxon
etal. (2010) that the medial PFC regions are used as an alternative
strategy. Structural measures in this region have also been linked
to cognitive performance. The gray matter volume and white
matter concentration within the anterior cingulate are shown to
be related to one’s ability to control one’s own brain activity in a
study of biofeedback in young adults (Enriquez-Geppert et al.,
2013). The volume of the anterior cingulate is also related to
executive task performance in older adults (Elderkin-Thompson
et al.,, 2009). These results suggest that the medial PFC is an

TABLE 2 | Age — Brain Activity — Switch costs.

Region H BA X y z k Y () O (t) O>Y(t) %IND
Cerebellum R — 12 —40 —-32 8585 —0.49 3.18 2.33 11.99
Cerebellum R - 4 —-36 -32 - 0.45 1.97 1.12 11.41
Cerebellum L — —-10 —36 —-32 — 0.22 2.22 1.28 12.83
Mid. Occipital L 19 —-26 —86 18 529 —-0.94 2.81 2.45 10.07
Mid. Occipital [ 19 —-34 -84 20 - —1.88 2.34 2.87 8.94
Mid. Occipital L 19 —24 —-80 24 — —1.54 2.06 2.39 10.41
Precentral L 6 —46 0 28 125 0.84 3.77 1.55 20.81
Precentral L 6 —42 —4 34 - —-0.22 4.64 2.94 22.87
Precentral L 6 —52 0 34 — —0.63 2.41 1.97 26.27
Supramarginal L 40 —-36 —40 36 506 1.17 4.92 1.86 8.89
Inf. Parietal L 40 —44 -36 36 - 0.67 3.37 1.34 8.38
Sup. Parietal L 40 -30 —46 38 - 3.08 6.12 0.97 9.23
Supramarginal R 40 34 —40 38 218 0.11 3.33 1.96 9.09
Supramarginal R 40 40 —-34 38 — —1.34 2.88 2.81 11.01
Supramarginal R 2 50 —-28 40 — —2.42 2.28 3.44 10.26
Mid. Cingulum L 32 —6 22 40 240 3.24 6.09 1.67 23.46
Sup. Med. Frontal L 8 -2 30 42 - 1.16 414 1.96 2715
Mid. Cingulum L 32 —6 12 44 - 1.19 4.10 2.06 25.23
Precuneus R 7 2 —60 48 69 1.57 5.53 1.79 18.26
Precuneus R — 10 —56 52 — 0.96 5.26 2.52 12.79
Precuneus L 7 -2 —56 54 —0.03 5.38 2.65 13.28
Mid. Frontal L 6 —26 2 48 89 2.23 5.55 2.19 19.63
Mid. Frontal L 6 -28 10 48 — 3.05 4.35 1.26 21.23
Mid. Frontal L - -20 6 52 - 1.83 4.81 1.98 21.36

Y (®), O (), and O > Y (t) are t-values from within and between group tests for the size of the brain activation effect. %IND is the percentage, with direction, of the total
effect of age on performance that this direct effect accounts for. The total effect was 0.067 allowing calculation of the indirect effect size. BA, Brodmann Areas; — refers
to local maxima or locations without atlas labels, Inf, inferior; Med, medial; Mid, middle; Sup, superior.
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important brain region for dual task processing and the effects of
age on the structure, function and structure-function interactions
are complicated and require more in-depth study.

The overall results of this work demonstrate that some of the
age-related effects on switch costs can be attributed to individual
differences in gray matter volume and brain activation. While this
finding is not surprising, the current results demonstrate that not
all age effects on neural measures translate into task performance
effects. Age group differences in gray matter volume and brain
activation were broadly distributed to large areas of the brain as
shown in Figure 3. The mediation results demonstrate that the
age-related neural effects were only related to task performance
in a relatively small subset of brain regions. Areas of the parietal
cortex, precuneus, cerebellum, occipital and precentral gyrus
represent locations where the combined age-related structural
and functional effects appear to have some impact on switch
costs.

Interestingly, the results of this study also demonstrate a
subset of brain regions where the effect of age group on switch
costs was mediated by brain activation after controlling for
gray matter volume, Figure 4B and Table 2. This suggests
that the age effect on brain activation in these regions is
the result of other unmeasured processes. Interestingly, the
brain regions highlighted from this pathway include multiple
prefrontal cortical (PFC) regions. The pathway including gray
matter volume, and controlling for brain activation, was not
significant for any brain regions.

The developers of the executive context factor task used in
this study posited a cascade of executive processing through
the prefrontal cortex (Koechlin et al, 2003). The implicated
brain regions included premotor, caudal, and rostral lateral PFC
regions. The age group effects in brain activation from the
current work demonstrate amplitude differences within these
brain regions, Figure 3. Except for the precentral gyrus, these
regions do not show up in the age to structure to function to
switch costs mediation analysis. However, some of these regions
do show up in the age to function to switch costs mediation
pathway. This demonstrates that age related differences in the
brain activation in these regions are related to switch costs
independent of the effect of age on gray matter. This suggests the
presence of a different mechanism that is causing these effects. It
is plausible that these brain regions are compensating for effect of
age-related declines in gray matter volume elsewhere in the brain.

To test the hypothesis that brain activation is compensatory
for gray matter volume effects elsewhere in the brain, functional
connectivity analyses could be integrated into mediational
analyses. This interpretation of greater brain activation being
compensatory is tenuous due to the declining task performance
as a function of the increased brain activation. This supports
the interpretation that not all additional brain activation is good
for performance (see Steffener and Stern, 2012, for a review).
Furthermore, usage of extra brain resources could represent a
larger network of functioning nodes that increase network transit
time thereby increasing response times. These interpretations
reflect the importance of integrating multiple physiological
measures of the aging process to understand cognitive aging
(Grady, 2012). The use of mediation analysis demonstrates one

approach to better understanding the neural mechanisms of
cognitive aging.

The old age group had larger variability in their task
performance. Their standard deviation was significantly different
from the young, as per Levenes test of equal variance. It is
possible that the larger variance in the old group represents
cumulative effects of individual differences in lifetime exposures.
Individual differences could alter brain measures or performance
(Grady, 2012) and they may affect the interrelationships between
the variables (Steffener and Stern, 2012). Future directions will
begin exploring the roles of individual differences in lifetime
exposures to determine if they explain some of the increased
variance in the older adults. A first step, will parallel our previous
work by including measures of education and verbal abilities
(Steffener et al., 2014). Future work will carefully and completely
investigate the role of education along with genetics, leisure
activities, physical activity, and nutrition.

A major concern for mediation analyses is the assumed
directionality of causal inference. It was assumed that task
performance is the outcome measure that is indirectly or directly
affected by the neural measures. The opposite approach is also
possible (Zhu et al.,, 2014). Although potentially contentious,
we assumed that measured brain activation was influenced by
measured gray matter volume. It is also plausible that long-
term differences in brain activation may result in structural
reorganization. Another concern in making causal inferences was
outlined in Maxwell et al. (2011) and led to a debate within the
statistical literature (Imai et al., 2011; Shrout, 2011; Thoemmes,
2015). The authors demonstrated cross-sectional analysis might
give biased estimates of indirect effects. They further discuss
that the most appropriate tests of caudal indirect effects are
longitudinal models with time delays in the relationships among
independent, mediating and dependent variables.

In the current work, the true longitudinal effects are unknown.
We currently do not know how fMRI measures of brain activity
adapt to age-related changes in gray matter volume. We also do
not know whether age-related changes in brain activity would
affect gray matter volume. It is also reasonable to assume that
task performance is the result of neural operations occurring
during the performance on that task. The current work also used
tight control of multiple comparisons such that no indirect effect
would be found if age was merely independently affecting the
neural and performance measures. Thus, an indirect effect, while
possibly biased with regard to longitudinal models, is unlikely
to have arisen by chance. Interpretation of the current results as
causal requires follow-up longitudinal data collection; however,
the identified indirect effects between age and switch costs are
valid despite the use of cross-sectional data.

These concerns are present in all mediation analyses.
However, the use of mediation analyses with neuroimaging data
has been increasing in recent years. Some of the first work
with voxel-wise mediation comes from Wager et al. (2008) and
his multilevel mediation analyses. Other recent work exploring
mediating effects within aging research investigated hippocampal
volume (Rodrigue et al., 2013) and white matter tract integrity
(Gold et al., 2008; Voineskos et al., 2012). This trend of using
imaging data to explain age-related differences in cognition and
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task performance will have a great impact on the field. It provides
greater insight into understanding the heterogeneity of cognitive
aging and develop the understanding of the neural mechanism
underlying healthy aging and the lifestyle and behavioral choices
people make leading them to maintained cognition in late life.

Mediational analyses have benefits over regression and
correlational studies, because they allow plausible causal
directions and integrate multiple measures into a single model.
Due to low computational burden, voxel-wise measures are
typically used as independent variables in simple regression
models. The current mediational model uses the brain measures
as dependent variables predicting cognitive outputs. The high
computational burden of this approach is greatly alleviated
with modern computing facilities. Mediation analyses also allow
straightforward and understandable testing of theories. Current
theories of cognitive aging call for the integration of multiple
physiological measures into a single model with hypothetical
causal relationships. Mediation models explicitly test such models
and allow the inclusion of moderating effects.

CONCLUSION

These overall results demonstrate that age-related effects on
switch costs can be attributed to individual differences in
gray matter volume and brain activation. The regional results
demonstrate that some, but not all, of the age-related differences
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Neuroimaging studies of cognitive and brain aging often yield massive datasets that
create many analytic and statistical challenges. In this paper, we discuss and address
several limitations in the existing work. (1) Linear models are often used to model
the age effects on neuroimaging markers, which may be inadequate in capturing the
potential nonlinear age effects. (2) Marginal correlations are often used in brain network
analysis, which are not efficient in characterizing a complex brain network. (3) Due to
the challenge of high-dimensionality, only a small subset of the regional neuroimaging
markers is considered in a prediction model, which could miss important regional
markers. To overcome those obstacles, we introduce several advanced statistical
methods for analyzing data from cognitive and brain aging studies. Specifically, we
introduce semiparametric models for modeling age effects, graphical models for brain
network analysis, and penalized regression methods for selecting the most important
markers in predicting cognitive outcomes. We illustrate these methods using the healthy
aging data from the Active Brain Study.

Keywords: semiparametric model, graphical model, penalized regression methods, structural covariance,
functional connectivity

INTRODUCTION

Multimodal neuroimaging collected in cognitive aging studies provides a noninvasive way to
investigate brain changes in structure, function, and metabolism as people age, and thus helps
us to understand age-related cognitive changes. However, the high-dimensionality and complex
structure of those multimodal neuroimaging data raise statistical challenges. Additionally, the age
range is large in aging studies and very often the age effects may not be linear in the large age
interval. For instance, participant’s age ranges from 50 to 90 in the Active Brain Study, a successful
aging cohort. To efficiently analyze those data, there is a strong need for introduction of advanced
statistical methods. We will elaborate on the limitations of several existing methods and introduce
three advanced statistical methods in sequence.

First, age is a complex variable and often has a nonlinear effect on the outcomes of interest.
In developmental studies, flexible semiparametric models have been well used, because it is well-
known that growth curves are nonlinear. However, in aging studies, linear or quadratic models
are often used to characterize age-related changes. Although a majority of aging research treats
aging as a linear process (constant rate of change) and linear models are often considered the
gold standard method for evaluating aging effects, this approach may not be the most effective
method for representing the complexity of aging data. For instance, Raz et al. (2010) used linear
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Statistical Approaches

mixed effects models to characterize the age-related brain
structural changes in a longitudinal neuroimaging study with 76
participants whose age ranges from 49 to 85. Similarly, Resnick
et al. (2003) also used linear mixed effects models to show the
age-related brain structural changes in the longitudinal Baltimore
study. However, as noted in Fjell et al. (2010), Gogtay et al. (2004),
and Thompson et al. (2011); brain structure may show complex
age-related nonlinear changes, and could be misspecified by a
linear or quadratic model. We have shown that misspecified
linear models can result in biased estimates and low powers in
statistical tests (Chen et al., 2012). As a nonparametric method, a
spline model is recommended for its flexibility and robustness.
To accurately model the age trajectories of the neuroimaging
markers, we will introduce a spline-based semiparametric model
in the methods section and illustrate these methods using
the structural neuroimaging data from the Active Brain Study
in the example section. The semiparametric model excels at
determining rates of global and regional brain atrophy and
identifying vulnerable regions of interest (ROIs) susceptible to
aging.

Second, marginal correlations are often used in brain network
analyses. For example, structural covariance was studied in
Mechelli et al. (2005) and Alexander-Bloch et al. (2013),
which may be related to structural and functional connectivity.
There is also a large literature on Pearson correlation based
functional connectivity analysis, where the correlation between
two functional magnetic resonance imaging (fMRI) time series
[that is the blood-oxygen-level dependent (BOLD) signal] is
computed. However, marginal correlation between two brain
ROIs is indirect and weak in the sense that all the components
in a system are correlated to some degree. Two regions can be
indirectly associated with each other due to their correlation with
a third region. Moreover, when the number of ROIs is large, the
sample covariance/correlation matrix is unstable, as the number
of parameters increases quadratically with the number of ROIs.
Alternatively, graphical models are attractive for inferring brain
connectivity due to their advantages over conventional marginal
correlation based analysis (Lauritzen, 1996; Yuan and Lin, 2007;
Koller and Friedman, 2009). Graphical models can generate
either partial correlations or a binary undirected graph. Sparse
penalty is used to regularize the loglikelihood function and make
the solution robust. Partial correlation is a desirable measure, as
it quantifies the conditional association between two ROIs given
the rest of ROIs. Partial correlation can be interpreted as the
adjusted correlation. Preliminary applications to neuroimaging
data can be found in Salvador et al. (2005), Valdés-Sosa et al.
(2005), and Smith (2012). In the methods section, we will
introduce two graphical methods for brain network analysis. We
will apply these methods to the cortical thickness data from the
Active Brain Study for building cortical networks.

Third, the high dimensional neuroimaging markers may
provide informative early signs of age-related cognitive and
functional decline. For example, brain atrophy in the basal
ganglia, hippocampus, and prefrontal areas often precedes the
clinical diagnosis of cognitive impairment (Amieva et al., 2005;
Grober et al., 2008; Jedynak et al., 2012). It is of great interest
to select the informative neuroimaging markers for predicting

cognitive decline. However, the high-dimensionality of the
neuroimaging markers posit challenges on how to efficiently pick
up the informative subset of the markers. Traditional backward
or forward variable selection methods are computationally
inefficient given the large number of neuroimaging markers.
Also neuroimaging markers are often highly correlated with
each other. The unpenalized least square based estimates
often suffer from high variability or instability (that is with
large variance). Moreover, when the number of neuroimaging
markers is larger than the sample size, the design matrix
is singular and not invertible, and thus there is no unique
estimate. In contrast, penalized regression methods can lead
to stable solutions and are computationally efficient by using
advanced algorithms (Tibshirani, 1996; Fan and Li, 2001; Zou,
2006; Meinshausen and Bithlmann, 2010). Penalized regression
methods can simultaneously select and estimate the effects
of the predictors. The variable selection is achieved by the
sparsity penalty. In the methods section, we will introduce
penalized regression methods for selecting the optimal subset of
neuroimaging biomarkers for predicting cognitive outcomes. We
will illustrate those methods using structural neuroimaging and
cognitive data from the Active Brain Study.

The rest of the paper is structured as follows. In the methods
section, we introduce the three sets of methods including
the spline-based semiparametric model, graphical models, and
penalized regression methods. In the examples section, we apply
those methods to the data from the Active brain study. We end
our paper with general discussions.

METHODS

Semiparametric Models and Methods
We first introduce some notations. Let n be the number of
subjects and let R be the number of ROIs. For the ith participant,
denote f; as the age, denote Y; as the structural/metabolic
imaging markers [for instance, volume, fractional anisotropy
(FA), myo-inositol (MI)] at the rth ROI, and denote Z; as other
predictors such as education and sex that we want to study. To
accurately and efficiently model the age effects, we introduce the
following semiparametric model (1) for neuroimaging markers
in cross-sectional studies.
Yir = ue(ti) + ZiB, + €, i=1,---,n, r=1---,R (1)
where ,(t) is the unspecified aging trajectory for the older
people at the rth ROI evaluated at age t, and B, are the
regression coeflicients of the other predictors at the ROI The
measurement errors €, are assumed to be independently and
identically distributed and follow a normal distribution N(0, arz)
with mean zero and variance 0,2. Model (1) consists of both
the nonparametric part j,(t) and the parametric part Zg,,
and thus it is called semiparametric model. The semiparametric
model is a parsimonious way to both capture the potential
nonlinear age trajectory and investigate the effects of other
predictors. Notably, the traditional linear model is a special case
of model (1), where the function p,(t) is specified as a linear
function Bo, + Bi,t. Extension of model (1) to longitudinal data
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case is straightforward, which can be accomplished by either
introducing subject-specific random effects or using generalized
least square methods (Wood, 2006; Wu and Zhang, 2006).

For estimation, we use spline basis functions to approximate
the unspecified function p,(t). Particularly, we assume p.(t) =
B(t)8,, where B(t) is a set of B-spline basis functions and 6, is the
associated spline coeflicients (de Boor, 1978). The B-spline basis
functions are piecewise polynomial functions in the age interval.
A smoothing penalty A [ [ ()]2dt is used to achieve smoothness
of the fitted function /i,(¢), where p//(t) is the second derivative
function of 11,(t), and A > 0is a smoothing parameter controlling
the degree of smoothness. The tuning parameter A is crucial for
the estimation and inference and is often chosen by data driven
methods. By minimizing the penalized log-likelihood function,
we can obtain the estimate for these parameters including 6, and
B,. Compared to traditional linear model and methods, spline
method offers flexible estimation of these functions. Based on
the semiparametric model (1), we will be able to more accurately
delineate the aging trajectories and their derivative functions and
get unbiased estimates for the parametric part.

The spline-based semiparametric model and methods have
been implemented in several R packages (R Core Team, 2012)
including the mgcv package (Wood, 2006). The gam function in
mgcv can output the estimates and inferential results for both
the parametric and nonparametric parts. Specifically, for the
parametric part, estimates of the regression coeflicients and p-
values are provided which is similar to a linear regression model.
For the nonparametric part, the procedure provides the estimate
and pointwise confidence intervals for the estimated function
and a p-value for testing the function as a constant. The 95%
point-wise confidence interval [/Lf(t), ,uf] (t)] for p,(t) provides
the variability at the age ¢ in the rth ROI, in addition to the
magnitude. The first derivative function of j,(¢) indicate the rate
of brain atrophy, where in the linear case is the slope of the line.
The first derivative functions are can be easily obtained using
B/(1)0, where B'(t) are the first derivative functions of the B-spline
basis functions. Based on the first derivative functions of the
aging trajectories, ROIs/markers show early atrophy/abnormality
could be candidate biomarkers for early diagnosis of diseases. We
adjust for multiple comparison by controlling the false discovery
rate (FDR) (Benjamini and Hochberg, 1995; Benjamini and
Heller, 2007).

Remark 1 Misspecified linear models could introduce bias for the
estimates of 1,(t) and B,, that is for both the nonparametric and
parametric parts.

Remark 2 To achieve good approximations of these unspecified
functions, enough number of basis functions should be used for
the penalized splines. If the procedure leads to an oversmooth
case, one can fit a regression cubic spline with fixed number of
knots without penalty, thus the degree of freedom is fixed.
Remark 3 Computing time is not a concern for ROI-level data.
Some statistical packages such as the vows have implemented
massive parallel algorithm for voxel-level data (Reiss et al., 2014).

Graphical Model and Methods
We first define a graph G = (V,E), where V is a set of
vertices/nodes, and E is a set of edges connecting pairs of

nodes in V. An adjacency matrix of a graph is a binary matrix
indicating the connection between the nodes. We introduce
graphical models for brain structural and functional network
analysis. In the past decade, Gaussian graphical model (GGM)
has been a hot topic in statistics as a tool for complex system
analysis. The GGM has many advantages over the traditional
marginal correlation based analysis including resulting in partial
correlations, i.e., direct dependency/independence, and sparse
networks. Let Y be an R-dimensional random variable following
a multivariate Gaussian distribution N(g, G™1) with mean g and
covariance G~!. G is a precision matrix (inverse covariance),
and the i, jth component of G, g = 0 indicates conditional
independence between ROIs r and s given all the other ROIs
{1,---, R}/{r, s}. The partial correlation between ROIs r and s
is defined as p;s = —grs/\/girgss (Lauritzen, 1996). We obtain a
sparse graph by minimizing the following penalized loglikelihood
function (Yuan and Lin, 2007):

1 n
argr&i&—loglGl—l—; E (Yi—/L)TG(Yi—IL)-i-)»E lgrsl, (2)
i=1 r#s

where argmin stands for argument of the minimum, G is the
set of R x R positive definite matrices, and A > 0 is the tuning
parameter chosen by a data-driven method. The lasso penalty
(Tibshirani, 1996) is used to regularize the loglikelihood function
and achieve a sparse solution. This method is often called
graphical lasso (glasso) in the statistical literature. Along the same
line, Meinshausen and Bithlmann (2006) proposed the node-
wise regression based approach for obtaining a binary graph.
Both the glasso and the node-wise regression methods have
been implemented in the R package huge with computational
efficient algorithms (Zhao et al.,, 2012). The huge function in the
huge package can provide estimate for the precision matrix or
adjacency matrix of an undirected graph. The stability selection
method (Meinshausen and Bithlmann, 2010) is preferred for the
selection of the tuning parameter, which controls the sparsity
of the estimated precision/adjacency matrix. A large tuning
parameter will penalize the loglikelihood function heavily and
shrink the small elements in the precision matrix/regression
coefficients to zero, while a smaller tuning parameter will barely
penalize the loglikelihood function and thus leads to many tiny
elements in the precision matrix/regression coeflicients.

Once the graph is obtained, graph summary statistics such as
centrality measures and clustering coefficient can be computed.
For visualizing and summarizing graphical objects, the R package
igraph provides a set of sophisticated tools (Csardi and Nepusz,
2006).

Penalized Regression Methods

To utilize high-dimensional markers for predicting cognitive
outcomes, we introduce penalized regression methods for
linear models. Penalized regression methods can reduce the
dimensionality of the predictors by automatically selecting the
optimal subset. The variable selection is achieved by a sparsity
penalty such as lasso (Tibshirani, 1996), adaptive lasso (Zou,
2006), elastic net (Zou, 2006), SCAD (Fan and Li, 2001), or by
stability method (Meinshausen and Biithlmann, 2010). For the
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ith participant, let Y; be the cognitive outcome, and let X; be
the stacked p x 1 vector of neuroimaging markers and other
covariates. We consider the following linear model and penalized
method.

Yi=Xif+e, i=1-- 3)

» 1y

B =argmin ) (¥;— XiB)* + 19 (IB)). @)
i=1

where B are the coefficients for neuroimaging markers and
covariates, and ¢(.) is a penalty function of the regression
coefficients B. By minimizing the penalized least squares (4),
we can obtain the penalized estimator . The sparsity penalty
shrinkages those small regression coefficients to zeros, thus the
procedure automatically leads to a subset of the predictors. If
ﬁj = 0, then the jth predictor X; is not selected. The sparsity of
the estimate is controlled by the tuning parameter A > 0, which
is usually chosen by data driven methods such as cross-validation
or generalized cross-validation.

Thanks to the implementation of efficient algorithms,
current software package can handle thousands of predictors
simultaneously for a medium sample size such as n = 80. In
general the computational time is moderate and depends on
the size of the data that is the sample size n and the number
of predictors p. One of the popular R package glmnet has
implemented a few penalized methods including lasso and elastic
net. The glmnet function in the glmnet package provides all the
coefficient solution paths as functions of the tuning parameter
A. To get the optimal solution, the user needs to use the cross-
validation method to select the optimal tuning parameter with
the smallest mean squared error (MSE).

Remark 4 The penalized regression methods are applicable to
generalized outcomes including binary and count data as well.
For example, we can use penalized logistic regression methods
to select informative neuroimaging markers in predicting risk of
mild cognitive impairment (MCI).

Remark 5 Because the penalty shrinkages those regression
coefficients toward to zero according to their magnitude,
large differences in the original scale of those predictors
can mess up the selection. Therefore, it is recommended to
standardize the predictors and make all the variables in the same
scale.

EXAMPLES: THE ACTIVE BRAIN STUDY

We illustrate the introduced methods using the data from the
Active Brain Study. The aim of the study is to investigate the
brain changes associated with age-related cognitive decline via
multimodal neuroimaging. We consider n = 114 participants
with structural imaging. Among them 68% are female. The
mean age of the sample is 72.3 with the standard deviation
(SD) 10. Those participants are well educated as can be seen
from the mean education years = 16.2 (SD = 2.6). They also
show high cognitive performance with mean Montreal Cognitive
Assessment (MoCA) score 25.7 (SD = 2.6). The structural
imaging was processed using standard procedures implemented

in Freesurfer version 5.3 (Dale et al., 1999; Fischl et al., 2002).
For a more detailed description of the Freesurfer processing
methods used by our group see Szymkowicz et al. (2016). Brain
volumetric indices including regional and global volumes of
cortical and subcortical structures as well as cortical thickness
were generated. Particularly, we used the anatomical cortical
parcellation in Desikan et al. (2006), which generated 34 ROIs
in each hemisphere. Similarly, the subcortical segmentation of
a brain volume is based on the existence of an atlas containing
probabilistic information on the location of structures (Fischl
et al., 2002).

Aging-Related Trajectories of Brain

Regional Volumes and Areas

We are interested in delineating the aging trajectories for the
regional volumes and areas, while adjusting for sex, education,
and the total intracranial volume (ICV). For normalization
purpose, the regional volumes are divided by the ICV. To
check the nonlinearity of the age trajectories of the regional
volumes and areas, we first applied the loess (locally weighted
scatterplot smoothing) method using the R function loess, which
is a popular exploratory tool for checking nonlinear pattern. As
a lot of ROIs show nonlinear age trajectories of brain regional
volumes, we fit a semiparametric model for the normalized
volume at each ROI with nonparametric age trajectory and
parametric effects for sex and education using the gam function
in the mgcv package. Similarly, we fit a semiparametric model
for the area at each ROI with nonparametric age trajectory
and parametric effects for sex, education and ICV. Penalized
cubic B-splines with 10 basis functions are used to fit the
age trajectories. The restricted maximum likelihood (REML,
Reiss and Todd Ogden, 2009) method is used to select the
tuning parameters. For comparison, we also fit linear and
quadratic models for the age trajectories. The quadratic age
term is centered to achieve robustness. Alternatively, orthogonal
polynomial model can be used to avoid multicollinearity
problem.

We choose the normalized volume of the lateral ventricle
and putamen for illustration. Figure 1 shows the estimated age
trajectories (the solid lines) using different methods, and the
95% pointwise confidence intervals (the shaded area) for the B-
spline fits. The lateral ventricle displays considerable expansion
especially after age 70, while the putamen shows a large amount
of decline especially before age 75. Both the lateral ventricle
expansion and the putamen volume shrinkage indicate brain
atrophy as people age. We notice that both the loess and the
semiparametric fits indicate nonlinear age patterns. As displayed
in Figure 1, linear models are not flexible enough to capture
the nonlinear age trajectories. Linear models assume the rate
of age-related change is constant as people age, which may
not be true for all the ROIs. The deviation of the linear fits
from the semiparmetric model fitted curves are large in the
two ends and the middle part of the interval, that is less
than 60, greater than 80, and around 70. The quadratic age
trajectories show agreement with the B-spline fits around the
middle of the age interval [60, 80], but not in the two ends
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FIGURE 1 | Age trajectories of the normalized lateral ventricle and putamen volumes using the semiparametric model, loess fit, linear, and quadratic

regression models.

either. The loess fits are exploratory without adjusting for sex  the brain regional volumes shrink, while the ventricle system and
and education. Interestingly the B-spline fits agree with the = CSF considerably expand. We also observe that older females
loess fit for the lateral ventricle volume but not the putamen  tend to have less brain atrophy compared to older males after
volume. FDR correction. Education does not have a significant effect on
Opverall, age has significant effects on almost all of the cortical ~ any of those regional volumes after FDR correction. Additionally,
and subcortical regional volumes in both hemispheres after FDR  age shows similar effects on the cortical regional areas. However,
correction. Particularly, the cortical frontal, temporal, parietal,  after adjusting for the ICV, neither sex nor education has an effect
occipital, cingulate lobes are significantly impacted by aging  on the cortical regional areas.
except the left caudal anterior cingulate, bilateral entorhinal, In summary, the linear/quadratic model due to its parametric
pericalcarine, and frontal pole. The insula shows a marginally = nature, may not be flexible enough to capture age-related brain
significant age effect. The ventricle, subcortical regions, and  changes as people age. A nonparametric/semiparametric model
corpus callosum are significant except for the bilateral caudate. ~ should be used if there is a convincingly nonlinear pattern as
Our findings are consistent with the literature that as people age, ~ suggested by an exploratory loess fit.
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Cortical Thickness Based Cortical Network
Structural covariance has been used in the literature for studying
cortical networks and patterns of neurodegeneration (Mechelli
et al., 2005; Alexander-Bloch et al., 2013). Here, we are interested
in applying graphical models to investigate the cortical network
using the cortical thickness data from the Active Brain Study.
We consider the cortical thickness at 34 ROIs in each of the
hemispheres. For summary purpose, we group the 68 cortical
ROIs into six lobes including the frontal, temporal, parietal,
occipital, cingulate, and insula. We first compute the marginal
Pearson correlation for the structural covariance/correlation. We
then use the huge function to obtain the partial correlation (based
on the precision matrix) and a binary undirected graph (or
equivalently the adjacency matrix) using the glasso and node-
wise regression respectively. The tuning parameters are selected
by the stability method (Liu et al., 2010; Meinshausen and
Biithlmann, 2010).

The results are summarized in Figure 2. The top two patterns
in Figure 2 display the thresholded marginal/partial correlation
map for the 68 cortical ROIs (34 ROIs per hemisphere). The
bottom two patterns display the undirected graph and the frontal
subgraph plotted using function in the igraph package. The
marginal correlation map is cut by 0.3. The marginal correlation
and partial correlation show very different patterns. The range of
the marginal correlation is much larger compared to the partial
correlation. The two graphical methods share some similarity.
The left and right correlation are strong even conditional on
all the other ROIs. There are both inter- and intra-hemisphere
correlation. Based on the bottom adjacency matrix plot, we
observe that the frontal ROIs tend to be conditionally correlated
(see also the bottom right panel in Figure2). Other graph
summary statistics can be easily calculated using functions in the
igraph package such as degree of centrality.

In summary, the marginal correlation and partial correlation
map often show different patterns. The interpretation of the two
are also different. The marginal correlation between two ROIs
does not account for the involvement of other ROIs, while the
partial correlation between two ROIs adjusts for other ROIs. Due
to the lasso penalty, the partial correlation map and the adjacency
matrix are sparse that is some of the partial correlations/elements
of the adjacency matrix are estimated to be zeros.

Predicting MoCA Using Brain Regional

Volumes
In this section, we aim to select informative brain regional
volumes in predicting the cognitive outcome MoCA. We first
normalize regional volumes via dividing by the estimated
intracranial volume (ICV), then standardize the variables by
subtracting the sample mean and divided by sample standard
deviation to make the variables comparable. The predictors we
consider include the cortical and subcortical regional volumes,
age, sex, and education. We used the glmnet function in the
R package glmnet with both lasso and elastic net penalties. We
choose the tuning parameters by 10-fold cross-validation.
Table1 summarizes the selected variables and their
coefficients using both penalties. The selected variables

include regional volumes from the frontal and temporal lobes,
subcortical regions, and demographic variables. Compared
to the elastic net penalty, the lasso penalty tends to choose a
small subset of correlated predictors. For example, the left pars
opercularis (Brodmann area 44) was selected but not the right
one. Consistent with the findings in the literature, we found
that volumes of subcortical and cortical ROIs including the left
accumbens, middle temporal, pars opercularis, temporal pole,
right entorhinal, medial-orbito-frontal, pars opercularis are
positively associated with MoCA.

The glmnet function can output the whole solution path.
Figure 3 displays the whole solution path for all the coefficients
as functions of the logarithm tuning parameter A for the lasso
penalty. The vertical line corresponds to the optimal A selected
by cross-validation. When the tuning parameter A is small (that
is with less penalization), the magnitudes of the coeflicients are
large and the variability is large. The traditional least square
estimate is similar to the small penalization case, which is not
stable. As the tuning parameter increases, the variability of
the coefficients declines. The regularization achieves the small
variance at the cost of introducing bias. The cross-validation
criterion selects the tuning parameter by balancing the variance
and bias.

To check the performance of the selected subset of the regional
volumes, we refit a model with the volume of the selected ROIs
and compare to the model with only age, sex, and education. The
selected regional volumes from the elastic net penalty explains
additional 19% variance in MoCA, where R? increases from 16
to 35%. We conduct an ANOVA test to compare the two models,
where the p-value is less than 0.001.

DISCUSSIONS

Misspecified linear models are not uncommon in the literature,
which may lead to biased results and misleading conclusions.
Based on our previous neuroimaging analysis (Chen et al,
2014, 2015), linear models may not always be appropriate for
characterizing the age-related brain changes, although it is the
default method due to its simplicity. In practice, cautions need
to be raised for the potential nonlinear age-related changes.
To minimize the potential bias, we introduced the spline-based
semiparametric models, which are more flexible and able to
capture the underlying age trends in the data. Notably a linear
model is a special case of the semiparametric model. When the
underlying trend is linear, semiparametric model agrees with the
linear model. Semiparametric methods have been implemented
in many statistical softwares such as R. One of the popular
implementations is the gam function in the mgcv package. The
gam function provides the estimated curves and inferential
results for both the parametric and the nonparametric parts.
Extension of the basic semiparametric model (1) has been
extensively studied in the past few decades in the statistical
literature. More sophisticated models such as varying coefficient
models and additive models have also been developed (Wood,
2006; Wu and Zhang, 2006). All these semiparametric methods
are scalable and applicable to voxel level data as well. The
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FIGURE 2 | Cortical thickness based cortical network. The top two patterns are Pearson’s correlation map (left) and partial correlation map (from the Glasso;
right) for the cortical network. The bottom two patterns are adjacency matrix of the undirected graph (from the node-wise regression; left) and graphical map of the
frontal lobe (right).

R package vows has implemented semiparametric models for  from the pairwise relationship between ROIs. However,
voxel-level data. A parallel algorithm is implemented to speed up ~ researchers often compute the marginal correlation then
the computational procedure. threshold the correlation matrix to obtain the graph/network. It

In the neuroimaging literature, network analysis provides iswell known that sample covariance/correlation matrix is highly
a systematic way to study the brain structural and functional instable when the number of ROIs is large. The pairwise nature
changes. The use of network analysis is a remarkable progress  of the marginal correlations hurts and limits the interpretation of
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TABLE 1 | Selected brain regional volumes and covariates in predicting MoCA.

lh.middle.temporal Ih.pars.opercularis

(temporal lobe) (frontal lobe)

lh.pars.orbitalis
(frontal lobe)

lh.temporal.pole rh.entorhinal rh.medial.orbito.frontal

(temporal lobe) (temporal lobe) (frontal lobe)

Elastic-net 0.047 0.345 —0.320 0.145 0.188 0.048
LASSO 0.004 0.433 —0.343 0.154 0.193 0.005
rh.pars.opercularis lh.Accumbens Age Sex (F vs. M) Education
(frontal lobe)
Elastic-net 0.031 0.309 —0.231 0.331 0177
LASSO - 0.358 —0.225 0.329 0.177
Coefficients Curve for Lasso
95 88 71 24 0
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FIGURE 3 | Solution paths from the penalized regression with lasso penalty.
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the subsequent network based results. To address the limitation
of the marginal correlation, we introduced two Gaussian
graphical models, which can generate either partial correlations
or an undirected graph. Under the multivariate Gaussian
assumption, a zero partial correlation for two ROIs given
all the other ROIs is equivalent to conditional independence
between the two ROIs. Similarly, for an undirected Gaussian
graph, the edges indicate conditional dependence between
ROIs. We illustrated the graphical models using the cortical
thickness data, where the generated cortical networks may be
related to the cortical structural connectivity. The application
of graphical model to fMRI for investigating functional
connectivity is straightforward, but need to be modified to
account for the temporal correlation within each time series.
Besides partial correlation in the time domain, there is a

few works on correlation measure in the frequency domain
such as the total independence (Wen et al., 2012) and partial
correlation for multivariate time series (Fried and Didelez,
2005).

For testing the brain network differences between groups such
as young vs. older, there are three levels of tests including the
edge-level, node-level, and subgraph-level (Nichols and Holmes,
2002; Kim et al., 2014, 2015; Narayan and Allen, 2016). The
edge-level testing approach first tests the group differences at the
edges one by one, then applies multiple correction for the p-
values such as FDR correction. The node-level testing method
investigates the group differences in graph summary statistics
at each node such as degree of centrality. The subgraph-level
testing aims to detect either topologically connected cluster
difference (Zalesky et al., 2010) or differences in graph overall
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metrics such as clustering coeflicient. The three levels of testing
approaches provide complementary ways of testing the brain
network differences.

Efficiently and accurately predicting cognitive decline is a
central topic in cognitive and brain aging studies. In practice,
very often an a priori subset of neuroimaging biomarkers
are used to predict cognitive outcomes, which are based on
the predetermined hypothesis. Hypothesis-driven methods are
a recommended way to conduct research that can generate
reproducible results. However, by chance, we may miss important
neuroimaging markers that could indeed be predictive for
cognitive decline. We introduced penalized regression methods
for incorporating a large amount of neuroimaging biomarkers in
predicting cognitive outcomes, where the number of predictors
can be close to or even larger than the number of subjects.
These data-driven methods can simultaneously estimate the
regression coeflicients and select a subset of the high-dimensional
predictors. We illustrated those methods using the brain
regional volumes in predicting MoCA outcomes. Moreover,
these methods are applicable to categorical cognitive impairment
outcomes such as a variable with three nominal levels: normal,
mild cognitive impairment, and dementia. In addition to the
penalized regression methods, some machine learning type of
methods such as penalized support vector machine (SVM) can
be used for building prediction/classification rule based on
high dimensional neuroimaging biomarkers (Zhu et al., 2004;
Zhang et al., 2006; Wu and Liu, 2007; Robinson et al., 2015).
For long term followup longitudinal studies, penalized mixed
effects model can be used to improve the prediction accuracy
by incorporating both the individual trajectories and baseline
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Normal aging is related to a decline in specific cognitive processes, in particular
in executive functions and memory. In recent years a growing number of studies
have focused on changes in brain functional connectivity related to cognitive aging.
A common finding is the decreased connectivity within multiple resting state networks,
including the default mode network (DMN) and the salience network. In this study,
we measured resting state activity using fMRI and explored whether cognitive decline
is related to altered functional connectivity. To this end we used a machine learning
approach to classify young and old participants from functional connectivity data. The
originality of the approach consists in the prediction of the performance and age of
the subjects based on functional connectivity by using a machine learning approach.
Our findings showed that the connectivity profile between specific networks predicts
both the age of the subjects and their cognitive abilities. In particular, we report that
the connectivity profiles between the salience and visual networks, and the salience
and the anterior part of the DMN, were the features that best predicted the age.
Moreover, independently of the age of the subject, connectivity between the salience
network and various specific networks (i.e., visual, frontal) predicted episodic memory
skills either based on a standard assessment or on an autobiographical memory task,
and short-term memory binding. Finally, the connectivity between the salience and the
frontal networks predicted inhibition and updating performance, but this link was no
longer significant after removing the effect of age. Our findings confirm the crucial role of
episodic memory and executive functions in cognitive aging and suggest a pivotal role
of the salience network in neural reorganization in aging.

Keywords: resting state, rs-fMRI, episodic memory, autobiographical memory, executive functions, functional
connectivity, machine learning, aging
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Reorganization of Functional Connectivity in Healthy Aging

INTRODUCTION

The cognitive and neural changes accompanying healthy aging
are a crucial topic in cognitive neuroscience. The age-related
cognitive decline has emerged as a major societal concern
given the increase in the elderly population. Nevertheless,
not all cognitive domains are equally affected by age, and
not all cognitive processes show age-related decline. There is
compelling evidence that executive functions and memory are
the most severely impaired cognitive domains in this population
(Salthouse et al., 2003).

Executive functions are seen as high-level cognitive processes
responsible for flexible and adaptive behavior (Miyake et al.,
2000). Thus, they play a fundamental role in dealing with
complex situations in everyday life. Moreover, they largely
contribute to the effective functioning of other cognitive
processes, such as memory. Notably, some authors have proposed
that the central deficit responsible for the general cognitive
decline in aging is linked to ineflicient executive functioning
(West, 1996; Salthouse et al., 2003). At the neural level, this
decline may be accounted by the functional and structural
reorganization of the frontal lobes with aging (Moscovitch and
Winocur, 1995; Cabeza, 2002; Grady et al, 2005; Fjell and
Walhovd, 2010).

The cognitive domain that has received the greatest attention
in normal aging is memory. Many older adults complain of
increased memory lapses as they age and a major focus of research
has been trying to distinguish memory decline attributable to
normal aging from that related to pathological aging, in particular
in Alzheimer’s disease.

Within the framework of long-term memory, dissociation
between spared semantic memory (i.e., general knowledge about
the world, words and concept) and impaired episodic memory
(i.e., memory for personally experienced events that occurred in
a particular place at a specific time) has been reported in aging.

The episodic memory decline in older adults may result from
a parallel impairment of strategic control processes involved
in encoding and memory retrieval. Accordingly, several studies
using laboratory tests of episodic memory have highlighted a
reduction in the use of effortful encoding strategies, which are
mainly related to prefrontal brain regions (Hara and Naveh-
Benjamin, 2015). In the same line, considerable evidence points
to deficits in effortful retrieval in older adults. In particular several
studies have shown impaired free recall along with normal cued
recall or recognition (Ward and Maylor, 2005).

These findings show that memory decline in cognitive aging is
strongly related to executive functions.

Moreover, a large number of studies have investigated
cognitive aging changes in episodic performance
autobiographical memory, which is defined as the memory
for personal experiences that underlies the personal identity
and the temporal continuity of an individual (Conway and
Pleydell-Pearce, 2000). A distinction between an episodic and
a semantic component has also been proposed in this domain.
The former refers to memory for personal events situated in a
specific spatiotemporal context, while the latter refers to general
knowledge about one’s own past and about oneself. Again,

via

dissociation between spared semantic and impaired episodic
autobiographical memory has been documented in the elderly
(Levine et al., 2002; Piolino et al., 2002, 2006; St. Jacques and
Levine, 2007; Martinelli et al., 2013a). The deficit of the episodic
component of autobiographical memory has been linked to
a reduced availability of executive resources (Conway and
Pleydell-Pearce, 2000; Conway, 2005; Piolino et al., 2010; Coste
et al., 2011), and to a reduced recruitment of the underlying
brain structures (Martinelli et al., 2013b).

Functional magnetic imaging (fMRI) has been widely used in
order to link age-related cognitive decline with patterns of altered
brain function. A consistent finding in the fMRI literature is that
healthy old adults present higher brain activation in a wide range
of cognitive tasks (Cabeza, 2002). On the other hand some studies
have highlighted a reduced brain activity in cognitive aging
(Damoiseaux et al., 2008). More recently, an increasing number
of investigations have focused on the study of the relationship
between cognitive functions and functional connectivity mainly
derived from resting state fMRI (rs-fMRI). rs-fMRI is the study
of the interregional correlation of spontaneous fluctuation in
brain activity while subjects are not engaged in any specific
cognitive task. It represents a promising candidate for studying
the complex neural organization underlying cognition and
its modification due to different conditions (normal aging,
psychiatric and neurodegenerative disorders) without task-
specific confounds.

The use of rs-fMRI to study functional connectivity has
allowed the identification of a set of networks named resting state
networks (RSNs). These networks are commonly identified across
young healthy subjects (Damoiseaux et al., 2006) and have shown
high reproducibility (Guo et al., 2012).

The most widely studied RSN is the default mode network
(DMN), composed of regions that are deactivated during
the performance of goal-directed tasks and that show high
levels of activity at rest. Buckner et al. (2008) defined the
core regions associated with the brain’s default network: the
ventral/dorsal medial prefrontal cortex (PFC), the posterior
cingulate and retrosplenial cortex, the inferior parietal lobule and
the hippocampal formation (including the entorhinal cortex and
parahippocampal cortex).

Beside the DMN, other networks of intrinsic brain
connectivity have been described in healthy populations. These
findings indicate that the human brain has a network-based
organization even at rest. In recent years, a consistent number
of investigations have focused on the salience network (Menon,
2015; Metzler-Baddeley et al., 2016). The salience network is
an intrinsically connected large-scale network anchored in the
anterior insula and the dorsal anterior cingulate cortex. With
the anterior insula as its dynamic hub, the salience network
contributes to a variety of complex brain functions through the
integration of sensory, emotional and cognitive information
(Menon, 2015).

Recently, a direct link between inter-individual variability in
functional connectivity measured at rest in specific networks
and cognitive functions has been documented. For example,
Cole et al. (2012) reported that the global connectivity of the
lateral prefrontal cortex (LPFC) predicted individual differences
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in fluid intelligence. A correlation between the strength of the
connectivity between the two major nodes of the DMN, the
ventral medial prefrontal cortex (VMPFC) and the posterior
cingulate cortex (PCC), and working memory abilities (Hampson
et al., 2006), or episodic memory performances (Tambini et al.,
2010) has been reported.

This approach has proved fruitful in describing the neural
reorganization in aging. Several studies have reported reduced
connectivity between the two major nodes of the DMN, the
vMPFC and the PCC (Andrews-Hanna et al., 2007; Damoiseaux
et al.,, 2008; Balsters et al., 2013; Mevel et al., 2013). Other
networks with reduced connectivity are the fronto-parietal
attentional (Andrews-Hanna et al., 2007; Balsters et al., 2013;
Vergun et al., 2013), the sensorimotor (Meier et al., 2012) and
the salience networks (Meier et al., 2012; Onoda et al., 2012).
In particular, the connectivity profile in the salience network
has been shown to be the best feature to classify young and old
participants using a machine learning approach (Meier et al.,
2012), and that internetwork connectivity between the salience
and the visual and the auditory networks is reduced in aging
(Onoda et al., 2012).

Moreover, a direct link between reduced network connectivity
and impaired cognitive functions has been reported in aging.
In particular, decreased connectivity between the anterior and
the posterior node of the DMN correlated with a composite
measure of memory (Andrews-Hanna et al., 2007). Concerning
autobiographical memory, a correlation has been reported
between the strength of connectivity between the posterior node
of the DMN and middle temporal structures, comprising the
hippocampus, and an episodic autobiographical fluency, and
between semantic autobiographical fluency and the connectivity
between the anterior node of the DMN and the ventral anterior
cingulate cortex (Mevel et al., 2013). Additionally, reduced
connectivity within the DMN and the salience network has been
related to a decline in executive functions in aging (Damoiseaux
et al., 2008; Onoda et al.,, 2012). Taken together, these findings
highlight the pertinence of using rs-fMRI to explain the complex
neuronal reorganization linked to the cognitive decline observed
in aging (Andrews-Hanna et al., 2007; Damoiseaux et al., 2008;
Onoda et al., 2012; Sala-Llonch et al., 2015).

The principal aim of this study was to further characterize the
brain functional reorganization related to cognitive aging in order
to shed light on the network reorganization related to cognitive
decline in older adults, in particular linked to episodic memory
and executive functions.

The originality of the study consisted in using a machine-
learning approach to predict age and cognitive performance
from functional connectivity patterns. Gottlieb (2012) recently
proposed that a closer integration of machine learning in
cognitive neuroscience has the potential to answer fundamental
questions about cognitive functions. Such an approach
has already proven its validity in recent investigations of
neuropsychological features in neurology or psychiatry
(Costafreda et al., 2011; Quintana et al., 2012). Developed
from a connectionist approach, this modeling strategy has
several advantages over computationalist methods: it can be
easily applied to multi-modal data analysis, and in addition

it is not constrained by a priori assumptions or abstractions
on the data. The model is built using the input feature vectors
(e.g., multimodal recordings of cognitive tasks) and matching
this vector with expected outputs (e.g., prediction of cognitive
variables). Once the model has been built, it is then confronted
to a new independent test dataset to estimate its validity.

Therefore, we used multivariate statistical techniques to
classify young and old participants using a machine learning
approach (Meier et al., 2012). We hypothesized that aging would
disrupt not only DMN but also the salience network (Onoda et al.,
2012) and that this pattern of modifications at the functional level
would be related to cognitive changes in particular in episodic
memory and executive functions.

MATERIALS AND METHODS

Subjects

Twenty-seven healthy participants, 17 young adults (YA: nine
females, mean age 28.75 £ 4.62) and 10 old adults (OA: four
females, mean age 70 + 5.01) took part in the study. These
participants represent a subgroup of an fMRI activation study
whose data have already been published elsewhere (Martinelli
etal,, 2013b). All participants gave their informed written consent
and the study was approved by the local ethics committee of
Sainte Anne Hospital (CPP Ile de France 3 n°2687). All subjects
were right-handed (according to the Edinburgh Handedness
Inventory; Oldfield, 1971), and native French speakers. Medical,
demographic, and psychometric data were obtained prior to the
scanning session. All participants were unmedicated, living at
home and rigorously screened for uncontrolled hypertension
and cerebrovascular risk factors. Exclusion criteria included
presence of a history of alcohol or substance abuse, head trauma,
major disease affecting brain function, neuropsychiatric disorders
(tested with the Mini-International Neuropsychiatric Interview,
Sheehan et al, 1998), depression [tested with the Geriatric
Depression Scale, Yesavage et al., 1983, cut-off score > 10;
YA: 2.65 £ 2.67; OA: 3.4 £ 2.91; student t-test: £(25) = 0.68,
p = 0.5], abnormal general cognitive functioning as assessed by
the Mattis scale (Mattis, 1976, cut-off score < 136; young adults:
142.50 £ 1.26 and old adults: 139.90 £ 3.04). The two groups
were matched according to their verbal abilities and crystallized
intelligence as assessed by the Mill Hill test [Deltour, 1993;
percentile score for YA: 54.38 £ 26.83 and OA: 53.83 % 30.82,
student ¢-test: £(25) = 0.04, p = 0.97].

Procedure
The whole experimental session comprised three phases (pre-
scanning, scanning, post-scanning).

During the first phase (pre-scanning interview), participants
were tested for exclusion and inclusion criteria, they underwent
a medical examination, neuropsychological assessment and
completed the Taste and Interest Questionnaire (TIQ) that was
employed to create personal cues used for the autobiographical
memory tasks during the scanning and post-scanning sessions.
During the scanning session, participants were first trained
in the autobiographical task outside the scanner, and then a

Frontiers in Aging Neuroscience | www.frontiersin.org

August 2016 | Volume 8 | Article 204


http://www.frontiersin.org/Aging_Neuroscience/
http://www.frontiersin.org/
http://www.frontiersin.org/Aging_Neuroscience/archive

La Corte et al.

Reorganization of Functional Connectivity in Healthy Aging

high-resolution 3D structural image was acquired as well as a
resting state functional session. Subsequently they participated
in an activation protocol during which they performed the
autobiographical task from personal cues (other than those
used for training). After the fMRI protocol, during the post-
scanning session (debriefing) subjects were asked to re-evoke
their autobiographical memories from the same cues seen under
the scan. Here we will mainly focus on the measures of
neuropsychological assessment and autobiographical memories
at debriefing and the rs-fMRI (for details on the activation
protocol results see Martinelli et al., 2013c).

Behavioral Measures

Autobiographical Memory

In the pre-scanning interview, exclusion and inclusion criteria
were verified by means of a clinical assessment and psychometric
tests, and then neuropsychological tests and the TIQ were
submitted to subjects. The aim of the TIQ was mainly to collect
information so as to create personalized specific event cues for
each participant. Twenty-four activities or interests for episodic
autobiographical memory (EAM) were selected from the TIQ
(for a complete description of personal cue elaboration see
Martinelli et al., 2013b; Sperduti et al., 2013).

The participants were first invited to take part in a training
session before the fMRI scanning. Participants received detailed
explanations on the nature of the task and participated in a brief
simulation of the experiment on a laptop. For the two EAM
tasks (mental retrieval under the scanner and aloud retrieval at
debriefing) we gave the following explanations:

- EAM was defined as a memory of a single event that occurred
at a specific time and place, of short duration, lasting less
than 24 h. Participants were instructed to mentally relive
personal episodes prompted by cues and to try to retrieve
spatiotemporal, affective and perceptual details (such as time,
location, perceptions, feelings, scenery, and people present
in the scene) (e.g., “a unique memory linked to a trip to
New York”).

After the scanning session, in order to score the memories
retrieved in the scanner, participants were asked to recall each
memory again. EAMs were rated for richness and specificity
on standard scales (Levine et al., 2002; Piolino et al., 2009;
Martinelli et al., 2013a). More precisely, the presence of a sense
of remembering with recall of specific spatial and temporal
details, and other contextual and phenomenological details in
each evocation was noted (1 point per type of detail, maximum
4; e.g., “I remembered my visit to the Palace of Tokyo in Paris,
in August 2009, as if I was still there. I was with Chiara in a
room at the exhibition on the first floor in the dark to see the
TV reports and talk with other visitors, it was 6 pm and still very
warm, but it was worth it!, after that we went to the restaurant
of the outdoor museum on the bank of the Seine...”). For each
participant we computed a global ratio of specificity (EAM score)
totaling up the sum of spatiotemporal, other contextual and
phenomenological details divided by the sum depending on the
number of recalls.

Episodic Memory

The Free and Cued Selective Reminding test (FCRT) was used
to assess episodic memory capacities (Grober and Buschke, 1987;
French version Van der Linden et al., 2004).

Different studies have shown the validity of this tool to
discriminate healthy old adults from prodromal Alzheimer’s
disease (AD) patients (Lemos et al., 2015; Papp et al., 2015).

The test begins with a study phase designed to control
attention and cognitive processing to identify memory
impairment that it is not secondary to other cognitive deficits.
During the encoding phase, subjects have to identify words in
response to category cues (fruits, clothing, etc.). In the test phase,
subjects are asked to recall the items they learned (free recall).
The category cues are used to prompt recall of items not retrieved
by free recall to generate a score called cued recall. We calculated
the sum of free and cued recall termed EPI total recall.

Executive Functions

For the assessment of the executive functions, we used the
Trail Making Test (TMT; Reitan, 1958) and verbal fluency
(Cardebat et al., 1990) as a measure of behavioral and cognitive
flexibility respectively. For the TMT we computed the difference
in execution time between part B and part A (TMTB-A score).
Concerning the verbal fluency we added the total number of
words for the lexical (number of words starting with the letter
P) and the semantic (number of words belonging to the semantic
category “animals”) fluency (FLU score).

As a measure of inhibition we used the Victoria STROOP
test (Stroop, 1935). In particular we computed the difference
between the time of denomination of the interference part and
the denomination part (INHIB score). For up-dating (UP-D
score) in working memory we used the running span (Quinette
et al, 2003). For visuo-spatial working memory we used a
battery assessing the visuo-spatial span (VSS score) forward and
backward task (sum of the two spans), and the short-term binding
(STB score) ability using a visuo-spatial binding task (Picard
etal., 2012).

fMRI Data Acquisition

All data were acquired with a 3 T scanner (Discovery MR
750, General Electric Healthcare). The anatomical scan used
an inversion recovery 3-D T1-weighted gradient-echo sequence
of images (TE = 4.3 ms, TR = 11.2 ms, TI = 400 ms,
matrix = 384 x 384, slice thickness = 1.2 mm). Functional
resting state images were acquired using a gradient echo
echoplanar (EPI) sequence (TE = 30 ms, TR = 2000 ms, flip
angle = 90°, matrix = 64 x 64, slice thickness = 3 mm, 42
contiguous sections). The functional scan lasted 5 min.

fMRI Data Analysis

Extraction of Networks and Regions of Interest

We extracted resting state networks from an independent set of
resting state data available on the 1000 Functional Connectome
Project'. This dataset contains functional scans of 86 subjects
(45 females, age 19-85 years) acquired with a 3T scanner

'http://www.nitrc.org/frs/shownotes.php?release_id=916
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with the following parameters: TR = 2 s, 23 slices, acquisition
type = sequential ascending.

All data were processed using SPM5 software (Statistical
Parametric Mapping 5, Welcome Department of Cognitive
Neurology, UK?). Standard pre-processing procedures were
applied to functional data. EPI volumes were corrected for
slice timing, subject’s rigid motion and spatially smoothed using
an isotropic Gaussian kernel filter of 5 mm full-width half-
maximum.

After preprocessing, resting state networks were extracted
using group spatial independent component analysis (sSICA) as
implemented in the Network Detection using ICA (NEDICA)
software (Perlbarg et al., 2008). Networks were first extracted for
each subject in her/his native space. The spatial ICs obtained for
each subject were then normalized in the MNI standard space
and clustered into classes representative of the population. To do
so we used a hierarchical clustering algorithm (Hartigan, 1975).
All normalized spatial maps in each class were then averaged
and thresholded at p < 0.05 using f-test statistics corrected
for multiple comparisons using a false discovery rate (FDR)
approach (Genovese et al.,, 2002). Threshold maps were visually
inspected to select maps exhibiting a known spatial organization.
These maps are referred to as functional networks (for a similar
procedure, see Malherbe et al., 2014).

Then, regions of interest were extracted from the functional
networks obtained by selecting the maxima of connectivity peaks
of the group functional networks. All regions of interest were
defined as a sphere of 10 voxels in the Montreal Neurological
Institute space (voxel size: 3.5 mm X 3.5 mm X 3.5 mm).
These regions of interest were then used to extract the time
course of our functional resting state data after applying the same
preprocessing steps described above. The mean time series were
calculated across all voxels within each region of interest in the
MNI space, for each subject. The motion parameters, as well
as signals from white matter and CSF and linear and quadratic
drifts were then used as covariates of no interest in a general
linear model for the mean time courses in each region considered
in the analysis. Regions were then grouped in networks. For
each network, the time course was obtained by meaning all time
courses of implicated regions. Finally, a correlation matrix of the
average time course between each pair of networks was computed
(see Table in Appendix 1). This measure was used in the following
steps of data analysis.

Machine Learning Analyses

In the present study, using a machine learning approach,
we performed two analyses: supervised feature selection, and
supervised regression. All the analyses were performed after
volume correction: all variables were orthogonalized according
to the cortical volume.

Feature selection was performed using the orthogonal forward
regression (OFR) algorithm (Chen et al., 1989), which was used
to select the best network activities to predict either the age of a
subject, or one of the cognitive variables. All the descriptors were
considered as vectors (one fMRI was considered as one vector),

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

and we analyzed iteratively the best set of features to model one
expected output at a time. Given the feature vectors f_i,ie[1..N]
and the output vector Q, the OFR feature selection approach
follows three steps:

(I) All descriptors are ranked according to their distance to the

output. The distance is computed as the cosine of the angle
0 between the vector and the output: 6 = cos(f_i,Q).

(II) The descriptor with the lowest absolute angle (maximum

cosine) is ranked first. All remaining descriptors and

the output are projected into the null-space of the best

descriptor.

The selected descriptor is stored and removed from the set,

and the algorithm iterates on the remaining orthogonalized

features.

(I11)

In order to control for the relevance of the selected features,
we used a probe variables approach (Stoppiglia et al., 2003).
We inserted in the feature set 100 randomly drawn vectors.
The rank distribution of these probes indicated the risk of a
descriptor containing information that could be explained by
chance. We fixed a threshold of 5% of probes in our investigation,
and selected only descriptors above that threshold. The variables
were analyzed after volumetric correction (the correction was
performed by orthogonalizing all variables to the null-space of
the volumetry measure).

Supervised regression was performed using multilayer
feedforward artificial neural networks. Multilayer perceptrons
are universal approximators: when good care is taken to control
their complexity, they can provide better fitting than classical
polynomial regressions (Haykin, 2009). We used a 2-layer
perceptron, with a non-linear (sigmoid) hidden layer and a
linear output. The network inputs were the two best features
selected using OFR. Regression was performed using a second
order gradient descent approach, with the Levenberg-Marquart
algorithm (Pujol, 2007). Performances were estimated using a
leave-one-out approach:

(I) One sample was taken out of the database.
(II) The network was then trained on the remaining samples,
and afterwards tested on the excluded sample.

(IIT) The same estimation was performed iteratively for all
samples of the database. The overall classification of the
excluded samples is the leave-one-out error, which is a good
estimate of the generalization error.

We tuned the network complexity by manipulating the
number of hidden units (from 0 to 5), according to the leave-one-
out error (Dreyfus, 2005).

Data analyses were performed using Matlab 2013a
(Mathworks®).

RESULTS

Behavioral Results
We performed independent sample t-tests on all the measures of
interest. We found significant differences for all measures in favor
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of better performance in young adults than in older adults, except
for FLU [#(25) = 1.71, p = 0.1]: EAM [¢#(25) = 7.56, p < 0.001],
EPI [#(25) = 3.34, p < 0.01], TMTB-A [¢(25) = 4.24, p < 0.001],
INHIB [£(25) = 6.72, p < 0.001], UP-D [£(25) = 2.41, p < 0.05],
VSS [£(25) = 4.57, p < 0.001], and STB [(25) = 3.07, p < 0.01].

fMRI Results

Clustering

The best silhouette was obtained using six clusters. The within-
cluster mean of distance to centroid was below 0.25 for all clusters
except for cluster 6. Cluster 1 is particularly large and contains
16 networks (Table 1). Using the distance matrices between the
cluster elements, we extracted the cluster hierarchy (Figure 1),
which shows three blocks in these six clusters, composed of
cluster 3, cluster 5, and the remaining clusters.

Prediction of Age

The best two pairs of networks to predict age according to
the OFR algorithm were sal-vis and sal-dmfr, corresponding
to clusters 2 and 6. These two clusters belong to the same
block on the dendrogram. A Pearson correlation R? of 0.61
was obtained (p = 2.07*107°) using these two variables. The
best neural network architecture selected had four hidden units.
A leave-one-out mean-squared error of 0.06 was achieved for
the age prediction, corresponding to a generalization error
of 6.69 + 5.3 years (the prediction error reached 9.10=7 on
the training set) (Figure 2). Given the pivotal role of the
salience network in predicting age and cognitive variables, we
conducted post hoc analyses on the within network connectivity.
Interestingly, we found that the connectivity between the
cingulate gyrus and insula (which are the main hubs of the
salience network) was reduced in the group of old adults
(t = —2.52, p < 0.05). Moreover the connectivity between these
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FIGURE 1 | Dendrogram of the clusters, computed from their cosine
distance matrices.

two brain regions showed a negative correlation with age in the
old adults (R = —0.7, p < 0.05), but not in the young adults group
(R = —0.03, p = 0.9). Nevertheless, when accounting for within
network connectivity, we were still able to significantly predict the
age from the between network connectivity between the sal-dmnf
and the sal-vis (R = 0.368, p = 4.06 E-03).

Prediction of Cognitive Variables

Seven cognitive variables were successfully predicted from rs-
fMRI pairs of networks (see Table 2): EPI total, STB, EAM, FLU,
TMT B-A, and VSS Scores. The best prediction was obtained with
EPI total, which had the highest linear correlation p-values and
a very low leave-one-out generalization error (6%). Moreover,
three of these variables were regressed efficiently using a neural
network, with a satisfactory leave-one-out error (below 15%).

TABLE 1 | Clusters of pairs of networks (cosine distance measure), ordered according to their homogeneity and dimension.

clusters 1 2 3 4 5 6

homogeneity 0.18 0.18 0.18 0.20 0.21 0.35

networks Lvattfr-dmfr Mot-sal Mot-dmps Dmfr-dmps Lvattfr-lvattps Mot-dmfr
Lvattfr-dmps Mot-Ivattfr Mot-vis Dmfr-dmtemp Lvattfr-rvattfr Mot-dmtemp
Lvattfr-dmtemp Mot-Ivattps Dmfr-vis Dmps-dmtemp Lvattfr-rvattps Mot-front
Lvattfr-front Mot-rvattfr Dmps-vis Dmps-front Lvattps-rvattfr Sal-Ivattfr
Lvattps-dmfr Mot-rvattps Dmtemp-vis Dmtemp-front Rvattfr-rvattps Sal-Ivattps
Lvattps-dmps Sal-vis Front-vis Dmfr-front Sal-rvattfr
Lvattps-dmtemp Lvattfr-vis Sal-rvattps
Lvattps-front Lvattps-rvattps Sal-dmfr
Rvattfr-dmfr Lvattps-vis Sal-dmps
Rvattfr-dmps Rvattfr-vis Sal-dmtemp
Rvattfr-dmtemp Sal-front

Rvattfr-front
Rvattps-dmfr
Rvattps-dmps
Rvattps-dmtemp
Rvattps-front

Lvattfr, left ventral attentional frontal; Lvattps, left ventral attentional posterior; Rvattfr, right ventral attentional frontal; Rvattps, right ventral attentional posterior; dmffr,
default mode frontal; dmps, default mode posterior; dmtemps, default mode temporal; front, frontal; Mot, motor; Sal, salience, vis, visual.
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FIGURE 2 | Prediction of the age of the subjects from their rs-fMRI inter network activity. (A) Linear regression, each circle represents a subject, the colored
plane represents the linear regression. (B) Non-linear regression based on the multilayer perceptron, on the variables after volume correction, on the leave-one-out
validation set. Each dot represents a subject; the dashed line represents the optimum.

TABLE 2 | Cognitive variables prediction from fMRI pairs of networks.

Variable Networks Clusters Significance Corrected significance Learning error

EPI total Sal-front 6,2 R2 0.59 R2 0.46 0.06
Mot-Ivattps p=3.1*10-5 p=7.9%10-4

STB Sal-dmps 6, 2 R2 0.31 R2 0.44 0.14
Rvattps-vis p =1.3%10-2 p=1.2%10-3

EAM Sal-dmtemp 6, 2 R2 0.60 R2 0.30 0.14
Sal-vis p =2.4*10-5 p =0.015

FLU Rvattfr-dmfr 1,5 R2 0.44 R20.35 0.21
Lvattps-Rvattfr p=1.3%10-3 p =6.6%10-3

TMT B-A Lvattps-Rvattfr 5,6 R?2 0.49 R20.38 0.21
Sal-rvattps p =4.4%10-4 p =3.9%10-3

VSS Lvattps-Rvattfr 5,6 R20.38 R?0.33 0.29
Sal-rvattps p =4.3%10-3 p =9.9%10-3

INHIB Sal-front 6 R2 0.56 R20.22 0.11

p =8.9*10-5 p =0.053

UP-D Sal-dmtmp 6 R20.34 R20.16 0.19

Sal-rvattps p =8.3%10-3 p=0.14

The network column indicates the two best pairs of networks selected using OFR algorithm. The cluster column indicates the corresponding clusters. The significance
column indlicates Pearson correlation results using the selected networks. Corrected significance is the result of Pearson correlation analysis after correction by the age
variable. Learning error is the leave-one-out generalization error on the normalized output. Grey color indicated satisfactory leave-one-out error (below 15%). EPI total,
total score episodic memory; STB, short term binding; EAM, episodic autobiographical memory; FLU, verbal fluency; TMTB-A, difference of time execution between the
part B and the part A; VSS, visuo-spatial span; INHIB, difference between the time of denomination of the interference part and the denomination part; UP-D, updating in
working memory.
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FIGURE 3 | Prediction of EPI total (verbal episodic memory) of the subjects from their rs-fMRI inter network activity. (A) Linear regression on the
corrected variables (correction by volume and age). Each circle represents a subject, the colored plane represents the linear regression. (B) Non-linear regression
based on the multilayer perceptron, on the variables after volume and age correction, on the leave-one-out validation set. Each dot represents a subject; the dashed
line represents the optimum (obtained with a linear perceptron without hidden units).

These three variables (EPI total, STB, EAM) were predicted from
the same clusters (clusters 6 and 2), which are the same as
the age predicting clusters. The four remaining variables had
poorer leave-one-out errors (above 20%). Three variables (FLU,
TMT B-A, VSS) had cluster 5 in common. Within those three,
the last two variables (TMT B-A, and VSS) shared the exact
same networks (belonging to cluster 5 and cluster 6). Two other
variables showed the same network (cluster 6), but did not show
significant correlations after age correction (p > 0.05): INHIB
score, UP-D score (Table 2; Figure 3).

Furthermore by combining the measures of distances and
the variable predictions, it was possible to draw a general graph
of the relationships between the cognitive activation clusters

and the predicted variables independently of age (Figure 4).
On that graph, we can identify three functional blocks (clusters
2 + 6; clusters 6 + 5, clusters 5 + 1). One can see the central
importance of cluster 6, which is involved in all but one variable
prediction (verbal fluency FLU) and was identified as a general
cluster of cognitive decline: this cluster also predicts age, and
in addition most cognitive variables when excluding age effects.
The functional block of verbal fluency FLU is the only one that
is not related to cluster 6. Cluster number 4 was not associated
directly to any of the investigated variables (but as it is close to
clusters 2 and 6, it could nevertheless be used as a replacement
cluster for the prediction of the variables Age, EPI total, STB,
and EAM).
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FIGURE 4 | Cognitive network of clusters. The distances between each
cluster represents the dendrogram distance already illustrated in Figure 1.
Each ellipse indicates groups of variables successfully predicted by pairs of
the same activation networks. EPI total, total score verbal episodic memory;
STB, short term binding; EAM, episodic autobiographical memory; FLU,
verbal fluency; TMTB-A, difference of time execution between the part B and
the part A; VSS, visuo-spatial span.

DISCUSSION

In this work, we showed that the connectivity profile between
specific RSN networks predicts both the age of the subjects and
their cognitive abilities. The originality of the study consisted
in using a machine-learning approach to predict age and
cognitive performance from the functional connectivity patterns
characterized in the brain. In particular we reported that the
connectivity between the salience and visual networks, and
the salience and the anterior part of the DMN, were the
best features in predicting the age of the subjects. Moreover,
connectivity between the salience and different specific networks
predicted the episodic performance (Sal-front), the short-term
binding (Sal-dmps) and the episodic autobiographical score
(Sal-dmtemp, Sal-vis), independently of the age of the subject.
Finally, the connectivity between the salience and the frontal
networks predicted inhibition and updating performance, but
this correlation was no longer significant after removing the effect
of age.

Our findings suggest a pivotal role of the salience network in
the neural reorganization in aging. The connectivity profile of
this network was not only the best feature to predict age, but
was also involved in the prediction of several cognitive functions,
such as verbal episodic memory, short-term binding and episodic
autobiographical memory. Nevertheless, these scores were also
predicted independently of the age of the subject, thus the
variability in the strength of connectivity between these networks
seems more linked to the variability in cognitive functions per
se than to the effect of aging. On the contrary, the prediction
of inhibitory and updating performances dropped when age was
taken into account, suggesting that the connectivity profile of the
network predicting inhibition and updating in working memory
is particularly sensitive to the effect of aging. These findings
are in line with studies that have related cognitive deficits in

the elderly to a reduction in inhibitory control (Hasher et al,
1999). The central role of the salience network reported here
is coherent with recent findings showing that the connectivity
profile of this network was one of the best predictors of age (Meier
et al., 2012), and that the connectivity between the salience and
the visual networks and the salience and the temporal networks
was correlated with age (Onoda et al., 2012). In accordance
with the latter study we showed that one of the best features
predicting age was the connectivity between the salience and
the visual network. On the contrary, while Onoda et al. (2012)
did not report robust alteration of the default mode with age,
we found that another feature involved in age prediction was
the connectivity between the salience and the anterior portion
of the default mode. The salience network, composed of the
anterior cingulate cortex (ACC) and the insula, is thought to
code behaviorally relevant information (Seeley et al., 2007).
One recent proposal is that this network, in particular the
insular cortex, may promote the dynamic switch between other
large scale networks (e.g., the default mode and the central
executive network) in order to ensure adaptive behavior via
flexible cognitive control mechanisms (Sridharan et al., 2008;
Menon and Uddin, 2010). Recent studies have reported an altered
salience network in normal aging. In particular He et al. (2014)
showed that functional and structural impairment of the salience
network may occur early in normal aging and that functional
disconnection between this network and the central executive
network and the DMN may also be associated with normal aging
and Alzheimer’s disease.

Moreover, the connectivity between the salience network
and specific networks predicted different cognitive functions.
In particular, the connectivity with the frontal networks
predicted episodic memory performance. This finding is in
line with the role of the frontal cortex in both encoding
and retrieval of episodic memory (e.g., Spaniol et al.,, 2009).
Concerning episodic autobiographical memory, we reported that
performance was predicted by the connectivity between the
salience network and the temporal component of the DMN,
comprising the hippocampus. The role of the hippocampus in
episodic autobiographical memory is well established (see for
example two meta-analyses: Svoboda et al., 2006; Martinelli et al.,
2013c). A recent investigation by Grady et al. (2015) pointed out
that the salience network is also engaged during recall failures.
In particular these findings suggest that the dedifferentiation
of functional connectivity within the salience network across
memory conditions and the reduction in functional coupling
between it and the PFC may indicate weak inter-network
communication either while retrieval is attempted or when
monitoring takes place after retrieval has failed.

In addition, supplementary results showed that the
connectivity between crucial hubs of the salience network,
such as cingulate gyrus and insula, was reduced in elderly
subjects and that the connectivity between these two regions
showed a negative correlation with age only in the old adults
group. These findings highlight the involvement of the principal
hubs of the Salience Network in neurocognitive aging.

Moreover, this reduction of connectivity correlated with age
only in the elderly group. Nevertheless, we were still able
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to predict the age of the subjects from between networks
connectivity when within network connectivity was taken into
account. These findings suggest that while age is accompanied
by an alteration of the intrinsic dynamic of the salience network;
inter networks connectivity seems to represent more robust
predictors of age.

Finally, the connectivity between the posterior portion of the
DMN, comprising the temporo-parietal junction (TPJ) and the
precuneus/posterior cingulate cortex, and the salience network
predicted short-term binding in working memory. The temporo-
parietal junction, beyond attentional and social functions
(Scholz et al, 2009), has been linked to working memory
processes (Anticevic et al., 2010). Moreover, interestingly, a
recent study reported a direct involvement of the TPJ in
visual feature binding (Pollmann et al., 2014). Thus, the role
of this structure seems coherent with the cognitive demands
of our short-term binding task. Taken together these findings
suggest that the salience network allocates the necessary cortical
resources to other networks that are specialized in the task
at hand. Moreover, the link between the connectivity of these
networks and the corresponding cognitive functions does not
seem to be particularly sensitive to aging, since correlations
remain significant even after the effect of age is taken into
account.

On the contrary, the correlation between the connectivity of
the salience and the frontal network and inhibition performance
was affected by age. The link between both the ACC, one of
the nodes of the salience network, and the PFC and inhibition,
especially during the Stroop task, is well documented (Laird
et al., 2005; Nee et al., 2007). Moreover, a recent study showed
that performance on the Stroop task was associated with the
integrity of fiber tracts connecting these structures in aging, even
when controlling for general processing speed (Wolf et al., 2014).
Interestingly another recent study has shown that the role of
the salience network changes over the life span, which may have
implications for the early detection of pathophysiology in elderly
populations (Archer et al., 2016).

CONCLUSION

The present study highlights the crucial role of the salience
network in cognitive aging related to specific cognitive decline
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Cognitive decline is a major concern in the aging population. It is normative to
experience some deterioration in cognitive abilities with advanced age such as related
to memory performance, attention distraction to interference, task switching, and
processing speed. However, intact cognitive functioning in old age is important for
leading an independent day-to-day life. Thus, studying ways to counteract or delay the
onset of cognitive decline in aging is crucial. The literature offers various explanations
for the decline in cognitive performance in aging; among those are age-related gray
and white matter atrophy, synaptic degeneration, blood flow reduction, neurochemical
alterations, and change in connectivity patterns with advanced age. An emerging
literature on neurofeedback and Brain Computer Interface (BCI) reports exciting results
supporting the benefits of volitional modulation of brain activity on cognition and
behavior. Neurofeedback studies based on real-time functional magnetic resonance
imaging (iMfMRI) have shown behavioral changes in schizophrenia and behavioral
benefits in nicotine addiction. This article integrates research on cognitive and brain
aging with evidence of brain and behavioral modification due to rtfMRI neurofeedback.
We offer a state-of-the-art description of the rtfMRI technique with an eye towards its
application in aging. We present preliminary results of a feasibility study exploring the
possibility of using fMRI to train older adults to volitionally control brain activity. Based
on these first findings, we discuss possible implementations of rtfMRI neurofeedback
as a novel technique to study and alleviate cognitive decline in healthy and pathological

aging.

Keywords: real-time functional magnetic resonance imaging, aging, cognition, neurofeedback, emotion

INTRODUCTION

Age-Related Cognitive Decline and Underlying Brain Mechanisms
Given current demographic developments with adults over the age of 65 years representing
the fastest growing segment of the population in the USA and other industrialized nations
(Census, 2012), cognitive decline in aging is of increasing societal and economic relevance,
in addition to its relevance to individual lives (Williams and Kemper, 2010). It is usual, with
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interindividual variation (Ram et al., 2011), to experience some
deterioration in cognitive abilities with advanced age. These
age-related cognitive deficits are typically characterized by slow
processing speed (Eckert et al., 2010), increased difficulty in
encoding and retrieving memories (Wilckens et al, 2012),
increased forgetfulness (Gazzaley et al., 2005), reduced ability to
selectively attend to or ignore irrelevant information (Prakash
et al., 2009), increased distraction to interference (Wais et al.,
2012), and reduced task switching abilities (Buchler et al., 2008).
This change in cognitive functioning constraints older adults’
independence and quality of life (Logsdon et al., 2002). Thus,
studying ways to counteract or delay the onset of cognitive
decrement in aging is crucial.

Recent research initiatives address cognitive decline and
brain aging, such as the “Healthy Brain Initiation” by the
American Association of Retired Persons! and the Alzheimer’s
Association? in the US, and the “Healthy Brain” initiative
by the Brain Foundation® in Australia. These initiatives have
targeted the creation of standardized assessment tools and
the implementation of lifestyle directives (e.g., related to
nutrition and physical activity) to allow for direct comparison
across research studies and to inform interventional strategies
towards maintenance and promotion of cognitive functioning
in older adults or delay of cognitive decline until later in
life. There is also a growing market for computer-based
trainings, memory tapes, and computer games offered to the
lay public. These products claim enhancement of cognitive
performance through training (Casel, 2002). However, most
of these current approaches target training of behavioral
aspects of cognitive aging without consideration of brain
processes.

With the recent advancement in neuroimaging technology,
and especially developments in functional magnetic resonance
imaging (fMRI), understanding of functional brain changes
that underlie age-related cognitive decline has tremendously
increased (Li et al., 2015). For instance, aging has been shown
to be associated with greater involvement of frontal and
parietal regions and reduced activation of occipital regions
during attention (Cabeza et al., 2004), visual perception (Davis
et al, 2008), working memory (Park et al, 2003), language
(Grossman et al,, 2002), and emotion processing (Williams
et al.,, 2006). These findings have been discussed in the context
of proposed models of brain aging, such as the hemispheric
asymmetry reduction in older adults (HAROLD; Cabeza, 2002),
the posterior-anterior shift in aging (PASA; Davis et al,
2008), the compensation-related utilization of neural circuit
hypothesis (CRUNCH; Reuter-Lorenz and Cappell, 2008), and
the scaffolding theory of aging and cognition (STAC; Goh
and Park, 2009). According to the HAROLD model, older
compared to younger adults show greater bilateral brain
activity in prefrontal cortex (PFC) for specific cognitive tasks.
Similarly, the CRUNCH model proposes that older adults have
lower neural efficiency than younger adults. That is, older

Uhttp://www.aarp.org/health/brain-health/
Zhttp://www.alz.org/publichealth/2013-report/index.html
*http://brainfoundation.org.au/healthy-brain

compared to younger adults recruit more brain regions (e.g.,
frontal or bilateral brain regions) for cognitive operations.
The PASA model of aging states that older adults during
task engagement show increased activations of PFC coupled
with decreased activation of the occipital cortex leading to
a shift in brain activity pattern from the posterior part of
the brain to the anterior part. Similarly, STAC suggests that
an increasing use of frontal brain regions with age during
cognitive processing is an indication of an adaptive brain.
The theory proposes that, to counter the deterioration of
neural structures and functions with age, the brain develops
compensatory neural circuits to achieve a particular cognitive
goal.

An independent emerging literature has generated exciting
results that support the benefits of volitional modulation of
activity in specific brain regions and networks on cognition and
behavior. In particular, a number of studies have shown that
individuals can learn to voluntarily control different components
of the electroencephalographic (EEG) spectrum, resulting in
specific behavioral change (Kotchoubey et al., 2001; Kubler et al.,
2001; Fuchs et al., 2003; Murase et al., 2004; Birbaumer, 2006;
Strehl et al., 2006). EEG based neurofeedback has advantages of
high temporal resolution, affordability and portability, but it has
disadvantages related to its low spatial resolution, and its inability
to access deeper brain regions. It also suffers from computational
complexity of the inverse problem in determining the source
of activations from the surface EEG signals. However, recent
developments in real-time fMRI (rtfMRI; Weiskopf, 2012; Sulzer
et al.,, 2013; Stoeckel et al., 2014) have overcome some of the
limitations of the EEG based technique due to fMRTI’s high spatial
resolution and its capacity for whole brain coverage.

In this article, we offer a state-of-the-art description of the
neurofeedback technique with a particular focus on rtfMRI in
its application to cognitive aging. To the best of our knowledge,
no research to date has used rtfMRI in the context of studying
and counteracting cognitive decline in older adults. We start by
outlining current empirical evidence on cognitive and behavioral
benefits of rtfMRI in young healthy adults as well as patients.
We then discuss the application of this novel technique in the
context of aging research, supported by preliminary data from
our group. The article concludes with a discussion of future
research directions using rtfMRI and related neurofeedback
training techniques, such as EEG and functional near-infrared
spectroscopy (fNIRS), towards preservation of cognitive function
and delay of cognitive decline in aging.

Volitional Modulation of Brain Activity via
rtfMRI

Neurofeedback is a procedure by which humans or animals
can learn to modulate neural activity in one or more brain
region(s) (Birbaumer et al., 2013). The mechanism underlying
neurofeedback learning is still not completely understood, but
several different mechanisms, including, operant conditioning
and skill learning, have been proposed (Sitaram et al., in press).
For example, via rtfMRI neurofeedback training, volitional
increase or decrease of Blood Oxygenation Level Dependent
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(BOLD) response in a circumscribed brain area or network of
regions can be attained by the subjects.

Overview of the rtfMRI System

More than a decade ago, the first fMRI based Brain Computer
Interface (BCI) approach was implemented (Posse et al., 2003).
Figure 1 depicts the rtfMRI neurofeedback system. It is a closed-
loop system that uses the BOLD signal from one circumscribed
brain region or a network of brain regions, in real-time, to
calculate and present feedback (e.g., visual, auditory, or tactile)
to participants (e.g., Caria et al., 2007; Sitaram et al., 2007; Rota
et al.,, 2009; Ruiz et al., 2013a). The rtfMRI system comprises
of the following subsystems (see Figure 1): (A) participant, (B)
signal acquisition, (C) online signal analysis, and (D) feedback.

An echo planar imaging (EPI) sequence (Bandettini et al.,
1992) is used to acquire functional images of the brain (see
Figure 1B). Online computation procedures with the data in the
k-space such as distortion correction, averaging of the signal,
and image reconstruction are performed on the scanner’s image
reconstruction computer. Once the image is reconstructed and
pre-processed, it is exported to the signal analysis subsystem (see
Figure 1C). The signal analysis subsystem is implemented using
the Turbo Brain Voyager (TBV) software (Brain Innovations,
Maastricht, Netherlands). TBV retrieves the reconstructed image
and performs data processing that includes 3D motion correction
and real-time statistical analysis using the general linear model.
TBV allows the user to draw regions of interest (ROIs) on the
functional images. The BOLD values pertaining to these ROIs are
exported to a Matlab script (Mathworks, Natwick, MA, USA) that
calculates the feedback, which is then presented to the participant
inside the scanner (see Figure 1D).

Diverse modalities of feedback can be employed, including
verbal, auditory, tactile, monetary, or a combination of these,
but visual feedback has been predominantly used in research.
Visual feedback of the brain activity can be provided to the
participant in the form of a graphically animated thermometer
with bars of the thermometer changing in proportion to the
percent BOLD changes in the ROIs. The majority of rtfMRI
studies reported in the literature applied continuous feedback
(i.e., feedback provided to a participant within one repetition
time, TR, of the EPI sequence). For example, Caria et al. (2007)
showed that participants were able to self-regulate anterior insula
when trained with continuous feedback with a delay of 1 TR (i.e.,
1.5 s), while participants who received sham feedback did not
learn to self-regulate. This finding demonstrated the importance
of contingent feedback to learn to self-regulate neural activity.
However, intermittent feedback (i.e., feedback provided to a
participant after a number of TRs of the EPI sequence) has also
been used successfully (Yoo and Jolesz, 2002; Johnson et al.,
2012).

Typical Design of rtfMRI Studies

A typical rtfMRI study consists of a number of neurofeedback
training sessions, in which a participant learns to regulate
(increase or decrease) the BOLD signal in a particular ROIL
Typically, a neurofeedback training run consists of two types

of conditions, namely baseline and regulation, although there
is no general rule in this regard. In the majority of current
studies, participants were instructed to remain in a resting state
during the baseline blocks and to find a cognitive strategy that
helps them to achieve self-regulation in the regulation blocks.
However, there are also studies where participants were not given
any instructions to use a cognitive strategy, but were trained with
just real-time feedback or reward (Shibata et al., 2011; Sepulveda
et al., 2016).

Types of rtfMRI Neurofeedback
Approaches

The current literature generally differentiates between three
types of rtfMRI neurofeedback approaches, namely, single-ROI
based neurofeedback (Caria et al., 2007), functional connectivity
based neurofeedback (Liew et al, 2015) and network pattern
based neurofeedback (Shibata et al., 2011). Development of these
approaches occurred independent of each other and temporally
overlapped. The suitable rtfMRI neurofeedback approach for a
specific study is selected based on the study’s hypothesis.

Single-ROI Based Neurofeedback

Single-ROI based neurofeedback approach is a more
conservative rtfMRI approach than the other two approaches.
In this approach, individuals learn to volitionally regulate the
BOLD signal from one circumscribed brain area. Feedback
is calculated as a linear combination of the signal amplitude
in the target ROI (e.g., motor cortex for a motor task) and a
task-unrelated reference ROI (e.g., auditory cortex for a motor
task). The reference area is used to subtract the global (whole-
brain) increase in the BOLD signal due to general arousal,
task-unrelated factors, or BOLD fluctuations caused by head
motion. An example equation (Equation 1) for calculating
feedback using this approach is as follows:

Feedback = (ROI1 Regulation — ROI1yseline)

- (ROIzRegulation - ROI2Baseline) (1)

where ROI1 is the target brain area and ROI2 is the reference
brain area.

Functional Connectivity Based Neurofeedback

In general, a brain function can hardly be conceived to
involve only one single brain region (Sporns et al, 2005).
Rather, the brain is considered to work by coordinating activity
across distributed brain regions to execute a task. Functional
connectivity is defined as the statistical dependency between two
or more remote neurophysiological events (Friston, 2011). It
represents the connectivity between two or more brain regions
that share functional properties. There are two methods of
computing functional connectivity. The first method involves
estimation of statistical correlation between the BOLD time-
series of two ROIs using the Pearson, sample, or population
correlation coefficient. Functional connectivity neurofeedback
using this first method can be calculated either by including the
correlation measure in the standard ROI feedback equation (e.g.,
Equation 2; Ruiz et al., 2012), or by subtracting correlations of the
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A) Participant in a scanner

B) fMRI dat
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FIGURE 1 | Overview of an real-time functional magnetic resonance imaging (rtfMRI)-based neurofeedback system that comprises the following
subsystems. (A) Participant in the MRI scanner. (B) Signal acquisition (fMRI data) using an echo planar imaging (EPI) pulse sequence. (C) Online analysis and
computation of the neurofeedback based on the Blood Oxygenation Level Dependent (BOLD) response. (D) Visual feedback via the scanner projection system. This
figure is adapted from Birbaumer et al. (2013). The rtfMRI system presented in this figure was developed at the Institute of Medical Psychology and Behavioral
Neurobiology, University of Tubingen, Germany.

two ROIs in the baseline condition from those in the regulation Feedback = ECgegulation — ECBascline (3)
condition (e.g., Equation 3; Liew et al., 2015).

where TOT_BOLD is the total BOLD signal in the two ROIs (i.e.,
TOT_BOLD = (BOLD in ROI1 + BOLD in ROI2) and EC is the
Pearson’s linear correlation coefficient derived from the BOLD
time-series of these two ROIs.

Feedback = (TOT_BOLDRegulation — TOTBOLDBaseline)
x(14+EC) (2)
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A sliding window of eight data points, i.e., the current time
point and seven data points before the current data point
from each ROI, is used to compute the correlation coefficient.
The limitation of this method is that it does not provide any
information about the causality or the direction of information
flow, between the two ROIs. This limitation is addressed by
the second method of computing functional connectivity, in
that it estimates effective connectivity using Granger causality
(GC; Granger, 1969) or dynamic causal modeling (DCM; Friston
et al., 2003) There is evidence that use of DCM allows training
of effective connectivity between two ROIs to influence the
directionality of functional interactions (Koush et al., 2013).

Network Pattern Based Neurofeedback

Compared to the single-ROI based or the functional connectivity
based approaches, the pattern classification approach provides
greater sensitivity for detection and modulation of an entire
brain network involved in a specific function (Haynes and
Rees, 2006; Lewis-Peacock and Norman, 2014; Haynes, 2015).
In this approach, spatial and temporal patterns of activity of
multiple brain regions involved in a function are computed in
real-time and presented as feedback to the participant. There
are several different pattern classification techniques that have
been applied to fMRI data, including Linear Discriminant
Analysis (LDA; LaConte et al, 2003), Naive Bayes (Pereira
et al.,, 2009), Support Vector Machine (SVM; LaConte et al.,
2005), Neural Networks (Hanson et al., 2004), Canonical
Variates Analysis (Mourdo-Miranda et al., 2006), and Fisher
Linear Discriminant (Shaw et al., 2003). SVM is one of the
methodologies widely used to predict the brain state based
on the BOLD signal. There is evidence that SVM provides
higher classification accuracy than the other methods of pattern
classification (LaConte et al., 2003, 2005; Shaw et al., 2003;
Strother et al., 2004; Martinez-Ramon et al., 2006). SVM is
less sensitive to preprocessing steps when compared with LDA
(i.e., high classification accuracy), which is useful in real-time
applications (LaConte et al., 2005). SVM is a binary classification
algorithm that estimates a hyper-plane in a multi-dimensional
space to discriminate between two tasks (Scholkopf and Smola,
2002). BOLD signals from two different conditions (e.g., left and
right hand movement imagery) are fed into the SVM algorithm
and a classification model is generated based on this information.
Based on this generated classification model, SVM predicts the
possible condition that a particular preprocessed BOLD signal
belongs to.

There are currently two approaches of performing the
online pattern classification: subject-dependent classification
and subject-independent classification (Rana et al, 2013).
The majority of current studies used the subject-dependent
classification approach, in which classification models are
tailored to a specific participant’s brain signals. Some studies
have shown impressive results using this approach in healthy
adults (Shibata et al., 2011; Sitaram et al., 2011; deBettencourt
et al., 2015). However, this technique only led to very limited
advancement in the field of neurorehabilitation. The main reason
for this limitation is that classification models are not sufficiently
generic to be used across participants due to interindividual

variations in structural and functional brain characteristics,
which may even be exaggerated in clinical population and
may become more pronounced in aging (Meunier et al., 2014).
This limitation of the subject-specific classification constitutes
a hindrance for its application in patients and older adults.
In contrast, the subject-independent classifier approach can be
applied to healthy as well as patient populations without the need
to collect subject-specific data to generate the classifier model.
In addition, it can be adapted to the idiosyncrasies of individual
brain size, shape, and activation patterns. Thus, the subject-
independent approach has the potential to facilitate training
of patients to correct and tune their abnormal brain activity
towards normalcy and appears to have promise for applications
in aging.

Evidence for Cognitive and Behavior
Modification Using rtfMRI Neurofeedback

The rtfMRI neurofeedback approach represents a new tool for
studying the relation between brain activity, cognition, and
behavior. Importantly, unlike in conventional neuroimaging
approaches where cognition and behavior are the independent
variables and brain activity is the dependent variable, in
rtfMRI, brain activity constitutes the independent variable
while cognition and behavior serve as the dependent variables.
Neurofeedback using rtfMRI has been used to train individuals
in volitional regulation of BOLD signals in different brain
regions or in connectivity among multiple regions, to determine
cognitive and behavioral effects of learned self-regulation. In
this endeavor, neurofeedback effects have been documented in
pain modulation, in reaction times, and linguistic and emotional
processing in young healthy and/or patient populations
(deCharms et al., 2005; Rota et al., 2009; Ruiz et al., 2013a;
Scharnowski et al., 2015).

In the early days of rtfMRI, studies were focused on
evaluating effects due to self-regulation in a single, circumscribed
brain area (i.e., single-ROI neurofeedback approach). This
nascent field originally applied, and attempted to optimize,
this more parsimonious methodology. A number of studies
were conducted using volitional brain regulation of single
areas such as the insula, amygdala, visual cortex, anterior
cingulate, or motor cortex to understand their impact on
cognition, perception, and emotion (e.g., Caria et al., 2010;
Shibata et al., 2011; Paret et al., 2014; Grone et al.,, 2015).
For example, Posse et al. (2003) conducted the first rtfMRI
study in emotion-related brain areas. Participants were trained
to modulate amygdala activity using a self-inducing mood
paradigm that included sad and neutral emotional states. All
participants in this study were able to successfully achieve sad
mood. Further, mood self-ratings were positively associated
with BOLD response in amygdala. However, in this study,
the self-induction task was performed in the presence of
emotional faces during the entire experiment and the study
lacked a control group (CG). Thus, it was not clear whether
the observed correlation was due to the amygdala self-
regulation or due to the presentation of emotional faces,
or a combination of both. Caria et al. (2010) observed
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significant modification in valence ratings related to aversive
picture stimuli associated with up-regulation of anterior insula
in individuals trained with contingent feedback, while the
effect was not observed in individuals trained with sham
feedback. This study provided further support for cognitive
and behavioral modification induced by learned self-regulation
and the importance of contingent feedback in neurofeedback
training.

Some rtfMRI studies examined cognitive and behavioral
effects using functional connectivity based neurofeedback. This
was based on the rationale that a brain function works via
coordination of distributed brain regions to execute a task.
This development was also informed by emerging evidence
that abnormal connectivity of brain areas was associated
with abnormal brain functioning in neuropsychiatric disorders
such as schizophrenia (Friston and Frith, 1995; Honey et al,
2005), autism (Just et al., 2007), Alzheimer’s Disease (AD;
Wang et al., 2007; Zhang et al., 2010), and Attention Deficit
Hyperactivity Disorder (ADHD; Konrad and Eickhoff, 2010).
Use of the connectivity approach was also spurred by evidence
that learned volitional control of a single brain area in
healthy adults lead to changes in functional connectivity across
brain regions (Hamilton et al., 2011; Lee et al, 2011; Zotev
et al., 2011; Ruiz et al., 2013a,b). For example, a study in
schizophrenia patients found that learned self-regulation of a
single brain ROI modulated brain connectivity in an entire
network (Ruiz et al., 2013b), supporting the use of rtfMRI as
a tool to enhance brain connectivity. However, enhancement
of functional connectivity between various brain areas in this
early study was observed as a by-product of single-ROI based
neurofeedback training but was not the result of direct training
of brain connectivity.

Thus, following up on these initial findings, studies using
rtfMRI based connectivity neurofeedback demonstrated that
enhancement of functional connectivity between two brain
areas was possible and resulted in cognitive and behavioral
modifications. Kim et al. (2015), for example, showed improved
efficacy in reducing cigarette smoking via learned self-regulation
of connectivity between four brain regions related to craving
(i.e., anterior cingulate cortex, medial PFC, posterior cingulate
cortex, and precuneus). Similarly, a study from our lab
found evidence for direct enhancement of brain functional
connectivity (Ruiz et al, 2012). In particular, healthy adults
were trained to increase functional connectivity between
inferior frontal gyrus (Broca’s area) and superior temporal
gyrus (Wernicke’s area), which resulted in an enhanced
priming effect in a semantic priming task (Sass et al,
2009).

In parallel to the other two neurofeedback approaches, the
field explored the use of rtfMRI in the context of pattern
classification based neurofeedback. The first study used SVM
algorithm for binary classification in the context of real-
time feedback on motor and cognitive states (LaConte et al.,
2007). Sitaram et al. (2011) implemented a mapping technique
for pattern classification of multiple emotional brain states
in real-time. Shibata et al. (2011) demonstrated perceptual
learning by inducing spatial patterns of activity in the primary

visual cortex. In this study, pattern feedback was used to
train participants to self-induce brain activity pertaining to
one of three Gabor patch gratings (differing by 60° from
one another), without participants’ awareness of the target
grating. Behavioral data collected after the neurofeedback
training showed improved sensitivity to the target grating as
compared to the other two gratings. This finding suggested
that induction of activity patterns in the primary visual
areas was sufficient for perceptual learning. A study by
deBettencourt et al. (2015) further showed improved sustained
attention and reduced frequency of lapses in attention using
closed-loop neurofeedback. Neurofeedback was provided to
participants based on their level of attention to pictures of
faces and scenes in a Go-NoGo task. Task difficulty was
anti-correlated with the level of attention detected by the
pattern classification algorithm. Pattern classification algorithm
captured a widely distributed network of brain activity associated
with top-down attentional control. The same pattern of activity
was enhanced by neurofeedback training, which improved
participants’ attentional vigilance.

The above brief review of the current literature on rtfMRI
demonstrates the potential that this technique has to study
cognitive and behavioral modulation via brain activation. That is,
learned self-regulation of a brain region, functional connectivity
of two brain areas, or a network of brain areas can serve as
independent variables in determining the effect of volitional
control on cognition and behavior. Our summary also highlights
the promise this novel approach offers for brain-behavior
interventions. Importantly, to date, this exciting new tool has
not yet been applied to aging research. In the remaining sections
of this article we show that the use of rtfMRI in older adults is
feasible and we propose that it constitutes a powerful technique
to study cognitive function and the aging brain.

Feasibility of Applying rtfMRI
Neurofeedback in Aging Research

We conducted a pilot study to determine the feasibility of
using rtfMRI neurofeedback in research with older adults. In
particular, we examined a neurofeedback training scheme in
the context of an emotion perception paradigm in a sample of
eight adults aged 61 years and older. Our study was based on
evidence that aging is associated with emotional changes (Ebner
et al.,, 2006; Blanchard-Fields, 2007; Scheibe and Carstensen,
2010; Ebner and Fischer, 2014). For example, apathy increases
with age and is associated with cognitive decline (Brodaty
et al., 2010) and constitutes one of the central causes of
suffering of close relatives (Benoit et al, 2008) leading to
poor quality of life (Yeager and Hyer, 2008). Also, aging is
accompanied by less effective use of some emotion-regulatory
strategies (Winecoff et al., 2011; Opitz et al, 2012), and
increased difficulty in the perception of emotions in others
(Ruffman et al., 2008; Ebner et al, 2010). This age-related
decline has the potential to negatively impact emotional well-
being and quality of social relationships (Ruffman et al., 2012),
putting older adults at increased risk for social isolation and
reduced health (Cornwell and Waite, 2009; Norman et al.,
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2011). Research suggests that alterations in brain function
associated with affective processing contribute to these emotional
changes in aging (Williams et al, 2006; Samanez-Larkin
and Carstensen, 2011; Winecoff et al., 2011; Ebner et al,
2012).

Our study particularly focused on volitional control of the
anterior insula, a region in the limbic system that is crucially
involved in affective processing such as evaluation and arousal
(Berntson et al., 2011). Anterior insula function appears to be
impacted by aging. In particular, there is evidence of dampened
anterior insula activity in older adults, with effects on affective
processing (Castle et al., 2012). Previous rtfMRI studies have
shown that it is possible to train young adults (Caria et al., 2007,
2010) and schizophrenia patients (Ruiz et al., 2013a) to self-
regulate anterior insula with contingent feedback, modulating
affective processing.

Based on this evidence, we aimed to examine whether
older adults could learn to self-regulate anterior insula with
contingent rtfMRI neurofeedback and whether learned self-
regulation could lead to behavioral modification in this age
group. We used a single-ROI rtfMRI approach to train
older adults to either up-regulate anterior insula (experimental
group; EG) or primary auditory cortex (CG), a brain region
not specifically associated with affective processing (Pavuluri
et al., 2007; Tracy and Robins, 2008). Eight older adults
(mean age: 66 =+ 5.18 years; five women) participated in
the study. Five participants were randomly assigned to the
EG and three to the CG. The experiment consisted of six
rtfMRI sessions conducted over a period of a couple of
weeks. In the first and the last rtfMRI session, participants
engaged in a facial emotion recognition task (for similar
paradigms, see Ebner and Johnson, 2009; Ebner et al., 2012).
Each participant undertook 18-20 neurofeedback training runs
distributed among four rtfMRI based neurofeedback training
sessions.

The study took place at the Advanced Magnetic Resonance
Imaging and Spectroscopy (AMRIS) facility of the McKnight
Brain Institute (MBI), where brain imaging was conducted
on a 3.0 Tesla, 32-channel Philips whole-body human
MR scanner. As depicted in Figure 2, an rtfMRI based
neurofeedback training run consisted of alternating baseline
and up-regulation blocks, each lasting 30 s. There were
six up-regulation and six baseline blocks in total per run.
Participants were suggested to use imagery to recall emotionally
relevant experiences. Neurofeedback was provided to them
visually in the form of a thermometer. During up-regulation
blocks, the graphical thermometer was presented over a
green background and the bars in the thermometer were
changed based on the up-regulation of BOLD signal that
the participant achieved relative to the BOLD signal in
the preceding baseline block. Increase in the number of
bars of the thermometer represented more successful up-
regulation performance by the participant. During the baseline
block, the feedback bar remained stationary over a blue
background.

Figure 3 shows an example rtfMRI run in a single subject
showing the up-regulation of BOLD response in the right and

Up-regulation

15TR

Repeated 6 times
TR=2 sec

FIGURE 2 | Schematic illustration of the experimental neurofeedback
paradigm used in our feasibility study. An rtfMRI-based neurofeedback
training run consisted of alternating baseline and up-regulation blocks,
repeated six times. Each block was 30 s long.

left anterior insula, overlaid on an average EPI brain image.
A moderate increase in BOLD signals in both left and right
insula was observed during regulation blocks as compared to
baseline blocks. ROI analysis (Poldrack, 2007) was conducted
using BOLD values extracted from two rectangles, each of size
5 x 5 voxels (~15 mm? x 15 mm?).

Figure 4 depicts results regarding older adults’ ability
to self-regulate a circumscribed brain area with contingent

BOLD- Time series

a

e

Right Anterior Insula

Py

Left Anterior Insula

FIGURE 3 | An example rtfMRI run showing the up-regulation of BOLD
response in the predetermined regions of interest (ROIs) of right
(green rectangle) and left (red rectangle) anterior insula, overlaid on a
mean EPI brain image. Mean BOLD signals were extracted from each of the
two ROls and are presented overlaid on baseline (blue bars) and up-regulation
(green bars) blocks. A moderate increase in BOLD signal in both left and right
insula (higher amplitude) was observed during regulation blocks as compared
to baseline blocks.
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FIGURE 4 | Percentage change in BOLD signal for each run across all
six fMRI sessions. Average percentage change in bilateral anterior insula
cortex (A) for both the experimental (blue) and the control (red) groups.
Average percentage change in bilateral primary auditory cortex (B) for both
the experimental (blue) and the control (red) groups. Percentage change in the
BOLD signal is calculated by comparing change in the BOLD signal during the
regulation block to the previous baseline block. A positive value of the
percentage change in BOLD signal indicates up-regulation of BOLD signal.

neurofeedback training. Participants in both the EG (see
Figure 4A) and the CG (see Figure 4B) were able to up-
regulate activity in anterior insula and primary auditory cortex,
respectively, in the initial neurofeedback training sessions as
reflected in positive values of the percentage change in the
BOLD signal. Participants in the EG were able to achieve
up-regulation of BOLD signal in the anterior insula for
the first two training session (T2 and T3). However, their
performance diminished in the fourth and fifth training session
(T4 and T5). In the last session (T6), participants in the
EG were able to up-regulate in six out of eight rtfMRI
runs. A somewhat similar pattern of findings was observed
in the CG (see Figure 4B): CG participants were able to up-
regulate BOLD signal in the primary auditory cortex in the
first two training sessions (T2 and T3). However, in later
sessions, control participants were not able to maintain their
performance.

Despite this dip in performance in the last two training
sessions, participant in the EG (but not participants in the
CG) performed relatively better in the post-training session
compared to the pre-training session. Further, this self-
regulation training lead to behavioral modification. In particular,
there was an effect on participants’ cognitive flexibility in the
EG, but not in the CG. Cognitive flexibility was measured
with the dimensional change card sort test (DCCS; Zelazo,
2006) from the cognitive test battery in the NIH toolbox
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FIGURE 5 | Dimensional change card sort (DCCS) scores were
significantly increased from pre-training to post-training in the
experimental group (EG). No effect was observed for the control group
(CG). This result suggests a positive effect of self-regulation of bilateral anterior
insula on older adult’s cognitive flexibility. Error bars represent the standard
deviation in DCCS scores.

(Heaton et al, 2014). As shown in Figure 5, the EG
but not the CG showed a significant increase (T = —3.9,
one tailed; p = 0.008) in cognitive flexibility post-training
(8.31 £ 0.8) compared to pre-training (7.6 £ 0.63). This
behavioral modification was specific to self-regulation training
of the anterior insula, as it was not observed in the auditory
cortex CG.

Possible factors that could have led to the dip in self-
regulation performance observed in our study participants
during the course of the training may have been related to the
dual-task conflict inherent in the approach or increased fatigue as
the study progressed. During neurofeedback training, to achieve
self-regulation, participants have to apply a cognitive strategy to
get positive feedback and simultaneously they have to evaluate
the feedback presented to them. Therefore, participants have
to switch between two tasks, which is cognitively demanding,
particularly for older adults. Factors related to motivation and
attention could also have affected task performance in the course
of the study. Before every session start, participants responded
to the short version of the Positive Affect and Negative Affect
Scale (PANAS; Watson et al., 1988) to assess current mood.
Figure 6 depicts the average ratings for three different aspect
of participants’ current mood with possible relevance to the
learning process, namely, novelty/motivation (comprised the
adjectives interested, excited, inspired, enthusiastic, determined;
see Figure 6A), attention (comprised the adjectives alert,
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FIGURE 6 | Average Positive Affect and Negative Affect Scale (PANAS) score for three different aspect of participants’ current mood with possible
relevance to the learning process, namely, novelty/motivation (comprised the adjectives interested, excited, inspired, enthusiastic, determined),
attention (comprised the adjectives alert, attentive, active) and frustration (comprised the adjectives distressed, downhearted, upset, frustrated,
irritable) across all fMRI sessions for both the experimental (blue) and the control (red) groups. Scores for novelty, attention and frustration were calculated
by averaging across the rating of respective adjectives. Error bars represent the standard deviation in the scores for novelty, attention and frustration across the
group. Results from a linear regression analysis are represented by the solid blue and red lines for the experimental and the CGs, respectively. A gradual linear
downward trend was observed in the ratings of novelty (A) and attention (B) across the sessions in both groups. However, a minute increase was observed in the
ratings of frustration (C) in the later sessions for participants in both groups. High positive correlation coefficients (D) between up-regulation performance (i.e., %
change in BOLD signal in bilateral anterior insula for the EG and in bilateral primary auditory cortex for the CG) and the PANAS scores were observed for novelty and
attention, indicating that reduced motivation and attention levels might have led to reduced self-regulation performance. In contrast, a negative correlation was
observed between PANAS scores for frustration and up-regulation performance in both groups, indicating that frustration did not affect participants’ self-regulation
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attentive, active; see Figure 6B) and frustration (comprised the
adjectives distressed, downhearted, upset, frustrated, irritable; see
Figure 6C). A linear regression analysis showed a downward
trend in the rating of novelty/motivation (EG: y = —0.8X + 18.4,
R?> = 0.84; CG: y = —0.4X + 16.73, R* = 0.12) and attention
(EG: y = —0.37X + 122, R = 0.86; CG: y = —0.48X + 11.5,
R?> = 0.32) for both the EG and the CG with duration
in the study. Also, we observed high correlations (Pearson’s
correlation) between the percentage change in the BOLD signal
for both target ROIs (i.e., bilateral anterior insula for EG and

bilateral primary auditory cortex for CG) and the rating of
novelty/motivation (EG: r = 0.73 and CG: r = 0.51) and attention
(EG: r = 0.23 and CG: r = 0.67). In contrast, we observed
a positive trend in the rating of frustration for both the EG
(y = 041X + 4.2, R? = 0.67) and the CG (y = 0.05X + 5.1,
R? = 0.017; see Figure 6D). The correlation between the
percentage change in the BOLD signal for both target ROIs and
the ratings of frustration, however, were negative for both the
EG (r = —0.4) and the CG (r = —0.16). Thus, low motivation
and reduced attention levels may have resulted in reduced self-
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regulation performance as the training progressed. Supporting
this explanation is our finding that participants’ ability to up-
regulate the anterior insula activity improved in the last session,
in which the task was novel again since participants performed
the self-regulation task along with the emotion perception
task.

After every run, participants indicated what strategies they
had used in order to control the thermometer bar. We
explored these self-reports and found that the kind of strategies
participants used did not differ across sessions in which they
were more vs. less successful in up-regulation of brain activity.
For example, participants in both groups reported the use of
emotionally charged imagery during regulation blocks (e.g.,
thinking about a sick friend, an annoying colleague at work,
spending quality time with family and friends, or engaging in
hobbies). Participants did not appear to change their strategies
when they experienced no up-regulation success, even though
they had been instructed to change strategies if those did
not result in positive feedback. During the neurofeedback
training, older adults needed to assess their performance
continuously based on the feedback provided to them and
simultaneously change their strategy to improve up-regulation of
brain activity. It is possible that lower levels of cognitive flexibility
associated with age resulted in less ability of our older study
participants (compared to young participants used in previous
research) to switch from an unsuccessful to a more successful
strategy.

Another reason for relatively less successful up-regulation
in our older adults than is typically reported in the literature
with young adults could be that the present study design
used longer intervals between training sessions due to logistic
reasons. All neurofeedback training sessions were conduct
on the weekends and thus extended the total duration of
the experiment to four weeks for six rtfMRI sessions. Thus,
it is possible that the total amount of training that our
participants received was sufficient, but that the interval
between training sessions was too extended for full skill
transfer.

Taken together, the results from our study support feasibility
of the rtfMRI neurofeedback approach in healthy older
adults. In addition to evidence of older adults’ ability to
volitionally up-regulate targeted brain regions, we observed
improvement in cognitive flexibility scores of older adults.
The potential of this novel technique in aging research will
be discussed next as will be challenges that this line of
work has to overcome in future applications with older
populations.

Studying Healthy and Pathological Aging
via rtfMRI Based Neurofeedback

There is ample evidence that alterations in structural and
functional brain aging are associated with decline in cognitive
function (Grady, 2012). The complexity of neural activity and
cognitive functions, however, makes exact mapping between
brain and behavior extraordinarily difficult, and so these
relations remain largely speculative, although they are ultimately

testable. Some of the proposed explanations for the decline in
cognitive performance are age-related gray and white matter
atrophy (Good et al, 2001), synaptic degeneration (Toth
et al., 2012), low blood perfusion (Liu et al., 2012), and
change in whole-brain connectivity (Ferreira et al, 2016)
such as disconnectedness or dysfunctionality of brain networks
(Tomasi and Volkow, 2012). As summarized above, several
neurofeedback studies have shown that it is possible to obtain
volitional control over a circumscribed region or networks
of regions, with cognitive and behavioral effects (Shibata
et al, 2011; Ghaziri et al, 2013; Ruiz et al, 2013a; Kim
et al., 2015). In the rtfMRI approach, we constitute brain
activity as the independent variable while cognition and
behavior serve as the dependent variables. Thus, rtfMRI is
a novel tool that can help us to test these proposed brain
structural and functional explanations of cognitive decline in
aging.

Aging is typically associated with overall decrease in gray
matter. Some evidence suggests that the overall decrease in gray
matter does not necessarily lead to cognitive decline; rather
small decrease in gray matter in specific brain areas such as
the insula (Good et al., 2001; Sowell et al., 2003), dorsolateral
PFC (Grieve et al., 2005), and medial PFC (Uylings and de
Brabander, 2002) may underlie age-related cognitive decline.
A neurofeedback study on young adults showed significant
increase in gray matter and white matter connectivity in areas
related to attention (e.g., the intraparietal sulcus and the middle
frontal gyrus) along with enhanced performance in visual and
auditory attention after 13 weeks of neurofeedback training
(Ghaziri et al, 2013). Thus, it is possible to increase gray
matter in a particular brain area via neurofeedback training
in young adults. The use of neurofeedback training in aging
could similarly result in reduced rate of gray matter atrophy
or even increase in gray matter in specific areas of the brain
with possible effects on improved cognitive functioning in
aging.

A number of studies have suggested that the aging brain
has the potential to re-organize neural activity to compensate
for anatomical and physiological change such as proposed
in HAROLD (Cabeza, 2002) and PASA (Davis et al., 2008).
This re-organization of brain activity is considered to be
a compensatory mechanism by the aging brain to counter
physiological deficit. In particular, these effects are observed
in high-preforming when compared with low-preforming older
adults in various domains of cognition such as episodic memory
retrieval (Madden et al., 1999; Grady, 2002), episodic memory
encoding (Logan and Buckner, 2001; Stebbins et al., 2002),
working memory (Dixit et al., 2000; Reuter-Lorenz et al., 2000),
perception (Grady et al., 1994; Grady, 2002), and inhibitory
control (Nielson et al., 2002). Important questions that have
not been answered yet are why some but not other older
adults show this compensatory neural re-organization, and to
what extent it is possible to train low-preforming older adults
to use compensatory neural re-organization for performance
improvement. As mentioned earlier, rtfMRI studies have
demonstrated increase in connectivity between two brain areas
or a network of regions using neurofeedback training (Koush
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et al, 2013; Kim et al, 2015). This raises the possibility
that rtfMRI based neurofeedback training could be used in
older adults to enhance compensatory neural re-organization
towards performance improvement. This would importantly
inform current models of aging and significantly advance
scientific understanding of neural mechanisms in the aging
brain.

There is evidence of some qualitative similarity between
cognitive decline in pathological and in healthy aging, even
though pathological and healthy brain aging differ in the
rate and extent of the cognitive decrements (Walhovd et al,
2014). Both AD and Parkinson’s disease (PD) are characterized
by memory difficulties, slowed processing speed, impaired
attention,  visuoperceptual/visuospatial ~ dysfunction, and
dysexecutive syndrome (Weiner et al., 2013; Todorova et al,
2014). Neuroimaging evidence further supports disturbed
functional connectivity between the frontal and parietal lobes
in AD patients (Wang et al, 2007; Zhang et al., 2010), and
dysfunction of cortico-striatal functional connectivity in PD
(Kwak et al, 2010). Neurofeedback training studies have
reported improvement in memory (Berman and Frederick,
2009) and verbal comprehension (Becerra et al., 2012) in
AD patients. These studies used EEG based neurofeedback.
Recently rtfMRI based neurofeedback has been used to
train PD patients. Patients learned to increase activity in
the supplementary motor area (SMA) and subsequently
improved their speed of finger tapping (Subramanian
et al., 2011); but see Buyukturkoglu et al. (2013) for a
contradictory finding. Thus, there is some initial evidence
suggesting neurofeedback training success in pathological

aging.

Challenges in Using rtfMRI Based

Neurofeeback in Aging Populations

Evidence of neurofeedback success in young adults and clinical
populations summarized throughout this article, combined with
the feasibility data of healthy older adults from our group,
suggest that rtfMRI based neurofeedback may be a potential
tool to study the aging brain and to inform development
of interventions to maintain cognitive function and defray
cognitive decline in older adults. This exciting new approach
to the study of cognitive and brain aging, however, also faces
challenges.

For example, in our feasibility study participants received
contingent rtfMRI neurofeedback, but were only able to maintain
moderate levels of BOLD up-regulation in the anterior insula or
the primary auditory cortex, respectively. As discussed, possible
explanations for these moderate levels of self-regulation found
in our study may come from fatigue and lack of novelty when
older adults engage in training sessions that are highly cognitively
demanding. Future studies need to apply conditioning paradigms
like shaping to improve self-regulation success (Peterson, 2004).
In shaping, small changes towards the desired behavior are
rewarded, which leads to gradual change across successive trials.
Thus, the new method would change the baseline BOLD value
after each TR so that any gradual change towards the desired

BOLD signal value is rewarded. The dual-task conflict that
may underlie relatively lower self-regulation performance in
older adults also needs to be addressed in future studies in
the attempt to reduce the cognitive demand in neurofeedback
training. One alternative could be to reduce the frequency
at which feedback is presented, as this would reduce the
overall cognitive load of continuous evaluation of feedback.
Also, due to logistic reasons in our feasibility study, we had
to conduct the neurofeedback training on the weekends. This
extended the total duration of the experiment to a couple
of weeks for six rtfMRI sessions, which is longer than a
typical rtfMRI study. Thus, it is possible that the total amount
of training that our participants received was sufficient, but
that the interval between training runs was sub-optimal for
learning.

The issue of slow learners, which may particularly apply to
older adults, can be addressed in future research by increasing
the number of training sessions, e.g., 13 weeks of neurofeedback
training (Ghaziri et al, 2013). However, greater numbers of
training sessions will drastically increase the cost of conducting
a study to the extent where this approach would not be feasible
anymore as clinical intervention given the high costs for MRI.
Therefore, development of less cost-intensive neurofeedback
training methods based on cheaper modalities such as EEG or
fNIRS is crucial. However, each of these alternative modalities
comes with a set of limitations. For example, both EEG and
fNIRS cannot be used for self-regulation of deeper brain region
(e.g., anterior insula, amygdala), which are particularly relevant
for emotion processing and thus will limit domains of study
for these techniques. A useful approach for future research is
to start neurofeedback training with rtfMRI and later transition
to cheaper modalities. Along these lines, a technique called
“EEG Finger-Print” was developed (Meir-Hasson et al., 2014).
In this approach, advanced signal processing to remove artifacts
and machine learning algorithms are applied on EEG data
acquired simultaneously with fMRI to find EEG features that
can predict specific deeper brain activity. With this approach,
an experiment can be designed in which older adults initially
learn self-regulation of a circumscribed brain region or network
of brain regions by using rtfMRI based neurofeedback training.
During the rtfMRI training, simultaneous EEG recordings will
be conducted to determine the neuroelectric components that
correlate with the volitional control of the ROIs. Using the EEG
Finger-Print technique, the EEG neural-correlates of volitional
control of deeper brain region could be identified. The identified
EEG pattern can be used to continue neurofeedback training
via EEG without fMRI. This would make long neurofeedback
training studies cost-effective and more flexible (i.e., portable,
convenient system). The EEG Finger-Print technique could also
target older adults who have implanted stents, pacemakers, or
other metallic implants in their body and hence are unable to
participate in MRI experiments. This would allow test of a more
representative sample of older adults.

Another factor that could influence learning in older adults
pertains to the way instructions are given and the type of
feedback. According to Knowles’ theory of adult learning
(Knowles, 1984), older adults learn better if they are aware of the
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background of the topic. Also, readiness to learn and motivation
to attain new information are critical factors, which is in line
with the current study showing that lower motivation levels
reduced the performance in self-regulation. Therefore, in future
studies, it will be important to instruct older adults in a way
that keeps them motivated and provides them with background
information pertaining to the study. For example, information
can be presented to older adults in a manner that is personally
relevant to them (Zurakowski et al., 2006). In this context, it is
also necessary to explore new ways of providing feedback apart
from traditional feedback modalities such as the use of virtual
reality where feedback can be associated with certain events in
the virtual world and may thus be more intuitively processed and
eventually more effective.

CONCLUSION

Age-related cognitive decline is of increasing societal, political,
and economic concern, and dramatically affects individual lives.
Improvement of neuroimaging techniques has advanced the
investigation of cognitive decline in aging with a particular focus
on brain processes underlying age-related change. Although this
research field has benefited greatly from recent advancements
in imaging technology, there are still a number of unresolved
issues such as pertaining to age-related change in brain structure
and function underlying inter-individual variation of cognitive
decline in aging or validation of proposed theories of aging
related to loss of gray matter in certain regions of the brain
as well as hypoactivation of brain areas or networks. We
propose that rtfMRI neurofeedback offers a potent tool to study
cognitive decline processes towards development of effective
training and intervention protocols in aging. Preliminary results
of our feasibility study suggest that it is possible for older
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The cerebral cortex changes throughout the lifespan, and the cortical gray matter in
many brain regions becomes thinner with advancing age. Effects of aging on cortical
thickness (CT) have been observed in many brain regions, including areas involved in
basic perceptual functions such as processing visual inputs. An important property of
early visual cortices is their topographic organization—the cortical structure of early
visual areas forms a topographic map of retinal inputs. Primary visual cortex (V1) is
considered to be the most basic cortical area in the visual processing hierarchy, and
is topographically organized from posterior (central visual representation) to anterior
(peripheral visual representation) along the calcarine sulcus. Some studies have reported
strong age-dependent cortical thinning in portions of V1 that likely correspond to
peripheral visual representations, while there is less evidence of substantial cortical
thinning in central V1. However, the effect of aging on CT in V1 as a function of its
topography has not been directly investigated. To address this gap in the literature,
we estimated the CT of different eccentricity sectors in V1 using T1-weighted MRI
scans acquired from groups of healthy younger and older adults, and then assessed
whether between-group differences in V1 CT depended on cortical eccentricity.
These analyses revealed age-dependent cortical thinning specific to peripheral visual
field representations in anterior portions of V1, but did not provide evidence for
age-dependent cortical thinning in other portions of V1. Additional analyses found similar
effects when analyses were restricted to the gyral crown, sulcul depth and sulcul wall,
indicating that these effects are not likely due to differences in gyral/sulcul contributions
to our regions of interest (ROI). Importantly, this finding indicates that age-dependent
changes in cortical structure may differ among functionally distinct zones within larger
canonical cortical areas. Likely relationships to known age-related declines in visual
performance are discussed to provide direction for future research in this area.

Keywords: aging, visual cortex organization, primary visual cortex (V1), cortical thickness, structural MRI

INTRODUCTION

Aging is associated with changes in the structural properties of the cerebral cortex. Specifically,
there is substantial evidence that aging leads to decreased thickness (thinning) of the cortical
gray matter (Salat et al., 2004; Fjell et al., 2009; McGinnis et al., 2011). While it is generally
accepted that widespread cortical thinning occurs as people age, there is some disagreement
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in the literature about the effects of aging on cortical thickness
(CT) in early visual areas: several groups have reported
decreased CT in primary visual cortex (V1) due to aging (Salat
et al., 2004; Fjell et al., 2009; McGinnis et al., 2011), while others
have not (Raz et al., 2004; Thambisetty et al.,, 2010; Lemaitre
et al., 2012). These discrepancies might result, in part, from
differences among studies in how V1 is defined. It is important
to consider that cortex in V1 is organized as a topographic map
of retinal inputs that progresses from foveal to peripheral
retinotopic  representations along the posterior-anterior
dimension of the calcarine sulcus (Inoue, 1909; Fox et al,
1987; Engel et al, 1997), and it is therefore possible that
different parts of this map may be differentially impacted
by aging.

Importantly, portions of V1 that correspond to foveal vs.
peripheral retinotopic representations differ in a variety of
characteristics. These include differences in the cellular structure
of retinal inputs to the lateral geniculate nucleus (LGN; Curcio
and Allen, 1990; Dacey, 1993; Neitz et al., 2006), neuronal density
(Collins et al., 2010), inter-regional connections (Hadjikhani and
Tootell, 2000; Clavagnier et al., 2004; Palmer and Rosa, 2006),
sensitivity to threatening stimuli (Bayle et al., 2009; Gomez et al.,
2011), responses during cross-modal attention (Cate et al., 2009;
Griffis etal., 2015), and modulation of activity by spatial attention
(Roberts et al., 2007). Thus, it is reasonable to hypothesize that
foveal vs. peripheral retinotopic representations in V1 might be
differentially affected by processes such as aging. Indeed, several
studies suggest that functional vision may decline differently
for the central and peripheral fields (Drance et al., 1967; Haas
et al., 1986), suggesting that age-related changes in the cortical
structure of foveal representations in V1 (near the occipital pole)
might be distinct from the developmental changes that occur
further along the calcarine sulcus. Here, we examine how the CT
of V1 at different retinotopic representations is affected by aging.

MATERIALS AND METHODS

Participants

Thirty-two healthy younger adults (age range 19-32) and
41 older adults (age range 65-87) from the Birmingham area
participated in this study. All participants did not have any
psychiatric or neurological diagnoses at the time of the study.
Participant demographics are shown in Table 1. Informed
consent was obtained from all participants before proceeding
with the experiment. All aspects of the study were approved by
the University of Alabama at Birmingham Institutional Review
Board.

Anatomical MRI Acquisition

For each participant, we obtained a single 3D high-resolution
MPRAGE T1-weighted anatomical scan using a 3 Tesla
head-only Siemens Magnetom Allegra scanner. Repetition
time (TR) 2250 ms; echo time (TE) 2.6 ms;
inversion time (T1) = 900 ms; field of view (FOV[ap,
th, rl]) = 240 mm x 256 mm X 176 mm; slice gap, 0;
1.0 mm x 1.0 mm x 1.1 mm voxel size; flip angle (FA) = 9.

TABLE 1 | Participant demographics.

Younger adults Older adults
Number of participants 32 41
Age (Mean/SD) 25 (3.19) 71(4.74)
Sex (% male) 53% 54%

Anatomical MRI Processing

Image processing (registration, segmentation and surface
reconstruction) and CT estimation were performed using
Freesurfer (version 5.3.0), a surface based analysis tool that
estimates CT by measuring the distance between the boundary
of gray/white mater and the pial surface (Dale et al., 1999; Fischl
etal., 1999; Fischl and Dale, 2000). All cortical regions of interest
(ROIs) were created using Freesurfer (version 5.3.0) on the
cortical surface.

V1 Regions of Interest

For each hemisphere, a set of nine ROIs were defined
on a flat-map of the occipital pole using the Freesurfer
fsaverage brain as described in our previous publication
(Burge et al., 2016). Each ROI was defined manually as a
bar that extended across the dorsal-ventral axis of V1 and
that was oriented perpendicular to the calcarine sulcus using
the Freesurfer V1 label file as a guide (Figure 1A). The
first 8 ROIs (moving anteriorly along the calcarine sulcus
from the occipital pole) were each approximately 10 mm
wide as estimated using the plot_curv function in tksurfer.
An additional ninth ROI was also defined containing the
remaining vertices in the space between the eighth ROI
and the anterior-most end of the V1 label file (Figure 1A).
While each ROI corresponded to different eccentricity sectors
in VI, all of the bar ROIs contained the upper, middle
and lower visual field representations in V1 (Inoue, 1909).
Each of the manually defined ROIs were then transformed
from the fsaverage space to the anatomical space of each
participant, enabling consistent localization across participants.
The mean surface area of the V1 bar ROIs was 309 mm?.
Using a previously published probabilistic retinotopy template
(Benson et al., 2012), we estimated the mean eccentricities
(in degrees visual angle) of each ROI as <1°, 1.34°, 2.2°,
4.1°, 7.3°, 14.1°, 25.5°, 40.0° and 63.3°, respectively. It
should be noted that the eccentricity of the first ROI
is less precisely defined because the lower limit of the
probabilistic template is 1° visual angle, due to the difficulty
of retinotopic mapping at the foveal confluence (Benson et al,,
2012).

Controlling for Ratio of Gyrus Tissue to

Sulcus Tissue

CT at the depth of sulci in the brain has been found to be, in
general, less than at the gyral crowns (Fischl and Dale, 2000).
To exclude the possibility that the effects observed for the
previously described bar ROIs might be due to disproportionate
representations of the sulcal depth or gyral crowns in a given
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FIGURE 1 | Primary visual cortex (V1) regions of interest (ROIs). The label boundaries (blue) for the (A) bar ROIs, (B) gyrus crown ROlIs, (C) sulcus wall ROIs,
and (D) sulcus depth ROIs are shown within the Freesurfer V1 label boundary (yellow) on the fsaverage brain. ROIs are numbered 1-9, such that one corresponds to
the most posterior ROl (most central representation) and nine corresponds to the most anterior ROI (most peripheral representation).

ROI, we created additional ROIs that allowed us to separately
measure CT at each location separately. Each ROI was created
as a grouping of vertices on the cortical surface (Figures 1B-D)
within each bar ROI. The additional ROIs consisted of ROIs
in the gyrus crown that were located on the V1 side of the
V1/V2 border on both the upper and lower banks of the calcarine
sulcus (Figure 1B), ROIs in the sulcus wall that were located
halfway between the gyrus crown and the depth of the sulcus
for both the upper and lower banks of the calcarine sulcus
(Figure 1C), and ROIs in the sulcus depth (Figure 1D). Each
ROI was defined in Freesurfer by manually selecting a vertex
within the initial set of bar ROIs and creating a Freesurfer
“label.” Each single vertex was then dilated using the FreeSurfer
“Dilate Label” function, which dilates the original vertex label
to include neighboring vertices. Each label was dilated a total
of three times. The area of each of these regions was roughly
20 mm?, and each ROI was spaced roughly 10 mm apart.
The ROIs were then transformed from the fsaverage brain to
each participant’s anatomical space, as described above for the
bar ROIs.

Statistical Analyses

To evaluate the effects of age on CT across different
eccentricities in V1, we performed mixed measures analysis
of variances (ANOVAs) with a between-subjects factor of
group (two levels—younger adults vs. older adults) and a
within-subjects factor of eccentricity (nine levels—one for
each ROI). Identical ANOVAs were performed for each
set of ROIs. Interaction effects were of primary interest,
as they would indicate that differences in CT between
the groups depended on eccentricity. Interactions were
considered significant if p-values for the interaction term
were not greater than 0.05 (Bonferroni-Holm corrected across
four ANOVAs). Sphericity violations were corrected using
Greenhouse-Geisser adjustments to the number of degrees of
freedom (Abdi, 2010). Post hoc independent samples ¢-tests were
performed to identify ROIs showing significant differences
between groups as follow-ups to significant interaction
effects, and were considered significant if p-values were
not greater than 0.05 (Bonferroni-Holm corrected across
nine ROIs).
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and a main effect of group (F(;71) = 10.15, p = 0.002, partial
eta-squared = 0.13). To identify regions showing significant
differences in CT between the groups, follow-up independent
samples t-tests were performed at each ROI and corrected using
the Bonferonni-Holm procedure to control the family-wise error
rate at 0.05. This revealed that the older adults had significantly
thinner cortex than young adults in ROI 6 (t(;1) = —3.67,
corrected p = 0.003), ROI 7 (¢(71) = —4.41, corrected p < 0.001),
ROI 8 (t71y = —5.31, corrected p < 0.001), and ROI 9
(t1y = —6.03, corrected p < 0.001). Results are illustrated in
Figure 2.

Gyrus Crown ROls

The assumption of sphericity was violated for the repeated
factor (Greenhouse-Geisser epsilon 0.67,
p < 0.001). Greenhouse-Geisser adjustment was performed
on the degrees of freedom to account for this violation.
The analysis revealed a significant eccentricity by group
interaction effect (F(53537949) = 3.35, corrected p = 0.01,
partial eta-squared = 0.05), a main effect of eccentricity
(F(5.35379.49) = 95.72, p < 0.001, partial eta-squared = 0.57),
and a main effect of group (F(171) = 3.82, p = 0.05, partial
eta-squared = 0.05). To identify regions showing significant
differences in CT between the groups, follow-up independent
samples t-tests were performed at each ROI and corrected using
the Bonferonni-Holm procedure to control the family-wise error
rate at 0.05. This revealed that the older adults had significantly
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FIGURE 2 | Cortical thickness (CT) for the V1 bar ROIs as a function of
eccentricity for younger and older adults. Mean =+ standard error of the
mean for CT is shown for each group at each bar ROI. Values for older adults
are plotted in blue, while values for younger adults are plotted in red.
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FIGURE 3 | CT for the V1 gyrus crown ROls as a function of

eccentricity for younger and older adults. Mean + standard error of the

mean for CT is shown for each group at each gyrus crown ROI. Values for

older adults are plotted in blue, while values for younger adults are plotted in
red.

thinner cortex than young adults in ROI 8 (tz;) = —3.30,
corrected p = 0.01) and ROI 9 (t7) = —4.15, corrected
p < 0.001). Results are illustrated in Figure 3.

Sulcus Depth ROIs

The assumption of sphericity was violated for the repeated
measures factor (Greenhouse-Geisser epsilon 0.75,
p < 0.001). Greenhouse-Geisser adjustment was performed
on the degrees of freedom to account for this violation.
The analysis revealed a significant eccentricity by group
interaction effect (F(5_96,423_44) 2.11, corrected p = 0.05,
partial eta-squared = 0.03), a main effect of eccentricity
(F(5.96,423.44) = 17.63, p < 0.001, partial eta-squared = 0.20)
and a main effect of group (F(;,71) = 7.61, p < 0.001, partial
eta-squared = 0.10). To identify regions showing significant
differences in CT between the groups, follow-up independent
samples ¢-tests were performed at each ROI and corrected using
the Bonferonni-Holm procedure to control the family-wise error
rate at 0.05. This revealed that the older adults had significantly
thinner cortex than young adults in ROI 7 (t7) —4.24,
corrected p < 0.001). Results are illustrated in Figure 4.

Sulcus Wall ROls

The assumption of sphericity was violated for the repeated
measures factor (Greenhouse-Geisser epsilon 0.67,
p < 0.001). Greenhouse-Geisser adjustment was performed
on the degrees of freedom to account for this violation.
The analysis revealed a significant eccentricity by group
interaction effect (F(s36,380.64) 5.60, corrected p = 0.002,
partial eta-squared 0.07), a main effect of eccentricity
(F(5.36,380.64) = 87.38, p < 0.001, partial eta-squared = 0.55),
and a main effect of group (F(;,71) = 7.58, p = 0.007, partial
eta-squared = 0.10). To identify regions showing significant
differences in CT between the groups, follow-up independent
samples t-tests were performed at each ROI and corrected using
the Bonferonni-Holm procedure to control the family-wise error
rate at 0.05. This revealed that the older adults had significantly
thinner cortex than young adults in ROI 7 (t(7;1) = —3.66,
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FIGURE 4 | CT for the V1 sulcus depth ROIs as a function of
eccentricity for younger and older adults. Mean =+ standard error of the
mean for CT is shown for each group at each sulcus depth ROI. Values for
older adults are plotted in blue, while values for younger adults are plotted in
red.

corrected p = 0.003), ROI 8 (¢(71) = —4.62, corrected p < 0.001),
and ROI 9 (t(;1) = —5.49, corrected p < 0.001). Results are
illustrated in Figure 5.

DISCUSSION

In the current study, we assessed the effect of aging on CT in
human V1. Specifically, we investigated whether age-dependent
changes in the CT of V1 might differ among portions of V1 that
represent different visual eccentricities. Our analyses revealed
that while the regions of V1 corresponding to peripheral visual
representations had significantly thinner cortex in older adults
than in younger adults, the regions of V1 corresponding to
central visual representations did not show significant differences
in CT between groups. Additionally, our results indicate that
these effects are unlikely to be driven by differences in
gyral/sulcul contributions to central vs. peripheral eccentricity
sectors. Together, our results suggest that age-dependent cortical
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FIGURE 5 | CT for the V1 sulcus wall ROIs as a function of eccentricity
for younger and older adults. Mean =+ standard error of the mean for CT is
shown for each group at each sulcal wall ROI. Values for older adults are
plotted in blue, while values for younger adults are plotted in red.

thinning in human V1 is specific to portions that represent
peripheral visual space.

Several previous whole-brain studies of age-related changes in
CT have found consistent evidence for age-dependent thinning
in early visual areas including V1 (Salat et al., 2004; Fjell et al.,
2009; McGinnis et al., 2011). In contrast, a previous study
using manually defined ROIs corresponding to only a portion
of V1 did not find strong evidence for cortical thinning in
V1 (Raz et al,, 2004). Other recent studies have not found
substantial age-related thinning in V1 when assessing age-related
changes in the CT of V1 as a whole (Thambisetty et al,
2010; Lemaitre et al., 2012). The current article suggests an
explanation of these divergent findings: age-dependent cortical
thinning in V1 primarily occurs in areas corresponding to
peripheral visual field representations. Here, we performed a
comprehensive analysis assessing the effects of aging on CT
in anatomically defined sub-regions of V1 that correspond
to different representations of visual space. The results of
our analyses provide evidence for age-related cortical thinning
that is specific to anterior portions of the calcarine sulcus
(corresponding to representations of peripheral visual space),
but do not provide support for age-related cortical thinning
in posterior portions of the calcarine sulcus (corresponding to
representations of central visual space). These results confirm
and build upon previous reports of age-dependent cortical
thinning in V1 (Salat et al., 2004; Fjell et al., 2009; McGinnis
etal., 2011), by indicating that age-dependent changes in cortical
structure may be selective to specific, functionally distinct
sub-regions of larger anatomical areas.

As mentioned previously, the other studies that have
found evidence for age-dependent thinning in V1 have used
whole-brain approaches that separately model the effects of
aging at each surface vertex (Salat et al., 2004; Fjell et al., 2009;
McGinnis et al., 2011). Interestingly, the calcarine sulcus ROI
identified by Salat et al. (2004) by their whole-brain analysis
as showing maximal age-dependent cortical thinning consisted
primarily of anterior portions of the calcarine sulcus, consistent
with our results here, though that analysis did not directly
compare central to peripheral visual cortex. In contrast, the
current study directly assessed whether the effects of aging on
CT varied across central and peripheral parts of V1. Similarly,
the strongest aging effects in visual cortex identified by the
whole-brain analyses reported by McGinnis et al. (2011) were
also primarily located in more anterior calcarine regions. In
contrast, the V1 ROI employed by Raz et al. (2004) likely
consisted primarily of the cortex within the sulcus of regions
corresponding to the mid-periphery, although it is difficult
to discern the precise extent of their ROI based on the
description/figure provided in the report. Another recent study
that analyzed the effects of aging on the CT of V1 as a whole
only identified substantial aging effects when global decreases
in CT were not modeled as a control for global aging effects
(Lemaitre et al., 2012). The current study, in a sense, uses V1 as its
own control by directly comparing aging effects across different
eccentricity sectors, making our results unlikely to be influenced
by global aging effects. Indeed, the results of our analyses suggest
that while some age-dependent cortical thinning may be present
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in middle portions of the calcarine sulcus, the most substantial
thinning is observed in more anterior regions (Figures 2-4),
and this effect may not be observed by studies that estimate the
average effect of aging on the thickness of V1 as a whole.

While the present study did not incorporate behavioral
measurements, it is worth discussing that the effective use of
vision declines with healthy aging. For example, measures of
low-level vision such as acuity and contrast sensitivity decline
with age (Sekuler and Sekuler, 2000; Owsley, 2011). Central and
peripheral fields show similar declines with age in some low
level measures (Haegerstrom-Portnoy et al., 1999), but other
metrics appear to show that peripheral vision may be more
starkly influenced by age than central vision (Drance et al., 1967;
Haas et al., 1986). While some of these declines in vision come
from aging of the anterior eye, for example yellowing of the lens
or decreased pupil size, age-related changes in vision also stem
from a neural source (Johnson et al., 1989).

Standard acuity tests of visual function appear to
underestimate the degree of difficulty that older adults have in
doing everyday activities that require peripheral vision (e.g.,
driving; Ball et al., 1990). However, somewhat more complex
vision tests appear to better predict behaviors on everyday
tasks like driving (Ball et al., 1993; Owsley et al., 1998). These
measures incorporate peripheral stimuli and performance
appears to decline steeply with age (Ball and Owsley, 1993).
Several studies using different approaches have shown that the
ability to identify a stimulus in the periphery in the presence of
distracting information in the center declines with age (Scialfa
et al., 1987; Ball and Owsley, 1993; Haegerstrom-Portnoy et al.,
1999; Sekuler et al., 2000). Thus, previously reported data show
that performance on complex visual tasks using peripheral
visual information decline with age. Together with the data
from the current manuscript, this suggests that age-related
declines in complex visual tasks using peripheral vision might
result from age-related changes in the neural representations of
peripheral vision.

A great deal of work examining simultaneous central and
peripheral stimuli has used a task called the “Useful Field of
View” Task. It is interesting to note that early descriptions of
this work interpreted age-associated declines in performance in
terms of declines of peripheral vision (e.g., Ball et al., 1988). This
mirrors an early work which suggested that the size of the visual
field shrinks with age (Drance et al.,, 1967; Haas et al., 1986).
However, more recent articles have interpreted these declines in
Useful Field of View performance as resulting from declines in
Speed of Processing, the speed with which a participant can take
in and process information from the full visual field (e.g., Ball
et al., 2007). The two interpretations share many factors—for
example, peripheral information must be processed quickly for

REFERENCES

Abdi, H. (2010). “The greenhouse-geisser correction,” in Encyclopedia of Research
Design, ed. N. Salkind (Thousand Oaks, CA: Sage), 544-548.

Ball, K. K., Beard, B. L., Roenker, D. L., Miller, R. L., and Griggs, D. S. (1988).
Age and visual search: expanding the useful field of view. J. Opt. Soc. Am. A 5,
2210-2219. doi: 10.1364/josaa.5.002210

good speed of processing performance. Our data are particularly
interesting because they imply that the brain regions that are
specific to peripheral information are selectively thinned through
the aging process. Future work should examine the degree to
which this selective thinning relates to individual differences in
general visual behavior such as speed of processing as well as
measures of low level vision in the peripheral vs. central field.

Participants with adult-onset central vision loss are forced
to use peripheral vision for daily tasks. These participants
have thicker cortex compared to normally sighted controls
in peripheral parts of V1 (corresponding to the parts of the
visual field with increased attentive use; Burge et al., 2016).
This suggests that the thickness of cortex is use-dependent,
and appears to be plastic, even in adults. The majority of
attention-demanding tasks that a person performs in a typical
day involve central vision: recognizing faces, tasks requiring fine
hand-eye coordination, reading, etc. One explanation for our
data is that a lifetime of experience attending primarily to central
vision, but often ignoring peripheral vision might contribute
to thinning in the parts of cortex associated with peripheral
vision in older age. Further research is needed to directly test
this hypothesis by investigating the relationships between the
age-dependent thinning of peripheral V1 and age-dependent
changes in peripheral visual function.

It is also important to note that these data were not initially
collected with the explicit goal of testing age related differences.
Our groups were not matched on race or education. These
results should be interpreted with the cross sectional design of
this study in mind. Nonetheless, the results indicate that future
studies should consider the possibility of non-uniform aging
effects in cortical areas such as V1 that contain distinct functional
subdivisions.

AUTHOR CONTRIBUTIONS

JCG, WKB and KMV contributed to the study
conceptualization/design. WKB and KMV contributed to data
collection. JCG, WKB and KMV contributed to data analysis and
interpretation. JCG and KMV wrote the manuscript.

ACKNOWLEDGMENTS

We would like to acknowledge assistance with data acquisition
from Ryan Vaden and Dr. Abdurahman Elkhetali. We
would like to acknowledge support from the McKnight
Brain Research Foundation, the Dana Foundation, the UAB
Center for Clinical And Translational Science UL1 TR000165,
NIH NEI F31EY025920, the Vision Science Research Center
P30 EY003039, and the Civitan International Research Center.

Ball, K., Edwards, J. D., and Ross, L. A. (2007). The impact of speed of
processing training on cognitive and everyday functions. J. Gerontol.
B Psychol.  Sci. Sci. 62, 19-31. doi: 10.1093/geronb/62.special
_issue_1.19

Ball, K., and Owsley, C. (1993). The useful field of view test: a new technique
for evaluating age-related declines in visual function. J. Am. Optom. Assoc. 64,
71-79.

Soc.

Frontiers in Aging Neuroscience | www.frontiersin.org

99

October 2016 | Volume 8 | Article 248


http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Aging_Neuroscience/archive

CGriffis et al.

Age-Dependent Cortical Thinning in Peripheral V1

Ball, K., Owsley, C., and Beard, B. (1990). Clinical visual perimetry
underestimates peripheral field problems in older adults. Clin. Vis. Sci. 5,
113-125.

Ball, K., Owsley, C,, Sloane, M. E., Roenker, D. L., and Bruni, J. R. (1993). Visual
attention problems as a predictor of vehicle crashes in older drivers. Invest.
Ophthalmol. Vis. Sci. 34, 3110-3123.

Bayle, D. J., Henaff, M.-A., and Krolak-Salmon, P. (2009). Unconsciously
perceived fear in peripheral vision alerts the limbic system: a MEG study. PLoS
One 4:e8207. doi: 10.1371/journal.pone.0008207

Benson, N. C, Butt, O. H.,, Datta, R., Radoeva, P. D., Brainard, D. H., and
Aguirre, G. K. (2012). The retinotopic organization of striate cortex is well
predicted by surface topology. Curr. Biol. 22, 2081-2085. doi: 10.1016/j.cub.
2012.09.014

Burge, W., Griffis, J., Nenert, R., Elkhetali, A., DeCarlo, D., ver Hoef, L., et al.
(2016). Cortical thickness in human V1 associated with central vision loss. Sci.
Rep. 6:23268. doi: 10.1038/srep23268

Cate, A. D., Herron, T. J.,, Yund, E. W, Stecker, G. C., Rinne, T., Kang, X,, et al.
(2009). Auditory attention activates peripheral visual cortex. PLoS One 4:¢4645.
doi: 10.1371/journal.pone.0004645

Clavagnier, S., Falchier, A., and Kennedy, H. (2004). Long-distance feedback
projections to area V1: implications for multisensory integration, spatial
awareness and visual consciousness. Cogn. Affect. Behav. Neurosci. 4, 117-126.
doi: 10.3758/cabn.4.2.117

Collins, C. E., Airey, D. C., Young, N. A, Leitch, D. B, and Kaas, J. H. (2010).
Neuron densities vary across and within cortical areas in primates. Proc. Natl.
Acad. Sci. U S A 107, 15927-15932. doi: 10.1073/pnas.1010356107

Curcio, C. A, and Allen, K. A. (1990). Topography of ganglion cells
in human retina. J. Comp. Neurol. 300, 5-25. doi: 10.1002/cne.9030
00103

Dacey, D. M. (1993). Morphology of a small-field bistratified ganglion cell type
in the macaque and human retina. Vis. Neurosci. 10, 1081-1098. doi: 10.
1017/50952523800010191

Dale, A. M., Fischl, B., and Sereno, M. I. (1999). Cortical surface-based analysis.
I. Segmentation and surface reconstruction. Neuroimage 9, 179-194. doi: 10.
1006/nimg.1998.0395

Drance, S. M., Berry, V., and Hughes, A. (1967). Studies on the effects of age on
the central and peripheral isopters of the visual field in normal subjects. Am.
J. Ophthalmol. 63, 1667-1672. doi: 10.1016/0002-9394(67)93644-6

Engel, S. A, Glover, G. H., and Wandell, B. A. (1997). Retinotopic organization in
human visual cortex and the spatial precision of functional MRI. Cereb. Cortex
7, 181-192. doi: 10.1093/cercor/7.2.181

Fischl, B., and Dale, A. M. (2000). Measuring the thickness of the human cerebral
cortex from magnetic resonance images. Proc. Natl. Acad. Sci. U S A 97,
11050-11055. doi: 10.1073/pnas.200033797

Fischl, B., Sereno, M. L, and Dale, A. M. (1999). Cortical surface-based analysis.
II: Inflation, flattening and a surface-based coordinate system. Neuroimage 9,
195-207. doi: 10.1006/nimg.1998.0396

Fjell, A. M., Westlye, L. T., Amlien, I, Espeseth, T., Reinvang, I, Raz, N,
et al. (2009). High consistency of regional cortical thinning in aging
across multiple samples. Cereb. Cortex 19, 2001-2012. doi: 10.1093/cercor/
bhn232

Fox, P. T., Miezin, F. M., Allman, J. M., Van Essen, D. C., and Raichle, M. E.
(1987). Retinotopic organization of human visual cortex mapped with
positron-emission tomography. J. Neurosci. 7, 913-922.

Gomez, A., Rothkirch, M., Kaul, C., Weygandt, M., Haynes, J.-D., and Rees, G.
(2011). Emotion modulates the effects of endogenous attention on retinotopic
visual processing. Neuroimage 57, 1542-1551. doi: 10.1016/j.neuroimage.2011.
05.072

Griffis, J. C., Elkhetali, A. S., Vaden, R. J., and Visscher, K. M. (2015). Distinct
effects of trial-driven and task set-related control in primary visual cortex.
Neuroimage 120, 285-297. doi: 10.1016/j.neuroimage.2015.07.005

Haas, A., Flammer, J., and Schneider, U. (1986). Influence of age on the visual
fields of normal subjects. Am. J. Ophthalmol. 101, 199-203. doi: 10.1016/0002-
9394(86)90595-7

Hadjikhani, N., and Tootell, R. B. H. (2000). Projection of rods and cones within
human visual cortex. Hum. Brain Mapp. 9, 55-63. doi: 10.1002/(SICI)1097-
0193(2000)9:1<55::AID-HBM6>3.0.CO;2-U

Haegerstrom-Portnoy, G., Schneck, M. E., and Brabyn, J. A. (1999). Seeing into
old age: vision function beyond acuity. Optom. Vis. Sci. 76, 141-158. doi: 10.
1097/00006324-199903000-00014

Inoue, T. (1909). Die Sehstorungen Bei Schussverletzungen Der kortikalen
Sehsphire, Nach Beobachtungen an Verwundeten Der Letzten Japanischen
Kriege. Leipzig: Engelmann.

Johnson, C. A., Adams, A. J., and Lewis, R. A. (1989). Evidence for a neural basis
of age-related visual field loss in normal observers. Invest. Ophthalmol. Vis. Sci.
30, 2056-2064.

Lemaitre, H., Goldman, A. L., Sambataro, F., Verchinski, B. A., Meyer-
Lindenberg, A., Weinberger, D. R., et al. (2012). Normal age-related brain
morphometric changes: nonuniformity across cortical thickness, surface area
and gray matter volume? Neurobiol. Aging 33, 617.e1-617.e9. doi: 10.1016/j.
neurobiolaging.2010.07.013

McGinnis, S., Brickhouse, M., Pascual, B., and Dickerson, B. (2011). Age-related
changes in the thickness of cortical zones in humans. Brain Topogr. 24,
279-291. doi: 10.1007/s10548-011-0198-6

Neitz, M., Balding, S. D., McMahon, C., Sjoberg, S. A., and Neitz, J. (2006).
Topography of long- and middle-wavelength sensitive cone opsin gene
expression in human and Old World monkey retina. Vis. Neurosci. 23, 379-385.
doi: 10.1017/5095252380623325x

Owsley, C. (2011). Aging and vision. Vision Res. 51, 1610-1622. doi: 10.1016/j.
visres.2010.10.020

Owsley, C., Ball, K., McGwin, G., Sloane, M. E., Roenker, D. L., White, M. F., et al.
(1998). Visual processing impairment and risk of motor vehicle crash among
older adults. JAMA 279, 1083-1088. doi: 10.1001/jama.279.14.1083

Palmer, S. M., and Rosa, M. G. P. (2006). A distinct anatomical network of
cortical areas for analysis of motion in far peripheral vision. Eur. J. Neurosci.
24, 2389-2405. doi: 10.1111/§.1460-9568.2006.05113.x

Raz, N., Gunning-Dixon, F., Head, D., Rodrigue, K. M., Williamson, A., and
Acker, J. D. (2004). Aging, sexual dimorphism and hemispheric asymmetry of
the cerebral cortex: replicability of regional differences in volume. Neurobiol.
Aging 25, 377-396. doi: 10.1016/s0197-4580(03)00118-0

Roberts, M., Delicato, L. S., Herrero, J., Gieselmann, M. A., and Thiele, A. (2007).
Attention alters spatial integration in macaque V1 in an eccentricity-dependent
manner. Nat. Neurosci. 10, 1483-1491. doi: 10.1038/nn1967

Salat, D. H., Buckner, R. L., Snyder, A. Z., Greve, D. N., Desikan, R. S. R,,
Busa, E., et al. (2004). Thinning of the cerebral cortex in aging. Cereb. Cortex
14, 721-730. doi: 10.1093/cercor/bhh032

Scialfa, C. T., Kline, D. W., and Lyman, B. J. (1987). Age differences in target
identification as a function of retinal location and noise level: examination of
the useful field of view. Psychol. Aging 2, 14-19. doi: 10.1037/0882-7974.2.1.14

Sekuler, A. B., Bennett, P. J., and Mamelak, M. (2000). Effects of aging on the useful
field of view. Exp. Aging Res. 26, 103-120. doi: 10.1080/036107300243588

Sekuler, R., and Sekuler, A. B. (2000). “Vision and aging,” in Encyclopedia
of Psychology, ed. A. E. Kazdin (Washington, DC: American Psychological
Association), 180-183.

Thambisetty, M., Wan, J., Carass, A., An, Y., Prince, J. L., and Resnick, S. M.
(2010). Longitudinal changes in cortical thickness associated with normal
aging. Neuroimage 52, 1215-1223. doi: 10.1016/j.neuroimage.2010.04.258

Conflict of Interest Statement: 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.

Copyright © 2016 Griffis, Burge and Visscher. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution and reproduction in other forums is permitted, provided the
original author(s) or licensor 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.

Frontiers in Aging Neuroscience | www.frontiersin.org

October 2016 | Volume 8 | Article 248


http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Aging_Neuroscience/archive

l\' frontiers

in Aging Neuroscience

ORIGINAL RESEARCH
published: 08 December 2016
doi: 10.3389/fnagi.2016.00298

OPEN ACCESS

Edited by:
Ashok Kumar,
University of Florida, USA

Reviewed by:

Michael R. Foy,

Loyola Marymount University, USA
Con Stough,

Swinburne University of Technology,
Australia

*Correspondence:
Adam J. Woods
ajwoods@ufl.phhp.edu

Received: 11 May 2016
Accepted: 22 November 2016
Published: 08 December 2016

Citation:

O’Shea A, Cohen RA, Porges EC,
Nissim NR and Woods AJ

(2016) Cognitive Aging and the
Hippocampus in Older Adults.
Front. Aging Neurosci. 8:298.
doi: 10.3389/fnagi.2016.00298

Check for
updates

Cognitive Aging and the
Hippocampus in Older Adults

Andrew O’Shea’, Ronald A. Cohen’, Eric C. Porges’, Nicole R. Nissim'? and
Adam J. Woods "?*

'Center for Cognitive Aging and Memory, McKnight Brain Institute, Department of Clinical and Health Psychology, University
of Florida, Gainesville, FL, USA, ?Department of Neuroscience, University of Florida, Gainesville, FL, USA

The hippocampus is one of the most well studied structures in the human brain.
While age-related decline in hippocampal volume is well documented, most of our
knowledge about hippocampal structure-function relationships was discovered in the
context of neurological and neurodegenerative diseases. The relationship between
cognitive aging and hippocampal structure in the absence of disease remains relatively
understudied. Furthermore, the few studies that have investigated the role of the
hippocampus in cognitive aging have produced contradictory results. To address
these issues, we assessed 93 older adults from the general community (mean
age = 71.9 &+ 9.3 years) on the Montreal Cognitive Assessment (MoCA), a brief cognitive
screening measure for dementia, and the NIH Toolbox-Cognitive Battery (NIHTB-CB),
a computerized neurocognitive battery. High-resolution structural magnetic resonance
imaging (MRI) was used to estimate hippocampal volume. Lower MoCA Total (p = 0.01)
and NIHTB-CB Fluid Cognition (o < 0.001) scores were associated with decreased
hippocampal volume, even while controlling for sex and years of education. Decreased
hippocampal volume was significantly associated with decline in multiple NIHTB-CB
subdomains, including episodic memory, working memory, processing speed and
executive function. This study provides important insight into the multifaceted role of
the hippocampus in cognitive aging.

Keywords: cognitive aging, hippocampus, MoCA, NIH toolbox, structural magnetic resonance imaging

INTRODUCTION

From the discovery of its role in episodic memory following bilateral resection in patient “HM” to
the discovery of its role in symptoms of Alzheimer’s disease (AD), the hippocampus is considered
a structure fundamental for human cognition (Scoville and Milner, 1957; Squire, 1992; Jack et al.,
1999). In addition to its well-documented role in memory function, recent research demonstrates
that the hippocampus also plays a role in executive function, processing speed, intelligence,
path integration and spatial processing (Reuben et al., 2011; Papp et al., 2014; Yamamoto et al.,
2014). Each of these cognitive processes is shown to decline in the context of cognitive aging,
in the absence of neurodegenerative diseases or neurological injury (Salthouse, 2010). Thus,
understanding how change in hippocampal structure impacts cognition in the context of aging
may prove important for identifying: (a) critical neural underpinnings of the cognitive aging
process; and (b) intervention targets for combating cognitive aging.

Most of our knowledge of hippocampal structure-function relationships in humans is
based on the findings in various disease states or following resection of the medial temporal
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lobes resulting in gross memory disturbance. Models of
structure-function relationships in non-human animals have
highlighted the hippocampus as a spatial map, crucial for
navigation and spatial memory (O'Keefe and Dostrovsky,
1971; O’Keefe, 1979). In addition, recent functional magnetic
resonance imaging (MRI) findings have provided insight into the
functional role of the hippocampus in various cognitive abilities
beyond episodic and spatial memory (Eldridge et al., 2000; Iaria
et al., 2007; Woods et al., 2013). However, the impact of subtle
changes in hippocampal structure in the context of normal aging,
in the absence of neurodegenerative or other disease states,
remains poorly understood.

Individuals with diagnoses of mild cognitive impairment
(MCI) and dementia have smaller hippocampi than age-matched
controls in numerous MRI studies (Shi et al, 2009).
Hippocampal atrophy is considered a hallmark of Alzheimer’s
disease (AD) (Jack et al., 1999). Premorbid hippocampal volume
in patients with MCI predicts future conversion to AD (Jack
et al,, 1999). Thus, change in the structure of the hippocampus
appears to play an important role in dementia. However,
hippocampal volume is also well-documented to decline in
normal aging (Raz et al., 2005). Yet, the functional consequences
of this age-related volumetric loss is not well characterized in
the context of aging in the absence of neurodegenerative disease.
While changes in cognitive scores on dementia screening and
cognitive assessment measures in patients with MCI and AD
are associated with smaller hippocampal volume, it is unclear
whether these findings are unique to dementia/disease states or
extend to more subtle variations in hippocampal structure from
normal aging.

The few studies that have investigated cognitive aging and the
hippocampus have produced results that contrast significantly
with prior research in neurological and neurodegenerative
disease (Van Petten, 2004; Paul et al., 2011; Colom et al,
2013). For example, Van Petten (2004), in a meta-analysis,
reported that the relationship between hippocampal size and
episodic memory were weak. These inconsistencies between
aging and disease-related findings highlight the need for further
investigation of the role of the hippocampus in cognitive aging.
Understanding the relationship between hippocampal structure
and function in cognitive aging may have predictive value for
identifying persons at higher risk for future cognitive decline,
cognitive frailty and conversion to MCI (Woods et al., 2013).
The prevalence of older adults is expected to accelerate over
the coming decades. With this shift in the age of the world
population comes an increase in the number of people that will
suffer from MCI and other neurodegenerative disorders. Thus,
there is a pressing need to identify predictive markers of decline.
However, pursuit of such markers is difficult, if not impossible,
without first understanding the normal variation present in the
aging brain, as well as the overall structure-function relationship
between the hippocampus and different components of cognitive
function.

In the current study, we sought to examine the relationship
between hippocampal volume and a commonly administered
dementia-screening tool and a comprehensive cognitive battery
in a cohort of 93 older adults without neurological injury,

neurodegenerative disease or major psychiatric illness to:
(1) better understand the structure-function relationship
between the hippocampus and cognitive aging; and (2) to
providing a foundation for development of predictive
biomarkers by characterizing the sensitivity of commonly
administered MCI screening and cognitive assessment
tools to age-related structural changes in the hippocampus.
We specifically examined the relationship between the
Montreal Cognitive Assessment (MoCA) and the NIH
Toolbox Cognitive Battery (NIHTB-CB). The MoCA is a
brief (10 min) screening tool for MCI (Nasreddine et al,
2005), whereas the NIH toolbox cognitive assessment is a brief
comprehensive computerized cognitive battery (~60 min)
consisting of tests to assess executive function, attention,
episodic memory, language, processing speed and working
memory. These measures are sub-divided into two composite
cognitive scores comprising cognitive abilities that change
with age (fluid cognitive function) or remain stable over
time (crystalized cognitive functions). The delineation of
a two-factor model (a fluid factor and a crystalized factor)
instead of a single general intelligence factor is valuable
when studying cognitive aging due to differences in the
age curves of fluid and crystalized abilities (Cattell, 1987).
Mungas et al. (2014) found a two-factor solution fit the
NIHTB-CB validation data better than a single general
intelligence factor; however, the best fitting model was a
five-factor solution comprised of the following: reading,
vocabulary, episodic memory, working memory and executive
function/processing speed. An extension of the two-factor, fluid
and crystalized model, the Cattell-Horn-Carroll (CHC) theory
of cognition extends the factors of general intelligence to nine
broad abilities (fluid reasoning, comprehension-knowledge,
short-term memory, visual processing, auditory processing,
long-term storage and retrieval, cognitive processing speed,
quantitative knowledge and reading and writing; McGrew,
2009). The CHC taxonomy may provide a more thorough
description of individual domains of the NIHTB-CB. However,
a single NIHTB-CB task would likely incorporate multiple
factors of the CHC model, rather than representing distinct
entities.

We hypothesized that older adults with smaller hippocampal
volumes would evidence lower performance on both the MoCA
and NIHTB fluid cognition scores. In contrast, language-
based cognitive abilities (i.e., crystalized cognition) would not
change as a function of hippocampal volume. Furthermore,
we hypothesized that hippocampal volume would be most
strongly associated with performance on the memory domain
of the MoCA and NIHTB. In addition, we also predicted
that smaller hippocampal volume would be associated with
slower processing speed and poorer executive functions. These
data would not only support the role of the hippocampus in
cognition as shown in prior research on neurodegenerative
disease and neurological disease states, but also extend these
findings to cognitive aging. Furthermore, these data would
provide a strong foundation for development of predictive
hippocampal biomarkers for future decline in longitudinal
cohorts by characterizing cognitive aging in the hippocampus
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in the absence of neurological
disease.

and neurodegenerative

MATERIALS AND METHODS

Participants

Ninety-three older adults (60% female) were recruited from
the north-central Florida community through newspaper
advertising, fliers and community outreach. Participants had
a mean age of 71.7 years (SD = 9.8 years) and an average of
16.26 years education (SD = 2.61, see Table 1 for detailed
demographics). All participants provided written informed
consent prior to enrollment. All study procedures were
approved by the University of Florida Institutional Review
Board prior to the start of the study. Participants had the
opportunity to ask the researchers any questions about study
procedures prior to the start of the study. No vulnerable
populations were studied. Exclusionary criteria included
pre-existing neurological or psychiatric brain disorders,
MRI contraindications (such as metal or medical devices
inside the body not approved to be scanned at 3T), reported
diagnosis of a neurodegenerative brain disease (i.e., dementia
or Alzheimer’s) or self-reported difficulty with thinking
and memory.

Study Procedures

Participants ~ completed a  neuropsychological  battery
(see “Measures” Section for more details) that included
the NIHTB-CB and MoCA. Neuropsychological tasks were
administered at an onsite clinical research facility by trained
study staff. The neuropsychological battery was completed
as a single visit. Neuroimaging scanning was completed at a
subsequent MRI visit.

Measures

NIH Toolbox

In this study, NIH Toolbox was used as a brief, comprehensive
assessment to examine neurological and behavioral function,
allowing for the study of functional changes across the
lifespan. The cognitive domain measure was used which
covered subdomains of: executive function and attention,
episodic memory, language, processing speed and working
memory. Executive function and attention was measured by
NIH-Toolbox Flanker Inhibitory Control and Attention test and

TABLE 1 | Sample demographics.

Mean SD Range
Age 71.69 9.45 43-85
Education 16.26 2.61 12-20
Sex distribution
Number % of sample
Male 37 40
Female 56 60

the Dimensional Change Card Sort test. Flanker measures the
ability to inhibit visual attention to irrelevant task dimensions.
The Dimensional Card Sort test was used to assess the set-shifting
component of executive function. Working memory was tested
by the List Sorting test. Episodic Memory was assessed by Picture
Sequence memory test and the Auditory Verbal Learning (Rey)
test. To test language, the Oral Reading Recognition test and
the Picture Vocabulary test were used. Processing speed was
assessed by the Pattern Comparison test and the Oral Symbol
Digit test. The fluid cognition composite is composed of the
following tasks: Dimensional Change Card Sort, Flanker, Picture
Sequence Memory, List Sorting and Pattern Comparison. The
crystalized cognition composite is composed of the Picture
Vocabulary Test and the Oral Reading Recognition Test. The
NIH toolbox cognitive battery has been shown to have high
test-retest reliability, as well as high convergent validity with
“gold standard” measures of crystalized and fluid cognition
(Heaton et al., 2014).

MoCA

The MoCA is a 10-min, 30-point clinical assessment of multiple
cognitive functions, including orientation (6 points), attention
(6 points), short-term memory recall (5 points), abstract thinking
(2 points), visuospatial executive function assessed by a clock-
drawing task, trails task and reproducing a geometrical figure
(5 points), naming task (3 points) and language function assessed
by verbal fluency test (3 points). An additional one point
was added for subjects with less than/equal to 12 years in
education (per guidelines of MoCA administration (Nasreddine
et al., 2005)). The suggested cut-off point on the MoCA is
below 26 for MCL

Neuroimaging Acquisition

All participants were imaged in a Philips 3.0 Tesla (3T) scanner
(Achieva; Philips Electronics, Amsterdam, Netherlands) at the
McKnight Brain Institute (University of Florida, Gainesville,
FL, USA) with a 32-channel receive-only head coil. A pillow
was placed under the head to limit motion during the
scan. A high-resolution 3D T1 weighted MPRAGE scan was
performed. Scanning parameters consisted of: voxel size = 1 mm
isotropic; 1 mm slice thickness; TE = 3.2 ms; TR = 7.0 ms;
FOV =240 x 240; Number of slices = 170; acquired in a sagittal
orientation.

Neuroimaging Processing

T1-weighted MRI scans were processed with the software
FreeSurfer version 5.3. To measure hippocampal volume, the
automated subcortical segmentation stream in FreeSurfer was
used. The software uses Bayesian inference methods relying
on prior anatomical probabilities in a labeled data set, along
with a priori known T intensity characteristics of subcortical
regions, as well as T intensity information from the scan being
processed, in order to label discrete regions (Fischl et al., 2002).
Previous research has shown this automated procedure produces
accurate and reliable results, while taking a fraction of the time
of the gold standard of manual segmentation (Fischl et al., 2002;
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FIGURE 1 | Hippocampal region of interest (ROI). (A) surface models of the left and right hippocampi ROIs displayed in red. The hippocampi are visualized
inside a wireframe mesh provided by Madan (2015). (B) Sagittal view (x = 105), (C) coronal view (z = 110) and (D) axial view (y = 151) of the hippocampi displayed in
red. Coordinates are in MNI305 space. A, Anterior; P, Posterior; I, Inferior; S, Superior.

Jovicich et al., 2009). This makes automated segmentation well
suited for large samples. Any errors in segmentation were fixed
manually, and were re-processed through FreeSurfer, producing
results that have been validated against manual segmentation
(Morey et al, 2009) and histological measures (Cardinale
et al., 2014). Whole hippocampal volume was computed as a
sum of left and right hemisphere measures; this measure was
then normalized in respect to total intracranial volume. All
subsequent uses of the term “hippocampal volume” refer to
the normalized value. See Figure 1 for a visual depiction of
the hippocampal region of interest (ROI; mesh provided by

Madan, 2015).

Statistical Analyses

Neuroimaging data was analyzed using a ROI approach
predicting hippocampal volume. MoCA and NIHTB-CB
composite scores were used as predictor variables. Descriptive
statistics and inter-measure correlations can be found in
Tables 2, 3. Hippocampal volume was normalized using
estimated total intracranial volume, to control for differences
in head size. Covariates of sex and education years were
included in all models. A secondary set of analyses was aimed

TABLE 2 | Descriptive statistics.

Measure Mean SD Range
NIH Toolbox crystalized cognition 127.54 11.05 100-154
NIH Toolbox fluid cognition 96.21 9.72 80-133
MoCA 25.74 2.53 20-30

SD, Standard Deviation.

TABLE 3 | Correlation matrix.

MoCA Crystal Fluid
MoCA 1 0.37** 0.42**
Crystal 0.37** 1 0.28**
Fluid 0.42%* 0.28** 1

Crystal, NIH Toolbox crystallized cognition; Fluid, NIH Toolbox fluid cognition.
**p < 0.01.

at examining the sub-scales of MoCA and NIH toolbox
fluid cognition composite to determine whether a sub-scale
was driving the relationship in the total score. Due to the
characteristics of MoCA, certain sub-scales did not lend
themselves to further analyses. Naming, Language, Abstraction
and Orientation sections were excluded due to a restriction
of range in observation (i.e., a 1 point scale) and/or a lack of
variability. Two subjects were excluded as outliers because they
had values greater than 2.5 the standard deviation from the mean
(1 hippocampal volume outlier; 1 crystallized cognition outlier).

RESULTS

NIH Toolbox

Relationship Between NIH Toolbox Fluid Cognition
and Neuroimaging Measures

There was a significant positive linear relationship between
hippocampal volume and fluid cognition composite score
(t = 33, p = 0.001, partial n* = 0.11; see Figure 2)
while controlling for sex and years of education (full model
(F3,89) = 3.81,p=0.013, 72 = 0.11).
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FIGURE 2 | (A) Plots the linear relationship between fluid cognition and hippocampal volume. (B) Plots the linear relationship between crystalized cognition and
hippocampal volume. (C) Plots the linear relationship between Montreal Cognitive Assessment (MoCA) total score and hippocampal volume. Confidence bands are
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Relationship Between NIH Toolbox Crystallized
Cognition and Neuroimaging Measures

As expected, no relationship was observed between hippocampal
volume and crystallized cognition while controlling for
covariates (¢t = —0.21, p = 0.84). Univariate models were
nonsignificant as well; neither composite nor individual
sub-scales of crystallized cognition were significantly related to
hippocampal volume (p’s > 0.05).

Relationship Between NIH Toolbox Sub-Scales and
Neuroimaging Measures

Five linear models were analyzed using each sub-scale of the NIH
toolbox fluid cognition composite while controlling for sex and
years of education. Dimensional Change Card Sorting (p = 0.027,
partial n?> = 0.05, observed power = 0.60), Picture sequence
memory (p = 0.001, partial n? = 0.11, observed power = 0.90),
List Sorting (p = 0.04, partial n> = 0.05, observed power = 0.54)
and Pattern comparison (p = 0.002, partial n? = 0.11, observed
power = 0.89) were predicted by hippocampal volume. The
attention domain flanker task was not significantly (p > 0.25)
related to hippocampal volume. The strongest predictor of
hippocampal volume was the pattern comparison task, which is
in the processing speed domain. The episodic memory (picture
sequence memory task) domain and the working memory
domain (list sorting task) were both significantly related to
hippocampal volume. Two supplemental tasks, the symbol digit
search and Rey verbal learning were also analyzed (these tasks
do not factor into the fluid cognition composite score, but were
including in our NIH-Toolbox cognitive module). Rey verbal
learning (p = 0.008, partial n* = 0.08, observed power = 0.77)
and symbol digit search (p = 0.073, partial n* = 0.04, observed
power = 0.44) scores showed a positive relationship with
hippocampal volume. See Figure 3 for a summary.

MoCA

Relationship Between MoCA and Neuroimaging
Measures

There was a significant positive linear relationship between
hippocampal volume and total MoCA score while controlling for
sex and years of education (t = 2.36, p = 0.02, partial n = 0.06).

Hippocampal Volume

5%
Attention

FIGURE 3 | Shows the cognitive domains of the NIH toolbox and their
relationship with hippocampal volume. Thick, solid lines represent
significant (p < 0.05) effects. Dashed lines represent non-significant effects.
The percentage represents the effect size (percent variance explained by the
predictor variable).

Relationship Between MoCA Subscales and
Neuroimaging Measures

Three subscales of the MoCA were analyzed individually: delayed
recall, attention and visual-spatial/executive. As hypothesized,
delayed recall was associated with hippocampal volume (¢ = 1.96,
p = 0.052). No associations were found between attention
(t = 0.75, p = 0.454) or visual-spatial/executive (t = 0 0.88,
p=0.382).

DISCUSSION

Hippocampal volume predicted cognitive performance on both
the MoCA and NIH toolbox fluid cognition composite score
in a community sample of 93 older adults without clinical
history of MCI, neurodegenerative disease, neurological injury
or self-reported memory problems. This finding supports the
study hypothesis that smaller hippocampal volume is associated
with poorer cognitive performance in older adults, particularly
with respect to memory-related functions. A relationship in
hippocampal volume was found only for fluid abilities, and
not crystallized abilities such as vocabulary or reading. This
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disassociation has been described in patient studies such as HM,
where bilateral hippocampal resection caused profound memory
disturbances while general knowledge remained intact (Scoville
and Milner, 1957).

Prior literature demonstrates a strong relationship between
the hippocampus and learning, memory and other fluid cognitive
functions in both animals and humans (Raz et al., 1998; Petersen
et al, 2000), with smaller volumes associated with poorer
performance (Persson et al., 2006). However, these results have
not been universal in older adults (Van Petten, 2004). Our data
not only demonstrate a strong relationship between hippocampal
volume and episodic memory, but also relationships with
executive function, working memory and speed of processing.

Cognitive Subdomains and Hippocampal

Volume

Within the MoCA and NIHTB, subtests that targeted the
memory domain were significantly related to hippocampal
volume. This replicates previous research showing a positive
relationship between hippocampal atrophy and memory
measures in non-demented subjects (Golomb et al., 1996;
Persson et al., 2006). However, as mentioned, not all studies
have replicated this finding. A meta-analysis by Van Petten
(Van Petten, 2004) suggested that overall evidence in the
literature for a positive relationship between hippocampal
size and episodic memory in older adults was “surprisingly
weak.” In addition, a prior study investigating the relationship
between hippocampal volume and MoCA failed to find such
a relationship (Paul et al., 2011). While the current study and
Paul et al. (2011) were similar in statistical power, imaging
methods, and study inclusion/exclusion criteria, our sample
was approximately 10 years older. As the relationship between
hippocampal volume and memory is non-linear with age, this
difference in our cohort’s average age may account for the
difference in our findings (Chen et al., 2016).

Regardless, this study is the first to report a significant
positive relationship between hippocampal volume, MoCA
and NIHTB-CB memory measures. However, caution in
the interpretation of these findings is warranted. “Bigger is
better” is certainly an oversimplification; smaller hippocampi
have been associated with better memory in children and
adolescents (Sowell et al., 2001). Furthermore, in pathological
conditions, such as Fragile X syndrome, enlarged hippocampi
are associated with poorer memory performance (Molndr
and Kéri, 2014). The biological change associated with
increased or decreased brain volume could be the result
of multiple processes, which we are unable to elucidate
with T1 structural MRI techniques. For example, increased
volume could be the result of increased neuronal cell
bodies, increases in glia or astrocytes, neuroinflammation
or insufficient neuronal pruning. Nonetheless, our results
demonstrate that smaller hippocampal volume is associated with
decreased performance on two well validated and commonly
administered measures of cognitive function in older adults,
with particular sensitivity to memory function across both
tasks.

Hippocampal volume was associated with performance in
other cognitive domains besides memory on the NIHTB
Cognitive Battery, specifically speed of processing, working
memory and executive function (see Figure 3). In fact, the
association between hippocampal volume and processing speed
on the NIHTB was slightly stronger than for episodic memory.
As delayed recall is not assessed by the NIH-Toolbox, it is
possible that the relationship with delayed recall observed on
the MoCA was not detectable from the NIH-Toolbox Cognitive
Battery. Regardless, our results highlight the multifaceted role
of the hippocampus in cognitive aging. The hippocampus
contributes to other cognitive functions besides memory, and
optimal learning and memory depends on other cognitive
functions, such as working memory, processing speed and
executive functioning, in addition to encoding and storage.
A relationship between speed of processing and hippocampal
volume has been shown in some (Tisserand et al., 2000), but
not all past studies (Colom et al., 2013). An association between
hippocampal volume and executive functioning was only evident
on the NTH toolbox (dimension change card sorting), not for the
MoCA executive-visual spatial sub-scale. Dimensional Change
Card Sorting has greater cognitive demand and requires higher-
order executive processes compared to the MoCA executive
tasks. For example, the Dimensional Change Card Sorting task
would require effort from multiple CHC factors, such as fluid
reasoning, short-term memory, visual processing and reaction
speed. Even though the executive tasks in NIH Toolbox and
MoCA are classified as part of the same domain, performance on
these tasks was not correlated (r = 0.07, p > 0.05). This supports
the conclusion that these tests measure different elements of
executive functioning. While the relationship between fluid
cognition and hippocampal volume may seem surprising due
to the traditional association of fluid abilities (particularly
executive function and processing speed) and the pre-frontal
cortex, previous studies have implicated hippocampal volume
as a predictor of fluid ability in older adults (while no such
association was found in younger adults; Reuben et al., 2011).
A potential mechanism of the hippocampal association with fluid
ability in older adults may relate to compensatory processes in
the hippocampus as a result of the pre-frontal atrophy observed
with age. Further research, particularly longitudinal studies, are
needed to clarify whether the relationship between hippocampal
volume and fluid ability changes throughout the lifespan, and
which potential mechanisms may account for such change.

CONCLUSION

Prior research has produced controversy over the role of the
hippocampus in cognitive aging, casting doubt on its role in
episodic memory, as well as other domains (e.g., speed of
processing, Van Petten, 2004; Colom et al., 2013). Our findings
demonstrate that the hippocampus is a critical structure in
cognitive aging, playing a role not only in episodic memory, but
also processing speed, working memory and executive function.
Whether effects of the hippocampus on domains outside of
episodic memory are direct or meditational in nature remains
to be seen. Our findings also demonstrate that performance on

Frontiers in Aging Neuroscience | www.frontiersin.org

December 2016 | Volume 8 | Article 298


http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Aging_Neuroscience/archive

O’Shea et al.

Cognitive Aging and the Hippocampus

a commonly used bedside dementia screening (MoCA) and a
comprehensive cognitive battery (NIH Toolbox) are significantly
related to hippocampal volume. Whereas, a prior study failed
to find a relationship between MoCA and hippocampal volume
in an older adult population (Paul et al, 2011), we found
that our cohort, approximately 10 years senior in average
age, evidenced a significant relationship. These data suggest a
foundation for longitudinal research investigating hippocampal
volume in older adults as a possible predictor of future decline
or MCI conversion. Such data would help to elucidate issues of
acute vs. progressive atrophy in the study, and further clarify
potential implications for pathologies like MCI and AD. More
importantly, our data provide strong evidence in support of the
multifaceted role of the hippocampus in cognitive aging.
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Working memory is an executive memory process that allows transitional information
to be held and manipulated temporarily in memory stores before being forgotten or
encoded into long-term memory. Working memory is necessary for everyday decision-
making and problem solving, making it a fundamental process in the daily lives of older
adults. Working memory relies heavily on frontal lobe structures and is known to decline
with age. The current study aimed to determine the neural correlates of decreased
working memory performance in the frontal lobes by comparing cortical thickness
and cortical surface area from two demographically matched groups of healthy older
adults, free from cognitive impairment, with high versus low N-Back working memory
performance (N = 56; average age = 70.29 + 10.64). High-resolution structural T1-
weighted images (1 mm isotropic voxels) were obtained on a 3T Philips MRI scanner.
When compared to high performers, low performers exhibited significantly decreased
cortical surface area in three frontal lobe regions lateralized to the right hemisphere:
medial orbital frontal gyrus, inferior frontal gyrus, and superior frontal gyrus (FDR
p < 0.05). There were no significant differences in cortical thickness between groups, a
proxy for neurodegenerative tissue loss. Our results suggest that decreases in cortical
surface area (a proxy for brain structural integrity) in right frontal regions may underlie
age-related decline of working memory function.

Keywords: cognitive aging, cortical surface area, cortical thickness, FreeSurfer, N-Back, Structural Magnetic
Resonance Imaging

INTRODUCTION

Working memory is a vital process underlying human thought. Working memory is a
limited capacity system that involves active manipulation of information currently being
maintained in focal attention (Glisky, 2007). Working memory is one component of
executive function that allows for transitional information to be held and manipulated
temporarily in memory stores, before either being forgotten or encoded into long-term
memory (Baddeley, 1992; Goldman-Rakic, 1996; Owen et al., 2005). As with other components
of executive function, working memory processes rely heavily on frontal lobe structures
(Courtney et al., 1998). Working memory processes guide voluntary or goal-directed behaviors
including short-term maintenance of relevant information, mental manipulations, and mental
organization of imminent sequence of actions (Goldman-Rakic, 1987; Boisgueheneuc et al,
2006). Working memory is necessary for everyday decision-making and problem-solving,
making it a fundamental process in the lives of older adults. Activities of daily living such
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as preparing meals, taking medication, paying bills, as well as
organizing and planning daily routines and appointments require
working memory and other components of executive function
(Mograbi et al., 2014). As such, declines in working memory can
lead to deficits in these domains and consequently lead to loss
of independence and decreased quality of life (Klingberg, 20105
Williams and Kemper, 2010). Working memory performance
can be impacted by age-related reductions in working memory
capacity and is increasingly susceptible to interference in older
adults. Not surprisingly, memory loss and perceived declines
in memory performance are frequent complaints in older adult
populations (Gazzaley et al., 2007; Kaup et al., 2014). As frontal
cortices undergo the most pronounced structural decline with
advanced age (Lemaitre et al, 2012) and play an important
role in working memory function (Freeman et al., 2008),
identifying frontal structures underlying age-related working
memory decline may provide important therapeutic targets for
combating cognitive aging.

The prefrontal cortex participates in cognitive features of
behavior, engaging the organization of goal-directed behaviors
(Fuster, 1988). Although the frontal lobe is the last brain region to
mature in humans around age 25, it is also one of the first regions
to structurally decline during the aging process, following the ‘last
in, first out’ model of aging (Salat et al., 2004). Studies of brain
morphometry show that the prefrontal cortex experiences the
most striking reductions (Lemaitre et al., 2012). Similarly, age-
related decreases in cortical surface area are greatest in frontal
regions (Salat et al., 2004), while the greatest age-related volume
reductions occur in the middle frontal gyrus, the superior frontal
gyrus (SFG), and the frontal pole (Lemaitre et al., 2012).

The frontal lobes, and the right frontal lobe in particular,
play an important role in working memory function. The
ability to hold onto visuospatial information, to be fractioned
into separate visual and spatial components, is thought to be
principally represented within the right hemisphere (Baddeley,
2000). Prabhakaran et al. (2000) compared the retention of
verbal and spatial information held in integrated or unintegrated
forms using functional magnetic resonance imaging (fMRI), and
found greater right frontal activation for integrated information,
providing evidence for the right frontal lobe being particularly
critical for retention of integrated information (Baddeley, 2000;
Prabhakaran et al., 2000). Previous fMRI work studying the
functional neural basis of aging and working memory have
shown distinct activation patterns in older versus younger
adults, and for high versus low performance rates on an
N-Back working memory task (Cabeza, 2002; Dolcos et al.,
2002). Positron emission tomography (PET) and fMRI studies
of higher-order cognitive functions have been associated with
prominent activations in the prefrontal cortex. Often, activations
are sometimes lateralized, which may reflect the nature of the
processes and/or the stimuli involved (Nyberg et al, 1996;
Cabeza et al., 2002). Prefrontal cortex activity tends to be
less asymmetrical in older than younger adults (Cabeza et al.,
2002). Young high performers on working memory tasks tend
to exhibit significant activation of the dorsolateral prefrontal
cortex (DLPFC) lateralized to the right hemisphere. Older adults
with low performance exhibit more robust right hemisphere

activation than young, potentially reflecting inefficiency of
activation, whereas older adults who perform at the same level
as young adults exhibit bilateral activation patterns in the
prefrontal cortex. This difference in activation patterns of high
performing older adults compared to high performing younger
adults may counteract age-related neurocognitive declines as a
form of compensatory mechanism (compensation hypothesis), or
it could reflect age-related deficits in recruiting specialized neural
mechanisms (dedifferentiation hypothesis; Cabeza et al., 2002).
While the functional pattern of working memory performance
in older adults has been well explored, the age-related structural
alterations in frontal cortices underlying working memory
decline versus compensation remains unclear.

Older adults exhibit significant deficits in tasks that
involve active manipulation, reorganization, or integration
of the contents of working memory (Salthouse et al., 1989).
Investigating the structural neural correlates of performance on
working memory tasks in older adults is necessary to understand
how working memory systems change with age. This study
aimed to determine the frontal structures underlying poorer
working memory performance. We hypothesized that working
memory deficits would be associated with decreases in cortical
surface area in right frontal brain regions in healthy older adults.
We did not expect any significant changes in cortical thickness,
as decreases in thickness signify neurodegenerative tissue loss
(Shefer, 1973; Fischl and Dale, 2000) and our population of
interest was healthy older adults. In contrast, cortical surface
area serves as a proxy for gray matter structural integrity (Fischl
and Dale, 2000; Salat et al., 2004; Dickstein et al., 2007; Lemaitre
etal., 2012).

MATERIALS AND METHODS

Participants

We recruited healthy community dwelling older individuals in
the Gainesville and North Florida region (N = 56, 50% female,
52 right handers). A thorough medical history questionnaire for
each participant provided detailed information on health status,
medication status, and allowed us to rule out the presence of
age-related brain disorders. Exclusionary criteria for the study
included pre-existing neurological or psychiatric brain disorders,
MRI exclusions, mild cognitive impairment (MCI) or diagnosis
with a neurodegenerative brain disease (i.e., dementia or
Alzheimer’s). The Montreal Cognitive Assessment (MoCA) was
given to assess general cognitive ability and rule out possible MCI
(Nasreddine et al., 2005). Additionally, the MoCA allowed us to
control for differences in global cognitive function and insure
our analyses were directly relevant to working memory rather
than a reflection of generalized cognitive deficits. The MoCA
cut off score to be an eligible participant in the study was 20.
A comprehensive neuropsychological battery was performed on
each participant to provide for clinical assessment of MCI status.
A clinical neuropsychologist assessed participant performance
on the battery to determine MCI status. No participants in this
sample were clinically indicated to have MCI using this approach.
Participants did not significantly differ in age, sex, education,
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TABLE 1 | Demographic data and independent t-test statistics (means, standard deviation).

Total sample

High performers

Low performers Independent t-test

N =56 n=29 n=27 t (p)
Age 70.29 (10.64) 68.00 (11.06) 72.74(9.77) —1.695 (0.096)
Sex 28F:28M 14F:15M 14F:13M —0.263 (0.794)
Education 16.30 (2.33) 16.24 (1.88) 16.37 (2.76) —0.203 (0.840)
MoCA total score 25.89 (2.67) 26.48 (2.69) 25.26 (2.55) 1.742 (0.087)
Intracranial volume 1443534.46 (225849.81) 1457084.28 (216839.60) 1428980.96 (238413.09) 0.462 (0.646)

MoCA score, or intracranial volume (ICV; p > 0.05). ICV is
especially important to control for as it is closely relates to brain
size (Hentschel and Kruggel, 2004; Im et al., 2008), and thus was
also included as a covariate in our model to rule out the possibility
of head size driving any cortical thickness or cortical surface
area differences between groups. The total sample (N = 56)
consisted of 28 female and 28 male older adults. The range
for the total sample of the following covariates were: MoCA
scores = 20-30, age = 44-89 years old, education = 12-20 years,
and ICV = 975547.27-1988968.30. See Table 1 for demographic
means, standard deviations, and statistics for the total sample. All
participants in the study underwent cognitive testing followed by
an MRI scanning session where the N-Back task was performed
inside the scanner. fMRI data on N-Back will be presented
in a subsequent paper. N-Back performance data was used to
characterize participants into high and low working memory
groups (described in detail below). Prior to any study procedures,
all participants provided written informed consent. The study
protocol was carried out in accordance with the Declaration
of Helsinki, and the University of Florida Institutional Review
Board approved all procedures in this study.

N-Back Task

The N-Back task requires continuous performance in which
participants are asked to monitor the identity of a series of stimuli
and indicate when the currently presented stimulus is the same
as the one presented n-trials previously (Kirchner, 1958; Owen
et al., 2005). This task is known to engage working memory
processes and thus was used in this study. Participants completed
an N-Back practice session to ensure that all instructions
were clear and that participants could accurately perform the
task. All N-Back tasks were created with E-Prime version 2.0
(Psychology Software Tools Inc., Pittsburgh, PA, USA). The task
was completed inside the scanner, with images projected onto
a screen behind the participants’ head and viewed through a
mirror mounted on the head coil. Responses were made via an
MRI-compatible button box, using the middle and index finger.
Participants performed two runs of the N-Back, which included
both 0-Back and a 2-Back version of the N-Back, totaling 15 min
of functional task time. For 0-Back, participants were asked to
respond by button press (with index finger) when they saw a X on
the screen, and respond with another button press (with middle
finger) when they saw any other letter (distractors). This task
was used as an attention control. Each letter was displayed one
at a time, for 700 ms, followed by a crosshair for 2300 ms. The
participants could respond by button press at any point in the

total 3000 ms trial interval. During the 2-Back task, participants
viewed single letters (i.e., letters of identical font, color, size) on
the screen with the same timing scheme as 0-Back. When a letter
appeared and was the same as the letter that was presented two
letters prior, participants were asked to respond to that target
letter by a button press of their index finger (see Figure 1 for
visual example). All letters that did not match the 2-Back pattern
were used as distractors, and participants were asked to respond
by button press with their middle finger. The order of whether
participants received 2-Back or 0-Back first was randomized.

N-Back Working Memory Performance

Characterization

N-Back accuracy rates were collected and recorded in E-Prime
v2.0 then transferred as total percent accuracy scores of both
runs into SPSS. The data was then processed through SPSS
version 21. All participants responded to greater than 75% of
all N-back trials. A median split based on 2-Back accuracy
was performed to determine high versus low performers. High
performers (N = 29) scored 67% or above correctly on 2-Back,
while low performers (N = 27) had an accuracy score of 66%
or below. For 5 participants (three high performers, two low
performers), one of their runs was lost during data collection
due to technical problems. For these participants, the one run
collected was used for analyses.

Working Memory Group Demographics
Behavioral data for 0-Back average accuracy was 83.71 & 17.38%
(range = 19-98%) while 2-Back average accuracy was

Target

F
+
L
ISI = 3000ms Jns—|

Distractors

FIGURE 1 | Example of the 2-Back working memory paradigm. S|,
Interstimulus interval.
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64.88 + 16.93% (range = 20-90%) for the overall sample
(N = 56). High and low working memory performers on the
2-Back task were determined by performing a median split
of accuracy scores. Accuracy scores of 67% or above were
grouped as high performers. In contrast, scores below 67%,
were grouped as low performers. See Table 2 for more detailed
task performance information for high and low groups. The
range for the following covariates for the low performing
group was: age = 47-89, education = 12-20, MoCA = 20-30,
ICV = 1001786.49-1954571.14. The range for the following
covariates for the high performing group was: age = 44-85,
education = 12-20, MoCA = 21-30, ICV = 975547.27-
1988968.30. High versus low working memory groups did not
significantly differ on the above covariates (p > 0.05). For high
and low group demographic means, standard deviations, and test
statistics, see Table 1.

MRI Acquisition

T1-weighted MPRAGE  structural MRI scans  were
performed on all participants. Participants were imaged
in a Philips Achieva 3.0 Tesla (3T) scanner (Philips
Electronics, Amsterdam, The Netherlands) with a 32-
channel receive-only head coil. Scan parameters: repetition
time (TR) = 7.0 ms; echo time (TE) = 32 ms; flip
angle = 8°; field of view = 240 mm x 240 mm x 170 mmy
voxel = 1 mm x 1 mm x 1 mm. Foam padding was placed
around the head to limit motion during the scan. No images
exhibited evidence of motion artifact. Participants were given
headphones and earplugs to minimize noise while inside the
scanner.

T1-Weighted Neuroimaging Processing

Cortical reconstruction and volumetric segmentation was
performed with FreeSurfer version 5.3 image analysis suite.
The technical details of these procedures are described in prior
publications (Dale and Sereno, 1993; Dale et al., 1999; Fischl
et al, 1999a,b, 2001, 2002, 2004a,b; Fischl and Dale, 2000;
Segonne et al,, 2004; Han et al,, 2006; Jovicich et al., 2006).
Briefly, this processing includes removal of non-brain tissue
(Segonne et al., 2004), automated Talairach transformation,
segmentation of the subcortical white matter and deep gray
matter volumetric structures (Fischl et al., 2002, 2004a), intensity
normalization (Sled et al., 1998), tessellation of the gray matter
white matter boundary, automated topology correction (Fischl
et al, 2001; Segonne et al., 2007), and surface deformation
following intensity gradients to optimally place the gray/white
and gray/cerebrospinal fluid borders at the location where the
greatest shift in intensity defines the transition to the other
tissue class (Dale and Sereno, 1993; Dale et al., 1999; Fischl and

TABLE 2 | Average N-Back accuracy scores and standard deviation.

High performers Low performers Total sample

n=29 n=27 N =56
2-Back 77.90% (7.04) 50.89% (12.69) 64.87% (16.93)
0-Back 90.79% (8.82) 76.11% (21.75) 83.71% (17.83)

Dale, 2000). Once the cortical models are complete, a number
of deformable procedures can be performed for in further
data processing and analysis including surface inflation (Fischl
et al., 1999a), registration to a spherical atlas which utilized
individual cortical folding patterns to match cortical geometry
across subjects (Fischl et al., 1999b), parcellation of the cerebral
cortex into units based on gyral and sulcal structure (Fischl et al.,
2004b; Desikan et al., 2006). This method uses both intensity
and continuity information from the entire three dimensional
volume in segmentation and deformation procedures to produce
representations of cortical thickness, calculated as the closest
distance from the gray/white boundary to the gray/CSF boundary
at each vertex on the tessellated surface (Fischl and Dale, 2000).
The maps are created using spatial intensity gradients across
tissue classes and are therefore not simply reliant on absolute
signal intensity. The maps produced are not restricted to the
voxel resolution of the original data and thus are capable of
detecting submillimeter differences between groups. FreeSurfer
measures have been shown to be both reliable and valid.
Procedures for the measurement of cortical thickness have been
validated against histological analysis (Rosas et al.,, 2002) and
manual measurements (Kuperberg et al., 2003; Salat et al., 2004).
FreeSurfer morphometric procedures have been demonstrated to
show good test-retest reliability across scanner manufacturers
and across field strengths (Han et al., 2006; Reuter et al., 2012).
Once processed through FreeSurfer, all output was visually
inspected for processing errors (e.g., mislabeling white matter,
gray matter, or skull inclusions) and manually corrected for when
necessary.

Neuroimaging Measures: Cortical

Thickness and Cortical Surface Area

The relationship between cortical surface area and cortical
thickness creates a quantifiable brain volume. For example,
although two objects may have the exact same volume, the shape
or contours of the objects can vary considerably, exhibiting very
different topography. If we consider a cube measuring 3 x 3 x 3
versus a rectangular shape measuring 3 x 9 x 1, both shapes
share the same volume of 27 mm?; this exemplifies that surface
area and thickness may exhibit a very different pattern while
sharing the same volume. When we consider the human brain,
age-related changes in surface area versus thickness may have
different implications for behavioral and cognitive processes.
These two components exhibit distinct patterns of change when
comparing healthy versus diseased brains (Dotson et al., 2015).
Gray matter, which makes up the cortical ribbon, experiences
volume loss throughout adulthood into advanced age (Scott and
Thacker, 2004). Neuronal density is relatively stable throughout
life; any robust decrease in neuronal density is thought to reflect
a disease state (Morrison and Hof, 2002; Dickstein et al., 2007).
Decrease in cortical thickness is a proxy for neuronal loss due to
neurodegenerative disease (Shefer, 1973; Fischl and Dale, 2000).
While changes in cortical surface area and its relationship to
general cognitive function is less known (Schnack et al., 2015),
cortical surface area is thought to reflect the structural integrity
of gray matter (Fischl and Dale, 2000; Salat et al., 2004; Lemaitre
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et al., 2012). It has been suggested that preservation in neuronal
number, but loss of neuronal dendritic architecture underlies
neocortical volume loss with increasing age in the absence of
Alzheimer’s disease (Morrison and Hof, 2002; Freeman et al.,
2008). In normal healthy aging, to our best knowledge, there
are no studies that have closely examined cortical surface area
changes and the possible role this may play in driving age-related
declines in working memory function.

Regions of Interest and Neuroimaging

Statistical Analyses

Frontal lobe regions (defined as all regions anterior to the
pre-central gyrus using the Desikan-Killiany parcellation, see
Table 3 for a comprehensive list of ROIs) and two control
regions outside the frontal loges (left and right pericalcarine
areas of the occipital cortex; ie., V1; Desikan et al, 2006)
were analyzed for both thickness and area using separate
univariate general linear models with performance group (high
versus low) as a fixed factor and age, sex, years of education,
ICV and MoCA score as covariates using the software SPSS
version 21. Control sites were included to assess the regional
specificity of our frontal focused analyses. To control for multiple
comparison type I error we implemented a false discovery rate
(Benjamini and Hochberg, 1995) threshold of FDR < 0.05
using the software R, which is freely available for download
online'.

RESULTS

Cortical Surface Area and Thickness

Low performers exhibited significantly less surface area
in three frontal lobe regions lateralized to the right
hemisphere: SFG (pppr = 0.018; Cohen’s D = 0.81; surface
area of high performers = 6791.59 + 648.62 mm?; low
performers = 6266.26 + 649.15 mm?), pars opercularis of
the inferior frontal gyrus (prpr = 0.024; Cohen’s D = 0.79;
surface area of high performers = 1361.38 4 183.34 mm?;
low performers = 1224.19 + 163.97 mm?), and medial orbital
frontal gyrus [pppr = 0.018; Cohen’s D = 0.85; surface
area of high performers = 1833.14 £ (225.09) mm?; low
performers = 1657.00 % 186.57 mm?]. No significant differences
in cortical thickness were observed after correcting for multiple
comparisons (FDR > 0.05). As a control brain region, the
pericalcarine gyrus of the occipital lobe was analyzed in both
hemispheres and did not significantly differ in thickness or
surface area between groups. See Figure 2 for significant surface
area results and Table 3 for all surface area and thickness results.

DISCUSSION

The current study investigated the neural correlates of age-
related decreases in working memory performance in frontal
cortices. We found significant differences in cortical surface

Uhttps://www.r-project.org/

TABLE 3 | Surface area and thickness measures from frontal ROIs and
control brain region.

Brain region F-value  P-value w3 P-FDR
Measurement: surface area

R Medial orbital frontal gyrus 10.99 0.002 0.183 0.018*
R Superior frontal gyrus 9.84 0.003 0.167 0.018*
R Pars opercularis 8.211 0.006 0.144 0.024*
L Rostral anterior cingulate 5.815 0.02 0.106 0.24
L Medial orbital frontal gyrus 2.553 0.117 0.05 0.448
R Pars orbitalis 2.198 0.145 0.043 0.435
L Pars orbitalis 1.831 0.182 0.036 0.448
L Superior frontal gyrus 1.669 0.202 0.033 0.448
L Frontal pole 1.308 0.258 0.026 0.448
L Rostral middle frontal gyrus 1.185 0.282 0.024 0.448
R Pars triangularis 1.118 0.295 0.022 0.708
L Caudal middle frontal gyrus 1.1 0.297 0.022 0.448
L Lateral orbital frontal gyrus 0.947 0.335 0.019 0.448
L Caudal anterior cingulate 0.943 0.336 0.019 0.448
R Frontal pole 0.784 0.38 0.016 0.76
L Pars triangularis 0.55 0.462 0.011 0.554
R Caudal anterior cingulate 0.542 0.472 0.011 0.786
L Pars opercularis 0.282 0.598 0.006 0.652
R Rostral middle frontal gyrus 0.245 0.623 0.005 0.786
R Lateral orbital frontal 0.196 0.66 0.004 0.786
R Caudal middle frontal 0.143 0.707 0.003 0.786
R Rostral anterior cingulate 0.129 0.721 0.003 0.786
L Pericalcarine (control region) 0.109 0.742 0.002 0.742
R Pericalcarine (control region)  0.007 0.935 0.000139  0.935
Measurement: thickness

L Pars triangularis 6.075 0.017 0.11 0.204
R Medial orbital frontal gyrus 4.851 0.032 0.09 0.261
R Pars opercularis 3.312 0.075 0.063 0.261
L Rostral anterior cingulate 3.319 0.075 0.063 0.295
R Caudal anterior cingulate 3.291 0.076 0.063 0.261
R Pars orbitalis 3.055 0.087 0.059 0.261
L Medial orbital frontal gyrus 2.88 0.096 0.056 0.295
L Caudal anterior cingulate 2.642 0.11 0.051 0.295
L Frontal pole 2.458 0.123 0.048 0.295
R Superior frontal gyrus 2.165 0.148 0.042 0.355
L Pars orbitalis 1.801 0.186 0.035 0.361
R Rostral anterior cingulate 1.489 0.228 0.029 0.413
L Pericalcarine (control region) 1.453 0.234 0.029 0.361
R Pericalcarine (control region) 1.41 0.241 0.028 0.413
L Pars opercularis 1.302 0.259 0.026 0.361
L Lateral orbital frontal gyrus 1.238 0.271 0.025 0.361
R Rostral middle frontal gyrus 1.187 0.281 0.024 0.421
L Superior frontal gyrus 1.001 0.322 0.02 0.386
L Rostral middle frontal gyrus 0.722 0.4 0.015 0.436
R Frontal pole 0.687 0.411 0.014 0.538
R Pars triangularis 0.484 0.49 0.01 0.538
R Caudal middle frontal gyrus 0.474 0.494 0.01 0.538
L Caudal middle frontal gyrus 0.33 0.568 0.007 0.568
R Lateral orbital frontal gyrus 0.014 0.908 0.000278  0.908

R, Right, L, Left, * = FDR < 0.05.

area for three regions of the right frontal lobe. Low working
memory performers had significantly less surface area for the
inferior frontal gyrus (pars opercularis), SFG, and the medial
orbital frontal gyrus, when compared to high working memory
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FIGURE 2 | Cortical surface differences between low versus high working memory performers. Arrows connect graphs of between group differences to
the affiliated gyri ROI highlighted on a FreeSurfer brain model. POP, pars opercularis of the inferior frontal gyrus; SFG, superior frontal gyrus; MOF, medial orbital
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performers. These areas of decreased structural integrity are
consistent with prior fMRI findings for functional correlates of
working memory performance (Curtis and D’Esposito, 2003;
Owen et al., 2005). These results are also consistent with prior
research demonstrating right lateralized BOLD activation of
frontal cortices in young adults with high working memory
performance, but bilateral (potentially compensatory) activation
of right and left frontal cortices in older adults able to maintain a
high level of working memory performance (Cabeza et al., 2002).
In contrast, older adults unable to maintain performance showed
unilateral increase in activation of right frontal regions, perhaps
consistent with less efficient neural processing (Cabeza et al.,
2002). Collectively, our structural MRI findings, when considered
in concert with prior functional MRI research (Cabeza et al.,
2002), suggests that areas in the right prefrontal cortex are critical
substrates for age-related change in working memory function.
Our findings provide evidence that right lateralized structural
abnormalities in inferior, superior, and medial orbital frontal gyri
underlie age-related working memory decline.

Pars Opercularis of the Inferior Frontal
Gyrus

The pars opercularis (BA44), a sub-region of the inferior frontal
gyrus, is included in the functionally defined ventrolateral
prefrontal cortex (VLPFC; Molnar-Szakacs et al., 2005). The
VLPEC is consistently found to be active in working memory
fMRI studies; early functional neuroimaging studies that
activated this region in humans tended to emphasize the explicit
retrieval of one or a few pieces of information, as well as the
sequencing of responses based directly on stored information
(Owen et al, 2005). Aron et al. (2004) argues that the right

VLPFC plays a critical role in cognitive inhibition. Cognitive
inhibition is a component of executive control that can be
localized to the right inferior frontal gyrus, specifically the pars
opercularis (Molnar-Szakacs et al., 2005; Falquez et al., 2014).
Inhibition can be defined as the suppression of inappropriate
responses (Aron et al., 2004). Cognitive inhibition could be one
of a set of functions (including working memory maintenance of
task sets and items, selection and manipulation of information
in working memory, and conflict detection) implemented by
different, possibly overlapping prefrontal cortical regions. The
voluntary blocking of memory retrieval may also be dependent
on this region. As more information in the environment is
perceived than can accurately and appropriately be attended
to, inhibition is an integral feature of the prefrontal cortex
that allows irrelevant information to be inhibited enabling
more important information to be processed more quickly and
efficiently.

Superior Frontal Gyrus
The SFG is a large region of the prefrontal cortex, making up
about 1/3 of the frontal lobe in the human brain. The SFG is
thought to contribute to higher cognitive functions, and play a
particularly important role in working memory (Boisgueheneuc
et al., 2006). The functional anatomical region referred to as the
DLPEC (BA9) overlaps structurally, in part, with SFG (Owen
et al., 2005; Falquez et al., 2014).

The DLPFC plays a crucial role in terms of working memory.
It has been established as a crucial node that supports working
memory processes. Neurophysiological unit recordings of the
DLPFC in monkeys have shown persistent sustained levels of
neuronal firing during retention intervals of delayed response
tasks (Curtis and D’Esposito, 2003). Sustained activity in the
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DLPEC is thought to provide a bridge between the stimulus cue
and its contingent response (i.e., goal-directed behavior) in a
working memory task. Goldman-Rakic (1987) has shown that
lesions in the DLPFC impair the ability to maintain sensory
representations on-line that are no longer present in the external
environment. Studies of patients with SFG lesions show global
impairments in working memory tasks with impairments present
months to years post-lesion, indicating that the SFG may be a
key component in the working memory network (Boisgueheneuc
et al., 2006).

Medial Orbital Frontal Cortex
The orbitofrontal cortex in primates is situated ventrally and
frontally in the brain (Kringelbach and Rolls, 2004), and can be
further divided into distinct areas. Two major subdivisions have
been cytoarchitecturally and functionally identified: the lateral
orbitofrontal cortex and medial orbitofrontal cortex (MOF). The
medial orbital frontal cortex surface includes BA14 (Rolls, 2004).
The MOF receives input from all sensory modalities.
Accumulating evidence from fMRI implicates the orbitofrontal
cortex as a necessary component in working memory,
demonstrating activity in this area while coordinating multiple
working memory operations (Wager and Smith, 2003; Owen
et al., 2005; Barbey et al., 2011). Studies of human brain lesion
patients with damage to orbitofrontal cortex have shown
specific behavioral outcome deficits on components central to
working memory (Barbey et al., 2011). Orbitofrontal damage
was associated with deficits on working memory tasks involving
coordination of maintenance, manipulation, and monitoring
processes (e.g., N-Back task). However, this association was
not seen on neuropsychological tests of working memory
maintenance (digit/spatial span forward) or manipulation
(digit/spatial span backward and letter-number sequencing;
Barbey et al., 2011).

LIMITATIONS

Although not significantly different on age, the low performers
tended to be older than high performers. If the sample size
increased, it is possible this could impact the overall results as
structural brain changes increase in older age. Even still, age was
used in our models as a covariate to account for any numerical
differences in age between groups. It is also possible that the
clinical assessment of MCI by the study neuropsychologist did
not capture participants in the earliest stages of MCI. This
possibility is supported by the range of MoCA scores in this study,
although these ranges were not significantly different between
groups. Nonetheless, our findings may by biased by an unknown
number of participants in either group that were in the earliest
stages of MCI and thus evidencing early neurodegenerative tissue
loss. The N-Back may also exhibit limitations inherent to the
task regarding its use for the study of lateralized differences
in structure-function relationships. As the functional foci of
activation for N-Back changes with age and development, this
tool may not be ideal for full identification of all frontal related
working memory related neural correlates.

CONCLUSION

Normal physiological processes of aging are associated with
neuronal circuitry changes, which may result in impaired
cognition and behavior in some older individuals. Individuals
that show poorer cognitive performance tend to show
impairments of executive functions first (e.g., working memory,
planning, and goal directed behavior), thus it has been postulated
that neurons and circuits of the prefrontal cortex may be
particularly vulnerable during normal aging in humans and
non-human primates (Dickstein et al., 2013). During the aging
process, there is evidence that neurons undergo morphological
changes such as reduced complexity of dendritic arborization and
dendritic length, as well as decreases in spine numbers. As spines
are the major sites for excitatory synapses, changes in spine
numbers could reflect a change in synaptic densities (Dickstein
et al., 2007). These morphological changes may underlie surface
area reductions, as neuron numbers remain relatively stable
in older aged individuals lacking neurodegenerative diseases.
As dendrites are pivotal in forming and maintaining neural
networks, regulating synaptic plasticity, and integrating electrical
inputs (Dickstein et al,, 2007), it is perhaps not surprising
that a potential marker of age-related change in dendritic
morphology correlates with poorer performance on behavioral
tasks.

There is great variability in cytoarchitectonic features of the
cortex between individuals (Kringelbach and Rolls, 2004). The
difficulty of deciphering the functional role of any brain region
lies in the complexities of connections between and within brain
structures, which may lend a single structure the ability to activate
for a multitude of tasks. The N-Back task used in this study
requires considerable vigilance and working memory processes
to accurately detect target letters in the correct 2-Back pattern, a
task that is quite challenging.

The right inferior frontal gyrus, an area implicated in
cognitive inhibition and working memory, demonstrated
significant reduction in surface area in older adults with
lower working memory performance. The SFG, a crucial
substrate of working memory processes, also exhibited a
reduction in structural integrity. Finally, the MOE a region
shown to be necessary in coordination of working memory
maintenance, manipulation, and monitoring processes also
exhibited significantly reduced cortical surface area in low
working memory groups. Taken together, these regions
appear to play an important role in age-related working
memory decline. The structural integrity of these three regions
may also play an important role relative to compensatory
processes previously found in functional MRI studies of N-Back
performance. For example, deficits in these right frontal regions
may interfere with compensatory engagement of left frontal
structures found to activate in older adults able to maintain a
high level of working memory performance. Future research
investigating differences in both functional and structural
connectivity between right and left frontal regions in high
versus low working memory performers will be important
for further evaluating this theory. In addition, these three
frontal areas may prove to be important therapeutic targets
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for brain stimulation or other methods capable of upregulating
cerebral metabolism and function in brain regions showing
decline.
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Physical exercise can improve physical and mental health. A number of imaging
studies have examined the role of neuroplasticity in improving cognition with physical
exercise; however, such neuroplasticity changes are not consistent across the reports
partly due to small sample sizes in some studies. We thought to explore the
concept that identifying consistent findings across multi-modality imaging measures
would provide relatively reliable results. We designed a 6-week quasi-experiment with
Wii-fitness exercise program in 24 healthy adults older than 60, and then examined
the changes on neuroimaging measures including brain volume, the amplitude of
low-frequency oscillation function (ALFF), regional homogeneity (ReHo), seed-based
functional connectivity (FC), and the global efficiency of nodal connectivity during
resting state. We focused on whether there were common regions showing changes
after exercise across these measures and which measure was closely correlated with
cognitive improvement. After the six-week exercise program, participants demonstrated
a significant improvement in memory and executive function on neuropsychological
tests, and in memory recall on an emotional memory task. The common brain regions
that showed significant changes across different measures were the right striatum
and the posterior cingulate (PCC). After exercise, the PCC showed decreased ReHo
and increased volume, and the striatum did not show volume loss as the control
group did and increased its FC with the cingulate, temporal, parietal, and occipital
regions. Moreover, the connectivity change between the striatum and the thalamus
was correlated with the improvement of executive function. This result implicates the
striatum and the PCC associated network in physical exercise. Our work highlights the
effectiveness of multi-modality neuroimaging measures in investigating neuroplasticity.

Keywords: physical exercise, neuroplasticity, aging, cognitive function, resting state functional connectivity,
multiple imaging modality
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INTRODUCTION

Lack of physical exercise has been found to be one of the
major contributors to development of Alzheimer disease (Barnes
and Yaffe, 2011). Therefore, using physical exercise to improve
cognitive function in older adults has gained increasing attention
in the field of neuroscience research in recent years. There
is abundant evidence in the literature showing that physical
exercise not only can improve cardiovascular function, but
also can improve cognitive function including speed, visual
spatial, executive and cognitive control processing (Colcombe
and Kramer, 2003; Lautenschlager et al., 2009; Barber et al,
2012). Neuroimaging research has been extensively conducted to
investigate the training-induced neuroplasticity changes in the
brain, however, thus far no consistent findings are found across
reports partly due to the discrepancy of neuroimaging measures
used among the studies in the literature (Colcombe et al.,
2006; Boyke et al., 2008; Lustig et al., 2009). Studies measuring
neuroplasticity change varied from brain volume, regional task-
related activations, and perfusion change, to brain activity and
functional connectivity (FC) during resting state, such as seed-
based FC (Biswal et al., 1995), the amplitude of low-frequence
fluctuation (ALFF, Zang et al., 2007), regional homogenity
(ReHo, Zang et al., 2004), and graph theory analysis (Bullmore
and Sporns, 2009). Functional connectivity and graph theory
analysis have been widely used to measure correlations between
spatially distinct brain areas. The ALFF of the resting-state fMRI
signal has been suggested to reflect the intensity of regional
spontaneous brain activity, while Reho is proposed to describe
regional homogeneity of neural activities. While exercise-induced
neuroplasticity changes in each of these neuroimaging measures
have been reported previously, there are very few to integrate
these methods together and investigate the common findings
across the measures and compare which one is more closely
correlated with changes in cognition.

Comparing the association between the changes of different
neuroimaging measures with cognitive improvement would
provide useful guidance for future imaging studies in exercise-
induced neuroplasticity. Importantly, converging the findings
from multiple neuroimaging measures would provide more
reliable results than a single measure. Given the difficulty
in executing exercise-intervention trial studies, some of the
published exercise-related MRI studies in the literature have
enrolled a small number of participants (Colcombe et al,
2006; Burdette et al., 2010; Holzschneider et al., 2012), which
challenge the reliability of the reported results. We reason
that identifying the common regions that show changes across
different imaging modalities could be a reasonable solution for
providing reliable results in studies with small sample sizes.
Although each of these parameters reflects neuroplasticity with
different neural mechanisms, those regions that repeatedly show
changes in different types of measurements might have truly
been shaped by physical exercises. To our best knowledge, there
is only one cross-sectional study (Di et al., 2012) that has
combined different imaging modalities which demonstrated that
professional badminton training increased gray matter (GM)
volume and the strength of neural oscillation (measured by

ALFF) in the cerebellar regions. There are no longitudinal studies
so far that have compared how consistent different neuroimaging
measures are in reflecting neuroplasticity. Therefore, in this
study, we aimed to investigate the consistent changes induced by
physical exercises across different neuroimaging measures, and
examine which measure is more closely correlated with cognitive
improvement.

Previous studies have shown that participants who were in
combined strength and aerobic training regimens improved
cognitive function to a reliably greater degree than those who
had aerobic training alone (Colcombe and Kramer, 2003). We
posited that exercise programs in multiple domains that require
the coordination of multiple neural systems to complete the
exercise program might induce stronger neural plastic change
than exercise in a single domain. Therefore, we designed a
6-week Wii-fitness exercise training program including aerobic,
balance, weight lifting, and yoga. We expected this multi-
domain exercise regimen would have a robust effect on cognitive
function. The impact of exercise was evaluated on several imaging
measurements including the brain GM volume, resting state
low-frequency fluctuation activity, homogeneity, FC, as well
as global connectivity efficiency of nodal networks in older
adults. We hypothesized that motor and motor skill related
regions such as striatum, motor cortex, and cerebellum, as well
as attention and executive function related regions such as
prefrontal cortex would reveal plasticity changes post exercise
commonly in different imaging modalities. The plasticity changes
in these regions may be associated with cognitive improvement
after physical exercises.

MATERIALS AND METHODS

Participants

Twenty-four healthy subjects (70 + 7.78 years; 12 females)
were recruited through advertisements. Two subjects in the
control group were left hand dominant, and the rest were
right hand dominant. Exclusion criteria for the study were:
(1) MRI contraindications and claustrophobia; (2) severe or
unstable medical disorders, conditions, or drugs that may
cause any condition that in the investigators’ opinion might
make the patients unsuitable for participating in the study
(e.g., clinically significant cirrhosis, or heart disease); (3) any
known current or past diagnosis of psychiatric disorders; (4)
active suicidality or current suicidal risk as determined by
the investigator; (5) significant handicaps that would interfere
with neuropsychological testing or the inability to follow study
procedures; (6) any known primary neurological disorders
such as tumors, multiple sclerosis, or seizure disorder; (7)
Mini-Mental State Examination (MMSE) <24; (8) any repetitive
motion injury (e.g., tendinitis, bursitis, etc.); (9) extreme
upper extremity arthritis; and (10) any other factor that in the
investigators judgment may affect patient’s safety or compliance.
In addition, all subjects completed a demographic data form
and a detailed questionnaire to screen out individuals who
may be at-risk of injury during physical exercise. Subjects
were also administered a neuropsychological testing battery
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(see the Assessments on Cognitive and Psychological Function
below). Subjects who had performance below 2 SD in any two
tests of each cognitive domain (memory, executive function,
or information processing speed) were removed from the
study to ensure the cognitive status of all subjects being in
normal range. The study received ethics committee approval
by the Duke University School of Medicine Institutional
Review Board. All subjects gave their written consents
after being explained the purpose and procedures prior to
the study.

Exercise Training and Experimental

Procedure

The study was a quasi-experiment. The first four subjects were
all controls to ensure the protocol work well. The rest of
participants were randomly assigned by a research assistant either
to participate in physical exercise training (Wii fit, Nintendo)
(n = 12; five females; 67£6.40 years old) or to be on the
no-training waiting list serving as a control group (n = 12; seven
females; 73 £ 8 years old). Detailed demographic profiles of
participants are summarized in Table 1. The exercise training
program contained exercises in four domains, ie., aerobic,
balance, weight lifting, and yoga. A research assistant helped
the participants to set up the Wii device and taught them how
to do the Wii exercises. Participants were instructed to practice
at home 30 min every day for 6 weeks. The Nintendo Wii
system recorded exercise types, time, and duration automatically.
A research assistant visited participants weekly to monitor the
compliance and changes in mood. The mood state was evaluated
by the Positive and Negative Affect Schedule (PANAS). One
participant did not complete the PANAS form.

Assessments on Cognitive and

Psychological Function

A neuropsychological testing battery was used to assess cognitive
function. The battery included Immediate, Delayed, and
Recognition Recall from Hopkins Verbal Learning Test-Revised
(HVLT_Imm, HVLT_Delay and HVLT_Recog), Immediate
and Delayed Story Recall from the Rivermead Behavioral
Memory Test (RM_Imm and RM_Delay), WAIS-III Digit-
Symbol Substitution Modality Test (DSST), WAIS-III Digit
span, Trail Making Test (Trails A and Trails B), and Stroop
Color and Word Test. All testing items were converted to
z scores based on subjects’ age, gender, race, and education
level. We operationalized memory function using HVLT_Imm,
HVLT_Delay, HVLT_Recog, RM_Imm and RM_Delay tests;
executive function using Trails B and Stroop Color and
Word Tests; working memory function using Digit Span; and
information processing speed using the DSST and Trails A tests.
The physical exercise training group completed the cognitive
assessment both before and after the 6-week training. The control
group only completed the initial tests on this battery, but not
the retest after 6 weeks due to the failure of attempting to
identify a second version of comparable neuropsychological
testing battery. Since we did not examine the test-retest effect
for the neuropsychological testing battery in this control group,
we cannot rule out the possibility that significant improvement
that we would find in cognitive function after physical exercise
are due to a learning effect. Therefore, we further conducted a
computerized memory task during the fMRI scan. The details of
the task are introduced in the image acquisition section. There
was one subject in the control group and two subjects in the
physical exercise training group who didn’t complete the memory

TABLE 1 | The demographic profile of participants and cognitive function at baseline.

Control group (N = 12) Training group (N = 12) p-value

Age (years) 73.0 (8.00) 67.0 (6.40) 0.053

Sex (M/F) 5/7 7/5 0.684

Dominant hand (R/L) 10/2 12/0 0.481
Education (years) 16.3 (2.56) 17.2 (2.09) 0.35

Montgomery-Asberg Depression Scale 0.67 (1.30) 0.55 (1.29) 0.820
Memory Function —0.03 (0.23) 0.17 (0.26) 0.58
RM_Imm (z) 0.35 (0.24) 0.22 (0.52) 0.81
RM_Delay (z) 0.34 (0.24) 0.22 (0.60) 0.85
HVLT_Imm (z2) —0.08 (0.25) 0.32 (0.26) 0.29
HVLT_Delay (z) —0.28 (0.34) 0.20 (0.27) 0.30
HVLT_Recog (z) —0.49 (0.34) —0.01(0.26) 0.31
Executive Function 0.03 (0.23) 0.04 (0.28) 0.99
Trails B Making Test (z) 0.53(0.32) 0.41 (0.43) 0.82
Stroop Color and Word Test (z) —0.64 (0.21) —0.34 (0.21) 0.32
Working Memory Function —0.11 (0.24) 0.37 (0.32) 0.24
WAIS-IIl Digit Span (z) —0.11 (0.24) 0.37 (0.32) 0.24
Information Processing Speed 0.74 (0.15) 0.78 (0.31) 0.89
DSST (z) 1.22 (0.19) 1.30 (0.36) 0.85
Trails A Making Test (z) 0.25 (0.23) 0.27 (0.39) 0.96

RM_Imm, RM_Delay: Immediate and Delayed Story Recall from the Rivermead Behavioral Memory Test. HVLT_Imm, HVLT_Delay and HVLT_Recog: Immediate, Delayed
and Recognition Recall from Hopkins Verbal Learning Test-Revised DSST: WAIS-III Digit-Symbol Substitution Modality Test.
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task. As mentioned earlier, the PNANS was used to assess mood
state each week after exercise.

Imaging Acquisition

MRI scans were conducted at the Brain Imaging and Analysis
Center on a 3.0 T GE EXCITE HD scanner (GE Medical
Systems, Milwaukee, WI, USA). During each neuroimaging
session, the following image acquisition protocols were used.
First, sagittal T1-weighted spin-echo images were collected
to identify landmarks for reference. Second, a T1-weighted
3D-SPGR sequence provided high-resolution anatomical
images with 216 slices, slice thickness = 1 mm, acquisition
matrix = 256 x 216 x 256, FOV (field of view) = 256 mm,
TR (repetition time) = 7 ms, TE (echo time) = 3 ms, flip
angle = 12°. Third, a 5-min resting-state fMRI scan was acquired
using the following parameters: TR = 2000 ms, TE = 31 ms,
FOV = 240 mm, flip angle = 90°, matrix = 64 x 64 x 34, slice
thickness = 3.75 mm. Subjects were instructed to focus on a cross
sign which was presented in the center of the screen. Fourth, a
five-run emotional memory task-related fMRI scan was acquired.
Three hours prior to the fMRI scan, subjects learned a set of
happy, sad, and emotionally neutral pictures. They were asked
to label the emotional category of the pictures and describe the
details of the picture so that to remember these pictures. During
the fMRI scan, the old pictures (learnt 3 h prior) as well as new
pictures were presented randomly. In order to test immediate
memory recall, half of the new pictures were also repeated (0-2
back). Subjects were asked to identify whether the pictures
were old, new, or repeated pictures by pressing one of the three
different buttons. The pictures used in the emotional memory
task before (visit 1) and after (visit 2) 6 weeks were different
to avoid learning effect. Given that we were only interested in
comparing resting-state fMRI measures, we did not analyze the
data during the emotional memory fMRI task in this report.
Rather, the task was served as a behavior measure and only
the results of memory recall performance are reported in this
study.

MRI Structural Data Preprocessing and

Analyses

The TI1-weighted structural images were preprocessed using
SPMS8' running under the Matlab2012b environment. The images
were initially preprocessed using VBM8 Toolbox* implemented
in SPM8 and this involved segmentation, registration to the
standard Montreal Neurological Institute (MNI) space and
modulated normalization. A study-specific GM template was
created from the preprocessed GM segments of all subjects
using Template-O-Matic (TOMS) toolbox’. Then the spatially
normalized GM segments were warped to the study-specific
template and “modulated” by the Jacobian determinants of the
deformations to account for local compression and expansion
due to linear and non-linear transformation. Finally, the
modulated GM volumes were smoothed with a Gaussian kernel

'http://www.filion.ucl.ac.uk/spm
Zhttp://dbm.neuro.uni-jena.de/vbm8
3http://dbm.neuro.uni-jena.de/software/tom/

of 8 mm full width at half maximum (FWHM) (Draganski et al.,
2011). One participant in the control group was excluded from
the analysis due to the damage of images.

The students’ two sample t-test was applied to examine
significant differences between the two groups on the changes
of the VBM map (visit 2 - visit 1) with age and sex being
controlled. The threshold of significance was set at p < 0.05
using alphasim cluster correction [cluster size >389, connection
criteria (rmm) = 5]. The alphasim correction was conducted on
REST analysis toolkit (Song et al., 2011).

Resting State fMRI Data Preprocessing

and Analyses

The resting state fMRI data was preprocessed using DPARSF* and
SPMS8 Toolbox’. The pre-processing steps included slice timing,
realignment, spatial co-registration to each participant’s own T1
image and then warping to the MNI space according to the
deformation field information generated in structural T1 image
processing, and resampled to 3 mm X 3 mm x 3 mm in voxel
size. One participant in the physical exercise training group had
head motion of more than 2.0 mm displacement or 2.0 degrees
in maximum and was excluded. One subject in the control group
was excluded because of damage to the T1 image.

Both the ALFF and ReHo analyses were conducted using
DPARSF2, For ALFF (Zang et al., 2007), filtered time series
(0.01-0.08 Hz) was transformed to a frequency domain with a
fast Fourier transform (FFT) and the power spectrum was then
obtained. The square root was thus calculated at each frequency
of the power spectrum and the averaged square root was obtained
across 0.01-0.08 Hz at each voxel. This averaged square root was
taken as the ALFF.

The ReHo value was calculated to measure the similarity of the
time series of a given voxel to its nearest 26 voxels (Zang et al.,
2004). Through calculating the ReHo value of every voxel in the
whole brain, individual ReHo maps were generated. Finally, the
ALFF and ReHo maps were smoothed with a Gaussian kernel of
8 mm FWHM. To reduce the influence of individual variations,
normalization of ReHo maps and ALFF was preformed through
converting the maps to z-scores by subtracting the whole brain
average ReHo/ALFF value and then dividing by the standard
deviation of ReHo/ALFF values across all the voxels in the
brain.

To examine the differences in the changes of ALFF and ReHo
after 6 weeks between the physical exercise training group and
control group, we first subtracted the ALFF and ReHo of visit
2 from visit 1 for each subject. Then the student’s two-sample
t-test was performed on the voxel-based difference maps of the
two groups to calculate group difference in ALFF/ReHo changes.
Age and gender effects were regressed out during the two-sample
tests. Voxels with a p-value < 0.05 (corrected by AlphaSim, as
implemented in the REST, with the following parameters: p-value
at single voxel = 0.05, connection criteria (rmm) = 5, cluster size
>389) were considered as having significant difference between
the two groups.

*http://rfmri.org/DPARSF
*http://www.fil.ion.ucl.ac.uk/spm/software/spm8/
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To examine an effect of training on FC, pair-wise correlation
analyses were conducted. For each participant, the Automated
Anatomical Labeling template (AAL, Tzourio-Mazoyer
et al., 2002) was used to divide the entire brain into 116
regions (including the cerebellum) as regions of interest. The
mean time courses were extracted from each region and used to
obtain a 116 x 116 correlation matrix of Pearson’s correlation
coefficients. This resulted in a 116x116 correlation matrix
with 6670 [(116 x 115)/2] unique inter-regional correlation
coefficients (r). Then we performed 6670 separate students’
two sample t-tests on the difference of two visits (visit 2 -
visit 1 within subjects). Multiple comparisons were corrected
using a degree-based correction based on non-random data
distribution patterns proposed by Chou et al. (2015) with
325069 ([61*73%61]) voxels. The regions which had at least
15 functional links (out of 116 x 116 matrix) connected to
other regions with a significance of p<0.05 were considered
significant.

We also evaluated the whole-brain FC changes at the network
level for each node using the graph theory method. Based on the
generated 116 x 116 correlation matrix as described above, we
evaluated the following network properties (Burdette et al., 2010)
of each subject using GRETNA toolbox®: (1) Nodal degree: A
measure of connectivity to other regions of each node and (2)
Global efficiency: A measure of the closeness of an individual
node to all other nodes.

Chttp://www.nitrc.org/projects/gretna/

To confirm that there was no significant difference at baseline,
we conducted two-sample ¢-tests on all neuroimaging measures.

Correlation between the Neuroimaging
Measures and Cognitive Function

We have extracted those regions that have demonstrated a
significant between-group difference for each measure as ROIs,
and conducted ROI analyses to further examine whether the
changes of our tested measures in those regions were correlated
with any changes in cognitive function at each domain. Pearson’s
correlation analysis between neuroimaging measures with the
four domains of cognitive measures was conducted separately.

25
*
1.5
* —RM_Delay_Z
=DSST_Z
0.5
pre post
-0.5
FIGURE 1 | Improvement of the Delayed Story Recall Test and the
Digit-Symbol Substitution Test after a 6-week exercise training.
RM_Delay, Delayed Story Recall Test. DSST, Digit-Symbol Substitution Test.

TABLE 2 | Descriptive statistics for the neuropsychological testing data and mood measurements before and after exercise.

Pre training Post training p-value
Mean (SD) Mean (SD)
Cognitive function
Averaged z-score of all tests 0.12 (0.17) 0.32 (0.21) 0.147
Memory Function —0.08 (0.23) 0.20 (0.35) 0.353
RM_Imm (z) 0.35 (0.24) 0.88 (0.41) 0.153
RM_Delay(z) 0.34 (0.24) 1.18 (0.43) 0.017*
HVLT_Imm (2) —0.08 (0.25) 0.02 (0.28) 0.648
HVLT_Delay (z) —0.28 (0.34) —0.06 (0.42) 0.457
HVLT_Recog (z) —0.49 (0.34) —1.04 (0.38) 0.132
Executive Function 0.03 (0.23) 0.23 (0.21) 0.168
Trails B Making Test (z) 0.53 (0.32) 0.75 (0.24) 0.35
Stroop Color and Word Test (z) —0.64 (0.21) —0.52 (0.25) 0.464
Working Memory Function —0.11 (0.24) 0.06 (0.20) 0.237
WAIS-IIl Digit Span (z) —0.11 (0.24) 0.06 (0.21) 0.237
Information Processing Speed 0.74 (0.15) 0.93 (0.19) 0.092
DSST (z) 1.22 (0.19) 1.58 (0.21) <0.001*
Trails A Making Test (z) 0.25 (0.23) 0.27 (0.27) 0.938
Memory task (Hit-False alarm rate) —-0.01 (= 0.01) 0.21 (0.03) 0.031*
Mood state
PANAS_Positive 34.09 (1.85) 33.91 (1.80) 0.824
PANAS_Negative 11.27 (0.36) 11.09 (0.46) 0.774

*Paired t-test, p < 0.05. RM_Imm, RM_Delay: Immediate and Delayed Story Recall from the Rivermead Behavioral Memory Test. HVLT_Imm, HVLT_Delay and
HVLT_Recog: Immediate, Delayed and Recognition Recall from Hopkins Verbal Learning Test-Revised. DSST, WAIS-III Digit-Symbol Substitution Modality Test. PANAS,

Positive and Negative Affect Schedule.
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The threshold of significance was set at p<0.01 (0.05/4 cognition  training group. All neuropsychological tests scores increased
domains) to correct multiple comparisons. after exercise, except for HVLT_Recognition. This group
demonstrated a significant improvement in memory during the
Delayed Story Recall from the Rivermead Behavior Memory

RESULTS Test (RM_Delay) (p = 0.017) and in executive function

. . . during the WAIS-III Digit-Symbol Substitution Modality
Chang_es in (_)qgnltlve Function after the Test (DSST) (p < 0.001) after relative to before the 6-week
Exercise Tralnlng exercise training (paired t-test) (Figure 1). However, after

Table 1 provides demographic and cognitive comparisons of the ~ familywise error (FWE) correction for multiple comparisons,
two groups at baseline. No significant differences were found only DSST remained significant. Table 2 provides the detailed
between the two groups in any of the demographic profiles. There  descriptive statistics for the neuropsychological tests and
was no significant difference between the two groups in cognitive ~mood measurements. Regarding participants’ performance
performance at baseline either (Table 1). on the memory task during fMRI scan, the discrimination

We examined the changes of neuropsychological tests rate (ie., Hit-False alarm rate) was used to assess the accuracy
before and after the physical exercise training in the exercise of recognition memory. We conducted two sample t-tests to

A PCC/ Precuneus 4.41
Striatum | | -5.65
B
Gray matter volume Gray matter volume
change in left DLPFC change in right DLPFC
0.03 0.03

0.01 * m control 0.01 * u control
-0.01 — mtraining | [-0-01 * ® training

-0.03 -0.03
Gray matter volume Gray matter volume
change in PCC change in Striatum
0.03 0.01 I
G0 * = control = control
-0.01 — = training 004 m training
-0.03 .0.09

FIGURE 2 | Gray matter volume changes after exercise training. (A) The exercise training group had significantly increased gray matter volume in the
dorsolateral prefrontal cortex (DLPFC), posterior cingulate cortex (PCC), striatum, hand motor area, occipital lobe and cerebellum. (B) Averaged gray matter intensity
change in the regions of interest among two groups.

TABLE 3 | Regions increased gray matter volume after 6 weeks (visit 2 - visit 1) in the exercise group compared with the control group.

Region Hemisphere Cluster size Peak MNI coordinates Peak intensity (t)
X y z

Dorsolateral prefrontal cortex (DLPFC) Left 904 —13.5 58.5 36 4.4129

Dorsolateral prefrontal cortex (DLFPC) Right 1077 375 54 25.5 3.8444

Striatum (putamen) Right 590 27 —-1.5 —-4.5 3.2625

Posterior cingulate / Precuneus cortex (PCC) Right 904 6 —48 34.5 2.6374
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compare the exercise training group with the control group
in the improvement of the discrimination rate after vs. before
6 weeks (visit 2 — visit 1). The exercise training group showed
significantly greater improvement in the discrimination rate than
the control group (p = 0.0313). However, two subjects in the
exercise training group had very low discrimination rate at their
visit 1, and we speculated that they might have been somnolent
during the scan. Given the low discrimination rate of the two
subjects, the distribution was skewed. We further conducted
the non-parameter Mann-Whitney test. The Mann-Whitney
test confirmed that the discriminate rate of the exercise-training
group increased significantly (p = 0.035) compared with the
control group after versus before 6 weeks.

Gray Matter Volumetric Changes after

the Exercise Training
The volumetric changes using VBM revealed that, compared
with the control group, the exercise training group had

significantly increased GM volume in the dorsolateral prefrontal
cortex (DLPFC), posterior cingulate (PCC)/precuneus cortex,
hand motor area, occipital lobe, and cerebellum (Figure 2). And
the striatum did not show volume loss as the control group did.
Detailed results are summarized in Table 3.

Functional Changes after the Exercise
Training
The whole brain voxel-wise ALFF analysis revealed that the
exercise training decreased ALFF in the PCC/precuneus cortex
and increased ALFF in the left striatum extended to the anterior
insula, right anterior insula, right caudate, right entorhinal cortex
and left cerebellar cortex (Figure 3 and Table 4) compared with
the control group (two-sample t-test on the difference of two
visits, p < 0.05, AlphaSim correction).

Consistent with the findings in the ALFE the whole brain
voxel-wise ReHo analysis also revealed an decrease in the
PCC/precuneus area and increase ReHo in the right thalamus

B
ALFF change in PCC/
Precuneus
0.3
& * = control
-0.1 - m training
-0.3

-4.13
ALFF change in Striatum
0.3
01 * = control
01 — m training
-0.3

FIGURE 3 | Amplitude of low-frequency oscillation function (ALFF) changes after exercise training. (A) The exercise training-induced ALFF reduction in the
PCC/precuneus area and ALFF increase in the left striatum extended to left anterior insula, right anterior insula, right caudate, right entorhinal cortex, and left
cerebellar cortex. (B) Averaged ALFF z-score change of two groups in the regions of interest.

TABLE 4 | Regions changed ALFF after 6 weeks (visit 2 - visit 1) in the exercise group compared with the control group.

Region Hemisphere Cluster size Peak intensity Peak MNI coordinated
X y z
PCC / Precuneus Both 824 —4.135 -3 -75 36
Striatum/Caudate /Insula / 1149 5.2544 —24 15 0
Striatum Left / 5.2544 —24 15 0
Caudate Right / 3.6738 16 22 10
Insula Left / 4.2268 -33 19 -3
Insula Right / 3.4081 36 29 -1
Cerebellum Left 716 4.7668 —-12 -33 -39
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and caudate, and the left middle frontal area (Figure 4 and
Table 5) in the exercise training group compared with the control
group (two-sample ¢-test on the difference of two visits, p < 0.05,
alphasim correction).

Among the 116 ROIs from the AAL template, the right
striatum (including the putamen (AAL area 74) and the globus
pallidus (AAL area 76)) were identified because their changes in
FC (visit 2 - visit 1) with other brain regions were significantly
different between the two groups, and the number of significantly
changed connectivity paths was >15, corrected for multiple
comparisons at p < 0.05. As shown in Figure 5A, the right
putamen increased connectivity with the many regions in the
brain including the superior frontal gyrus, median cingulate,
thalamus, amygdala, temporal cortex, occipital cortex, and
parietal cortex (including the default mode regions such as
the PCC/precuneus and inferior parietal regions). Similarly, the
right globus pallidus (Figure 5B) increased connectivity with the
temporal and occipital regions, as well as the PCC/precuneus post
Vs. pre exercise.

The graph theory analysis did not find any statistically
significant difference in the global efficiency of any nodes (visit
2 - visit 1) between the exercise training group and the control

group.

Because of the small sample size, we used the simple t-tests
on change scores to increase power. We also used a mixed-
effect model to validate the result. As shown in Supplementary
Figures 1-3 in Supplementary Materials, our main results were
confirmed by the analysis with the mixed-effect model.

Correlations between the Neuroimaging

Measures and Cognitive Function

After corrected for multiple comparisons, we did not find any
significant correlation between the changes in any neuroimaging
measurements with changes in any measures on cognitive
function. However, the changes of FC between the right putamen
and right thalamus showed marginally significant correlation
with the change of the executive function (r = 0.7071, p = 0.0150,
Figure 6).

DISCUSSION

After this short 6-week period of physical exercise, our
participants showed significant improvement in their executive
and memory function. Across different measures examined in
our study, the commonly found brain regions that showed

PCC / Precuneus

W

4.65

Thalamus R
/ \
\

-3.81

B ReHo change in PCC /
Precuneus
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>
0 = control
02 * = training
-04

ReHo change in Thalamus

- = control
0 u training
-0.2

04

0.4
0.2
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FIGURE 4 | ReHo changes after exercise training. (A) The exercise training causes ReHo reduction in the PCC/precuneus areas and ReHo increase in a cluster
covering the right thalamus and caudate, and the left middle frontal area. (B) Averaged ReHo z-score change of two groups in the PCC/precuneus areas and

TABLE 5 | Regions changed ReHo after 6 weeks (visit 2 - visit 1) in the exercise group compared with the control group.

Region Hemisphere Cluster size Peak intensity Peak MNI coordinated
X y z
PCC / Precuneus Both 434 —3.8160 —-12 —69 36
Caudate / Thalamus / 173 3.7863 3 0 27
Caudate Right / 3.1527 18 —6 24
Thalamus Right / 3.1375 15 -9 18
Middle Frontal area Left 299 4.6513 —21 27 33
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98 88

9888

Corresponded regions of the labels

Labels Regions
4 Superior frontal gyrus,
dorsolateral_R

19 Supplementary motor area_L

34 Media_n cingulate (and
paracingulate gyri)_R

41 Amygdala_L

45 Cuneus_L

46 Cuneus_R

49 Superior occipital gyrus_L

50 Superior occipital gyrus_R

51 Middle occipital gyrus_L

52 Middle occipital gyrus_R

53 Inferior occipital gyrus_L

56 Fusiform_R

62 Inferior parietal gyrus_R

63 Supramarginal gyrus_L

66 Angular gyrus_R

67 Precuneus_L

68 Precuneus_R

69 Paracentral_Lobule_L

74 Lenticular nucleus, putamen_R

78 Thalamus_R

86 Middle temporal gyrus_R

a8 Temporal pole

(middle temporal gyrus) R

Corresponded regions of the labels

Labels

Regions

35
45
49
50
51
52
56
62
63
66
67
68
76
86

87

88
108

Posterior cingulate gyrus_L
Cuneus_L
Superior Occipital gyrus_L
Superior Occipital gyrus_R
Middle occipital gyrus_L
Middle occipital gyrus_R
Fusiform_R
Inferior parietal gyrus_R
Supramarginal gyrus_L
Angular_R
Precuneus_L
Precuneus_R
Lenticular nucleus, pallidum_R
Middle temporal gyrus_R

Temporal pole
(middle temporal gyrus)_L
Temporal pole
(middle temporal gyrus) R
Cerebellum R

FIGURE 5 | Functional connectivity changes after exercise training. (A) The right Putamen (AAL area 74) shows increased functional connectivity to other 21
regions. (B) The right Pallidum (AAL area 74) manifests increased functional connectivity to other 16 regions. Digit numbers represent the AAL labels.

significant changes after the 6-week exercise were the right
striatum (including both the putamen and the globus pallidus)
and the PCC/precuneus area. We noted a decrease in the
striatum volume over the 6 weeks among the control non-exercise
group. In comparison, the exercise training group showed no

volume reduction in the right striatum, but increased functional
connectivity between the right striatum and broad regions of
the brain including the superior frontal gyrus, mid cingulate,
amygdala, temporal, parietal (particularly the PCC/precuneus
area), and the occipital cortices. This suggests an important
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FIGURE 6 | Correlation between the functional connectivity change of the right putamen and the thalamus to the change of executive function.
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role for exercise in preventing brain volume reduction, a
phenomenon of brain aging. Importantly, the FC change between
the right striatum and the right thalamus was marginally
correlated with executive function. We integrated different
measures to examine the training-induced neuroplasticity,
and found that FC might be more sensitive among resting
state functional activity/connectivity measures in evaluation of
neuroplasticity related to cognitive improvement.

As a node of the cortico-striato-pallido-nigro-thalamo-
cortical loop (DeLong et al., 1983), the striatum is well known
for its role in motor planning, modulation of movement
pathways (Alexander et al., 1986; Rolls, 1994), and a variety
of cognitive processes including motivation and anticipation,
procedural learning (Miyachi et al.,, 1997), as well as working
memory (Voytek and Knight, 2010). As a supportive neural
mechanism of the involvement of the striatum in exercise,
increased metabolic capacity in the striatum has been found
after 6-month exercise in rats (McCloskey et al., 2001). Increased
brain-derived neurotropic factor (BDNF) levels in the striatum
has also been reported after 6-week exercise in chronically
stressed rats (Marais et al., 2009). FC analysis on the striatum
by Di Martino et al. (2008) has also revealed that broad FC of
the striatum with the rest of the neural systems is related to
cognition, which is also consistent with our results. Therefore,
it is not surprising that we found exercise could prevent volume
loss and increase FC of the striatum to many other brain areas
including the visual, temporal and default mode systems after
exercise training, which could be related to the fact that all
participants became skillful in the exercise programs they had
practiced (based on the daily records of game performance level
from the Wii console).

The other consistent change after exercise training
occurred in the posterior cingulate cortex and precuneus
area (PCC/precuneus). Although increased GM of the
PCC/precuneus and increased FC between the PCC/precuneus
and the striatum post exercise seems conflicting with the finding
of reduced ALFF and ReHo in the PCC/precuneus, these results
may not be hard to reconcile. Previous work has shown that

the PCC is activated during mind wondering (Mason et al.,
2007) and deactivated during meditation in mediators (Brewer
et al., 2011). A recent real-time neurofeedback study has also
shown that “undistracted awareness” such as “concentration”
and “effortless doing” meditation has led to deactivation in the
PCC (Garrison et al., 2013). It is possible that physical exercise
can increase “effortless doing” ability with synchronized activity
between the PCC and striatum and with low neural oscillation
strength during resting state.

Although the current study focused on common findings
among different imaging measures, we acknowledge that
modality-specific results are also important because different
measures reflect different neural mechanisms. For example,
volumetric increase might be related to both neurogenesis and
vasculogenesis/angiogenesis, whereas increased ALFF and ReHo
during resting state should be related to increased amplitude or
regional synchronization of automatic neural oscillations. We
found significantly increased GM density in bilateral DLPFC,
however, there was no significant changes in any of the
functional measures in this region. It is possible that there was
vasculogenesis/angiogenesis in the DLPFC post exercise without
significantly enhancing neural function, or we can only find
increased DLPFC activity when performing cognitive tasks but
not during resting state. On the other hand, there was increased
ALFF in the right entorhinal cortex without any volumetric
changes. The entorhinal cortex is close to the hippocampus
and critically involved in memory encoding (Eichenbaum and
Lipton, 2008). However, the increased entorhinal ALFF did not
correlate with cognitive performance, which could be related to
the fact that our exercise training program involved in multiple
tasks rather than memory specific. Future studies with exercise
programs comparing how multiple task versus single learning
task stimulate the hippocampal activation are necessary to further
confirm the critical role of the hippocampus in physical exercise.

The significant increase in memory and executive function
with 6-week exercise indicates that our mixed-domain exercise
program is powerful and effective. Future studies in comparing
of multi-domain versus single-domain exercise directly are
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necessary. It would also be interesting to further investigate
whether the plasticity change of the striatum can be universally
related to executive function in any exercise program, or if it is
only specific to certain types of exercise.

As discussed above, small sample size, no control on different
types of physical exercises, and lack of different training
duration as comparisons are major caveats of the current
study. While these caveats limited our major conclusions,
we do believe this pilot study has several strengths. To our
knowledge, this is the first study that compared different
neural imaging measurements to study the neural plasticity and
demonstrated that common regions exist in showing changes
across different neuroimaging measures. Therefore, examining
changes in multiple neuroimaging measures is recommended in
longitudinal studies with a small sample size. In addition, this
is one of the few that has found a robust improvement in both
behavioral and neural function in a short training period.

CONCLUSION

Our study demonstrated significant improvement in brain
function as well as cognitive performance after 6 weeks of
physical exercise training. Converging results indicate that
our multi-domain exercise program could improve executive
function through increasing function connectivity between
the striatum and the thalamus. FC might be more sensitive
among resting state functional activity/connectivity measures in
evaluation of neuroplasticity related to cognitive improvement.
In addition, our study suggests the effectiveness of multi-
domain exercise training in improving cognitive function, and
that identifying commonly changed regions across different
imaging modalities could be an effective way to investigate neural
plasticity.
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Hypertension is a risk factor for cognitive impairment in older age. However, evidence
of the neural basis of the relationship between the deterioration of cognitive function
and elevated blood pressure is sparse. Based on previous research, we speculate
that variations in brain connectivity are closely related to elevated blood pressure even
before the onset of clinical conditions and apparent cognitive decline in individuals over
60 years of age. Forty cognitively healthy adults were recruited. Each received a blood
pressure test before and after the cognitive assessment in various domains. Diffusion
tensor imaging (DTI) and resting-state functional magnetic resonance imaging (rsfMRI)
data were collected. Our findings confirm that elevated blood pressure is associated
with brain connectivity variations in cognitively healthy individuals. The integrity of
the splenium of the corpus callosum is closely related to individual differences in
systolic blood pressure. In particular, elevated systolic blood pressure is related to
resting-state ventral attention network (VAN) and information processing speed. Serial
mediation analyses have further revealed that lower integrity of the splenium statistically
predicts elevated systolic blood pressure, which in turn predicts weakened functional
connectivity (FC) within the VAN and eventually poorer processing speed. The current
study sheds light on how neural correlates are involved in the impact of elevated blood
pressure on cognitive functioning.

Keywords: blood pressure, brain connectivity, cognitive function, aging, MRI

INTRODUCTION

Hypertension is highly prevalent in the aging population and the prevalence of it increases
with age (Cheng et al., 2009). It is also a risk factor for other health problems, such as stroke
(Strandgaard, 1996) and Alzheimer’s disease (AD; Bermejo-Pareja et al., 2010). Furthermore,
hypertension has been shown to be related to a broader deterioration of cognitive functions in
individuals with AD (Bellew et al., 2004). Hypertension is also associated with poorer cognitive
functioning in older adults without clinical conditions (e.g., dementia; Gifford et al., 2013).
Hypertensive elderly individuals appear to demonstrate declines in measures of global cognition
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(Goldstein et al., 2013) as well as in specific domains including
working memory (Elias et al., 2010), attention (Hannesdottir
et al., 2009) and executive functioning (Waldstein et al., 2005).

The mechanism underlying the relationship between elevated
blood pressure and poorer cognitive functions remains unclear,
and there is relatively little evidence on how this vascular
risk factor provokes brain changes that precede late-life
cognitive decline (Knopman et al., 2011; Carmichael, 2014). For
instance, increased systolic blood pressure is associated with
brain atrophy, reduced gray matter volume and white matter
(WM) hyperintensities (Maillard et al., 2012), and increased
diastolic blood pressure is associated with brain atrophy (Heijer
et al., 2003). At the brain connectivity level, the functional
frontoparietal connections are associated with the worsening of
cognitive functions in hypertensive individuals, plausibly due to
the deficits in WM integrity (Li et al., 2015), such that WM
integrity deficits are noticeable in the splenium and are related
to poorer global cognition (Gons et al., 2012). Presumably, brain
injuries would increase the vulnerability to unhealthy aging, as
exemplified by AD (Douaud et al., 2014).

Therefore, in the current study we investigate whether
alterations in brain connectivity, accompanied by elevated
blood pressure, could be identified before the onset of
clinical conditions and apparent cognitive decline. The
associations among blood pressure, brain connectivity and
cognitive functions in individuals from the normotensive to
moderate-severe hypertensive range are explored, using blood
pressure measures as continuous metrics. Blood pressure is
relatively modifiable (Mensah and Bakris, 2010), and a better
understanding of its underlying neural mechanisms would
help promote preventive efforts against cognitive decline and
would highlight the importance of regulating blood pressure,
which is of increasing interest to the general public. Thus, we
investigate brain changes associated with elevated blood pressure
at the topological and connectivity levels in cognitively healthy
individuals aged 60-70 years using diffusion tensor imaging
(DTI) and resting-state functional magnetic resonance imaging
(rsfMRI). Adults would likely have a drastic increase in systolic
and diastolic pressure in this critical period (Franklin et al.,
1997).

DTI and rsfMRI provide information on the strength
of structural and functional connectivity (FC), respectively.
Compared to investigations of WM lesions at the
macrostructural level (e.g., Maillard et al., 2012), fewer studies
have examined the microstructural properties of WM using
DTI. In addition, we also utilize independent components
analysis (ICA; Beckmann and Smith, 2004), a whole-brain
multivariate approach, to investigate the strength of FC within
resting-state frontoparietal functional networks. We focus on
the frontoparietal networks because they were found to be
affected in hypertensive elderly individuals previously (Li et al.,
2015). Different domains of cognitive function are investigated
in our sample, including processing speed, working memory,
selective and divided attention, visuospatial skills and executive
functioning. Negative associations between blood pressure
and WM integrity have been reported previously, including
in individuals from the normotensive range (Kennedy and

Raz, 2009; Leritz et al., 2010), and systolic blood pressure has
been reported to be associated with reduced WM integrity in
the corpus callosum (e.g., Delano-Wood et al., 2008; Maillard
et al, 2012). Therefore, we hypothesize that elevated blood
pressure, particularly systolic pressure, is related to reduced
WM integrity in the splenium of the corpus callosum and
weakened frontoparietal resting-state functional networks. We
also hypothesize that frontoparietal functional networks largely
explain the impact of elevated blood pressure on cognitive
function.

MATERIALS AND METHODS

Participants
A sample of 40 healthy Chinese individuals was recruited from
the community (Table 1). They were above 60 years of age and
right-handed (Oldfield, 1971), scoring 24 or higher on the Mini
Mental State Examination (MMSE; Folstein et al., 1975) and
8 or lower on the Geriatric Depression Scale-short form (GDS;
Lesher and Berryhill, 1994). They did not have any history of
vascular events (i.e., myocardial infarction, heart failure, stroke,
or peripheral vascular disease), any history of cardiac, lung, liver,
or renal failure, or any history of neurological or psychiatric
disorders. Participants’ blood pressure was measured before and
after cognitive assessments. They underwent an MRI scanning
session, in which structural T1-weighted, DTI and rsfMRI data
were collected. All participants underwent all procedures either
within the same day or across different days within the same
month. All participants received a $100 supermarket coupon at
the end of their participation.

This study was approved by the Faculty Ethics Panel of the
Faculty of Social Sciences from The University of Hong Kong.
Written informed consents were obtained from all participants.

Blood Pressure Measures

Each participant’s systolic and diastolic brachial blood pressures
were measured from their arms using a sphygmomanometer.
Pulse pressure was obtained by calculating the difference between
systolic and diastolic blood pressure. Every participant’s blood
pressure was measured twice (i.e., before and after cognitive
assessment), and the average values were used.

Cognitive Measures

To assess the cognitive functions of our subjects, six domains
were measured in the current study: processing speed, working
memory, selective attention, divided attention, visuospatial skills
and executive functioning.

Processing speed. A composite score of processing speed was
obtained by adding the raw scores of the Digit Symbol Coding
and Symbol Search according to the Wechsler Adult Intelligent
Scale Third Edition—Taiwanese version (WAIS-III; Wechsler,
1997).

Working memory. A composite score of working memory
was obtained by adding the raw scores of the Arithmetic and
Digit Span according to the WAIS-III (Wechsler, 1997).

Selective attention. A validated Chinese translation of the
Victoria version of the Stroop Color and Word Test (SCWT) was
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TABLE 1 | Descriptors and cognitive functioning of the subjects.

Descriptors Mean S.D. Minimum Maximum
Systolic pressure 137.66 16.804 105.5 174.5
Diastolic pressure 81.01 10.676 64 101
Pulse pressure 56.64 12.953 35 87.5
Hypertensive treatment (Yes:No) 17.23 - - -
Age (years) 63.78 2.455 60 70
Gender (M:F) 14.26 — - —
Education (years) 10.45 3.544 4 20
MMSE 28.68 1.655 24 30
GDS 1.58 1.678 0 8
Composite score of processing speed 89.20 23.312 46 136
Composite score of working memory 30.05 6.164 18 44
Stroop interference index 1.3913 0.76341 0.1 3.6
CCT interference index 1.202 0.55767 0.2 2.45
JOL score 10.2 0.139 2 15
Total moves used in TOL 34.98 15.556 12 84
Total time spent in TOL 306.84 100.3233 145.9 590

CCT, Color Trails Test; GDS, Geriatric Depression Scale; JOL, Judgment of Line Orientation; MMSE, Mini Mental State Examination; S.D., standard deviation; TOL, Tower

Of London Test.

used (Lee and Chan, 2000). An interference index was obtained
by subtracting each participant’s reaction time in the incongruent
color-word condition (C) from that in the color-dots condition
(D) and dividing the result by their reaction time in C.

Divided attention. The Color Trails Test (CTT) comprising
Parts A and B was used (D’Elia et al., 1996). Part A required
participants to join the digits in ascending order and Part B
required participants to join the digits in ascending order
with alternating colors. An interference index was obtained by
subtracting each participant’s reaction time in Part A from that
in Part B and dividing the result by their reaction time in Part A.

Visuospatial skills. The 15-item short form of Judgment of
Line Orientation (JLO) was used, comprising Form V items in
the following order: 16, 9, 6, 2, 12, 30, 7, 17, 19, 28, 20, 21, 26, 24
and 22 (Qualls et al., 2000).

Executive functioning. The Tower of London test (TOL;
Culbertson and Zillmer, 1999) was used with 10 problems of
increasing complexity. Participants had a maximum of 2 min and
20 moves to solve each problem. Their total number of moves
and the total time were recorded for analysis.

MRI Data Acquisition and Preprocessing
All participants’ MRI data were acquired via a Philips 3T scanner
with a standard 8-channel head coil. DTI data were acquired
with TE = 65 ms, TR = 9426 ms, NEX = 2, flip angle = 90°,
FOV = 225 x 225 mm, voxel size = 1.56 x 1.56 x 2 mm,
one b = 0 reference and 32 b = 1000 diffusion directions and
axial acquisition. rsfMRI data were acquired with TE = 30 ms,
TR = 3000 ms, flip angle = 90°, FOV = 230 x 230 mm, voxel
size = 2.88 x 2.88 x 4 mm, 160 volumes and axial acquisition.
The DTI data were first corrected for eddy current and
motion distortions using FSL (FMRIB, Oxford, UK) and were
then entered into the DSI studio' for tensor fitting and
deterministic tractography using whole-brain seeding with fiber
count = 100,000, turning angle = 60°, fractional anisotropy
(FA) >0.13 threshold, step size = 0.78, minimum length = 10 and

Uhttp://dsi-studio.labsolver.org/

maximum length = 500. Automated Anatomical Labeling (AAL)
atlas (Tzourio-Mazoyer et al., 2002) was non-linearly registered
to each subject’s diffusion space and each subject’s association
matrix was then computed according to the 90 regions defined
by the AAL atlas (i.e., cerebellum excluded). The number of
streamlines between any pairs of regions was defined as strength
of edges (Figure 1A). Using the Matlab-based package GAT
(Hosseini et al., 2012) and the Small Worldness (SW; Humphries
and Gurney, 2008), a measure of brain topology, was obtained for
each matrix at a range of threshold densities between 0.24 and
0.33 with steps of 0.1 (Figure 1B). The minimum density was
chosen so that none of the networks were fragmented, whereas
the maximum density was chosen to avoid random networks
(i.e., not random when SW > 1), which are less likely to represent
a biologically valid network (Kaiser and Hilgetag, 2006). The SW
captures the trade-off between local clustering and path length
and any changes in the index might indicate a shift in the balance
of network segregation and integration (Rubinov and Sporns,
2010). The area under the curve (AUC; Ginestet et al., 2011)
of the SW within the defined threshold density range of each
association matrix was then calculated for topological analysis.

The DTI data that were corrected for eddy current and
motion distortions were also entered into the FSL to obtain
FA maps. Tract-Based Spatial Statistics (TBSS; Smith et al,
2006) implemented in the FSL were used. All of the FA
maps were aligned to the default FMRIB58_FA template and
were transformed to the Montreal Neurological Institute (MNI)
standard space via a nonlinear registration. A mean FA image
generated from the sample was produced and thinned to
compute a mean FA skeleton with a threshold of FA >0.2. All
subjects’ FA maps were projected onto the mean FA skeleton for
voxel-wise analyses of integrity within the main tracts (i.e., the
skeleton).

The rsfMRI data were preprocessed with a whole-brain
multivariate approach using MELODIC? implemented in the
FSL. The first 10 volumes of each subject’s data were first

Zhttp://fsl.fmrib.ox.ac.uk/fsl/fslwiki/MELODIC
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FIGURE 1 | (A) A group association matrix computed from 90 regions of interest (ROls) from the Automated Anatomical Labeling (AAL) atlas. (B) The mean Small
Worldness (SW) of the subjects at different threshold density with the density range of our interest specified. (C) Scatter plot of residuals of systolic pressure and the
area under the curve (AUC) of SW after regressing age, gender and education. (D) Scatter plot of residuals of pulse pressure and the AUC of SW after regressing
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removed to account for signal stabilization. The data were
then motion corrected, slice-timing corrected and skull-stripped.
They were spatially normalized to the 4-mm MNI standard
space with 12° of freedom via co-registering to their skull-
stripped T1-weighted images with 6° of freedom. Finally,
the data were smoothed with 5 mm FWHM and were
high-pass filtered at 100 s. ICA was used to decompose the
data into various spatiotemporal independent components (IC;
i.e., 42 components were found). The spatial map of each IC was
compared to three reference resting-state networks (Yeo et al.,
2011) using cross-correlations to identify the IC of our sample
that had significant spatial similarity (i.e., R > 0.264) with the
three resting-state frontoparietal networks (i.e., frontoparietal
control, dorsal attention and ventral attention; Figure 2). The
significant threshold was determined using the table of critical
values for Pearson’s r with the corresponding degree of freedom.
Significant ICs were then used to yield subject-specific FC maps
through dual regression (Beckmann et al., 2009) in the FSL.
This procedure involves regressing the component on each
subject’s data to obtain subject-specific time series first and
then regressing the subject-specific time series on each subject’s
data again to obtain subject-specific connectivity map for each

significant IC corresponding to the three resting-state networks.
These final subject-specific connectivity maps were used for
voxel-wise analysis of the FC between specific clusters of voxels
and the resting-state network components.

Statistical Analysis

To rule out possible pre-post changes in blood pressure
measures, repeated measures of analysis of covariance
(ANCOVA) were performed on the blood pressure measures
controlling for age, gender and education. Partial correlations
between blood pressure measures and SW were investigated,
controlling for age, gender and education. A general linear
model (GLM) approach was used to identify how blood pressure
measures could be related to brain connectivity at the voxel level.
Specifically, systolic, diastolic, or pulse pressure was entered as a
regressor, together with age, gender and education as covariate
regressors on all subjects’ FA maps masked by the mean FA
skeleton, or resting-state FC data masked by the significant IC.
Using the randomize function in FSL, permutation tests based
on 5000 permutations were performed with a 0.05 significance
level after correcting for family-wise error (FWE) using
threshold-free cluster enhancement (TFCE). To further correct
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FIGURE 2 | Spatial maps of significant independent components (IC) that were grouped into three categories based on their relation to standard
frontoparietal resting-state networks (i.e., frontoparietal control, dorsal attention and ventral attention).

Dorsal Attention

Ventral Attention

for multiple testing of the components involved in the resting-
state frontoparietal networks, a significance level of 0.005 was
adopted for analyzing FC. The region of interest (ROI) approach
was then applied and the mean values of regional FA and
FC within significant clusters of the corresponding contrast
were retrieved and partially correlated with the cognitive
measures—including composite score of processing speed,
composite score of working memory, interference index of
SCWT, interference index of CTT, visuospatial performance on
JLO and executive functioning captured by TOL—controlling for
age, gender and education. Moderation analyses were performed
to examine whether the associations between FA or FC and
cognitive measures were dependent on the blood pressure
measures. A parallel mediation model was then established to
examine how brain variables might mediate the relationship
between blood pressure measures and cognitive function in the
subjects. Finally, serial mediation analyses were performed based
on the findings from the moderation and parallel mediation
analyses. Moderation and mediation analyses were performed
using PROCESS macro® in SPSS v20.0 with 1000 bootstrap
samples (Hayes, 2013). The significance of the mediation paths
in the mediation model was based on the inferences from
the 95% bias-corrected confidence interval (CI). The percent
mediation was also reported as an effect size measure for the
indirect effects in the mediation analyses.

RESULTS

Blood Pressure and Sample

Characteristics

Blood pressure measures did not differ between pre- and
post-assessment (systolic: F(1 36y = 0.042, p = 0.838; diastolic:
Fagzs) = 0.166, p = 0.686; pulse pressure: F(136 = 0.000,

3http://www.processmacro.org/

p = 0.991). The average value of each measure was used for the
subsequent analyses.

Among all subjects, 17 of them were on drugs for
hypertension treatment. The average duration was 124 months
(minimum = 6, maximum = 360), and no significant age
difference between those on drugs and others was detected
(F1.36) = 0.005, p = 0.943).

None of the blood pressure measures were related to age, years
of education, or scores of MMSE or GDS (all p values > 0.05).
They did not correlate with scores of MMSE and GDS even
when controlling for age, gender and years of education. Systolic
pressure was related to diastolic and pulse pressure positively,
controlling for age, gender and years of education (systolic
and diastolic: Rs = 0.642, p < 0.001; systolic and pulse
pressure: R35) = 0.804, p < 0.001; diastolic and pulse pressure:
Rzs) = 0.060, p = 0.724).

Subjects’ composite processing-speed scores were negatively
correlated to their total time spent in TOL (Ris) = —0.606,
p < 0.001). Their composite scores of working memory
were positively correlated with their performance in JLO
(R@3s) = 0.392, p = 0.016). Their total moves and total time spent
in TOL were correlated with each other (R35) = 0.409, p = 0.012).

Blood Pressure Relates to Cognitive

Function

Both systolic (R3s) = —0.334, p = 0.044) and pulse pressure
(R@3s) = —0.337, p = 0.041) were negatively correlated with the
composite score of the processing speed. Trending associations
were observed in systolic pressure with the Stroop interference
index (R(35) = —0.293, p = 0.079) and with the total time spent
in the TOL (Rgs) = 0.315, p = 0.057). Trending associations
were also observed between pulse pressure and total moves
(R@35) = 0.281, p = 0.093) and with the total time spent in the TOL
(R@3s) = 0311, p = 0.061). Diastolic pressure did not correlate
with any cognitive functions (all p values > 0.05), and none of
the blood pressure measures were correlated with the composite
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score of working memory, the CTT interference index, or the
visuospatial performance on JLO (all p values > 0.05).

Blood Pressure Relates to Brain

Connectivity

At the topological level, both systolic (R(35) = 0.34, p = 0.04) and
pulse pressure (R(3sy = 0.373, p = 0.023) were positively correlated
with SW (Figures 1C,D). Diastolic pressure did not correlate
with SW (R(3s) = 0.089, p > 0.05).

Structurally, systolic pressure was negatively associated with
FA largely in the splenium (k = 1295, MNI x = —10, y = —39,
z =15, Tpeak = 5.1) and in the left posterior thalamic radiation
(PTR; k = 29, MNI x = —34, —60, 16, Tpeak = 3.77), whereas
diastolic pressure was only negatively associated with the FA in
theleft PTR (k =272, MNIx = —31, y = —63, z= 15, Tpeq = 4.66).
No significant clusters were associated with pulse pressure in the
WM along the main tracts.

Functionally, systolic pressure was negatively associated to FC
of the right superior temporal gyrus (RSTG) with the ventral
attention network (VAN; k = 24, MNI x = 70, y = —26, z = 8,
Zpeak = 4.53) and diastolic pressure was negatively associated to
the FC of the left STG (LSTG) with the VAN (k = 8, MNI x = —46,
y=—34,z=4, Zpeax = 5.71; Table 2).

Brain Connectivity Relates to Cognitive

Function

Structurally, the FA within the cluster of the left PTR (i.e., related
to systolic pressure) was positively correlated with the composite
processing-speed scores (R(3s) = 0.345, p = 0.036).

Functionally, the FC of the RSTG with the VAN was positively
correlated with the Stroop interference index (R(s = 0.398,
p = 0.015) and the composite score of processing speed
(R(35) = 0.359, p = 0.029) and negatively correlated with total time
spent in the TOL (R(35 = —0.342, p = 0.038).

Blood Pressure Moderates the
Relationship of Brain Connectivity and

Cognitive Function

Structurally, the association between FA within the cluster of
the splenium of the corpus callosum and composite processing-
speed scores was moderated by systolic (Figure 3A), diastolic

and pulse pressure (systolic: AR? = 0.11, b = —14.64, SE = 5.46,
p = 0.011; diastolic: AR?> = 0.03, b = —24.52, SE = 10.73,
p = 0.029; pulse pressure: AR? = 0.09, b = —21.82, SE = 9.08,
p = 0.022). The association between the FA within the cluster of
the left PTR and the composite scores of working memory was
moderated by pulse pressure (AR? = 0.09, b = —3.52, SE = 1.55,
p = 0.030). The association between the FA within the cluster of
the splenium of the corpus callosum and the total moves used
in TOL was moderated by systolic and pulse pressure (systolic
pressure: AR? = 0.12, b = 10.48, SE = 3.72, p = 0.008; pulse
pressure: AR? = 0.15, b = 19.01, SE = 5.95, p = 0.003). The
association between the FA within the cluster of the left PTR
and the total moves used in TOL was also moderated by pulse
pressure (AR> = 0.08, b = 6.83, SE = 3.13, p = 0.036). The
association between the FA within the cluster of the splenium
of the corpus callosum and the total time spent in TOL was
moderated by systolic pressure (AR? = 0.11, b = 64.60, SE = 29.03,
p = 0.033). The association between the FA within the cluster of
the splenium of the corpus callosum and the total time used in
TOL was moderated by pulse pressure (AR? = 0.10, b = 101.55,
SE =48.10, p = 0.042).

Functionally, the association between FC of RSTG with VAN
and composite processing-speed scores was moderated by pulse
pressure (AR? = 0.07, b = —0.06, SE = 0.03, p = 0.043). The
association between FC of LSTG with VAN and the Stroop
interference index was moderated by pulse pressure (AR? = 0.09,
b=—-0.002, SE =0.001, p = 0.045). The association between FC of
LSTG with VAN and the CTT interference index was moderated
by systolic pressure (AR?> = 0.12, b = —0.002, SE = 0.001,
p=0.028).

Brain Connectivity Mediates the
Relationship between Blood Pressure and

Cognitive Function

Systolic pressure was negatively correlated with composite
processing-speed scores. It was also significantly related to
the FA of the left PTR and the FC of the RSTG with
the VAN; and the FA of the left PTR and the FC of the
RSTG with the VAN were also associated with composite
processing-speed scores. Therefore, mediation analyses were
performed to investigate whether the FA of the left PTR

TABLE 2 | Brain regions associated with blood pressure.

ROIs Measures Voxels Peak? MNI x MNI y MNI z
Systolic pressure-related

Left SCC FA 1295 5.1 —10 -39 14
Left FMA FA 54 3.62 —-29 —66 17
Right CP FA 31 3.78 19 —15 —6
Left PTR FA 29 3.77 —-34 —60 16
Left PTR FA 6 3.75 —31 —-57 13
Right STG in VAN FC 24 4.53 70 —26 8
Diastolic pressure-related

Left PTR FA 272 4.66 —31 —63 15
Left STG in VAN FC 8 5.71 —46 —-34 4

T peak and Zpeax values are reported for the FA and the FC respectively. CR, cerebral peduncle; FA, fractional anisotropy; FC, functional connectivity; MNI, Montreal
Neurological Institute; PTR, posterior thalamic radiation; ROI, region of interest; STG, superior temporal gyrus; SCC, splenium of corpus callosum.
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FIGURE 3 | (A) Significant interaction between the systolic blood pressure measure and the fractional anisotropy (FA) of corpus callosum on composite scores of
processing speed was identified. (B) Parallel mediation models were set up to investigate whether FA of the left thalamic radiation and/or FC of right superior
temporal gyrus (RSTG) with the ventral attention network (VAN) might mediate the relationship between systolic blood pressure measure and the composite scores
of processing speed. Only the mediation path through FC of RSTG with VAN was significant. (C) Path model of the FA of the corpus callosum and the FC of RSTG
with VAN that mediates the systolic pressure and processing speed. (D) Path model of systolic pressure and the FC of the RSTG with VAN that mediates the FA of
the splenium of the corpus callosum and processing speed. Significant indirect paths are shaded in orange or green. Structural clusters are shaded in blue and

functional clusters are shaded in red. N.S., not significant; Py, Percent mediation.

(i) Indirect effect A,B, = N.S.

(i) Indirect effect A,D, B, =
157.70(92.72), 95% CI [27.05,
399.18], Py, = 0.71

(iii) Indirect effect A,B, = N.S.

and/or the FC of the RSTG with the VAN mediated the
association between systolic pressure and composite processing-
speed scores. Adopting the parallel mediation model, our results
revealed that only FC of the RSTG with the VAN mediated
the association between systolic pressure and processing speed
(indirect effect = —0.31, SE = 0.18, 95% CI [—0.75, —0.02];
percent mediation = 1.15, SE = 24.55, 95% CI [—2.02, 24.28];
Figure 3B).

Serial Mediation Analysis

Moderation analysis established that the association between FA
within the cluster of the splenium of the corpus callosum and
composite processing-speed scores was moderated by systolic
pressure. Through parallel mediation analysis, it was found
that FC of the RSTG with the VAN mediated the association
between systolic pressure and processing speed. Therefore, to
investigate how the integrity of the corpus callosum might

play a role in the impact of systolic pressure on VAN and
processing speed, serial mediation analyses were performed. Two
intriguing path models were proposed to investigate whether
there are significant indirect paths that denote: (i) the impact
of blood pressure (i.e., systolic pressure or pulse pressure) on
the link between structural connectivity and FC and processing
speed, or (ii) the impact of structural connectivity on the
link between blood pressure and FC and processing speed.
Importantly, our serial mediation analyses revealed that the
lower FA of the splenium of the corpus callosum statistically
predicted higher systolic pressure, which in turn allowed for
the statistical prediction of weakened FC of the RSTG in
the VAN and eventually poorer processing speeds in healthy
subjects (indirect effect = 157.70, SE = 92.72, 95% CI [27.05,
399.18]; percent mediation = 0.71, SE = 37.56, 95% CI [0.01,
5.27]). Details of the models that were tested are presented in
Figures 3C,D.

Frontiers in Aging Neuroscience | www.frontiersin.org

136

April 2017 | Volume 9 | Article 108


http://www.frontiersin.org/Aging_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Aging_Neuroscience/archive

Wong et al.

Blood Pressure and Brain Connectivity

DISCUSSION

Our study provides preliminary evidence that elevated blood
pressure is associated with detectable brain connectivity
variations in adults without apparent cognitive impairment and
that elevated blood pressure is related to slower information
processing. To investigate the brain changes that are associated
with elevated blood pressure at the topological and connectivity
levels, we have investigated SW, WM integrity as captured by
FA, and FC within three resting-state frontoparietal networks.
In this study, we confirmed our hypothesis that brain changes
at the topological (i.e., SW) level and connectivity (i.e., splenium
of the corpus callosum and VAN) levels are related to elevated
blood pressure. Importantly, the FC of the RSTG with the
VAN of cognitively healthy subjects mediates the impact
of elevated blood pressure on information-processing speed,
with a preserved corpus callosum predicting more favorable
blood pressure levels. Together, our results have suggested that
the impact of elevated blood pressure on specific cognitive
functions and the brain occurs earlier than the onset of clinical
conditions.

Elevated Blood Pressure and Brain

Differences

At the topological level, our study identified alterations in
the structural topology of the brain in relation to elevated
blood pressure. From our behavioral findings, individuals with
higher blood pressure tended to have slower information-
processing speeds with an upward shift of the SW property of
their structural brain networking. SW captures the balance of
network segregation and integration via clustering and short
paths (Rubinov and Sporns, 2010), and a previous study has
reported a similar upward alteration of SW in individuals with
AD (He et al,, 2008). In view of this, one plausible explanation
for the systematic brain changes found in our study is that a
disturbance in the networking function of the brain causes it to
function at a less than optimal level (Strogatz, 2001). This may
partly explain how elevated blood pressure is a high risk factor
for developing AD: through its effect on neural mechanisms and
brain changes.

Structurally, we observed lower WM integrity of the splenium
of the corpus callosum in individuals with higher blood pressure.
This parallels another study in the hypertensive elderly (Gons
et al, 2012), and this association extends to hypertensive
adults (Maillard et al., 2012). Although previous research has
demonstrated how WM integrity in multiple fiber bundles
could be related to cognitive functioning, our findings align
with a previous study that reported that the relationship
between variation of blood pressure and WM integrity across
the brain might not be as direct and dispersed (Jacobs et al.,
2013).

Functionally, connectivity within the frontoparietal networks
(i.e., frontoparietal control network [FCN], dorsal attention
network [DAN], VAN) was weakened in the elderly with higher
blood pressure. The association between weakened frontoparietal
network connectivity and higher blood pressure described in
our study, parallels the results of a recent study reporting

an alteration in the frontoparietal network of hypertensive
individuals (Li et al., 2015). Importantly, we did not identify any
disrupted structural frontoparietal connectivity relating to blood
pressure as suggested in the previous study. This may be due
to the fact that the previous study compared brain connectivity
in hypertensive individuals to that in normotensive individuals,
whereas we see blood pressure measures as a continuous metric
and have examined the relationship between blood pressure and
brain connectivity.

Corpus Callosum, Ventral Attention

Network and Processing Speed

Based on the mediation analysis, the weakened connectivity of
the RSTG in the VAN could largely explain the predictability of
high systolic blood pressure on slower information processing
speeds in cognitively healthy adults. The frontoparietal
system—comprising three subsystems the FCN, the DAN,
and the VAN (Yeo et al,, 2011)—is important in maintaining
mental well-being. The FCN plays a critical role in highly
controlled adaptive processes (Cole et al., 2014). The DAN
is involved in top-down goal-directed attention to external
stimuli, and the VAN specializes in bottom-up stimulus-driven
attention to behaviorally relevant, salient or unexpected
stimuli (Corbetta and Shulman, 2002). The VAN is a
right-lateralized ventral cortical network with the ventral
frontal cortex (VFC) and temporoparietal regions as core
components. The RSTG has been suggested to be a common
site of damage that is related to cognitive problems, such as
ventral attentional deficits (Marshall et al., 2002). Specifically,
hypertensive individuals were often found to have changes in
regional cerebral blood flow within superior temporal cortices
(Dai et al., 2008) and over time (Beason-Held et al., 2007),
suggesting its vulnerability to raised blood pressure. Variations
of the FC of RSTG with the VAN due to elevated blood
pressure are likely be related to variations of the bottom-up
stimulus-driven attentional controls that would influence their
information processing. The importance of good attentional
control to maintain efficient processing in older adults is also
demonstrated in another behavioral training study (Mackay-
Brandt, 2011).

Additionally, the splenium of the corpus callosum is a
major interhemispheric commissure with extensive connections
linking the visual areas and the parietal and posterior cingulate
regions (Knyazeva, 2013) and is closely related to the aging
process (Voineskos et al., 2012). From our findings, variation
of systolic blood pressure is related to the subject’s processing
speed. Moreover, we have found that the association between
the WM integrity of the splenium of the corpus callosum and
processing speed depends on systolic blood pressure levels.
Our serial mediation analyses further identified that the WM
integrity in the splenium of the corpus callosum could predict
elevated systolic blood pressure and its impact on the VAN
and processing speed, but elevated systolic blood pressure could
not, in turn, predict the loss of integrity in the splenium
of the corpus callosum. Literature might have suggested that
higher blood pressure is a risk factor for WM lesions and
hyperintensities (Maillard et al., 2012), and our results could
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have revealed the WM integrity of the splenium of corpus
callosum (SCC) as a good indicator of higher blood pressures
and its impact. Loss of integrity of the corpus callosum is often
related to the aging process (Voineskos et al., 2012), such that
adults would likely have higher systolic pressure when they
age (Franklin et al, 1997). Alternatively, the corpus callosum
has been suggested to play an important role in resilience
to stress. For instance, the WM microstructure in the corpus
callosum in adults was associated with neuroticism, which could
account for their resilience (Xu et al., 2012). The WM integrity
of the corpus callosum was also suggested to be sensitive
to early-life stress, confirming the implication of the corpus
callosum in stress reactivity (Paul et al,, 2008). On the other
hand, biological response to stress was suggested to lead to raised
blood pressure (e.g., Steptoe and Kivimaki, 2012). Drawing these
findings together, this one-way statistical prediction might also
be interpreted as an indication that the loss of integrity of the
corpus callosum during aging (Voineskos et al., 2012) leads to
raised blood pressure due to its implication in stress reactivity.
It is plausible that other WM tracts (e.g., superior longitudinal
fasciculus) are more related to the disruption of the frontoparietal
resting-state connectivity due to hypertension (e.g., Li et al,
2015). Prospective studies will need to verify the findings and
postulations.

Finally, trending associations were observed in systolic
pressure with Stroop interference index and with the total time
spent in the TOL. It is plausible that we did not have sufficient
statistical power to detect significant correlations. Moreover,
reaction time in perceptual and decision tasks is a basic indicator
of information processing speed (Anstey et al., 2007). Therefore,
as a measure of information processing speed, the composite
processing-speed score could more readily be detected and has
a more robust relationship with the systolic blood pressure
measure. This result also parallels the finding in the study by
Singh-Manoux and Marmot (2005).

Limitations

Our analyses have provided preliminary evidence concerning
how blood pressure, structural and FC, and cognitive function
might be related to each other on a relatively small sample of
adults aged 60-70 years without apparent cognitive decline. We
have applied multiple comparisons corrections for voxel-wise
analyses to statistically control for errors from multiple
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Blood Pressure Control in Aging
Predicts Cerebral Atrophy Related to
Small-Vessel White Matter Lesions

Kyle C. Kern'*, Clinton B. Wright'*", Kaitlin L. Bergfield?*, Megan C. Fitzhugh?,
Kewei Chen*%¢, James R. Moeller”, Nooshin Nabizadeh, Mitchell S. V. Elkind 8,
Ralph L. Sacco’, Yaakov Stern”8, Charles S. DeCarli® and Gene E. Alexander? 36 1
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Cerebral small-vessel damage manifests as white matter hyperintensities and cerebral
atrophy on brain MRI and is associated with aging, cognitive decline and dementia. We
sought to examine the interrelationship of these imaging biomarkers and the influence of
hypertension in older individuals. We used a multivariate spatial covariance neuroimaging
technique to localize the effects of white matter lesion load on regional gray matter volume
and assessed the role of blood pressure control, age and education on this relationship.
Using a case-control design matching for age, gender, and educational attainment
we selected 64 participants with normal blood pressure, controlled hypertension or
uncontrolled hypertension from the Northern Manhattan Study cohort. We applied gray
matter voxel-based morphometry with the scaled subprofile model to (1) identify regional
covariance patterns of gray matter volume differences associated with white matter lesion
load, (2) compare this relationship across blood pressure groups, and (3) relate it to
cognitive performance. In this group of participants aged 60-86 years, we identified a
pattern of reduced gray matter volume associated with white matter lesion load in bilateral
temporal-parietal regions with relative preservation of volume in the basal forebrain,
thalami and cingulate cortex. This pattern was expressed most in the uncontrolled
hypertension group and least in the normotensives, but was also more evident in older
and more educated individuals. Expression of this pattern was associated with worse
performance in executive function and memory. In summary, white matter lesions from
small-vessel disease are associated with a regional pattern of gray matter atrophy that is
mitigated by blood pressure control, exacerbated by aging, and associated with cognitive
performance.

Keywords: white matter hyperintensities, brain atrophy, hypertension, cerebrovascular disease, cognition, aging,
scaled subprofile model, voxel-based morphometry
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Hypertension, Leukoaraiosis and Brain Volume

INTRODUCTION

White matter hyperintensities (WMH) observed on T2 MRI
are frequently discovered incidentally but are more prevalent
with increased age, hypertension, and other cerebrovascular risk
factors (Fazekas, 1989; DeCarli et al., 1995; de Leeuw et al., 2001).
Although, the origins of WMHs are thought to be heterogeneous,
ischemic small-vessel disease is one established etiology (DeCarli
et al, 2005), and extensive lesions are associated with an
increased risk of stroke (Fazekas et al., 1993), gait disturbance
(Whitman et al.,, 2001), cognitive impairment and decline (de
Groot et al., 2000), and dementia (Barber et al., 1999).

Hypertension (Salerno et al., 1992), subclinical elevated blood
pressure (DeCarli et al.,, 1999), and WMH (Wen et al., 2006) are
also associated with reduced gray matter volume (GMV). WMH
and hypertension increase the risk of all-cause dementia (Barber
et al., 1999; Launer et al.,, 2000), Alzheimer’s disease (Hofman
et al,, 1997), and are independently linked to cognitive decline
(van Swieten et al., 1991), with aspects of frontal lobe-mediated
executive functions, memory, and processing speed preferentially
affected (Junqué et al., 1990; Prins et al., 2005). Volumetric
studies have found frontal and temporal lobe atrophy associated
with WMH and aging (Raz et al,, 2003; Raji et al,, 2012), but
the complex relationship between WMH, gray matter atrophy,
cerebrovascular risk factors, and cognition is poorly understood.
Since cognitive changes in aging may be mediated by gray matter
loss (Raji et al., 2012), it is important to understand how WMH
relate to gray matter volume, and which risk factors modify this
relationship.

In this study we identify regional differences in GMV
associated with WMH lesion load in a group of cognitively
normal older adults and investigate the effects of blood pressure
control, age, sex, education, and overall intelligence on this
relationship, as well as examine the association between the
WDMH-associated GMV (WMH~GMYV) pattern and domain-
specific cognitive performance.

METHODS

Participants

The Northern Manhattan Study (NOMAS) was designed to
determine stroke incidence, risk factors, and prognosis in a
race-ethnically diverse urban population. Study details have
been published previously. (Sacco et al., 1997) Briefly, eligible
participants were: (a) stroke-free; (b) greater than 40 years of age;
and (c) residents of Northern Manhattan for at least 3 months
in a household with a telephone and were enrolled between
1993 and 2001 (N = 3,298). Participants older than 50 years
who remained stroke-free were invited to participate in a brain
MRI substudy during annual telephone follow-up between 2003
and 2008. In addition, 199 household members of participants
that met all NOMAS inclusion/exclusion criteria were enrolled
to reach a total sample of 1,290. The study was approved by
the Institutional Review Boards of Columbia University and the
University of Miami and the protocol was designed and carried
out in accordance with their recommendations. All participants
provided informed written consent.

Sample Selection

For the current study, we identified 64 participants with
normotension, controlled hypertension or uncontrolled
hypertension. We obtained systolic and diastolic blood pressures
measured at the brachial artery while seated with a mercury
sphygmomanometer after a period of rest for 10 min. Two
measurements were taken at least 1 h apart, and the values were
averaged. Participants with a reported history of hypertension
on antihypertensive medication were classified as having
controlled hypertension if the mean blood pressure was less
than 140 systolic and 90 diastolic. Participants were classified
as uncontrolled hypertension if they had a previous diagnosis
of hypertension and the mean blood pressure was greater than
140 systolic or 90 diastolic. Normotensive patients had no
history of hypertension and were not taking antihypertensive
medications. Groups were case-wise matched for age, sex, race,
and educational attainment. Participants were classified as
having finished 8th grade or less. The current study participants
were similar to and reflective of the overall NOMAS population.

Cognitive Assessment

Participants in the NOMAS MRI substudy were administered
a neuropsychological battery in either English or Spanish by
trained research assistants on the day of MRI acquisition. As
reported previously by Siedlecki et al. (2009) cognitive domains
were created using an exploratory factor analysis to group
tests with similar variance across a cohort of 796 participants
without cognitive impairment. The cognitive domains in this
study included memory, executive function, processing speed,
language, and general intellectual ability (Gc) (Siedlecki et al.,
2009). The neuropsychological tests used to represent each
cognitive domain are in keeping with recommendations from
the NINDS Canadian Stroke Network Vascular Cognitive
Impairment Harmonization Standards. The memory domain
was comprised of the components of a modified California
Verbal Learning Test. Executive function was assessed with the
Wechsler Adult Intelligence Scale letter-number sequencing test,
the digit ordering task, the odd-man-out task, and a difference
score from the Color Trails test (similar to Trailmaking Test
form B). Processing speed was evaluated with the Grooved
Pegboard task. Language (not previously reported) was assessed
with the Controlled Oral Word Association Task, the Animal
Naming test, and the Boston naming test. Finally, to estimate
Gc (Cattell, 1987) as a surrogate for premorbid IQ (Siedlecki
et al., 2009), we administered the Peabody Picture Vocabulary
Test. Subtest scores were converted into Z-scores for each of
the four domains based on the mean and standard deviation
of all participants of the NOMAS brain MRI substudy. A self-
reported depression scale, The Center for Epidemiologic Studies
Depression Scale (CESD), was available in 58 of 64 participants.
The CESD is a 20-question survey of depressive symptoms that
was developed in 1977 and has been used in diverse populations
for the epidemiologic study of depression (Radloff, 1977). ApoE
genetic testing was available for a subgroup of 58 of the 64
participants from fasting blood samples drawn at the time of
MRI. ApoE alleles were determined by Hhal digestion of PCR
products amplified from genomic DNA as described previously.
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Carriers of one or two alleles of ApoE-4 were collapsed into the
same category and compared against carriers of only ApoE-3 or
ApoE-2 (Hixson and Vernier, 1990; Willey et al., 2014).

Image Acquisition and Processing

Participants were scanned with a 1.5T scanner (Phillips, The
Netherlands). A 3D T1 structural image (slice thickness 1.5 mm
no gap, TE 2.1 ms, TR 20ms, flip angle 20°) was acquired to
assess gray matter volume (GMV). A T2 FLAIR sequence (FOV
250 mm, matrix 192 x 133 scaled to 256 x 256, slice thickness
3mm no gap, TE 144 ms, TR 5,500 ms, TI 1900 ms, flip angle
90°) was used to identify WMH, total brain volumes (TBV),
and total intracranial volumes (TIV), which were obtained using
a validated, automatic segmentation algorithm as previously
reported (DeCarli et al., 1992; Wright et al., 2005). GMV was
converted into a fraction of TBV (GMF) for comparison. WMH
volumes were converted into a percentage of TIV to correct
for head size, and then log transformed (logWMH) to use
in regression analyses, since raw volumes were not normally
distributed.

T1 images were processed using SPM8 (Wellcome
Department of Imaging Neuroscience, London, United
Kingdom; www.fil.ion.ucl.ac.uk/spm) Voxel Based

Morphometry (VBM) (Ashburner and Friston, 2000) software
to segment MRIs into gray matter, white matter and CSF
after image intensity nonuniformity correction. The DARTEL
(Diffeomorphic Anatomic Registration Through Exponentiated
Lie algebra) toolbox was used to create a group-specific brain
template aligned to a common MNI (Montreal Neurologic
Institute) space by iteratively aligning tissue segmentations
using a common tissue probability map. The gray matter maps
were processed to preserve volume information with the spatial
deformations. A 10 mm smoothing kernel was applied and
statistics were performed on gray matter volume (GMV) maps
across the sample at each voxel.

We used the Scaled Subprofile Model (SSM) (Moeller
et al, 1987; Alexander and Moeller, 1994) to identify the
regional pattern of VBM GMYV differences associated with
WMH load in the cohort. The SSM is a multivariate technique
that tests for regional covariance patterns in neuroimaging
scans without requiring conservative correction for multiple
comparisons on a voxel-wise basis. This analytic method has
been applied to numerous functional and structural imaging
studies with PET and MRI (Eidelberg et al., 1995; Alexander
et al, 1999; Smith et al, 2006). Applications to MRI VBM
have demonstrated sensitivity in identifying regional patterns of
gray matter changes related to aging and risk for Alzhiemer’s
disease (Alexander et al., 2006, 2008, 2012; Bergfield et al,
2010).

In our study, we used VBM and SSM to identify a pattern of
GMV variability associated with logWMH volume and created
a set of SSM subject scores that reflect the extent to which
each individual expresses this WMH-related gray matter volume
(WMH~GMYV) pattern. Individual subject scores were used in
subsequent group analyses.

The SSM analysis was performed using MATLAB (Math
Works, Natick, Massachusetts, USA). GMV images were
smoothed and log transformed, and means across regions

and participants were subtracted at each voxel. A Principal
Component Analysis was performed to decompose the dataset
into gray matter network components that explain the greatest
variance in the neuroimaging data. To select the linear
combination of gray matter network components that best
model the variance in WMH across the cohort, we used the
Akaike Information Criterion (AIC) (Burnham and Anderson,
2002) with multiple-regression. The first subset of components
that together mapped the lowest AIC value in the regression
model to identify the WMH~GMYV network was selected as
the best set of component predictors. Total intracranial volume
(TIV) was included as a covariate to account for differences
in head size as previously described (Bergfield et al., 2010).
To provide reliability estimates of the resulting WMH~GMV
pattern, we used bootstrap resampling with 500 iterations of the
SSM multivariate regression, and used the means and standard
deviations to calculate a Z-score at each voxel (Alexander et al.,
2012). Thresholding at Z < —2 and Z > 2 created Z-maps
identifying areas of GMV differences robustly associated with
logWMH.

Statistics

Group differences were determined using ANOVA and chi-
squared tests. Individual subject scores were calculated from
the SSM multivariate regression that reflect the extent to
which each participant expresses the WMH~GMYV pattern.
These values were used to compare the strength of the
WMH~GMYV association between uncontrolled hypertensive,
controlled hypertensive, and normotensive participants using
ANCOVA and ordinal linear regression while controlling for
age and educational level. We tested the effects of age, sex,
educational attainment and Gc on this relationship using
multivariate linear regression. We also tested the association
between expression of the WMH~GMYV pattern and cognitive
performance using multivariate regression models that included
the pattern subject scores and cognitive domain Z-scores for
memory, executive function, processing speed, and language
while controlling for age and level of education. A conservative
bonferroni correction was applied to these 4 multivariate linear
regression models for multiple comparisons and the corrected p-
values reflect this. All tests were two-tailed and an alpha of 0.05
determined significance.

RESULTS

Participants included 64 adults ranging from 60 to 86 years of age
(mean = 72 years). Twenty-two had uncontrolled hypertension,
21 had controlled hypertension, and 21 were normotensive.
Groups were matched case-wise for age, sex, race and education.
There were no differences between the study participants and the
overall NOMAS population in age, ethnic distribution, smoking
status, diabetes status, cognitive scores or CESD. There were no
group differences in Gc or performance in each of the cognitive
domains. Mean cognitive Z-scores were close to zero for each
group and the mean of the four cognitive domains was greater
than —1.5 for each participant, indicating a level of cognitive
function representative of the NOMAS study without significant
cognitive impairment. There were no group differences in GMF,
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WMH volume, or total brain volume (TBV) after adjusting for
head size with TIV. (Table 1)

Normotensive participants were not on antihypertensive
medications. In the controlled hypertension group, all
participants were on at least one antihypertensive medication
and 5 participants were on 2 antihypertensives. In the
uncontrolled hypertensive group, 9 participants were not
on antihypertensive medication, 6 were on one antihypertensive,
6 were on 2 antihypertensives, and 1 was on 3 antihypertensives
(Supplementary Table). The distribution of antihypertensive
medication class was not different between the participants with
controlled and uncontrolled hypertension.

More educated participants had better executive function
and language scores (p < 0.0001) and tended to have non-
significantly better memory (p = 0.07) and processing speed (p
= 0.10) than those with less education. Participants with higher
education had a trend for greater WMH load (p = 0.07) but no
differences in adjusted TBV.

Gray matter VBM in combination with SSM and AIC
identified the best linear combination of topographical GMV
component patterns associated with WMH volumes in the
sample. This model included components 1, 2, and 6 and
accounted for 34.5% of the variance in logWMH (R = 0.613,
adjusted R?> = 0.345; Figure1). The WMH~GMV pattern
included reduced GMYV in the superior temporal gyri bilaterally,
the left angular gyrus, and bilateral supramarginal and orbital
gyri. GMV was relatively greater in the cingulate cortex
bilaterally, the medial thalami and the basal forebrain (Figure 2).

In comparing blood pressure control groups, the uncontrolled
hypertensive group had the greatest expression of the
WMH~GMYV pattern (as indicated by the highest pattern
subject scores), while the normotensive group had the lowest

expression after adjusting for age, gender, education and Ge.
The expression of the WMH~GMYV pattern was significantly
greater in the uncontrolled hypertensive group compared to
the normotensive group (ANCOVA: Main effect of group:
F-statistic = 4.497, degrees of freedom (dof) = 2, p = 0.015),
while the difference between uncontrolled hypertensive and
controlled hypertensive groups, as well as the difference between
controlled hypertensive and normotensive groups were not
significant (Figure 3A). Using ordinal regression we tested the
linear association between the WMH~GMYV pattern and blood
pressure group while covarying for age and education and

logWMH
o

1 0 1
Predicted logWMH

FIGURE 1 | Subject scores calculated from the Scaled Subprofile
Model (SSM) gray matter volume covariance pattern predict log of
white matter hyperintensity (WMH) volume across the cohort.

TABLE 1 | Clinical Characteristics.

Total Normotensives Controlled hypertensives Uncontrolled hypertensives P-values*

N 64 21 22 21

Age in years mean + SD 72+7 72+7 71+8 +7 0.80
Males:Female 21:43 714 7:15 714 0.99
never:former:current smoker 31:26:7 10:10:1 9:9:4 12:7:2 0.57
# with Diabetes 14 3 5 6 0.53
# with PVD 10 1 5 4 0.24
# with < 8th grade Education 35 12 12 11 0.95
1Q Z-score mean + SD 0.08 £ 0.81 0.13 +£0.97 0.06 + 0.80 0.06 + 0.68 0.95
Memory Z-score mean + SD 0.07 £ 0.79 0.08 +0.88 0.15+0.75 0.08 £0.73 0.85
Executive Function Z-score mean + SD -0.14 £ 0.81 -0.12 £ 0.84 -0.07 £ 0.80 -0.24 £ 0.81 0.80
Processing Speed Z-score mean + SD 0.01 £0.35 -0.03 + 0.30 0.07 £ 0.40 -0.02 +£0.34 0.54
Language Z-score mean + SD 0.01 £0.75 0.15+0.89 -0.01 £0.69 -0.11 £ 0.67 0.54
Total Cerebral Volume cc + SD 1138 £ 118 1137 £ 99 1130 £ 118 1146 £ 139 0.91
Gray Matter Fraction &+ SD 0.56 + 0.02 0.57 +£0.02 0.56 + 0.02 0.56 + 0.02 0.75
WMH Volume cc mean + SD 7.7+91 56+7.7 9.0+83 8.4+ 111 0.45
WMH Brain Fraction mean = SD % 0.66 + 0.73 % 0.48 £ 0.61% 0.78 + 0.70% 0.70 £+ 0.85% 0.38

WMH, white matter hyperintensities; SD, standard deviation; PVD, peripheral vascular disease.
*P-values reflect Chi-squared test for gender, smoking, diabetes, PVD, and education, One-way ANOVA for all others.

7 Total WMH Volume/Total Intracranial Volume.
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FIGURE 2 | Gray Matter Volume (GMV) Covariance Pattern predicting log of white matter hyperintensity (WMH) volume across the entire cohort. Color
bars depict Z-scores. Blue shows areas of reduced GMV Z < —2 associated with greater WMH while red shows relative volume preservation with Z > 2.

confirmed that blood pressure group predicted expression of
the WMH~GMYV pattern (B = 0.281, adjusted R> = 0.064, p =
0.024). Neither sex nor Gc showed a significant association with
the WMH~GMYV pattern.

The WMH~GMV pattern was expressed more in older
participants (main effect F-statistic = 26.627, dof = 1, p <
0.001), but there was no age by blood pressure group interaction

(Figure 3B). Participants with higher education also had greater
expression of the WMH~GMYV pattern (main effect F-statistic =
7.138, dof = 1, p = 0.01), but there was no education by group
interaction (Figure 3C).

Using multivariate linear regression, both increasing age (B =
0.504, adjusted R> = 0.242, p < 0.001) and greater educational
attainment (B = 0.289, adjusted R?> = 0.069, p = 0.021) were
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FIGURE 3 | (A) Expression of the white matter hyperintensity-associated gray
matter volume (WMH~GMV) pattern differs across blood pressure control
groups while covarying for age and educational attainment. Boxplot depicts
entire range (error bars), 1st quartile, median, and 3rd quartile. (B) Main effect
of age on blood pressure group x WMH~GMV pattern expression. (C) Main
effect of education on blood pressure group x WMH~GMV pattern expression
interaction. Error bars show 95% confidence intervals (B,C).

associated with greater expression of the WMH~GMYV pattern
despite having preserved cognitive performance.

Greater expression of the WMH~GMV pattern was also
associated with worse memory (B = —0.277, p = 0.012, corrected
p = 0.048) and executive function (B = —0.315, p = 0.004,
corrected p = 0.016) while adjusting for age and education
(Figure 4). However, WMH~GMYV pattern expression was not

associated with processing speed, or language scores. Lower GMF
was also independently associated with worse memory (R = 0.42,
p = 0.01), but not executive function, language or processing
speed. Cognitive scores were not associated with logWMH or
adjusted TBV.

In the subgroup of 58 participants with CESD scores
(20 normotensive, 19 controlled hypertensive, 19 uncontrolled
hypertensive), depressive symptoms were not associated with
WMH, TBYV, expression of WMH~GMYV pattern, or any of the
cognitive domains.

APOE genetic testing was available on 58 of the 64
participants. Twenty-eight percent have at least 1 APOE-4 allele.
There were more APOE-4 alleles in the normotensive group
(normotensive 7/17, controlled hypertensives 6/21, uncontrolled
hypertensives 3/20). Using logistic regression, APOE-4 status was
not significantly associated with brain volume, WMH volume,
expression of the WMH~GMYV pattern, or any of the cognitive
domains.

DISCUSSION

Using a multivariate neuroimaging approach incorporating both
gray and white matter imaging techniques, we identified a pattern
of GMV differences associated with WMH lesion load in a group
of older adults without significant cognitive impairment. Areas of
relatively smaller cortical GMV in the bilateral superior temporal
and temporal-parietal junctions as well as the orbital cortex may
reflect brain regions particularly sensitive to the effects of small-
vessel disease. Our finding that this WMH~GMYV relationship
was strongest in patients with uncontrolled hypertension, and
weakest in normotensives supports this conclusion. Previous
studies found that uncontrolled blood pressure predisposes
to white matter disease, (van Swieten et al., 1991; de Leeuw
et al., 2002) and that successful treatment reduces the risk
of developing white matter lesions. (Liao et al., 1996) In our
study, group differences in WMH volume or TBV were not
significant nor predictive, but we identified a regional pattern of
GMYV differences associated with WMH that provides a potential
mechanism for the link between poor blood pressure control,
gray matter atrophy and age-related cognitive changes. (Nagai
et al., 2008) Other studies have also demonstrated associations
between WMH and GM atrophy (Appelman et al., 2009). Raji
et al. (2012) found an association between WMH and GMV
in a similar pattern involving the frontal and temporal-parietal
regions independent of age. We find that poor blood pressure
control augments the effect of WMH on GM atrophy, even
without differences in WMH volume or TBV.

We also identified areas of relative brain volume preservation
across the cingulate gyrus, the basal forebrain and the thalamus
that reflect regions less affected by cerebral small-vessel
disease, or perhaps indicate areas more strongly influenced
by non-vascular mechanisms such as amyloid deposition. In
a VBM study of mild cognitive impairment and Alzheimer’s
disease patients without cardiovascular disease or extensive
cerebrovascular disease, Karas et al. demonstrated both thalamic
and cingulate cortex atrophy compared to healthy controls
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FIGURE 4 | Subject scores for the white matter hyperintensity-associated gray matter volume pattern predicts (A) memory function Z-score (B = —0.277,
p = 0.012) and (B) executive function Z-score (B = —0.315, p = 0.004) after adjusting for age and educational attainment.

(Karas et al., 2004). However most studies identify extensive
overlap between risk factors for Alzheimer’s disease and WMH.
Some theorize that amyloid deposition and vascular damage
may act synergistically in the clinical manifestation of dementia
(Erten-Lyons et al., 2013; Provenzano et al., 2013).

The effect of age on the WMH~GMYV relationship reveals
that older individuals may be more susceptible to brain
atrophy resulting from small-vessel disease. Indeed previous

studies found differential effects of both hypertension and
age (Appelman et al., 2009) as well as interactions between
them (Strassburger et al, 1997; Raji et al., 2012). Arteriolar
sclerosis that occurs with both high blood pressure and
aging of the vascular system likely underlies endothelial
dysfunction, reduced vasoreactivity, and subsequent ischemia.
Chronic ischemia results in both demyelination and possibly
Wallerian degeneration (Appelman et al., 2009). The deleterious
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effects of these vascular changes on GM is less clear, in
part because imaging modalities sensitive to WMH are not
sensitive to GMV changes. While our findings are cross-
sectional, these data raise the possibility that better blood
pressure control could prevent cortical atrophy, especially
in older individuals, and prospective studies are needed to
directly test this hypothesis. The ongoing SPRINT-MIND
trial (Systolic Pressure Intervention Trial) may help in this
regard (ClinicalTrials.gov: NCT01206062). Meanwhile, evidence
from the Systolic Hypertension in Europe (Syst-Eur) trial
demonstrated that antihypertensive treatment reduced the
incidence of dementia (Forette et al., 1998).

The expression of a WMH~GMYV pattern is clinically relevant
in our study since it was associated with cognitive performance,
while neither WMH volume nor adjusted TBV showed such a
relationship. Greater expression of the WMH~GMYV pattern,
after adjusting for age and education, predicted lower memory
and executive function scores, despite our sample being
cognitively intact overall. This finding is consistent with previous
studies showing an association between memory function and
both white (de Groot et al., 2000) and gray matter insult (DeCarli
et al,, 1995). Raji et al. (2012) concluded that while hypertension
was associated with WMH, the cognitive effects of hypertension
may be mediated by gray matter atrophy. The association in our
study with executive function was even stronger after adjusting
for age and education, which is also consistent with previous
studies (DeCarli et al., 1995; Prins et al., 2005). Executive
dysfunction has previously been associated with age, frontal lobe
atrophy and frontal lobe WMH, and has been implicated as a
marker for vascular cognitive impairment (Salthouse et al., 2003;
Wright et al., 2008). By using a multivariate analysis of structural
T1 and T2 differences, we identified a potential neuroimaging
biomarker that may be more sensitive to early changes in
domain-specific cognition in the elderly than conventional
measures such as WMH or TBV alone. Longitudinal studies
could evaluate this pattern as a biomarker for cognitive decline in
aging. In contrast to previous studies (Ylikoski et al., 1993; Prins
et al., 2005) we did not find WMH to be predictive of processing
speed, but we were limited to only one processing speed test with
low inter-subject variance.

In this community-based sample of older participants with
preserved cognition, we found that those with more education
had a trend for greater WMH load and significantly greater
expression of WMH-associated cerebral atrophy, despite similar
cognitive performance. These findings support the idea that
education contributes to cognitive reserve, wherein cognitive
function is preserved despite structural deterioration (Stern,
2002; Bennett et al., 2003). Cognitive reserve relates to lifestyle
characteristics including higher education and occupational
complexity (Stern et al., 1995; Bennett et al., 2003; Le Carret
et al, 2003), and is thought to reflect greater efficiency in
cognitive processes, permitting greater resistance to structural
insult. Reserve may also reflect adaptive neural processes and
recruitment of additional or more extensive brain areas to
circumvent structural pathology (Stern, 2002). Alternatively,
genetic predisposition responsible for cognitive resilience may
instead permit higher educational attainment.

There are several limitations to this study. We used WMH
volume, a summary measure for global white matter damage
reflective of small-vessel disease. While easily acquired on
commonly available clinical MRI scans, FLAIR WMH are
associated with heterogeneous underlying histopathology: from
mild perivascular tissue damage surrounding lipohyalinotic
arterioles with minimal axonal loss, to more severe ischemic
damage with extensive myelin and axonal loss (Gouw et al,,
2008). We emphasized hypertensive vascular risk in this study,
but WMH may also result from other factors including
Alzheimer’s disease, alcoholism or head trauma. Furthermore,
regional WMH distribution may affect the sensitivity of detection
on MRI, as well as alter the extent and pattern of cognitive
impairment. Future studies using diffusion tensor imaging may
elucidate the link between regional WM insult, gray matter
atrophy, cerebrovascular risk factors, and cognition. Finally,
we highlight the importance of blood pressure control on
preventing brain structural changes associated with cognitive
decline. However, our cross-sectional study cannot fully evaluate
the effect of the duration of blood pressure control. Nor is it
powered to assess the class effects of different antihypertensive
medications. Larger longitudinal studies are needed to evaluate
optimization of blood pressure treatment to limit structural and
cognitive changes.

CONCLUSIONS

We evaluated a race-ethnically diverse, community-based
population of older adults without cognitive impairment. In
doing so we avoided the selection bias of hospital or referral
based studies but controlled many of the known risk factors for
WMH, gray matter atrophy, and cognitive decline by matching
groups for age, sex, and education to focus primarily on the
effects of blood pressure control on these outcomes. Rather
than assess WM or gray matter pathology alone, we used an
integrative, multivariate approach that evaluated modifiers of a
structural relationship between GMV and WMH, as a marker
of cerebral small-vessel disease. We identified a pattern of
WMH~GMV differences that was sensitive to the effects of
blood pressure control and predictive of cognitive performance.
We conclude that controlling blood pressure may limit the
effects of small-vessel disease and aging on cerebral gray matter
atrophy, potentially delaying or preventing the onset of cognitive
sequelae.
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The impact of cognitive aging on brain function and structure is complex, and the
relationship between aging-related structural changes and cognitive function are not fully
understood. Physiological and pathological changes to the aging brain are highly variable,
making it difficult to estimate a cognitive trajectory with which to monitor the conversion to
cognitive decline. Beyond the information on the structural and functional consequences
of cognitive aging gained from brain imaging and neuropsychological studies, non-
invasive brain stimulation techniques such as transcranial magnetic stimulation (TMS) and
transcranial direct current stimulation (tDCS) can enable stimulation of the human brain
in vivo, offering useful insights into the functional integrity of intracortical circuits using
electrophysiology and neuromodulation. TMS measurements can be used to identify and
monitor changes in cortical reactivity, the integrity of inhibitory and excitatory intracortical
circuits, the mechanisms of long-term potentiation (LTP)/depression-like plasticity and
central cholinergic function. Repetitive TMS and tDCS can be used to modulate neuronal
excitability and enhance cortical function, and thus offer a potential means to slow or
reverse cognitive decline. This review will summarize and critically appraise relevant
literature regarding the use of TMS and tDCS to probe cortical areas affected by the
aging brain, and as potential therapeutic tools to improve cognitive function in the aging
population. Challenges arising from intra-individual differences, limited reproducibility, and
methodological differences will be discussed.

Keywords: cognitive aging, non-invasive brain stimulation, TMS, tDCS, cognition, neuromodulation
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INTRODUCTION

Aging, Cognitive Aging, and Cognitive
Impairment

Over the next 50 years, the number of adults aged 60 years or
older will double, quickly reaching 1.4 billion people worldwide
(United Nations, Department of Economic and Social Affairs,
Population Division, 2015). The maintenance of cognitive
health and concerns regarding memory loss are consistently
cited as top concerns by this population (National Association
of Area Agencies on Aging, 2015). Therefore, a greater
understanding of the processes underlying the aging brain is
relevant.

Cognitive aging is the decline in cognitive abilities resulting
from physiologic change with age. The cognitive trajectory of
cognitive aging is unique to each individual, resulting from
inherent differences in the genetic make-up, life experiences, and
level of education. The consequences of cognitive aging can range
from subtle, even imperceptible, changes that do not impact
quality of life, to more severe declines that antedate dementia
(Harada et al., 2013). Even in the absence of disease, cognitive
aging can result in selective impairment of certain cognitive
domains. Episodic memory begins to decline during mid-life
(Nyberg et al., 1996), while semantic memory decreases later,
as individuals become elders (Nyberg, 2004; Ronnlund et al.,
2005). Executive functioning, especially mental flexibility and
response inhibition, also show age-dependent decreases (Wecker
et al., 2005). Furthermore, psychomotor processing speed slows
(Salthouse, 2010), and the ability to focus attention and/or multi-
task becomes more difficult (Carlson et al., 1995; Darowski et al.,
2008; Salthouse, 2010).

The neurobiological underpinnings of cognitive aging
are multifactorial. Cognitive impairments may result from
brain atrophy (cortical thinning or decreased gray matter
volume), especially to the prefrontal cortex, temporal lobes, and
hippocampus (Raz et al., 2004; DeCarli et al., 2005). The frontal
lobe, which is the last to mature (around 25 years old) and the first
to start thinning with age (Salat et al., 2004), plays an essential
role in higher-order cognitive processes and a variety of critical
executive functioning processes such as planning, decision-
making, problem solving, and working memory (Nissim et al.,
2017). Furthermore, demyelination or lesions to white matter
tracts (Dong et al., 2015), imbalances in dopamine and serotonin
(Mukherjee et al, 2002; Nyberg, 2004), decreased brain-
derived neurotrophic factor (Mattson et al,, 2004), increased
monoamine oxidase, and deposition of amyloid beta (Af) are
all linked to increased free radicals and dendritic spine loss
(Hsieh et al., 2006).

The highly individual trajectories of cognitive aging pose a
challenge clinically in that it is difficult to estimate one’s cognitive
trajectory and predict conversion to more severe clinical states,
such as cognitive impairment or dementia. Annually, ~15-20%
of adults above 65 years of age will present with mild cognitive
impairment (MCI) (Roberts and Knopman, 2013). In addition,
more than 30% of individuals with MCI will develop Alzheimer’s
disease (AD) (Ward et al., 2013) or other types of dementia
(Mitchell and Shiri-Feshki, 2009) within 5 years.

Great strides have been made in the study of the consequences
of cognitive aging at the macroscopic level in humans.
With the advent of neuroimaging techniques, preclinical
pathophysiological changes have been identified as early as 10—
15 year before individuals exhibit any cognitive changes (Sperling
et al, 2011). In the currently accepted biomarker model of
the preclinical stage of AD, evidence of AB accumulation and
synaptic dysfunction are the first preclinical features observed
through cerebrospinal fluid measurements, positron emission
tomography and functional magnetic resonance imaging (fMRI)
(Sperling et al., 2011).

Non-invasive brain stimulation (NIBS) modalities, which
permit direct or indirect electrical stimulation of the human
brain in-vivo, can be useful as adjunct to other neuroimaging
tools in the study of cognitive aging and impairment. NIBS
techniques, including transcranial magnetic stimulation (TMS)
and transcranial direct current stimulation (tDCS), can be used
to assess the functional integrity of intracortical circuits during
synaptic dysfunction. Additionally, previous studies have shown
the potential therapeutic roles of NIBS to reestablish or normalize
activity and metabolism in brain areas affected by aging. The
present review will focus on the available literature regarding
the use of NIBS in the form of TMS and tDCS in the study of
cognitive aging and cognitive decline.

TRANSCRANIAL MAGNETIC
STIMULATION (TMS)

TMS is a means of indirect electrical stimulation via
electromagnetic induction. Briefly, to generate a single TMS
pulse, an electric current is passed through a copper coil
generating a magnetic field that is perpendicular to the plane of
the coil (Kobayashi and Pascual-Leone, 2003). The rapid rate of
change of the magnetic field induces a secondary electric field in
the underlying brain tissue (Kobayashi and Pascual-Leone, 2003)
with the potential to depolarize neuronal membranes.

With the TMS coil placed on the subject’s scalp overlying the
motor cortex, by increasing the stimulus output, it is possible
to alter the rate of change of the magnetic field so that the
induced electrical current can depolarize layer-V pyramidal
neurons directly, as well as indirectly through trans-synaptic
activation of nearby interneurons (Kobayashi and Pascual-Leone,
2003).The depolarization of the pyramidal neuron propagates
along the corticospinal pathway, and elicits a motor evoked
potential (MEP) if the firing threshold is sufficient to trigger this
process in a population of pyramidal neurons. The amplitude and
latency of MEPs induced by the single pulse can be recorded with
surface electrodes placed on the muscles of interest, such as the
contralateral first dorsal interosseous (FDI) or abductor pollicis
brevis (APB). TMS incorporates a variety of techniques. Single-
pulse and paired-pulse TMS comprise paradigms that enable
the probing of the cortical reactivity and functional integrity of
excitatory and inhibitory intracortical circuits. Repetitive TMS
protocols have traditionally been employed for therapeutic use,
but also enable an assessment of mechanisms of plasticity.
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Single-Pulse TMS

Single-pulse TMS is the building block of all TMS protocols, but
on its own, can be used to probe the reactivity of the motor
cortex (as well as non-motor regions if electroencephalography
is used concurrently). The most ubiquitous measure in TMS
is the motor threshold (MT). The MT is defined as the
percentage of the maximum stimulator output required to
elicit MEPs of a minimum amplitude in at least 50% of
consecutive trials [typically 50 WV at rest (resting MT;
rMT), or 200 wV during ~20% of maximum contraction
(active MT; aMT); (Rossi et al, 2009)]. The most current
recommendations are that the MT be drawn from the number
of MEPs acquired over 20 responses (i.e., the intensity
that produces MEPs in 10/20 trials), to increase reliability
(Rossini et al., 2015).

Locally, the MT assesses the reactivity of the motor pathway
from the motor cortex, along the corticospinal tract, and
peripheral muscle. Globally, the MT is influenced by whole-
brain structural changes that alter the scalp-to-cortex distance,
as they alter the amount of energy required to bring corticospinal
neurons to threshold. Stokes et al. (2007) assessed the influence
of increasing coil-to-cortex distance utilizing acrylic separators,
and found that for every millimeter, there was an increase in
~2.8% in the MT. Given that age-related atrophy of cortical
tissue and increased ventricular volume can increase the coil-
to-cortex distance, the MT is a relevant measure to explore
in the aging brain. Another metric of overall corticomotor
excitability obtained using TMS single pulses is the input-
output (IO; also stimulus-response or recruitment) curve. The
IO curve evaluates changes in MEP intensity in response to
systematically varying TMS intensity and can be influenced by
the patterns of recruitment and synchronization of neurons
that contribute to the corticospinal volley (Devanne et al,
1997; Chen et al., 1998). This stimulus-response relationship
is best determined with a full range of stimulus intensities
from sub-threshold (null responses) to a saturation plateau
(where further increases in intensity do not elicit larger MEPs).
The plotted curve is typically sigmoidal in nature and can be
successfully fitted using a Boltzmann function (Devanne et al.,
1997).

The IO curve gives rise to a number of distinct parameters can
be used to evaluate cortico-motor excitability. Among these the
most common are: MEP)ax (the largest MEP that can be elicited,
corresponding to the plateau); Ss¢ (the stimulation intensity that
produces an MEP corresponding to 50% of the maximum); the
maximal slope (corresponding to the steepest part of the curve),
and the x-intercept (the stimulus intensity where the tangent of
slope crosses) (Devanne et al., 1997; Ridding and Rothwell, 1997;
Carroll et al,, 2001). The advantage of using the input-output
curves is that each parameter can be used as an outcome measure,
providing complementary information about the excitability at
a specific levels of excitability of the corticospinal pathway
(Kukke et al., 2014). One challenge for collecting IO curves is
being able to stimulate at high enough intensities to reach the
plateau. This is especially pertinent for aging given the impact of
cortical atrophy on coil-to-cortex distance discussed above. An

alternative approach is to normalize MEP responses from TMS to
the maximum M-wave that can be elicited by peripheral electrical
stimulation.

Single-Pulse TMS in Cognitive Aging and
Impairment

While there is evidence for increased rMT in older adults
(McGinley et al., 2010; Young-Bernier et al., 2012), some studies
also found rMT to be unchanged when compared to young
adults (Peinemann et al., 2001; Oliviero et al., 2006; Opie and
Semmler, 2014). This discrepancy may be explained by individual
patterns of cortical atrophy that are difficult to account for in
a cross-sectional analysis unless coil-to-cortex distance can be
individually assessed with structural magnetic resonance imaging
(MRI).

Another interpretation for the lack of agreement in the
age-related differences in rMT is the possibility that the MT
goes through different stages during the transition from young
adulthood to cognitive aging. In support of this idea, Shibuya
et al. (2016) assessed the rMT in 113 individuals with ages
ranging from 20 to 83 years of age, making comparisons between
subgroups in each decade (Shibuya et al.,, 2016). The pattern
of age-related changes in rMT followed a quadratic curve, with
significant differences in each decade. Beginning at 20 years,
the rMT increased until age 50, slowly decreasing after that
(Shibuya et al., 2016). Ultimately, longitudinal studies are needed
to confirm this hypothesis.

Beyond rMT, there is evidence that the stimulus-response
relationship may itself be altered in the aging brain. Pitcher et al.
(2003) compared the input-output curves of young adults and
older adults. The older cohort demonstrated a rightward shift
in the x-intercept, wherein higher intensities were necessary to
achieve the maximum MEP, while the slope and rMT were not
different (Pitcher et al., 2003). The implication of these results is
that common approaches for evaluating cortical excitability, such
as measuring the intensity necessary to achieve an MEP of 1 mV
or averaging the amplitude of MEPs at a specific intensity relative
to the rMT, may be misleading because they would represent
excitability at different points on the input-output curves for
each subject. Thus, future studies should consider incorporating
input-output curves into their neurophysiologic assessments in
older adults.

In individuals with cognitive impairment due to AD or
vascular dementia, the majority of studies have found evidence
of cortical hyperexcitability, evidenced by a reduction of rMT
when compared with their cognitively intact peers (Carvalho
et al.,, 1997; Di Lazzaro et al.,, 2002, 2004; Pennisi et al., 2011).
However, one study did not find differences in MT between
older healthy adults, individuals with early-onset dementia and
individuals with fronto-temporal dementia (Pierantozzi et al.,
2004), attributing their results to having a homogeneous sample
with strict age and cognition-matched controls, though failure to
control for coil-to-cortex distance cannot be ruled out.

It may seem counterintuitive that individuals with cognitive
impairment would have reduced rMT, since they are more likely
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to have atrophy (and thus increased cortex-to-coil distance,
which would increase rMT). This finding might be partly
explained by metabolic changes in the neurotransmitter systems
that regulate resting membrane potential. There is evidence for
a disruption in the availability of neurotransmitters such as
gamma-Aminobutyric acid (GABA), glutamate and acetylcholine
(Ferreri et al., 2003; Di Lazzaro et al., 2004; Koliatsos et al., 2006)
that are consistent with the increase in cortical excitability (and a
reduction in the rMT) in AD. Furthermore, there is increasing
evidence that hyperexcitability (as indexed by rMT) is related
to the severity of cognitive dysfunction in AD (Khedr et al,
2011). Future studies should seek to fully address the relationship
between changes in neurotransmitters and rMT in individuals
with cognitive impairment.

Taken together, longitudinal measurements of the MT may
be more useful to capture the electrophysiological correlates
of the gray matter volume loss and degeneration of white
matter associated with the aging brain than cross-sectional
measurements. Furthermore, few studies report structural or
cognitive performance data in the participants. Given the
variability in trajectories in cognitive aging, it would be
desirable to collect data on the baseline neuropsychological
performance and structural integrity of cortical areas, to gain a
better understanding of the electrophysiological implications of
cognitive and volumetric changes in cognitive aging.

Despite the high variability in cross-sectional measurements
of rMT, there is high test-retest reliability for rMT measurements
in healthy older adults [intraclass correlation coefficient (ICC)
of 94; (Christie et al., 2007)]. This finding has been replicated
with the further finding that reproducibility (as measured by
Cronbach’s o) was higher with using monophasic TMS pulses
(o = 0.94) then biphasic TMS pulses (o = 0.83) (Fried et al.,
2017). In individuals with AD, reproducibility of the rMT is
high and equivalent with both monophasic and biphasic TMS
(o = 0.98). The aMT is more variable (¢ = 0.77 for healthy
older adults and 0.85 for individuals with AD) (Fried et al., 2017).
While there may be changes in the MT throughout the lifespan,
the high reproducibility of this measure within an individual may
be useful to demonstrate such transitions.

While the test-retest reliability for measurements of the input-
output curve has not been performed in older adults, there is
evidence on the test-retest reliability of MEPs along different
points of the input-output curve in young adults (Brown et al,,
2017). The ICC was highest at 130% rMT (0.70), and decreased
at higher levels of intensity (0.68 at 150% rMT, and 0.64 at 175%
rMT) (Brown et al., 2017). Future studies should investigate the
reliability of input-output curves in older adults.

Paired-Pulse TMS Techniques

Paired-pulse TMS refers to the delivery of two TMS pulses
in close succession, wherein the first, or conditioning pulse
(CP) influences the second, suprathreshold test pulse (TP)
(Kobayashi and Pascual-Leone, 2003). Depending on the
intensity of the CP and inter-pulse interval, a conditioned
TP will result in an MEP of higher or lower amplitude when
compared with an unconditioned TP. Different paired-pulse
protocols have been developed to probe excitatory and inhibitory

intracortical circuits. Short-interval intracortical inhibition
(SICI), intracortical facilitation (ICF) and long-interval
intracortical inhibition (LICI) are paired-pulse paradigms that
use cortical TMS as the CP, whereas short-afferent inhibition
(SAI) uses peripheral electrical stimulation as the CP (Kujirai
et al., 1993; Tokimura et al., 2000).

SICI, ICF, and LICI

Short-interval intracortical inhibition (SICI) is assessed when
a subthreshold CP (typically delivered at 70-80% rMT) is
delivered 1-6 ms prior to the TP (Kujirai et al., 1993; Sanger
et al.,, 2001). There is evidence to support that SICI reflects a
form of GABA-a receptor mediated inhibition (Kujirai et al.,
1993). Using the same intensity of CP and TP and a slightly
longer inter-stimulus interval (ISI) (8-30ms), one is able to
probe intracortical circuits that are associated with facilitation
of MEP responses (intracortical facilitation [ICF]) (Kujirai et al.,
1993; Sanger et al, 2001). Although the exact mechanisms
responsible ICF are not fully understood, it is considered a net-
facilitation that is associated with an increased N-methyl-D-
aspartate (NMDA) receptor mediated facilitation, combined with
a weaker GABA-a-receptor mediated inhibition (Hanajima et al.,
1998). When both CP and TP are delivered at suprathreshold
intensity (typically 110-130% rMT), and separated by 50-200 ms,
a GABA-b receptor mediated inhibition can be observed, termed
LICI (Kujirai et al., 1993; Werhahn et al., 1999; Sanger et al.,
2001).

SAl

Short-afferent inhibition (SAI) is a different type of paired-pulse
paradigm wherein a peripheral electrical stimulation serves as the
CP with a TMS pulse as a TP. In SAI, short (200 ps) electrical
currents are applied to the median nerve (above the perceptual
sensory threshold) followed 18-50 ms by a suprathreshold TMS
pulse over the homologous region of primary motor cortex
(M1) (Tokimura et al., 2000). SAI has been attributed at least
partly to a cholinergic mechanism (Di Lazzaro et al, 2002),
and thus, has been utilized in studies assessing the functional
integrity of cholinergic circuits in the aging brain. Future studies
investigating the mechanisms underlying SAI are needed.

Paired-Pulse TMS Techniques in Cognitive
Aging and Impairment

The evidence examining paired-pulse measures in cognitive
aging and cognitive impairment has produced mixed results. SICI
in older adults has been shown to be decreased (Peinemann et al.,
2001; Marneweck et al., 2011), increased (McGinley et al., 2010),
and unaltered (Oliviero et al., 2006; Opie and Semmler, 2014).
SICI was shown to be non-significantly reduced in individuals
with AD (Di Lazzaro et al., 2002), but decreased in individuals
with early-onset AD (Pierantozzi et al., 2004) and individuals
with FTD (Benussi et al., 2017). ICF was found to be both
unaltered (Peinemann et al, 2001; Shibuya et al, 2016) and
decreased (McGinley et al., 2010) in older adults, unaltered in
individuals with AD and decreased in individuals with FTD
(Benussi et al.,, 2017). LICI was found to be both increased
(McGinley et al., 2010) and decreased (Opie and Semmler, 2014)
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in older adults, decreased in individuals with FTD and both
decreased (Brem et al., 2013) and unaltered in individuals with
AD (Benussi et al., 2017).

Inconsistencies in the effects of paired-pulse protocols across
studies can be attributed to several factors. One important
factor may be the selection of ISI. Each paired-pulse protocol
is associated with a relatively wide range of possible ISIs and
the optimal ISI may be different across individuals or between
normal and pathological states of cognitive aging. While the
majority of TMS paired-pulse studies utilized various ISI’s
(Peinemann et al., 2001; Di Lazzaro et al., 2002; Pierantozzi
et al.,, 2004; Oliviero et al., 2006; Shibuya et al., 2016; Benussi
et al,, 2017), others employed only a single ISI for all subjects
(McGinley et al., 2010; Marneweck et al, 2011; Opie and
Semmler, 2014). Since different individuals will likely show
optimal responses at different ISIs, the use of paired-pulse curves
(in which the impact of the CP is plotted against the ISI) may
decrease the variability and improve the outcomes of future
studies.

Another important factor contributing to the variability of
paired-pulse protocols is the choice of stimulus intensity for
the CP. For SICI and ICF the following CP’s were used: 70%
rMT (Marneweck et al.,, 2011; Shibuya et al., 2016); 75% rMT
(Peinemann et al., 2001); 80% MT during an active contraction
(Opie and Semmler, 2014); 95% rMT (Di Lazzaro et al., 2002;
Oliviero et al., 2006; McGinley et al, 2010). In studies that
assessed LICI, the conditioning stimulus was given at an intensity
that would elicit MEPs in the magnitude of 0.5-1 mV (McGinley
et al., 2010) and 120% RMT (Opie and Semmler, 2014). Future
studies should standardize the methodology in paired-pulse
studies, as variability in methodology introduces unnecessary
bias in the comparison across studies.

In addition to the technical aspects mentioned above, some
variability in paired-pulse effects may be due to heterogeneity
in the neurocognitive status of the control group. Of all studies
that assessed paired-pulse techniques, only half (Di Lazzaro et al.,
2002; Pierantozzi et al., 2004; Silbert et al., 2006; Marneweck
et al,, 2011; Pennisi et al,, 2011; Young-Bernier et al., 2012,
2014) employed screening of cognitive function for older healthy
adults. In addition, two of these (Young-Bernier et al., 2012,
2014) included individuals outside the normative values on
the Montreal Cognitive Assessment, but who were classified as
healthy on the basis other clinical determinants. The remaining
studies did not report if they screened older healthy adults for
cognitive impairment (Carvalho et al.,, 1997; Peinemann et al.,
2001; Di Lazzaro et al., 2004; Oliviero et al., 2006; McGinley et al.,
2010; Opie and Semmler, 2014; Shibuya et al., 2016).

Unlike paired-pulse TMS, SAI has more consistently been
shown to be altered in the aging brain. Two studies found
decreased SAI in older adults (Young-Bernier et al., 2012, 2014),
but one study found that SAI was unaltered in the comparison
between older and young adults (Oliviero et al., 2006). Four
studies (Di Lazzaro et al., 2002, 2004; Young-Bernier et al., 2014;
Benussi et al., 2017) have reported that individuals with mild to
moderate AD demonstrated impaired SAI. Further, one study
found that SAI measures were associated with age, independent
of the diagnosis of AD or age of onset (Di Lorenzo et al., 2016).

Part of the consistency exhibited in SAI when compared
with the TMS paired-pulse paradigms could be explained by
the fact that all but one study (Young-Bernier et al., 2014)
used various ISI's to characterize SAIL In addition, four (Di
Lazzaro et al, 2002, 2004; Di Lorenzo et al, 2016; Benussi
et al,, 2017) of these six studies normalized the CP to each
individual by standardizing it to the N20 component latency of
the somatosensory evoked potential of the median nerve. These
procedures decrease the influence of inter-individual factors on
the overall response. Another potential factor is that central
cholinergic intracortical circuits show reliable decays with aging
and are primarily implicated in the pathogenesis of AD (Bhandari
et al,, 2016; Kandimalla and Reddy, 2017). While glutamatergic
circuits are also implicated (Kandimalla and Reddy, 2017), these
circuits are only partially probed with ICF. Lastly, the precise
roles of GABAergic circuits, probed by SICI and LICI in aging
and cognitive impairment, are less clear (Bhandari et al., 2016;
Kandimalla and Reddy, 2017).

Finally, it is worth noting that many of the studies
using paired-pulse techniques may simply be underpowered to
reliably detect significant difference between groups given the
inter-individual variability in their effects. To this effect, the
reproducibility of paired-pulse TMS measures was examined
in older healthy adults and individuals with AD (Fried et al,
2017). In the healthy group, reproducibility was moderate for
SICI (Cronbach’s a = 0.68), low to none for ICF (o = 0.11)
and high for LICI (¢ = 0.98), likely due to floor effects from
near complete inhibition. By comparison, all three measures were
highly reproducible in the AD group (o >0.81) (Fried et al,
2017). The reproducibility of SAI in middle aged adults was
moderate (ICC = 0.65-0.67; Brown et al., 2017), but has not
been assessed in older adults or those with pathological cognitive
aging. Future studies can use these cohort-specific measures of
reliability to adjust effect and sample size calculations (Fried et al.,
2017).

REPETITIVE TMS (rTMS)

Repetitive TMS (rTMS) involves the delivery “trains” of repeated
TMS pulses at a set intensity and frequency to a given cortical
area (Kobayashi and Pascual-Leone, 2003). rTMS differs from
the approaches discussed above in that it offers the possibility
of modulating the activity of the stimulated area for a period
that outlasts the stimulation application (Kobayashi and Pascual-
Leone, 2003). Many factors influence the aftereffects of rTMS,
including the frequency, pattern, intensity, and duration of the
stimulation. In addition, the basal or ongoing level of activity
within the targeted area and associated networks (i.e., state-
dependency) can influence the outcome of rTMS (Silvanto et al.,
2007).

Conventional rTMS is characterized by the delivery of
individual pulses at regular intervals (Kobayashi and Pascual-
Leone, 2003). Knowledge of the neurophysiology of rTMS comes
primarily from studying its effects in M1. In neurotypical
individuals under normal conditions, on-off patterns of high-
frequency rTMS (10-20 Hz) tend to increase cortico-motor (i.e.,
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lower rMT and/or higher MEP amplitude), while continuous low
frequency rTMS (~1 Hz) tends to reduce excitability (Kobayashi
and Pascual-Leone, 2003). In clinical settings (e.g., in the
case of medication-resistant major depression) rTMS is used
therapeutically with the aim of normalizing aberrant activity in
the targeted site and associated networks.

More recently, researchers and clinicians have explored
more complex patterned stimulation consisting of bursts of
pulses at regular intervals (Oberman and Pascual-Leone, 2013).
The most commonly used patterned rTMS protocol is Theta-
burst stimulation (TBS) (Huang et al., 2005). Modeled after
classical protocols for inducing plasticity in the cortex and
hippocampal formation, TBS consists of the delivery of a low
intensity 50 Hz burst triplet (three pulses with 20ms inter-
pulse interval) repeated at 5Hz (Huang et al, 2005). TBS
is typically applied in one of two patterns: continuous TBS
(cTBS), in which the bursts are delivered continuously, has
been shown to reduce MEP amplitudes, while intermittent TBS
(iTBS), in which the bursts are delivered in 2-s trains with an
8-s delay, has been shown to increase MEP amplitude (Huang
et al, 2005). When applied for 600 pulses, cTBS and iTBS
have been shown to induce modulation of MEP amplitude
for up to 45min, creating “plasticity curves” that resemble
long-term depression (LTD) and long-term potentiation (LTP),
respectively in terms of its biochemistry and temporal profile of
the effects (Huang et al., 2005). Thus there is a growing interest
in the application of TBS to assess the mechanisms of cortical
plasticity.

Evidence from human and rodent pharmacology,
neuroimaging, and biochemistry studies have shown that
the aftereffects of iTBS and ¢TBS are NMDA receptor-dependent
(Huang et al., 2007) and reflect changes in the activity of
GABAergic synapses on layer-V pyramidal cells (Stagg et al,
2009b; Funke and Benali, 2011). Huang et al. (2007) found
that memantine, a NMDA receptor antagonist, abolished the
aftereffects of both iTBS and cTBS, providing evidence that
glutamatergic synapses are required for TBS aftereffects. Using
magnetic resonance spectroscopy, cIBS was shown to increase
GABA metabolism in the stimulated region. Using magnetic
resonance spectroscopy, cIBS was shown to increase GABA
metabolism in the stimulated region (Stagg et al., 2009b).

Studies of calcium-binding proteins in rodents have shown
iTBS likely achieves facilitation by reducing parvalbumin-
mediated inhibition of the pyramidal cell output, while ¢TBS
increases inhibition of the pyramidal cell likely by reducing
calbindin expression that affects dendritic integration (Funke and
Benali, 2011). Complementary evidence from invasive epidural
recordings in humans demonstrated iTBS modulates layer-V
pyramidal cell activity via monosynaptic connections (Di Lazzaro
et al., 2005), while ¢TBS activates a more complex, trans-synaptic
network of interneurons acting on distal dendrites of layer-V
pyramidal cells (Di Lazzaro et al., 2008).

The net-effect on the cortical excitability following each
stimulation paradigm has been linked to differing patterns of
calcium entry in the post-synaptic cell that resemble the patterns
of LTP and LTD observed in classical studies of plasticity
induction in the trisynaptic pathway of the hippocampus (Huang

et al,, 2011). In iTBS, interleaving two-second intervals of high-
frequency stimulation with 8s of rest is consistent with a model
of stable high rate of intracellular calcium in the post-synaptic
cell observed in traditional LTP experiments (Huang et al., 2011).
By comparison, the uninterrupted high-frequency stimulation
of cTBS is associated with an initial rise and eventual decay
in the rate of calcium entry, leading to an increased overall
level of calcium consistent with traditional LTD experiments
(Huang et al., 2011). Given the similarities of iTBS and cTBS
to LTP and LTD, respectively, the impact of these protocols
on cortico-motor excitability is increasingly used to assess the
efficacy of neuroplastic mechanisms in relation to aging, disease,
and therapeutic interventions (Freitas et al., 2011; Fried et al.,
2016, 2017; Gomes-Osman et al., 2017). In addition, given the
fact that it leads to modulation of neural activity beyond the
stimulation period, TBS has also been employed as a cognitive
therapeutic tool.

TBS and rTMS to Assess Plasticity in
Cognitive Aging and Impairment

Freitas et al. (2011) was the first study to use TBS to gain insights
into the impact of normal aging on the mechanisms of plasticity.
The authors applied cTBS to M1 in 36 individuals across a wide
age range (18-81 y). The authors found negative correlations
between age and both the magnitude and duration of cTBS
aftereffects, suggesting that LTD-like plasticity is progressively
reduced with increasing age. To confirm these findings and
further investigate the impact of age, future studies should be
performed with sufficient sample sizes to allow for comparisons
between age ranges (i.e., per decade or quartile) and ultimately
follow the same subjects as they transition from middle to old
age.

There have been several additional studies that used TBS
to investigate differences in the mechanisms of plasticity
between normal and pathological aging, and their behavioral
consequences. Fried et al. (2016) compared the response of
iTBS to M1 in 24 cognitively intact older adults with type-2
diabetes mellitus (T2DM) to 16 demographically similar non-
T2DM controls. Compared with controls, the T2DM group
showed significantly less facilitation MEPs. Moreover, there was a
positive correlation between iTBS-induced modulation of MEPs
and verbal learning performance, suggesting a global decline in
the efficacy of LTP-like plasticity in T2DM.

Trebbastoni et al. (2016) compared the impact of conventional
5Hz rTMS to M1 on MEPs between 40 individuals with MCI
and 20 older healthy adults. The participants received clinical,
neurologic and neuropsychological assessments at baseline, and
were followed for 4 years to monitor for conversion to AD. The
authors reported a decrease in response to the rTMS protocol
in individuals with MCI, which was correlated with time to
conversion to AD. These results raise the possibility that rTMS
could be a useful prognostic tool in the assessment of AD and
related dementia.

The majority of cognitive aging-related studies using TBS
and rTMS to probe the mechanisms of plasticity have focused
on individuals with AD (Koch et al., 2012, 2014; Di Lorenzo
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et al., 2016; Fried et al., 2017). In the first of a series of studies,
Koch et al. (2012) compared the response of 14 individuals with
moderate AD and 14 older healthy adults to three different TBS
protocols targeting M1: iTBS, ¢TBS, and coTBS (a facilitatory
variant of cTBS combining continuous delivery of 300 pulses with
a 1-min contraction of the first and second digits). In comparison
to controls, individuals with AD showed a decreased response
to iTBS and coTBS, but not cTBS, suggesting impaired LTP and
spared LTD in AD. Similar to the findings in T2DM, the reduced
response to iTBS was correlated with decreased performance on
the delayed recall of the Rey’s figure copy visuospatial task.

A subsequent study by the same group (Koch et al., 2014)
replicated the decreased M1 iTBS response in 20 individuals with
moderate AD. Moreover, LTP-like plasticity was recovered after
a 4-week treatment with the dopamine agonist rotigotine, and
was accompanied by an improvement in global cognition and
executive function. These data indicate implicate dopaminergic
pathways in the reestablishment of LTP-like plasticity, thus
providing a potential therapeutic target.

Di Lorenzo et al. (2016) also evaluated iTBS and cTBS to
M1 in 54 individuals with AD and 24 demographically similar
older adults, confirming the prior findings of abnormal iTBS
response and normal ¢TBS response in AD (Koch et al., 2012,
2014). Further, the authors found that iTBS not only failed to
facilitate MEPs in AD, rather it led to the suppression of MEP
responses similar to ¢TBS. An 18-month follow-up assessment
demonstrated that the extent of the impaired response to iTBS
was associated with more severe cognitive decline (Di Lorenzo
etal., 2016).

While the aforementioned studies above suggest a potential
usefulness in using TBS and conventional rTMS to assess the
mechanisms of plasticity in older adults with and without
cognitive impairment, a number of studies in young and older
adults have highlighted the challenge posed by considerable
inter- and intra-individual variability in the response to these
protocols (Maeda et al., 2000; Vernet et al, 2014; Vallence
et al, 2015; Fried et al, 2017; Schilberg et al, 2017). For
example, Hamada et al. (2013) observed that only 25% of
their 56 participants demonstrated the “expected” response to
iTBS and cTBS (ie., facilitation and suppression of MEPs,
respectively). This variability was not related to age, gender,
testing time, or difference in MT or amplitude of baseline
responses. Interestingly, by altering the coil orientation (and thus,
manipulating the direction of the resultant induced current in
the brain), they found that at least 50% of this variability could
be explained by individual differences in the latency of MEPs
resulting from direct vs. indirect activation of layer-V pyramidal
cells (Maeda et al., 2000).

Furthermore, Cheeran et al. (2008) demonstrated variability
in the response to iTBS and cTBS could be partly explained
by a commonly observed polymorphism of the brain-derived
neurotrophic (BDNF) gene. The presence of a met allele in
the BDNF gene has also been associated with higher test-retest
variability in response to iTBS in older adults, including those
with T2DM or AD (Fried et al., 2017). In that same study, Fried
et al. (2017) examined the reliability of iTBS to M1 in 36 adults,
including 9 with probable mild-to-moderate AD, 15 with T2DM

and 12 older healthy adults. iTBS was at best associated with
low reproducibility (Cronbach’s a < 0.50) in the older healthy
adults and moderate to high reproducibility in individuals with
AD (Cronbach’s o 0.53 > 0.81). The authors hypothesized that
greater reproducibility in the clinical population could be linked
to a neurobiological “rigidity” in the mechanisms that support
LTP-like plasticity induction. While the reproducibility of iTBS
has been evaluated in older adults, such data is not available
for cTBS and rTMS. Additional contributing factors implicated
with the variability of iTBS outcomes in older adults were the
between-session time, rMT and baseline MEP amplitudes (Fried
et al., 2017). Responses were more variable if the sessions were
conducted within 7 days, possibly as a result of subtle longer-
lasting changes in the expression of GABAergic precursors
(Trippe et al., 2009). Echoing a point first raised in section Single-
Pulse TMS, setting the intensity of subsequent stimulation based
on a set level percentage of rMT may introducing additional
variance given age-related changes in the input-output curve of
TMS (Pitcher et al., 2003) and the relationships between changes
in RMT, baseline MEP amplitude, and the impact of iTBS (Fried
etal., 2017).

In summary, the potential usefulness of TBS and conventional
rTMS to measure the mechanisms of plasticity in older adults
across the spectrum of cognitive aging must be considered in
context of the current limitations of high inter- and intra-
individual variability. However, at least for AD (which comprise
the majority of the findings to date), consistent results across
studies coupled with higher reproducibility suggest that these
measures are more stable, and therefore, more useful in this
population. Furthermore, the associations between modulation
of MEPs and disease progression, symptom severity, and
response to treatment with cognitive behavior point to their
clinical relevance. The insights offered by studying variability
and its causes in older clinical populations are critical to the
widespread implementation of these protocols. Thus, future
studies should aim to replicate those findings with larger samples
and investigate the reproducibility of ¢cTBS and rTMS in older
adults, with and without cognitive impairment.

Utility of the Motor Cortex for TMS-Based
Assessments of Neurophysiology and
Neuroplasticity in Cognitive Aging and
Impairment

The vast majority of TMS based studies in cognitive aging
described in this paper, and indeed in the field overall, are
neurophysiological assessments probing the function of the
motor cortex. Much of this has until recently been out of
necessity, since the output of the cortico-spinal pathway provides
the only objective response to a suprathreshold TMS pulse
(i.e, a MEP). While improved technology and methods of
data cleaning and analysis have expanded the potential of
concurrent use of TMS and electroencephalogram (TMS-EEG)
for assessing physiology in non-motor brain regions (Pascual-
Leone and Taylor, 2011), the motor cortex remains the most well-
characterized region and MEPs represent the gold standard for
measuring the neurophysiological response to TMS. There is no
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doubt that restricting assessments to the motor cortex present a
limitation to understanding the complex neurophysiology of the
aging brain, especially as the motor cortex is rarely the target for
disease-related pathologies, including those of AD.

However, there is an important benefit to conducting these
assessments in a region, which is not directly affected by a
particular disease. Take for example the case of AD, which
is characterized by progressive spread of amyloid and tau
depositions, cortical hypometabolism and atrophy. While the
pathology of AD will eventually spread to involve the motor
cortex, this is only at the latest stage of the disease (Braak and
Braak, 1998), and the majority of studies to characterize or treat
AD symptoms focus on patients at earlier stages of the disease,
including preclinical populations where an intervention may be
the most effective. Thus, while TMS based measurements in the
motor cortex cannot inform on the function of brain regions
directly affected by AD pathology, abnormal findings in motor
cortex and be used to infer about the state of the brain overall
rather than local pathology.

By comparison, if the measurements were performed in a
region that was directly affected (such as association regions of
frontal, parietal, or temporal lobes) it would be challenging to
disentangle the contributions of local vs. global brain changes
when making conclusions. Moreover, as TMS measurements
are increasingly performed in non-motor brain regions, those
findings, even in healthy cognitive aging, will still need to
be explained and understood in the context of those same
assessments performed in motor cortex (Gedankien et al., 2017).

Therapeutic Role of rTMS in Cognitive
Aging and Impairment

The rationale for the use of rTMS therapeutically is based in
part on studies in elderly individuals that have reported altered
patterns of activation in the prefrontal cortex associated with
deficits in episodic memory (Kim, 2011). Moreover, participants
receiving daily high-frequency rTMS to the left DLPFC for
depression performed better in working memory, executive
function, objective memory, and fine motor speed after treatment
(Martis et al., 2003). Given the impairments observed in
the retrieval and encoding of episodic memory exhibited in
individuals with cognitive impairment (Nyberg et al., 1996),
researchers are increasingly directing rTMS to cortical regions
that operate in the execution of these functions. Episodic memory
relies on activation of several areas, such as the medial temporal
lobe, medial prefrontal cortex, and posterior parietal cortex
(Wang et al., 2006). Among these, only the posterior parietal
cortex is easily accessible to TMS. In addition, neuroimaging
studies have demonstrated altered patterns of functional activity
in the right DLPFC and hippocampus are related to memory
decline in individuals with MCI and AD (Maillet and Rajah,
2013).

Single-session studies have been useful in contributing to
knowledge of the consequences of the altered neurophysiology
in the production of cognitive output in the aging brain and
highlighted potential targets for multi-session studies. In older
healthy adults, the performance of a prospective memory task

can be augmented with iTBS to the Frontopolar cortex (Vidal-
Pineiro et al., 2014; Debarnot et al., 2015). In individuals with
MCI, stimulation of the prefrontal cortex with high-frequency
rTMS can improve processing speed, visuomotor coordination,
executive function, and associative memory (Rektorova et al.,
2005; Solé-Padullés et al., 2006). Alternatively, low-frequency
rTMS to the right prefrontal cortex can improve recognition
memory in individuals with MCI, and verbal and non-verbal
memory in older healthy adults (Turriziani et al., 2012). Finally,
iTBS to the right dorsolateral prefrontal cortex (R-DLPFC) can
improve action and object naming in individuals with AD
(Cotelli et al., 2008). Future studies should evaluate the efficacy
of these interventions in multi-session studies with larger and
better-characterized cohorts.

However, multi-session studies are more appropriate for
drawing insights regarding therapeutic effectiveness. The
studies discussed in this section are grouped as pertaining
to a therapeutic role because they propose multi-session
interventions involving rTMS and TBS.

Across all studies, the most common stimulation target has
been the DLPFC. In older adults and individuals with MCI, this
was the only therapeutic target studied to date. Kim et al. (2012)
randomized 16 individuals to receive real 10 rTMS (13 2-s trains,
inter-train interval of 15, 780 pulses/session) or sham to the left
DLPEC for 5 days, and found improved inhibitory control, only
in the real condition. Drumond Marra et al. (2015) randomized
a group of 31 individuals with MCI to either undergo 10 sessions
of real 10 Hz rTMS over the left DLPFC (5s, with an inter-train
interval of 255, 2,000 pulses/session) or sham. The authors found
significant improvements in episodic memory post-stimulation
and executive function only in the real group, retained at a
follow-up assessment performed 1 month later.

In individuals with AD, two studies proposed the use of
r'TMS targeting the DLPEC in isolation. In the study by Cotelli
et al. (2011). Ten individuals with moderate AD underwent 20
sessions of 20 Hz rTMS (50 trains, 2-s trains, inter-train interval
of 28s, 2,000 pulses/session) over 4 weeks. The authors found
significant improvements in sentence comprehension at weeks 2
and 4, and at a follow-up performed 12 weeks post-intervention.
Ahmed et al. (2012) randomized 45 individuals with mild-to-
severe AD to one of 3 paradigms of DLPFC stimulation, delivered
over 5 days: 20Hz (20 5-s trains, inter-train interval of 25s,
2,000 pulses/session); 1 Hz (2,000 pulses/session); and sham. The
authors found that only individuals with mild to moderate AD
showed any significant improvements. Participants in the 20 Hz
group improved in global cognition, those in both the 20 and
1 Hz groups improved in instrumental daily activities, but the
20 Hz groups retained their improvements during a follow-up at
1 and 3 months post-stimulation.

A number of studies have used more than more target in
individuals with AD. Zhao et al. (2017) recruited 30 participants
and randomized them to 10Hz rTMS (20 10-s trains, inter-
train interval of 20 s, 2,000 pulses/session) targeting the following
areas: bilateral DLPFC, bilateral parietal cortex, Broca’s and
Wernicke’s area (superior temporal gyrus), or sham for 30
sessions over 6 weeks. The authors reported no between-group
differences in any of the outcomes reported.
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Five studies examined the use of rTMS targeting multiples
areas combined with cognitive training in individuals with mild-
to-moderate AD (Bentwich et al, 2011; Rabey et al, 2013;
Rabey and Dobronevsky, 2016; Gandelman-Marton et al., 2017;
Nguyen et al, 2017). All studies utilized cognitive training
paradigms designed to engage the stimulated areas, with
grammar, comprehension, action and object naming, and spatial
memory and attention tasks.

Most of the studies (Bentwich et al., 2011; Rabey et al., 2013;
Rabey and Dobronevsky, 2016; Gandelman-Marton et al., 2017;
Nguyen et al., 2017) employed similar stimulation paradigms,
consisting of 10 Hz rTMS (20-25 2-s trains, 1,200 pulses/session),
targeting the following areas: bilateral DLPFC, bilateral parietal
somatosensory association cortex, Broca’s and Wernicke’s area
(superior temporal gyrus). Bentwich et al. (2011) recruited 8
participants, Rabey et al. (2013) recruited 15 participants, and
Gandelman-Marton et al. (2017) recruited 8 participants, who
underwent 54 sessions over 18 weeks. Rabey and Dobronevsky
(2016) recruited 30 participants, who underwent 30 sessions over
6 weeks. All four studies demonstrated significant improvements
in global cognition and activities of daily living both at 1.5 and
4.5 months following participation in the study, but Rabey et al.
(2013) additionally demonstrated an increase in the participants’
subjective perception of clinical change.

Nguyen et al. (2017) targeted the prefrontal and parietal
cortices bilaterally, and Brocas and Wernicke’s areas using
10 Hz rTMS (20 2-s trains, 400 pulses/session). Ten participants
were recruited and underwent 25 sessions over 5 weeks. The
authors found improvement in the overall score, and apathy
and dependence sections of the Alzheimer’s Disease assessment
scale cognitive sub score (ADAS-Cog). Furthermore, a separate
analysis limited to the five best responders revealed that their
improvements remained at 6 months follow-up, while the
improvements attained by the rest of the study sample did not.

With the possible exception of Rabey and Dobronevsky
(2016), the results of the studies above are severely limited due
to the small sample sizes and large inter-individual variability,
resulting in low statistical power. In this scenario, it has
been stipulated that effect sizes may be equally or even more
useful than the simple consideration of statistical differences at
estimating the clinical meaningfulness of trials (Ottenbacher,
1995; Musselman, 2007). For this reason, we calculated the effect
sizes associated with the comparisons between interventions
and control/comparison group from the studies above and
considered that clinically meaningful changes to be significant
differences that were associated with an effect of at least a
moderate size. Effect sizes were computed using the Cohen’s
d (Cohen, 1988), calculated for within-group measures by
computing the average standard deviation of both repeated
measures (Cumming, 2012), and for between-group comparisons
by dividing the difference between the means by the pooled
standard deviation (Cohen, 1988) (Table 1). Effect sizes were
interpreted based on published values: trivial effect (d < 0.2),
small effect (d = 0.2-0.5), moderate effect (d = 0.5-0.8), and large
effect (d > 0.8) (Cohen, 1988).

Many significant within-group improvements were associated
with at least moderate effect sizes. Regarding global cognition

measured by the Mini Mental Status Exam (MMSE), multi-target
10 Hz rTMS combined with cognitive training (Bentwich et al.,
2011; Rabey and Dobronevsky, 2016; Gandelman-Marton et al.,
2017) was associated with moderate-to-high effect (d = 1.01-
2.00, d = 0.62, and d = 0.64-1.24, respectively). In addition,
10 Hz rTMS in isolation (Zhao et al., 2017) was associated with
a moderate effect (d = 0.65). Furthermore, multi-target 10 Hz
rTMS combined with cognitive training (Bentwich et al., 2011;
Gandelman-Marton et al., 2017; Nguyen et al., 2017) was also
associated moderate-to-high effect for global cognition measured
by ADAS-cog was also associated with a moderate to large effect
(d =0.68, d = 0.68, d = 1.03). A moderate-to-high effect was
also associated with 10 Hz rTMS in isolation (Zhao et al., 2017;
d=0.72-1.07).

Additional clinically relevant effects were associated with
10Hz rTMS in isolation were improved memory with 10 Hz
rTMS (Drumond Marra et al,, 20155 d = 0.56-1.16), verbal
learning (Zhao et al., 2017; d = 0.73-1.01), and inhibitory control
(Kim et al,, 2012; d = 0.51). With 20Hz rTMS in isolation,
large effects were observed with improvements in sentence
comprehension (Cotelli et al., 2011) (d = 1.54-1.57). All of the
remaining within-group significant differences were associated
with a lower than moderate effect.

Six studies (Bentwich et al., 2011; Cotelli et al., 2011;
Kim et al, 2012; Drumond Marra et al,, 2015; Rabey and
Dobronevsky, 2016; Nguyen et al,, 2017; Zhao et al, 2017)
had a control/comparison group and presented their data with
sufficient detail to allow for between-group Cohen’s d. The
improvements in the language domain associated with 20 Hz
r'TMS to the DLPFC was associated with a large effect (d = 1.54)
(Cotelli et al., 2011). In addition, the improvement associated
with global cognition associated with the multi-target 10 Hz
r'TMS combined with cognitive training was also large (d = 1.53)
(Nguyen et al., 2017). All of the remaining significant between-
group differences were associated with lower than moderate
effect.

In summary, the above evidence suggests that after an
intervention consisting of multi-target high-frequency rTMS
combined with cognitive training as described above, individuals
may present with clinically meaningful improvements in global
cognition. This finding was consistent and replicated by four
different studies. In addition, individuals participating in a high-
frequency rTMS to the DLPFC can also achieve improvements
in global cognition, but this finding was less consistent.
Additionally, these individuals may exhibit clinically meaningful
improvements in in memory, verbal learning, inhibitory control
and sentence comprehension.

One important caveat is that the clinical meaningfulness
of high-frequency rTMS, with or without cognitive training
was limited when compared to a control condition. In this
scenario, it may be possible to improve in global cognition
when participating in multi-target rTMS with cognitive training
and sentence comprehension when undergoing high-frequency
rTMS in isolation. One limitation from the studies above is
that none employed a comparison group; therefore, it is unclear
if these results would persist in the comparison to an actual
intervention. Future studies should employ active comparisons
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in their study design to gain a better understanding of the efficacy
of these techniques.

CHALLENGES POSED AND
OPPORTUNITIES OFFERED BY THE
VARIABILITY OF TMS

As discussed in many of the individual sections above, inter-
and intra-individual variability remains a challenge to the
widespread use of TMS as a neurophysiological probe and a
neuromodulatory intervention. While this problem is not unique
to the study of cognitive aging, there are specific considerations
that must be addressed. For starters, much of our knowledge
of how TMS interacts with the brain comes from the study
of younger, relatively healthy individuals. Thus, it may be
necessary to develop age-specific normative values if these TMS
assessments are to be used to distinguishing normal from
pathological cognitive aging. Furthermore, TMS measures that
are already highly variable across subjects within a given group
are likely to have poor diagnostic utility in older populations,
especially given the highly individualized trajectories of cognitive
aging and the large heterogeneity of age-related pathologies.

Similarly, the problem of intra-individual variability, or
reproducibility, of certain TMS measures is a direct limitation
to their use as prognostic tools to track individual decline
or response to therapeutic interventions. Fortunately, these
problems are increasingly recognized within the TMS scientific
community leading to several recent reviews (Gonsalvez et al.,
2017), meta-analyses (Wischnewski and Schutter, 2015; Chung
et al., 2016), and direct investigations into the magnitude and
sources of inter- and intra-individual variability (Cheeran et al.,
2008; Chang et al., 2016; Schilberg et al., 2017), including recent
analyses of older, clinical populations (Christie et al., 2007; Fried
etal., 2017).

While variability is often thought of purely in terms of the
limitations it confers, there may be opportunities to exploit
inter-individual variability to gain a deeper understanding into
the neurobiology of cognitive aging. One such example is
in the study of T2DM, a major contributor to pathological
cognitive aging in its own right as well as a risk factor for
dementia (Arvanitakis et al., 2004). As mentioned in section
TBS and rTMS to Assess Plasticity in Cognitive Aging and
Impairment, Fried et al. (2016) compared older diabetics without
cognitive complaints to non-T2DM controls. Not only did the
T2DM show a decreased response to iTBS, there was a strong
association in the T2DM group between the modulation of
MEP and verbal learning performance. Thus, the variation
in response to iTBS within the T2DM group was actually
informative as to more general disruption in LTP-like plasticity
that also impacted learning and memory. Similarly, while several
studies have used motor thresholds and other TMS measures
as evidence of hyperexcitability in AD (Ferreri et al,, 2003;
Di Lazzaro et al., 2004; Koliatsos et al., 2006), the variation
in rMT may be itself predictive of cognitive dysfunction.
Finally, in order to fully leverage the sources of variability
to better inform on the neurobiology of cognitive aging, it

may be necessary to look beyond straightforward analysis of
variance or simple linear regression techniques when analyzing
data.

TRANSCRANIAL DIRECT CURRENT
STIMULATION (tDCS)

While TMS is a method that functions through direct generation
of action potentials in cortical tissue using electromagnetic
induction, tDCS is an alternate NIBS method that achieves
neuromodulation of both cortical and subcortical tissue through
sub-threshold alteration of resting membrane potentials using
direct electrical stimulation. tDCS is safe to use and has shown
potential for enhancing cognitive processes and intervening
on disease states (e.g., depression, chronic pain, recovery after
stroke) (Nitsche and Paulus, 2000; Fregni et al., 2006; Reis
et al.,, 2009; Medeiros et al., 2012; Ahn et al., 2017). In tDCS,
a weak electrical current (typically 1-2mA) is delivered to
underlying brain tissue through electrodes placed over the
scalp (Nitsche and Paulus, 2000; Nitsche et al., 2008). Saline-
soaked sponges, or carbon loaded rubber pads with conductive
gel are used as electrodes for direct current to flow between
the anode (positive polarity) and cathode (negative polarity)
electrode. Current flows between the electrodes may alter the
sub-threshold resting membrane potential of neurons, resulting
in either neural excitation or inhibition of cortical and subcortical
tissues (Bolzoni et al., 2013; Stagg et al., 2013). Unlike TMS,
tDCS has the potential to impact underlying subcortical tissue
either directly or indirectly. Computational modeling (Sadleir
et al., 2010; Shahid et al., 2014; Indahlastari et al., 2016) and
intracranial recording data (Opitz et al., 2016; Huang et al., 2017)
have demonstrated that electrical current passing between tDCS
electrodes was found in both intervening cortical and subcortical
tissue and thus may directly stimulate these brain regions (i.e.,
direct effect). In addition, effects on subcortical tissue can also
be achieved indirectly through complex connectivity of brain
network within the stimulated and unstimulated cortical and
subcortical brain regions (Weber et al., 2014).

The parameters used in tDCS are assumed to dictate whether
the neural response to stimulation under and between the anode
or cathode electrode is excitatory or inhibitory. These parameters
are consisted of stimulation duration and frequency, current
intensity, as well as electrode size and location (Prehn and
Floel, 2015). Studies have shown that stimulation intensity of
I mA results in depolarization of neurons under the anode
and hyperpolarization under the cathode electrode (Nitsche and
Paulus, 2000). However, stimulation at 2 mA has previously been
shown to elicit net excitatory response under both the anode
and cathode electrodes (Batsikadze et al., 2013). In addition,
the effects of tDCS can outlast the period of stimulation from
minutes to hours post-stimulation depending on the duration
of stimulation (Bindman et al., 1964; Monte-Silva et al., 2013).
The size of stimulation can be achieved by using different types
of electrodes. Conventional tDCS offers a broader stimulation
area via two large (e.g., 35 cm?) rectangular electrodes (one
anode, one cathode). High-definition tDCS (HD-tDCS) can
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provide more focal stimulation regions by using smaller disc
electrodes (1 cm diameter) in a 4 x 1 ring configuration (e.g.,
anode in the center surrounded by four cathode electrodes)
(Kuo et al,, 2013). Therefore, the choice of conventional vs.
HD-tDCS is based on the location of desired target brain
regions. Electrode montages used in tDCS were selected such
that the intended stimulation regions would receive a sufficient
current dose. Studies of cognition in tDCS typically follow a
functional targeting approach that specifically aims to stimulate
underlying brain regions implicated in the cognitive abilities
of interest for a given study. For example, the most common
intended stimulation area for cognitive aging is the frontal lobe
in an effort to impact executive functions such as working
memory and error awareness (Nissim et al., 2017). In addition,
decline in frontal structures and function are a hallmark of
the cognitive aging process and represent one of the brain
areas most impacted by advanced age (Lemaitre et al., 2012)—
supporting the frontal lobes as a target for tDCS intervention.
In AD population, the temporoparietal and temporal regions
were chosen as the stimulation target areas since impairments
in these regions have been correlated with impaired verbal and
visual recognition observed in AD patients (Ferrucci et al,
2008).

Studies in both humans and animals have suggested that
the acute effects (during stimulation) vs. the after-effects (post
stimulation) are relying on different mechanisms of action
(Liebetanz et al., 2002; McLaren et al.,, 2017). While the exact
mechanisms of action are not well-understood, studies have
shown that sodium and potassium channels are necessary for
the acute effects of stimulation, whereas the after-effects of
stimulation are NMDA receptor, GABA/Glutamate, and calcium
channel dependent (Stagg et al., 2009a). The mechanisms
of action that produce the after-effects of stimulation are
particularly important when we consider cognitive aging and
age-related cognitive decline. As previously discussed, certain
aspects of cognition start to decline with aging (e.g., working
memory, attention). The ability to modulate the excitatory
response of brain tissues for longer periods of time can potentially
enhance LTP, which is the basis of learning and memory.
LTP indicates a persistent synaptic strengthening, providing
the capacity of modifying neural connectivity that can support
signal transmission between neurons (Bliss and Lomo, 1973;
Barnes, 2003; Monte-Silva et al., 2013). By altering LTP and
neuroplasticity in older adults, tDCS shows promise to remediate
cognitive aging and age-related diseases (Nitsche and Paulus,
2000; Nitsche et al., 2008).

tDCS to Remediate Cognitive Aging in
Healthy Older Adults

Prior research in healthy older adults shows promise for the
application of tDCS to remediate age-related cognitive decline
and enhance cognition. Stephens and Berryhill (2016) examined
tDCS paired with working memory training in 90 healthy older
adults. Participants were randomly assigned to receive sham,
1 mA, or 2mA of stimulation for 15 min while completing five
sessions of working memory training. The anode electrode was

placed over the right DLPFC (F4), and the cathode was placed
over the contralateral cheek. Assessments were given pre- and
post-intervention and all participants showed improvements on
the trained verbal and visual working memory tasks. The group
receiving 2mA of stimulation showed a significant increase
in far transfer benefits (processing speed, cognitive flexibility,
arithmetic) at 1 month after intervention. This observation
suggested that cognitive training paired with 2mA of tDCS
might induce overall improvements to daily life activities in older
adults.

Park et al. (2013) assessed duration of tDCS effects combined
with cognitive training on working memory in healthy older
adults. Forty older adults were randomly assigned to sham
or active tDCS during 10 sessions (over 2-weeks, 5 days/per
week) of computer-assisted cognitive training (30 min a day).
tDCS current was delivered over the bilateral prefrontal cortex
(F3/F4) at 2mA for 30min in the active group. Using two
stimulators, two anodes were placed over F3 and F4 and two
cathodes were placed on the non-dominant arm. The sham group
had an identical montage of electrodes with the stimulation
device powered off after 30s. Neuropsychological assessments
were performed at baseline and 1-month post intervention.
Significant improvements in digit span forward tests were seen
in active vs. sham groups. The verbal working memory accuracy
improvement was maintained for 28 days post intervention.
These results suggested that tDCS might enhance cognitive
training outcomes on cognitive functions in healthy older adults
that lasted beyond the stimulation period.

In a task-based fMRI study with tDCS, Meinzer et al.
(2013) examined the effects of improved language function
induced by tDCS in 20 healthy older adults (age 60-76) and
included healthy younger adults (aged 19-31) as controls. Active
tDCS was delivered during a resting state scan followed by a
semantic word generation task (1 mA for 17 min). The anode
was placed over the left inferior frontal gyrus (IFG) (10-20
EEG system corresponding to the intersection of T3-F3 and
F7-C3 and the midpoint between F7-F3) and the cathode on
the contralateral supraorbital region. Reduced performance on
semantic word-generation tasks in healthy older adults associated
with enhanced task-related activity in bilateral IFG activation was
found during sham stimulation. The active stimulation in older
adults produced significantly higher performance comparable
to the younger controls, and significantly reduced task-related
hyperactivity in bilateral prefrontal cortex (PFC). Increased
connectivity was also observed between the left IFG and the
language related cortical areas during the resting state in
active stimulation compared to sham. These results suggested
that enhanced functional connectivity might be the basis for
increasing neural efficiency marked by reduced activation with
improved performance in task related cortical areas. Therefore,
these results showed potentials of tDCS at enhancing cognitive
processes in older adults with direct impact on underlying neural
response patterns.

Harty et al. (2014) investigated the effects of tDCS on error
awareness in healthy older adults by stimulating the right and left
DLPFC during a sham-controlled, single-blind crossover trial.
Participants were separated into four groups (24 healthy older
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adults per group). The study tested the influence of current
polarity and electrode location (anode over F3 or F4, and cathode
over Cz), on error monitoring. During tDCS application of 1 mA,
participants performed a computerized test of error awareness (5
blocks, each 7.5 min and 1-min resting time within each block),
a Go/No-go response inhibition task that required constant
monitoring to detect errors. The group with anode placements
over the right DLPFC (F4) was the only group to experience
improved error detection during the task. This study suggested
that the right DLPFC might have a larger causal role on error
awareness compared to the left DLPFC.

Therapeutic Role of tDCS to Remediate
Mild Cognitive Impairment and Dementia
in Older Adults

Previous studies have investigated the effects of tDCS in MCI
populations and have found improvements in a variety of areas
(e.g., face-name association memory, non-verbal recognition
memory, attention) (Birba et al., 2017). In a double-blind, sham-
controlled, within-subject study, Meinzer et al. (2015), applied
tDCS at 1 mA for 20 min over the left ventral IFG (Brodmann
areas 44/45) with the anode electrode placed on the left vVIFG and
the cathode on the right supraorbital region (Meinzer et al., 2012)
in MCI participants. This study aimed to assess the effects of
tDCS on cognition using a semantic word generation task. Multi-
modal neuroimaging was acquired in a 3 Tesla MRI comparing
resting state connectivity and task-related brain activity in active
vs. sham tDCS groups. The active group improved significantly
in word retrieval performance up to the same level as found in
healthy older adults. Overall, findings from this study suggested
that tDCS might improve cognitive performances in older adults
with MCI by decreasing bilateral hyperactivity in PFC (Meinzer
etal., 2015).

Yun et al. (2016) investigated the effects of repeated tDCS
application on glucose metabolism and cognitive performance
in MCI participants (N = 16). tDCS intensity of 2mA was
applied for 30min, three times per week for 3 weeks in
the active condition with the anode over left DLPFC (F3)
and cathode over the right DLPFC (F4) for bilateral frontal
stimulation. Using Positron emission tomography (PET), they
found a significant increase in cerebral metabolic activity in the
medial prefrontal cortex, precuneus, midtemporal regions, and
the anterior cingulate cortices in the active group over sham.
Multifactorial Memory Questionnaire (MMQ) was performed to
assess participant’s subjective memory functioning. MMQ scores
and glucose metabolism were significantly improved in the active
group over sham. Therefore, active tDCS can potentially change
the regional brain metabolism as well as transient memory
function in MCI participants (Steffener et al., 2009).

Studies using tDCS in AD participants have demonstrated
positive effects on cognitive function when tDCS was applied
during task execution (Hsu et al., 2015). Ferrucci et al. (2008)
assessed the effects of tDCS applied over the temporoparietal
areas in probable AD participants (N = 10). In this within-subject
study, all participants received two active (reversed polarity) and
one sham tDCS session over the temporoparietal areas. tDCS

was delivered bilaterally via two pairs of electrodes. Each pair
consisted of an electrode placed on the scalp (P3-T5 left side; P6-
T4 right side) and another on the right deltoid muscle. For each
session, recognition memory and visual attention were assessed
pre-stimulation and 30-min post-stimulation. Accuracy for word
recognition increased significantly with the anode placed over
the temporoparietal region and reduced with the cathode over
the temporoparietal region for the active tDCS sessions. There
was no change in accuracy observed during the sham session
(Ferrucci et al., 2008). This study demonstrated that stimulation
over the temporoparietal areas might affect recognition memory
in participants with AD. Further studies are necessary using
repeated sessions in conjunction with therapeutic interventions
(e.g., cognitive training) for treatments of cognitive decline in AD
participants.

Boggio et al. (2012) examined the effects of tDCS on
visual memory in AD participants in this within-subject study
(N = 15). Cognitive functions were evaluated before and
after the stimulation. tDCS was delivered at 2mA for 30 min
per day for five consecutive days. Bilateral stimulation was
achieved using two anode electrodes placed over the temporal
lobes (T3 and T4) and the cathode over the right deltoid
muscle. All participants received active and sham stimulation,
with sessions randomized by order and separated by an
average of 71.1 days to avoid possible carry over effects. The
results showed a main effect of active tDCS on enhancing
visual memory performance over sham at baseline. However,
there was no difference in general cognitive performance
measured between active and sham (Boggio et al, 2012).
This study demonstrated the therapeutic benefit of tDCS on
visual memory in AD participants. Future studies aimed at
optimizing intervention protocols can be explored to evaluate if
specific task enhancements can be transferred to other cognitive
domains.

Vascular dementia is the second highest prevalent form of
dementia after AD. Vascular lesions typically result in cognitive
slowing on a global scale including frontal lobe executive
dysfunction and attention deficits, and local deficits at the lesion
site (Hachinski et al., 2006; André et al., 2016). André et al. (2016)
examined the effects of tDCS over the left DLPFC on visual
short-term memory, executive function and working memory
in participants with mild vascular dementia in a parallel-group
design (N = 21; 13 active 8 sham). At-home tDCS at 2mA
for 20 min was performed over four consecutive days, with the
anode placed over the left DLPFC (F3) and cathode over the
contralateral supraorbital area (Fp2). In this study, participants
completed cognitive assessments on the first day of stimulation,
final day of stimulation, and 2-weeks later. The assessments were
picture-naming task to assess visual short-term memory, the N-
Back task to assess verbal working memory, and the Go/No-go
task to assess executive control. Improvements were observed in
both the active and sham groups. While the observed outcomes
might be due to test-retest effects from repeated testing, the tasks
could be considered as cognitive training, which is a promising
tool for rehabilitation. Visual recall and reaction times on the N-
Back and Go/No-go task were improved significantly in the active
group over sham. This study provided compelling evidence for
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therapeutic potentials of tDCS combined with cognitive training
or behavioral protocols aimed at preventing cognitive decline or
rehabilitation of cognitive faculties.

SUMMARY AND LIMITATIONS OF tDCS
STUDIES TARGETING COGNITIVE AGING
AND IMPAIRMENT IN OLDER ADULTS

Collectively, clinical studies of tDCS in both healthy and
impaired older adults have shown potential in improving
cognition and functional independence in aging population.
Table 2 summarizes a variety of stimulation parameters
(electrode placement, duration, intensity, electrode size) of tDCS
studies cognitive aging and impairment as mentioned in the
previous sections. Cohen’s d effect sizes were included in the
table to demonstrate tDCS effects at the group level. Moderate
to high effect sizes indicated that tDCS showed positive results
in remediating cognitive aging and a variety of dementia-related
cognitive impairments. Overall, the studies reported in the
previous sections suggested that applications of 1-2mA tDCS
for at least 15 min showed moderate effects (Cohen’s d > 0.5)
to improve targeted cognitive functions in older adults. The
majority of these tDCS studies (Ferrucci et al., 2008; Boggio
et al., 2012; Park et al., 2013; Meinzer et al., 2015; André et al.,
2016; Stephens and Berryhill, 2016; Yun et al., 2016) utilized
electrode placements over the frontal lobe with memory as
the most studied domain. However, it is difficult to identify a
single parameter set with the highest potential for success due
to the lack of common outcome measures and variation in the
cognitive domains targeted across studies.

As the study of tDCS as an intervention for cognitive aging
and dementia is a nascent field, the collective data presented in
this paper perhaps best indicate the promise of this approach for
future investigation and dose-response refinement. In addition,
these studies converge in demonstrating stimulation of frontal
cortices as a desirable target for intervention approaches in
cognitive aging and dementia. At present, the first Phase III
tDCS trial targeting remediation of cognitive aging was recently
initiated and is underway (Woods et al., 2018). Trials of this type
as well as further research integrating multimodal neuroimaging
with tDCS in the study of cognitive aging and dementia will
greatly improve our overall understanding of treatment efficacy
and potentially provide a window to strategies for treatment
optimization.

Factors impacting individual response to tDCS deserves
further consideration and study. The clinical studies to date were
mainly focused on treatment effects at group-level compared to
individual effects. Individual variability in brain anatomy plays
a critical role in the distribution and intensity of current flow
delivered to the brain during tDCS, and thus may alter individual
treatment effects (Minhas et al., 2012; Kessler et al., 2013; Woods
et al., 2016). Finite element studies on current flow modeling
using realistic head models have been used to predict the effects
of inter-subject variability (Miranda et al., 2003; Datta et al., 2009;
Opitz et al., 2013; Laakso et al., 2015). At present, while current
flow modeling is available, individual assessments of current

dosage in-vivo resulting from tDCS are limited (Kasinadhuni
etal., 2017). Future studies are needed to investigate the cognitive
effects from tDCS at the individual level and factors that may alter
efficacy.

TMS AND tDCS USE IN COGNITIVE AGING:
MOVING FORWARD

NIBS such as TMS and tDCS are promising as methods
for non-invasively probing cortical circuits in-vivo. Since its
introduction in the 1980’s, TMS has seen widespread use as a
non-invasive means to assess cortico-motor neurophysiology and
as a clinical intervention for certain chronic disorders, such as
medical resistant major depression. Beyond these applications,
evidence generated over the last years and summarized in
the present review, highlights additional TMS application for
aging such as the evaluation of the functional integrity of
intracortical GABAergic, glutamatergic, and cholinergic circuits,
the assessment of mechanisms of LTP and LTD-like plasticity,
and novel potential therapeutic targets for stimulation. While
tDCS literature spans less than 20 years, it is quickly becoming
a common methodology for non-invasive brain stimulation in
both research and clinical settings. As a safe and relatively
painless method for modulating the excitability of brain tissue,
tDCS has strong potential for application in a variety of
aging-related disorders and conditions (Bikson et al., 2016;
Szymkowicz et al., 2016; Ahn et al., 2017; Fazeli et al., 2017).
Therefore, researchers and clinicians are exploring the use
of these techniques to provide mechanistic insight into the
pathophysiology of cognitive aging and cognitive impairment
and as a potential means to characterize, or even slow or reverse
cognitive decline.

The results of TMS and tDCS studies presented herein
have been mixed, largely owing to the inherent challenge of
studying a large heterogeneous population (older adults with
and without cognitive impairment) without a consistent agreed-
upon set of parameters for stimulation, or measurable and
sensitive outcomes of cognition. These are necessary factors to
move the field forward and improve both the characterization
of individuals at baseline, and the responsiveness to therapeutic
interventions. While several technique-specific sources of
variability were identified and discussed in the previous sections
(individual, genetic, methodological), collectively, group-level
data from interventional applications of TMS and tDCS
demonstrated clinically meaningful, positive behavior results,
with the most promising and reliable parameters presented
in Tables1, 2. High-frequency rTMS was associated with
improvements in global cognition, memory, verbal learning,
inhibitory control and sentence comprehension. tDCS was
associated with improvements in memory, working memory,
language production, error awareness. However, one area of
consistency across both rTMS and tDCS is the prevalence of
studies targeting the frontal lobe in an attempt to enhance
cognitive functions. This is perhaps not surprising, as the frontal
lobe is one of the brain structures that changes most significantly
due to advanced age, in the absence of neurodegeneration, and
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is associated with a myriad of cognitive abilities that decline with
age.

Future studies aimed at addressing the limitations highlighted
in the present study have the potential to further improve the
efficacy of treatment effects at a group level. However, not all
identified sources of variability can be constrained (for example,
sources related with intra-individual differences in health status,
anatomy or genetic make-up). For this reason, future studies
should incorporate the characterization of these sources of
variability in their samples and investigate the cognitive effects
from TMS and tDCS further at individual level, rather than
relegate this important point to the discussion section as a
means to explain muddled or unexpected results. Further, the
stimulation parameters included in this study are for using
TMS and tDCS separately. Therefore, further consideration
for parameters may be needed when applying multiple NIBS
techniques simultaneously (Hamada et al., 2012). Although
outside the scope of the current paper, other NIBS approaches
using transcranial alternating current stimulation or transcranial
random noise stimulation methods may also hold promise for
cognitive aging and dementia. While the body of literature
for these NIBS techniques is limited, these methods deserve
additional study in this domain.

Furthermore, age-related changes in brain structure and
resulting consequences for tDCS current flow and TMS-
induced intracranial current are important factors that influence
outcomes and require significant further study. In addition,
understanding how age-related change in functional brain
response impacts TMS and tDCS outcomes may provide
important information for optimizing treatment gains in these
studies. As we find better methods for understanding how the
electrical current impacts non-motor tissue, we will have more
ability to customize stimulation parameters such as current
dosage and electrode placements, potentially creating paradigms
that can be individualized.

In this context, neuroimaging (PET, MRI, EEG, etc.) can
help. While TMS and tDCS can be applied in the absence
of imaging, the integration of NIBS with multimodal human
neuroimaging allows a more thorough investigation of structural
and functional brain differences that are relevant for improving
overall efficacy of TMS and tDCS outcomes. For instance, the use
of fMRI to provide functional targeting for tDCS montage design
(Woods et al., 2014) and rTMS targets (Drysdale et al., 2017)
for intervention applications will serve to refine intervention
protocols. Half of the interventional rTMS studies included
in this review (Bentwich et al., 2011; Cotelli et al., 2011;
Rabey et al, 2013; Gandelman-Marton et al., 2017; Nguyen
et al, 2017) employed MRI-guided rTMS, providing support
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Subclinical cerebrovascular disease is frequently identified in neuroimaging studies and is
thought to play a role in the pathogenesis of cognitive disorders. Identifying the etiologies
of different types of lesions may help investigators differentiate between age-related and
pathological cerebrovascular damage in cognitive aging. In this review article, we aim
to describe the epidemiology and etiology of various brain magnetic resonance imaging
(MRI) measures of vascular damage in cognitively normal, older adult populations. We
focus here on population-based prospective cohort studies of cognitively unimpaired
older adults, as well as discuss the heterogeneity of MRI findings and their relationships
with cognition. This review article emphasizes the need for a better understanding of
subclinical cerebrovascular disease in cognitively normal populations, in order to more
effectively identify and prevent cognitive decline in our rapidly aging population.

Keywords: aging, neuroimaging, cognitive aging, brain MRI, cerebrovascular disease

INTRODUCTION

Recent advancements in medicine, global health, and biotechnology have led to prolonged life
expectancy, and thus, a rapidly aging population (Ortman et al., 2014). As a result, the prevalence of
age-related diseases has increased, including cardiometabolic disease that impacts cerebrovascular
health. Subclinical cerebral small vessel disease (CSVD) has garnered attention in recent years and
is strongly related to modifiable risk factors such as hypertension and diabetes, especially in midlife
(Debette et al., 2011; Power et al., 2017). Managing cardiometabolic factors has become a priority
in maintaining optimal brain health (Gorelick et al., 2017). Many studies examining the association
between CSVD and cognitive aging have used cognitive impairment or dementia as outcomes. We
can improve our understanding of cognitive aging by distinguishing between changes in magnetic
resonance imaging (MRI) that are associated with normal vs. abnormal cognitive performance.
Studying those who have remained cognitively intact in old age can provide insight into the
prevention of significant cognitive decline and dementia.

Neuroimaging features of CSVD include small subcortical infarcts and lacunes, white
matter hyperintensities (WMH) on MRI (hypodensities on computed tomography), prominent
perivascular spaces, cerebral microbleeds (CMBs), disruption of the blood-brain barrier (BBB),
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and diffusion-based markers of microstructural integrity
(Alexander et al., 2007; Farrall and Wardlaw, 2009; Pantoni,
2010; Wardlaw et al., 2013b). These pathological entities form
part of the American Heart Association (AHA)/American
Stroke Association (ASA) definition of vascular contributions
to cognitive impairment and dementia (VCID; Gorelick et al.,
2011) and have been proposed as additions to recently published
criteria for Alzheimer’s disease (Sweeney et al., 2019). Though
several markers of CSVD have been related to an increased risk
of cognitive impairment (Vermeer et al.,, 2007; Taheri et al,
2011a; Debette et al., 2019), their natural course across the
lifespan and impact on age-related, non-pathological cognitive
decline, remains to be elucidated. Furthermore, these CSVD
markers have heterogeneous etiologies.

Data from neuroepidemiologic studies can help us
understand and quantify the public health burden of CSVD
and provide results that are more generalizable and reproducible
than those from small, non-representative, or clinical samples
(Paus, 2010; Falk et al, 2013; Ganguli et al, 2018). The
characterization of CSVD markers from brain imaging in large
epidemiologic studies has increased in recent years due to the
availability of standardized, valid, and reliable post-processing
software. This review article summarizes evidence from
epidemiologic studies that investigate the relationship of these
CSVD markers to cognition in older adults. In order to better
characterize the role of CSVD in age-related cognitive changes,
we restricted our review to studies of non-demented older
adults when discussing cognitive performance or decline as
the outcome. When describing the general mechanisms or
epidemiology of the CSVD marker, we included studies with
cognitively mixed samples, especially for CSVD markers for
which there is a dearth of literature. Terminology of most
CSVD markers discussed is derived from the STRIVE panel
(Wardlaw et al., 2013b), which aimed to achieve a consensus on
image interpretation, acquisition, and reporting on markers of
CSVD based on neuroimaging and pathological characteristics.
For each CSVD marker, we review the definition, etiology,
and epidemiology, as well as summarize the evidence of its
relation to cognitive function in non-demented samples.
The goal of this review article is to inform future research
in age-related cognitive decline, better differentiate between
normal and pathological brain aging, and generate hypotheses
for how CSVD may contribute to normal and pathological
cognitive aging.

WHITE MATTER HYPERINTENSITIES OF
PRESUMED VASCULAR ORIGIN

Definition and Measurement

Historically, white matter lesions (WML) were first observed on
CT and were named “leukoaraiosis” (Hachinski et al., 1987).
Once the use of MRI became widespread, these lesions were
better known as WMH, due to their hyperintense appearance on
T2-weighted sequences (Wardlaw et al., 2013b). The addendum
“of presumed vascular origin” is used to distinguish them
from white matter (WM) abnormalities secondary to other

causes, such as multiple sclerosis or the leukodystrophies
(Wardlaw et al., 2013b).

In the research setting, lesion severity is generally
characterized either semi-quantitatively by visual grading
or quantitatively by volume (e.g., WMH volume or WMHYV).
Volumetric quantification of WMHs is more reliable and
sensitive than visual rating scales of WM lesions (van den
Heuvel et al., 2006b) and has become more common in recent
years due to the increased availability of various automated
and semi-automated software. These systems quantify WMHV
based on the pixel intensity of a determined area on T2-weighted
images in either an automated or semi-automated fashion
(DeCarli et al., 1999; Jenkinson et al., 2012). The transverse
component of the MR magnetization decays as a result of
spin-spin interactions and is characterized by relaxation of the
time-constant, T2. A number of pathological processes, including
edema, gliosis, and demyelination, leads to an increase in T2 and
a relative increase of the signal intensity in a T2-weighted
image; the pathology appears “hyperintense” when compared
to homologous healthy tissue. Because cerebral spinal fluid
(CSF) also appears bright on a T2-weighted image, confounding
the identification of lesions (such as at the boundaries of
the ventricles), fluid attenuated inversion recovery (FLAIR)
prepared imaging is often used to null the signal from CSF,
leaving predominantly parenchyma.

Often, lesions are further divided into periventricular WMH
(PWMH), located adjacent to the lateral ventricular wall, or
deep WMH (DWMH), located in the immediate subcortical
region (Fazekas et al., 1987). Some studies have shown high
correlations between the two types suggesting this division is
arbitrary (DeCarli et al,, 2005). However, other studies have
found differences in pathological correlates when comparing
PWMH with DWMH (Shim et al, 2015), supporting the
use of this categorization. In statistical analyses, WMHYV is
usually modeled as a proportion of total intracranial volume
to account for individual differences in head size. Alternatively,
intracranial volume can be treated as an additional covariate in
multivariable analyses. To model WMH burden, categories of
WMHYV (e.g., quartiles) are often used to classify participants
with extensive or large WMH burden, but to date these categories
have not been translated into clinically meaningful amounts and
radiologists generally read scans qualitatively when examining
these changes.

Etiology and Pathological Correlates

WML are often ischemic in origin, developing as a consequence
of arteriolosclerosis of the small arteries and arterioles that
supply the WM, and damage to capillary beds and venous
collagenosis has also been found (Moody et al., 1997; Pantoni,
2010; Wardlaw et al., 2015). Chronic ischemia results in
vascular endothelial activation leading to the release of
hypoxia-inducible factors, metalloproteinases (MMPs), and
immunological mediators that cause hyaline wall thickening,
smooth muscle cell loss, and narrowing of the vessel lumen
(Fernando et al, 2006). These changes interfere with the
auto-regulatory adaptations that would normally occur in
response to attenuation of cerebral blood flow. Thus, focal
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infarction (lacunes) or areas of demyelination result and
are then observed as WMH on MRI. Pathological studies
suggest that WMH are comprised of discontinuous ependyma
and gliosis of WM fibers with demyelination and axonal
damage (Fazekas et al., 1993).

There are several contributors to the age-related cerebral
ischemia that underlie WMH. Vascular pathologies, such
as venous collagenosis and arteriolar tortuosity due to
hypertension, develop with age and may reduce blood flow
to downstream small vessels, inducing a hypoxic environment
(Brown et al., 2002). More directly, hypertension has been
robustly associated with greater WML load (van Dijk et al., 2008;
Gottesman et al.,, 2010; Debette et al., 2011; Godin et al.,
2011; Hajjar et al., 2011; Marcus et al, 2011; Verhaaren
et al, 2013), presumably through the induction of small
vessel hypertensive vasculopathy and subsequent vascular
remodeling (Laurent and Boutouyrie, 2015), especially in
the periventricular region. Hypertension may also cause
vascular injury that results in BBB dysfunction (see below),
increasing vascular permeability and causing cerebral edema
and activation of astrocytes in the WM (Wardlaw et al,
2003). Relevant to cognitive aging, Alzheimer’s disease-related
risk factors may also contribute to cerebral hypoperfusion.
For example, epidemiologic evidence suggests that ApoE
e4 allele carriership and low serum amyloid levels are related
to greater WML load (de Leeuw et al., 2004; Kaffashian
et al, 2014). Low serum amyloid levels may reflect amyloid
deposition in the cerebral vessel walls characteristic of cerebral
amyloid angiopathy (CAA), which in turn reduces lumen
diameter and diminishes blood flow (Bouras et al., 2006).
Chronic ischemia alters mechanisms of perivascular lymphatic
drainage of interstitial fluid, leading to the accumulation of
amyloid and further exacerbating the hypoxic environment
(Huang et al, 2010). More recent evidence from a smaller
cognitively mixed study suggests that greater CSF ABj_4; is
associated with lower WMH burden (Al-Janabi et al., 2018).
Similar trends have been observed in amyloid PET imaging
studies (Goodheart et al., 2015), though this may differ by
APQOE ¢4 allele status (Noh et al., 2014). In another smaller
study of p-amyloid positive individuals (as detected by PET
imaging), APOE €2 allele carriers exhibited greater WM
lesion load compared to APOE ¢4 allele carriers (Groot et al.,
2018). The exact relationship between neurodegenerative and
cerebrovascular pathology is still unknown, but most recent
studies among predemented individuals suggest that CSF AB;_4»
and WMH are associated with brain atrophy in an additive
fashion (Bos et al., 2017).

In people with WMH, both BBB permeability and mean
diffusivity are increased more than what would be expected
by aging alone, even in areas of normal-appearing WM. The
term WMH “penumbra” has been suggested to describe this,
referring to decreased fractional anisotropy (FA) and higher
mean diffusivity (MD) in apparently healthy tissues neighboring
WMH (Maillard et al., 2011). Both FA and MD have been
described as strong predictors of future stroke in healthy
populations (Evans et al., 2016). This supports the notion that
WMH are the most visible marker of a more diffuse process.

Epidemiology

The association between WMHs of presumed vascular origin
and greater age has been well-documented (Brickman et al.,
2008; Ikram et al, 2008; Morris et al., 2009; Chowdhury
et al, 2011). Other demographic factors have also been
examined with age adjusted in multivariable models, suggesting
that factors such as race/ethnicity and sex explain variability
in WMHs above and beyond age. For example, WMH
volume or grade was reported to be greater in racial/ethnic
minorities when compared with non-Hispanic Whites in diverse
population-based studies (Brickman et al, 2008; Knopman
et al, 2011). In contrast, the multi-ethnic Omni cohort of
the Framingham Heart Study demonstrated decreased WMH
volume compared with the mostly Caucasian FHS Offspring
cohort, but this may be due to the younger mean age of
the Omni cohort (Stavitsky et al., 2010). Some studies also
found greater WM disease in women compared to men
(Yue et al, 1997; de Leeuw et al, 2001; van Dijk et al,
2008), though the exact mechanism of this sex difference
is unknown.

Cognition

Greater WML load has been related to worse general and
domain-specific cognitive performance in community-based
samples and several epidemiologic studies have specifically
examined participants without cognitive impairment. Cross-
sectional studies using data from non-demented participants
and after adjusting for age have shown that greater WML
load is associated with worse cognition (Koga et al., 2002; Au
et al, 2006; Zhou et al, 2008; Godin et al, 2010; Vemuri
et al., 2015), especially executive function (Lampe et al,, 2019),
processing speed (Au et al, 2006; van den Heuvel et al,
2006a; van Dijk et al, 2008; Raji et al, 2012; Knopman
et al, 2015) and, to a lesser extent, episodic memory (Au
et al., 2006). The associations with frontal lobe processes reflect
damaged WM tracts relaying information to other parts of
the brain.

Longitudinal analyses in non-demented people have also
shown that those with greater WML load have significantly faster
cognitive decline, similar in strength to the association of amyloid
load to cognitive decline (Vemuri et al., 2015). Other longitudinal
analyses have exhibited similar patterns, such that greater WML
load is associated with greater cognitive decline, even after
adjustment for age (Arvanitakis et al., 2016; Boyle et al., 2016).

Similar findings have also been demonstrated in cognitively
normal participants who exhibit mild Parkinsonian signs
(Camarda et al., 2018) and functional impairments (Murray
et al., 2010; Wakefield et al., 2010; Dhamoon et al., 2018;
Willey et al., 2018), further emphasizing the need to examine
cognitively normal individuals who have other neurological
deficits. Finally, region-specific WML load has also been
examined in cognitively normal samples, and in particular,
frontal lobe (Lampe et al., 2019) and periventricular (van den
Heuvel et al., 2006a) WMLs are associated with worse cognitive
performance. Generally, these associations are examined in
multivariable models adjusted for age, suggesting that these
associations are independent of aging.
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Though these studies illustrate direct effects of WML load
on cognitive performance, there are reports of indirect effects of
WML load on cognition through markers of gray matter volume
(Knopman et al., 2015; Rizvi et al,, 2018). These data imply
that cerebrovascular damage may cause degeneration of the
surrounding brain parenchyma, potentially leading to cognitive
impairment. However, the relationships between CSVD and
neurodegeneration are complex and no consensus exists on
whether the association is additive or synergistic.

LACUNES OF PRESUMED VASCULAR
ORIGIN

Definition and Measurement

Lacunar infarcts are small subcortical infarcts that arise from
occlusion of a single perforating cerebral artery (Fisher, 1982).
Lacunar infarcts of presumed vascular origin have been further
defined as round or ovoid cavities that are subcortical, fluid-
filled, and measuring between 3 mm and about 15 mm in
diameter (Wardlaw et al., 2013b). A peripheral hyperintense
rim can often be observed on FLAIR sequences, although
it is nonspecific and can also surround perivascular spaces
(Wardlaw et al., 2013b). The distinction between lacunar infarcts
and perivascular spaces is important; most studies utilize the
minimal diameter of 3 mm to exclude small perivascular spaces.
Studies also use an upper size limit of 15 mm, to differentiate
lacunar infarcts from larger subcortical infarcts that reflect the
involvement of more than one penetrating vessel (or cortical
branch occlusions). This is due to tissue loss in older infarcts,
and inflammation in the acute stage in the newer infarcts
(Wardlaw et al., 2013b). Furthermore, many studies use the
term “subclinical brain infarcts” or “silent brain infarcts,” where
lacunar infarcts are grouped together with cortical infarcts,
ignoring their distinct etiologies. Typically, the associations with
presence or absence of infarcts are studied, although the number
and location are also considered.

In this review article, we consider studies that group together
all brain infarcts and emphasize results related to lacunar infarcts
when defined by the study. Though many studies group all brain
infarcts together, most also report that the majority of these silent
infarcts are lacunar in nature.

Etiology and Pathological Correlates

Pathologically, lacunar infarcts manifest as a result of
lypohyalinosis and/or microatheroma of penetrating arteries,
usually due to systemic hypertension or diabetes, and thus have
a similar etiology to WML (Fisher, 1982; Prabhakaran et al,,
2008; Knopman et al., 2011; Wardlaw et al., 2013b). Other
mechanisms of disease include small emboli, atherosclerosis,
and loss of endothelial integrity (Fisher, 1982; Wardlaw et al,,
2003, 2009; Romero et al., 2009). Measures of subclinical carotid
atherosclerosis have been associated with a higher incidence of
lacunes (Brisset et al., 2013) and greater presence of subclinical
brain infarcts (not excluding cortical infarcts; Romero et al.,
2009; Caughey et al., 2018). Also, wider carotid lumen diameter
has been related to a higher incidence of lacunes (Brisset et al.,

2013), which may represent a compensatory response of the
vessel to wall stiffness due to excessive extracellular matrix
turnover, a lack of vascular smooth muscle cell proliferation,
or apoptosis.

Epidemiology

The prevalence of lacunar infarcts varies between studies, but are
generally associated with increasing age across all studies. The
Cardiovascular Health Study (CHS) reported a 78.2% prevalence
of infarct-like lesions in deep nuclear location, and a 10.1%
prevalence in the posterior fossa (Bryan et al., 1997). The CHS
has also reported incidence data on lacunar infarcts, finding that
59.8% of those with lacunes had a single lacune only, while 15.8%
of those with infarcts had multiple lacunes only (Longstreth
et al., 2002). The Northern Manhattan Study, consisting mostly
of Hispanic/Latino participants, reported a prevalence of silent
brain infarcts of 16%, and 82.9% were classified as subcortical
(Prabhakaran et al., 2008; Wright et al., 2017). In the Rotterdam
Study, the prevalence of silent brain infarcts (including cortical)
was 7.2% (Vernooij et al,, 2007), and of the 217 participants
with silent brain infarcts, 202 had lacunar infarcts specifically
(Vermeer et al., 2003). In aggregate, most subclinical brain
infarcts are lacunar in nature.

Cognition

Lacunar infarcts have been associated with reduced cognitive
performance in population-based cohort studies of elderly
people, but few studies examined non-demented samples. Most
studies examine these associations in multivariable models
adjusting for age, so associations observed are independent
of aging. A Japanese-based study found that multiple lacunar
infarcts were associated with frontal lobe dysfunction specifically
(Koga et al., 2009), which is consistent with a US-based cohort
study (Knopman et al., 2015). The Rotterdam Study found that
silent thalamic infarcts were specifically associated with steeper
declines in memory performance, while nonthalamic infarcts
were related to steeper declines in psychomotor speed (Vermeer
et al.,, 2003). However, these studies are limited in terms of
racial and ethnic diversity, which decreases their generalizability
to the U.S. Overall, lacunar infarcts appear to be an important
contributor to vascular cognitive impairment in population-
based elderly cohorts, but more work is warranted to examine
cognitive performance in non-demented elderly, especially in
racial/ethnic minorities who are at higher risk for developing
dementia and vascular disease compared to non-Hispanic whites
(Mayeda et al., 2016; Benjamin E. J. et al., 2018).

PERIVASCULAR SPACES

Definition and Measurement

Also called Virchow-Robin spaces, perivascular spaces are
extensions of the extracerebral fluid that surround small arteries
and arterioles as they perforate the brain surface (Groeschel
et al, 2006; Wardlaw et al., 2013b). They are not seen on
conventional neuroimaging when small. However, the greater
the resolution MRI is acquired, the more evident and more
numerous they appear to be. Larger spaces located at the base
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of the brain become increasingly apparent with aging (Groeschel
et al., 2006; Wardlaw et al., 2013b). The STRIVE panel defines
dilated perivascular spaces as fluid-filled spaces that follow the
typical course of a vessel as it travels through the gray or WM
(Wardlaw et al., 2013b). They can be confused for lacunar
infarcts, and therefore, their diameter should be less than 3 mm
when imaged perpendicular to the course of the vessel (Wardlaw
et al., 2013b). Perivascular spaces tend to be more prominent
in the inferior basal ganglia area, where they can reach up to
20 mm, even causing some mass effect (Wardlaw et al., 2013b).
A recognized lesion known as the infraputaminal lacune is an
enlarged perivascular space in the subinsular region and can
be mistaken for lacunar infarction, but pathological data have
shown it to be of non-vascular origin (Pullicino et al., 1995).
Measurement of perivascular spaces also heavily depends on MRI
resolution, and therefore, estimates may widely vary depending
on the strength of MRI used (De Guio et al., 2016). The
relevance of perivascular spaces as an MRI marker of cognitive
aging remains understudied. Researchers recently attempted to
establish uniform criteria for identifying perivascular spaces
through population-based studies (Adams et al., 2015). As with
other CVSD markers, the presence, as well as the location of
these spaces, are important classifiers for research, and it is
hoped this biomarker will be utilized in clinical practice. Data on
perivascular spaces in large population-based studies is extremely
limited, especially in non-demented samples.

Etiology and Pathological Correlates

Dilated perivascular spaces are thought to be caused by
increased fluid exudation due to greater vascular permeability,
obstruction of the lymphatic drainage system, or parenchymal
atrophy (Groeschel et al., 2006; Adams et al., 2015; Ramirez
et al, 2016). They have been pathologically correlated with
pro-oxidative enzyme activation and complement activation in
CAA (van Veluw et al., 2016), a vascular entity highly related to
Alzheimer’s dementia.

The cause of dilated perivascular spaces is still under debate.
They have been associated with other vascular risk factors for
CSVD, such as elevated blood pressure (Klarenbeek et al., 2013;
Yakushiji et al., 2014; Yao et al.,, 2014; Gutierrez et al., 2015)
and large-vessel abnormalities (Gutierrez et al., 2013; Riba-Llena
et al.,, 2018), however these results are not consistent in the
literature (Bouvy et al., 2016). Thus although perivascular spaces
seem to share similar risk factors as other measures of CSVD,
more research is warranted.

Epidemiology

Few population-based, epidemiological cohort studies have
explored the prevalence or incidence of perivascular spaces, and
moreover, these studies differ in terms of detection methods
and data reported. However, across all studies, the load of
perivascular spaces is significantly associated with greater age.
The 3C-Dijon study reported that 28.5% of their non-demented
and stroke-free cohort had 1-2 hippocampal dilated perivascular
spaces, while 16% had >2 hippocampal dilated perivascular
spaces (Yao et al, 2014). The Northern Manhattan Study, a
mostly Hispanic/Latino elderly cohort, reported that 48% of their

stroke-free sample had a perivascular spaces score of >4, which
represents greater brain involvement (Gutierrez et al., 2013).
A TJapanese study of a neurologically healthy cohort reported
prevalence rates for dilated perivascular spaces located in the
basal ganglia and the centrum semiovale. It found that in the
basal ganglia about 80% of their participants had mild, 11% had
moderate, and about 3% had frequent or severe perivascular
spaces. In the centrum semiovale, about 26% had mild, 51% had
moderate, and 23% had frequent or severe perivascular spaces
(Yakushiji et al., 2014). Overall, the reported prevalence varies
tremendously in the literature, which is due in part to the lack
of large, epidemiologic cohorts measuring this vascular entity in
diverse populations.

Cognition

The association between perivascular spaces and cognitive
performance in the elderly has yet to be completely explored,
and data in non-demented samples is especially limited. The
results from studies of both population- and clinic-based samples
are mixed. In the Age, Gene/Environment, Susceptibility-
Reykjavik Study, dilated perivascular spaces were related to
faster cognitive decline, particularly in processing speed (Ding
et al, 2017a). In the community-based 3C-Dijon MRI Study
of dementia- and stroke-free participants, dilated perivascular
spaces were not related to cognitive performance (Yao et al,
2014). These findings are consistent with some smaller studies
of clinical populations with cognitively mixed participants
(Benjamin P. et al., 2018), but inconsistent with others (Huijts
et al,, 2014). Though not an epidemiologic sample, a small study
of healthy older men found that dilated perivascular spaces were
associated with worse cognitive function (Maclullich et al., 2004).
Further research in larger cohorts is needed to understand the
etiology of perivascular spaces and if they contribute uniquely to
vascular cognitive impairment.

CEREBRAL MICROBLEEDS

Definition and Measurement

MRI techniques that detect magnetic susceptibility allowed
the recognition of CMBs, and this has improved as the
technology has advanced (Greenberg et al., 2009). CMBs are
defined as small round foci of signal void on T2*-weighted
imaging measuring generally 2-5 mm in diameter, but
sometimes up to 10 mm (Wardlaw et al., 2013b). Differences
in the bulk magnetic susceptibility of tissue give rise to
inhomogeneities in the magnetic field produced by the MR
system. This results in an apparent decay of transverse
magnetization (T2*) at a rate faster than that of spin-spin
interactions (T2). Oxyhemoglobin is slightly diamagnetic
and very similar to the neuropil, whereas deoxyhemoglobin,
methemoglobin, and hemosiderin are paramagnetic owing to
unpaired electrons. Red blood cells containing hemoglobin
extravasate and undergo degradation in the perivascular space
and parenchyma. The hemoglobin shifts the magnetic field
over distances much greater than the underlying microscopic
pathology, and in a sense, amplifies the effect to allow
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visualization in an MR image sensitized to T2*. Sequences
such as gradient recalled echo (GRE), susceptibility weighted
imaging (SWI), or practically any echo-planar weighted image
such as diffusion weighted imaging (DWI) or dynamic
susceptibility contrast (DSC) perfusion weighted imaging
suffer from signal drop out in regions containing the blood
degradation products.

Although initially associated with the presence of
a concomitant lobar hemorrhage, they have also been
detected in community-based samples. They are related to
bleeding-prone microangiopathy of different origins, with
the imaging findings corresponding to hemosiderin-laden
macrophages (Fazekas et al., 1999; Shoamanesh et al., 2011).
Hemosiderin is a blood breakdown product that causes magnetic
susceptibility-induced dephasing, or loss of orientation of the
nuclei due to relaxation of the signal, leading to T2* signal
loss (Viswanathan and Greenberg, 2011).

The location of CMBs differ by etiology, with a cortical
(or lobar) location suggesting amyloid angiopathy, and deep
locations (i.e., in the basal ganglia or thalamus) suggesting
hypertensive vasculopathy (Knudsen et al., 2001; Greenberg et al.,
2009). CAA is diagnosed and subtyped using the Boston criteria,
which considers clinical and pathological data for diagnosis and
includes the identification of microbleeds (Knudsen et al., 2001).
Additionally, many of these studies also examine the number
of CMBs present, though estimates for these analyses become
less precise as the number of participants with >1 CMB is
usually low.

Differences in MRI techniques and strength continue to be
an issue in detecting CMB prevalence and incidence. The recent
introduction of SWI into clinical practice has further improved
the quantification of CMBs, but make it difficult to compare
studies that use different techniques. SWI uses additional spin
phase data from the MRI acquisition to enhance the appearance
of CMBs and remove venous artifacts (Haacke et al., 2009).
This can lead to an increase in the burden of CMBs detected
when compared with traditional GRE imaging. Figure 1 shows
how when a GRE image is adapted into an SWI, hemosiderin
deposition becomes more evident and the number of CMBs
appear to increase. Further, definitions of CMBs have varied
over time and standardization of the imaging definition will be
important for future studies.

Etiology and Pathological Correlates

Many processes that weaken cerebrovascular integrity, and
therefore increase the risk of bleeding, have been associated
with CMBs. Common with other CSVD entities, elevated
blood pressure is associated with CMBs, especially in deep
locations, since deep CMBs are usually caused by hypertensive
vasculopathy (Roob et al., 1999; Vernooij et al., 2008; Poels
et al, 2010, 2011; Romero et al, 2014; Wiegman et al,
2014; Akoudad et al., 2015; Del Brutto et al., 2015). Further,
systemic vasculopathies related to hypertension, including
carotid stenosis, carotid intima-media thickness, and arterial
stiffness, have also been associated with CMB presence (Poels
et al., 2012b; Romero et al., 2016).

The other important etiology of CMBs is CAA, especially
when CMBs are exclusively lobar or cortical. The APOE &4 allele,
a factor strongly related to amyloid angiopathy (Caselli et al,
2010; Tai et al, 2016), has been related to the increased
prevalence and incidence of lobar location of CMB in several
studies (Vernooij et al., 2008; Poels et al., 2010, 2011; Romero
et al., 2014; Graff-Radford et al., 2017). Similar to CAA
hemorrhages, lobar CMB tends to occur more frequently in the
temporal lobe (Mesker et al., 2011). Additionally, APOE alleles
¢4 and €2 are more strongly related to clustering of lobar CMB
when compared to carriers of the €3 allele (Loehrer et al., 2014).
Despite evidence for two separate etiologies, mixed pathology
has also been described in several of these studies, which is not
surprising given the older age of these participants. CMBs do not
yet have diagnostic value with regard to CAA or hypertensive
vasculopathy (Martinez-Ramirez et al., 2015).

Finally, systemic inflammation has also been suggested
as a mechanism for CMB due to the microglial mediated
clearance of blood products post-bleed that results in a detectable
hypointense lesion on MRI. Romero et al. (2012) found
that in subjects with at least 1 APOE €2 or e4 allele, high
LpPLA2 levels, a known marker of vascular inflammation, was
associated with deep CMB. In a subsequent report of the
same cohort, CMB presence was associated with elevated levels
of circulating tumor necrosis factor receptor 2 (TNFR2) and
myeloperoxidase (Shoamanesh et al., 2015).

Epidemiology

Several epidemiologic studies have estimated the prevalence of
CMBs in the general population, as well as its relation to age
and vascular risk factors. Generally, greater age is related to
greater odds of having a CMB. Prevalence rates differ widely
across reports and range between 4.7% and 24.4% (Roob et al,,
1999; Jeerakathil et al., 2004; Vernooij et al., 2008; Poels et al.,
2010, 2011; Wiegman et al., 2014; Akoudad et al., 2015; Del
Brutto et al., 2015; Caunca et al., 2016; Ding et al., 2017b;
Graff-Radford et al., 2017; van Leijsen et al., 2017) due to
the heterogeneity in the ages of participants, MRI techniques,
and CMB definitions. For example, the Framingham Study
initially found a prevalence of CMB of 4.7% (Jeerakathil et al.,
2004). In a subsequent report, the prevalence for CMB was
8.8%, almost double their previous report, despite the mean
age being similar (Romero et al, 2014). The difference in
prevalence may be explained by a difference in MR strength
(1.0T vs. 1.5T) since increased magnetic field strength enhances
CMB detection (Scheid et al., 2007; Stehling et al., 2008). In
a more diverse sample, the Northern Manhattan Study found
a prevalence rate of 5% for CMBs (Caunca et al, 2016).
The Washington Heights/Inwood Columbia Aging Project, also
based in Northern Manhattan, found a prevalence of 27%;
however, their study used stratified sampling based on Medicare
enrollees (aged 65 and older), while the Northern Manhattan
Study randomly sampled a younger population (aged 50 and
older; Wiegman et al, 2014). Further, the former study had
a smaller sample size than the latter, and CMB detection
methods differed as well. In contrast, the Rotterdam Study has
reported a prevalence of CMBs ranging from 15.3% to 28%
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that makes the cerebral microbleeds (CMBs) even more conspicuous.

FIGURE 1 | Panel (A) shows a traditional gradient recalled echo (GRE) image of a patient with hemosiderin deposition. Panel (B) is a phase image that when
manipulated and integrated with the GRE produces the susceptibility weighted image (SWI) seen in panel (C). Panel (D) is a minimum intensity projection (MIP) image

across several years (Vernooij et al., 2008; Poels et al., 2010,
2011). Similarly, the Atherosclerosis Risk in Communities Study
found an overall prevalence of 24% in their biracial cohort
using a 3T-strength MR machine (Graff-Radford et al., 2017).
Generally, CMBs are more commonly located in lobar vs. deep
locations (Jeerakathil et al., 2004; Caunca et al., 2016; Ding et al,,
2017b; Graff-Radford et al., 2017), especially in the temporal
lobe (Mesker et al., 2011). The incidence of CMBs also varies,
but prospective studies in community-based populations are
limited. The Rotterdam Study found a 3-year incidence rate of
10% for new CMBs (Poels et al., 2011), while the RUN DMC
cohort exhibited an annual 2.2% incidence rate for CMBs over
a 9-year period (van Leijsen et al., 2017). In an Ecuadorian,
rural sample, the prevalence of CMBs was 11% (Del Brutto
et al, 2015). In the Age, Gene/Environment Susceptibility-
Reykjavik Study, the prevalence of CMBs was 16.8% (Ding
et al, 2017b). Chinese population-based studies have found
10.1% (Han et al,, 2018) and 32.3% (Hilal et al., 2014) of
CMBs, respectively.

Cognition

The presence of one or more CMBs has been associated
with decreased global cognitive performance, independent of
age, but there is relatively limited evidence in non-demented,
epidemiologic samples (Poels et al., 2012a; Ding et al., 2017b).
Domain-specific cognitive performance has also been related
to CMBs in non-demented samples (Poels et al., 2012a; Meier
et al., 2014; Akoudad et al., 2016; Paradise et al., 2019), but

results are mixed in terms of which CMB location is related
to which cognitive domain. Overall, CMBs, especially lobar
CMBs, appear to affect mostly executive function processes,
which is consistent with the clinical presentation of vascular
cognitive impairment.

BLOOD-BRAIN BARRIER DISRUPTION

Definition and Measurement
The BBB is a dynamic interface between the cerebral circulation
and the central nervous system that limits and regulates the
movement of cells and molecules between these two spaces via
an interdependent network of cells and cell structures (Sandoval
and Witt, 2008). An intact BBB generally acts to protect the
brain; however, facilitated permeability of the BBB also plays an
important role in healthy brain physiology, such as during sleep
that controls the opening of the BBB (Pan and Kastin, 2017).

Gadolinium-enhanced MRI is the modality most commonly
used to assess BBB integrity. Gadolinium based contrast agents
(GBCAs) administered intravenously do not normally cross an
intact BBB. When present, GBCAs dramatically shorten the
T1 and T2 relaxation time-constants providing a mechanism to
“enhance” the signal in regions where the BBB is compromised.
Clearance of GBCAs is through the kidneys and most agents have
a half-life in the vasculature of a couple of hours.

The typical clinical assessment of the BBB involves
T1-weighted imaging before and after administration of
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FIGURE 2 | This image shows two slices from a flair magnetic resonance
imaging (MRI) of a patient with confluent white matter hyperintensities (WMH).
A blood-brain barrier (BBB) permeability heatmap derived from a dynamic
susceptibility contrast (DSC) sequence has been superimposed in color.
Increasing BBB permeability follows the color sequence green, yellow,
orange, red.

GBCAs. This approach is able to detect overt disruption of the
BBB such as with brain tumors or multiple sclerosis, however,
it is insensitive to more subtle gadolinium leakage. The most
commonly used research tool for measuring BBB permeability
is dynamic contrast enhanced (DCE) MRI which uses serial
T1-weighted imaging to measure the transfer constant (Ktrans)
during steady state. A more pragmatic approach uses DSC
imaging, which is a modality commonly acquired for perfusion
imaging in the clinical setting. Both DCE and DSC have
been used to measure BBB disruption associated with CSVD
(Taheri et al., 2011b; Arba et al, 2017). Figure 2 shows an
example of a BBB permeability heatmap derived from a DSC
sequence superimposed on a FLAIR sequence for a patient with
confluent WMH.

Etiology and Pathological Correlates
Dysfunction or disruption of the BBB is known to be associated
with many diseases of the central nervous system (Weiss et al.,
2009). BBB permeability also increases with normal aging but is
accelerated in patients with WMH (Farrall and Wardlaw, 2009).
White matter BBB disruption has been identified in patients
suffering from lacunar stroke (Wardlaw et al., 2009), and vascular
cognitive impairment (Taheri et al., 2011a). In patients with a
history of lacunar stroke, BBB disruption is known to occur
not only within the WMH but also in the normal appearing
white matter (NAWM; Topakian et al., 2010). The pattern of
WMH-associated BBB disruption tends to be located around the
edges of WMH, stretching into the NAWM (Rosenberg et al.,
2014; Huisa et al,, 2015). It has been hypothesized, but not
yet proven, that BBB disruption in the NAWM precedes the
development of WMH (Wardlaw et al., 2013a).

BBB disruption has been suggested as an early stage in the
cascade of events that leads to the development of WML
(Rosenberg et al., 2016). Areas of the brain susceptible
to intermittent hypoxia with reduced cerebrovascular
autoregulation experience activation of the MMPs resulting

in degradation of the endothelial basil lamina and tight
junction proteins, opening the BBB. This hypoxic pro-
inflammatory environment leads to the accumulation
of free radicals and proteases resulting in myelin
degradation through a non-immune mediated inflammatory
demyelination (Rosenberg et al., 2016).

Epidemiology

Most studies looking at the relationship between BBB disruption
and CSVD have been performed in patients who were identified
due to the occurrence of an acute ischemic event. An analysis
of an imaging data registry of stroke patients found that an
increasing burden of traditional biomarkers for CSVD (WML,
CMB, etc.) was associated with an increase in measures of BBB
disruption both in the region of the ischemic event as well as
in areas remote from the infarction (Arba et al., 2017). Another
analysis of stroke patients with WML found a dissociation
between the traditional CSVD risk factor of hypertension and the
occurrence of BBB disruption (Gupta et al., 2018).

The incidence and prevalence of BBB disruption in the
general population of patients with subclinical CSVD have not
been examined in large population-based studies to date. BBB
disruption detected at the time of a stroke can persist for
months after the initial event, suggesting that it is a chronic
process rather than merely a manifestation of the acute event.
In a small study of patients with known vascular dementia,
BBB disruption was present on serial imaging and appeared
to migrate over time (Huisa et al., 2015). Recent data from
clinical samples also seems to suggest that MRI measures of BBB
disruption are not related to age (Nation et al., 2019), but further
studies in larger, population-based samples are needed to explore
age-related associations.

Cognition

Much of the research looking at BBB disruption has been
focused on its relationship to the development of WML. It
is possible that BBB disruption precedes the conversion of
NAWM to WML. Since progressive WMLs are associated
with cognitive decline, it is hypothesized that BBB disruption
may be the earliest biomarker for identifying at-risk patients.
This hypothesis is supported by one study that found BBB
disruption preceded the development of post-stroke cognitive
decline (Wardlaw et al., 2017). More recently, a smaller clinically-
based study was conducted showing that BBB disruption was
related to cognitive dysfunction, independent of Alzheimer’s
Disease imaging biomarkers as well as after adjustment for age
(Nation et al., 2019). Participants in this study were selected from
Alzheimer’s Disease Research Centers, and included participants
with early cognitive dysfunction. Thus, more work needs to be
done in larger, representative samples to improve both internal
and external validity.

DIFFUSION TENSOR IMAGING

Definition and Measurement
Diffusion tensor imaging (DTI) allows for 3-dimensional
measurement of the displacement of water molecules within
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tissues as a result of Brownian motion caused by heat
(Basser et al., 1994; Basser and Pierpaoli, 1996; Alexander et al.,
2007). Water diffusing in tissue interacts with cell membranes
and other microstructural features that infer with, and decrease,
the net displacement in comparison to that of bulk fluid.
Some of these features, such fiber tracts formed by axons, have
coherent structural orientation which in turn is reflected in
the net displacement measured by DTI. The magnitude and the
directional dependency can be decomposed and used from the
DTI data to infer the structural integrity of the tissue.

Commonly, two measures of WM microstructural integrity
are used: the MD and FA. The MD reflects the overall diffusion
within a voxel or region of interest, with greater MD indicating
more microstructural integrity loss (Soares et al., 2013). On the
other hand, the FA reflects the degree of anisotropy (ranges
from 0 to 1) or restriction of the water diffusion in a single
direction. Values of FA approaching 1 indicate that the water
diffusion is occurring in a single direction, which indicates better
microstructural integrity (Soares et al., 2013).

Etiology and Pathological Correlates
Mechanisms of microstructural WM integrity loss are still being
elucidated, and the etiology of WM microstructural integrity
loss is multifactorial. Generally, vascular risk factors are strongly
related. In a middle-aged, biracial sample, hypertension and
greater time spent in sedentary activities were related to lower
FA (Launer et al,, 2015). Similarly, greater systolic blood pressure
was related to decreased FA and increased MD, especially in the
anterior corpus callosum and inferior fronto-occipital fasciculus
in a mostly White sample (Maillard et al., 2012). More recently,
studies have shown that both midlife and late-life vascular risk
factors were related to worse microstructural integrity among
older adults (Wang et al., 2015; Power et al., 2017). Relatedly,
behavioral risk factors, such as smoking and diet, are also related
to WM microstructural integrity (Gons et al., 2011; Launer et al.,
2015; Gu et al, 2016). Finally, serum measures of systemic
inflammation have also been associated with lower FA and
greater MD, suggesting a potential inflammatory mechanism for
microstructural integrity loss (Walker et al., 2017, 2018).

Studies have shown that non-demented APOE ¢4 allele
carriers exhibit increased MD, suggesting that the APOE ¢4 allele
may affect cerebral lipid metabolism and subsequently the
integrity of the myelin of these WM tracts (Kljajevic et al,
2014; Operto et al, 2018). In a smaller study of cognitively
normal participants from AD Research Centers, a greater
phosphorylated tau-Ap42 ratio was related to higher MD (Racine
et al., 2019). These data are also consistent with the idea that
microstructural integrity loss might be an earlier marker of
pathological brain aging than other markers of CSVD.

Microstructural WM integrity has been studied in the
context of WM lesions as seen on FLAIR images. Generally,
in cognitively normal samples, greater WMHYV is related to
lower FA (Seiler et al., 2018). Importantly, WM microstructural
integrity loss has been observed outside WMHs in aging
populations, suggesting that WMHs represent the most severe
damage to the WM, but WM injury continues outside these
lesions (Maillard et al., 2011, 2014).

Epidemiology

In a sample of participants with ages ranging across the
life-course, non-linear associations observed between WM
microstructural integrity and age were observed, highlighting
the need to consider changes in WM integrity in the context of
different age spans (Slater et al., 2019). Similarly, in a sample of
aging adults (age range 46-100 years), non-linear associations
of FA and MD were observed with increasing age (Vinke et al.,
2018). Prospective cohort studies have observed decreasing FA
and increasing MD over 2-year follow-up period among older
adults with an average age of about 70 years (de Groot et al,
2016). Among non-demented oldest-old (i.e., aged 90 years or
older), age-related changes in WM microstructural integrity
(as measured by MD and FA) has been observed in regions
important to dementia risk (Bennett et al., 2017). In younger
samples, greater age was also related to lower FA and greater MD
(Maillard et al., 2012; Launer et al., 2015).

Cognition

Generally, studies have observed that greater MD and lower
FA were related to faster decline in global cognition among
non-demented older adults (Tuladhar et al, 2015; Wang
et al., 2015), especially among APOE e4 allele carriers (Wang
et al, 2015). Domain-specific associations have also been
observed in a prospective cohort studies of non-demented
and stroke-free older adults, where both global and tract-
specific FA and greater MD was related to worse processing
speed, executive function, and motor speed (Vernooij et al,
2009; Cremers et al., 2016; Seiler et al., 2018). Others have
found similar associations and suggest that the effect of
upstream factors, such as diet, on cognitive decline may
be mediated by WM microstructural integrity (Gu et al,
2016). However, more work needs to be done, especially in
epidemiologic studies.

CONCLUSION

In summary, most CSVD markers, especially WM lesion
load, subclinical infarcts, and diffusion measures, are related
to cognitive decline independent of age. More research
needs to be done to examine age-related cognitive changes
in relation to BBB disruption and changes in diffusion-
based markers of microstructural integrity. Understanding the
relationship between normal aging and cognitive decline is a
challenging endeavor. However, MRI markers of CSVD may
offer a critical clue to understanding this relationship. Large,
epidemiological neuroimaging studies have the potential to
provide valuable information to guide research. The use of
population-based cohorts ensures generalizability and affords
the opportunity to study a variety of risk factors and outcomes
related to neuroimaging markers. Despite the significant
work that has been done with established MRI markers,
further epidemiological research is warranted in understudied
markers, such as perivascular spaces and BBB disruption.
While work in aging populations can inform researchers
and clinicians of the prevalence and incidence of these
markers in age-related cognitive changes, future studies should
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focus carefully on excluding cognitively abnormal participants
particularly in studies that use cognitive performance as an
outcome. This will facilitate the study of how these MRI
markers relate to cognitive impairment in the context of
normal aging.
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