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Metabolic dysfunction is a well-established feature of Alzheimer’s disease (AD),
evidenced by brain glucose hypometabolism that can be observed potentially decades
prior to the development of AD symptoms. Furthermore, there is mounting support
for an association between metabolic disease and the development of AD and
related dementias. Individuals with insulin resistance, type 2 diabetes mellitus (T2D),
hyperlipidemia, obesity, or other metabolic disease may have increased risk for the
development of AD and similar conditions, such as vascular dementia. This association
may in part be due to the systemic mitochondrial dysfunction that is common to
these pathologies. Accumulating evidence suggests that mitochondrial dysfunction is
a significant feature of AD and may play a fundamental role in its pathogenesis. In fact,
aging itself presents a unique challenge due to inherent mitochondrial dysfunction and
prevalence of chronic metabolic disease. Despite the progress made in understanding
the pathogenesis of AD and in the development of potential therapies, at present we
remain without a disease-modifying treatment. In this review, we will discuss insulin
resistance as a contributing factor to the pathogenesis of AD, as well as the metabolic
and bioenergetic disruptions linking insulin resistance and AD. We will also focus on
potential neuroimaging tools for the study of the metabolic dysfunction commonly seen
in AD with hopes of developing therapeutic and preventative targets.

Keywords: Alzheimer’s disease, insulin resistance, bioenergetic shift, ketone body, inflammation, metabolism,
positron emission tomography

INTRODUCTION AND OVERVIEW

Alzheimer’s disease (AD) is a fatal neurodegenerative disorder that afflicts an estimated 5.3 million
people in the United States. Due to socioeconomic forces such as an aging population, the
prevalence of AD is projected to nearly triple to about 13.8 million Americans at an annual cost
of greater than $1 trillion by 2050 (Alzheimer’s Association, 2015). AD consists of two forms;
familial or early-onset AD (FAD), which constitutes less than 5% of all AD cases and is normally
diagnosed prior to the age of 65 years, with clear genetic risk through inherited mutations in three
main genes: amyloid precursor protein (APP), presenilin 1 (PSEN1) and presenilin 2 (PSEN2;
Selkoe, 1996). Sporadic or late-onset-AD (LOAD) makes up the great majority of all AD cases and
is usually diagnosed after the age of 65 years. The most prominent risk factor for the development
of LOAD is advanced age and indeed the incidence of AD increases with advancing age.
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Although several genetic risk factors for LOAD have been
identified, the most significant of these is the Apolipoprotein-E-
epsilon-4 allele (APOE4), which is an isoform of the APOE gene
that plays a role in cholesterol and beta-amyloid peptide (Aβ)
homeostasis (Genin et al., 2011; Karch et al., 2012; Alzheimer’s
Association, 2015).

AD is characterized by a progressive deterioration in
cognition with significant impairments in memory, executive
function and behavioral/personality changes. Neuropathologic
hallmarks of AD include neuritic plaques and neurofibrillary
tangles that are initially seen in the medial temporal lobes and
eventually extend throughout the cortex (Braak and Braak, 1991;
Braak et al., 2006). Additional misfolded proteins, including
TAR DNA binding protein 43 (TDP-43) positive inclusions
may be found in brains of individuals with AD (Amador-
Ortiz et al., 2007). The leading hypothesis concerning the
pathogenesis of AD is the Amyloid Cascade Hypothesis, which
postulates that Aβ plays a central role in AD pathology
leading to oxidative injury, synaptic/neuronal dysfunction
and eventual neurodegeneration (Hardy and Higgins, 1992;
Hardy and Selkoe, 2002). The clinical path of AD may
be viewed as a continuum with an extended asymptomatic
stage without cognitive or behavioral symptoms, but with
documentable changes in brain pathological processes—with
ultimate progression to mild cognitive impairment (MCI) and
eventually dementia with cognitive and functional decline
(Sperling et al., 2011).

Central metabolic dysfunction is a well-established feature
of AD, evidenced by brain glucose hypometabolism that can
be observed potentially decades prior to the development of
AD symptoms (Reiman et al., 1996; Small et al., 2000; Sperling
et al., 2011). Furthermore, there is mounting support for an
association between metabolic disease and the development of
AD and related dementias (Whitmer et al., 2008; Craft, 2009).
Individuals with insulin resistance, type 2 diabetes mellitus
(T2D), hyperlipidemia, obesity, or other metabolic disease may
have increased risk for the development of AD and similar
conditions, such as vascular dementia (Craft, 2009; Di Paolo and
Kim, 2011). This association may in part be due to the systemic
mitochondrial dysfunction that is common to these pathologies
(Lesnefsky et al., 2001; Lowell and Shulman, 2005; Madamanchi
and Runge, 2007; Johri and Beal, 2012). Accumulating evidence
suggests that mitochondrial dysfunction is a significant feature
of AD and may play a fundamental role in its pathogenesis
(Yao et al., 2010; Yao and Brinton, 2011; Chaturvedi and Beal,
2013). In fact, aging itself presents a unique challenge due to
inherent mitochondrial dysfunction and prevalence of chronic
metabolic disease (Mammucari and Rizzuto, 2010; Cui et al.,
2012).

Despite the progress made in understanding the pathogenesis
of AD and in the development of potential therapies, at present
we remain without a disease-modifying treatment (Armstrong,
2011; Schneider et al., 2011a,b; Howard et al., 2012; Doody
et al., 2014; Salloway et al., 2014). In this review, we will discuss
insulin resistance as a contributing factor to the pathogenesis
of AD, as well as the metabolic and bioenergetic disruptions
linking insulin resistance and AD. We will close with a review

of potential tools for the study of the metabolic dysfunction
commonly seen in AD.

METABOLIC PATHWAYS TO ALZHEIMER’S
DISEASE: INSULIN RESISTANCE

Overview of Insulin in the Brain
Insulin is a peptide hormone secreted principally by pancreatic
beta cells with well-characterized functions in glucose/lipid
metabolism, vascular regulation, and cell growth (Saltiel and
Kahn, 2001;Muniyappa et al., 2007).Mounting evidence suggests
that insulin plays a vital role in the central nervous system
(CNS; Craft and Watson, 2004; Ketterer et al., 2011; Liu et al.,
2011; Banks et al., 2012; Correia et al., 2012; Duarte et al.,
2012; Cholerton et al., 2013; Craft et al., 2013; Blázquez et al.,
2014). Insulin readily crosses the Blood Brain Barrier (BBB)
through a saturable, receptor-mediated process (Baskin et al.,
1987; Baura et al., 1993; Banks et al., 1997a,b; Woods et al.,
2003). Moreover, several regions in the brain (hypothalamus,
choroid plexus, etc.) may serve as a more rapid site of entry
for peripheral insulin into the CNS (Baskin et al., 1987).
There is continuing debate concerning production of insulin
within CNS. Studies in animal models have described presence
of insulin mRNA in various brain regions (Banks et al.,
2012; Duarte et al., 2012). Clinical studies have described
the presence of C-peptide, which is secreted at the time of
insulin production in pancreatic beta cells, in cerebrospinal fluid
(CSF; Ghasemi et al., 2013b; Blázquez et al., 2014). However,
this too may be from the pancreas and not produced within
the CNS.

Insulin exerts its action through binding to the insulin
receptor (IR) with two different isoforms (IR-A and IR-B).
IR-A is found in the adult nervous system and has a higher
affinity for insulin than IR-B, which is found mainly is
adipose tissue, hepatic tissue, and skeletal muscle (Zhao W.-Q.
et al., 2004; Dou et al., 2005; Watson and Craft, 2006;
Banks et al., 2012; Ghasemi et al., 2013b). However, a
recent study has reported IR-B expression in astrocytes
(Garwood et al., 2015), with a potential role in mediating
insulin and insulin-like growth factor (IGF) function in
the CNS. It is important to note that insulin-like growth
factor-1 and 2 (IGF-1, IGF-2) can also bind at the IR,
but at decreased affinity than insulin (Banks et al., 2012;
Kleinridders et al., 2014). IRs are tyrosine kinases with alpha
and beta subunits. Once insulin or other substrates are bound,
the alpha subunit promotes autophosphorylation of tyrosine
residues on the beta subunits leading to the recruitment of
scaffolding proteins, mainly IR substrates 1 and 2 (IRS-1 and
IRS-2). IRS-1, 2 ultimately connect insulin to two significant
signal transduction pathways: the PI3K/Akt pathway, largely
responsible for metabolic effects, lipid/protein synthesis and
the Ras/ERK pathway which modulates cell growth, survival,
and gene expression (De Felice and Ferreira, 2014; Kleinridders
et al., 2014). IRs are located in both neurons and glia
(Abbott et al., 1999). These receptors are selectively distributed
throughout the brain, with higher concentrations in the
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olfactory bulb, cerebral cortex, hippocampus, hypothalamus,
amygdala, and septum—regions of strategic importance for
feeding and cognition (Havrankova et al., 1978a,b; Baskin
et al., 1987; Unger et al., 1991). Similar to IR, IGF-1
receptors (IGF1-R) are also tyrosine kinases binding IGF-
1/2 and insulin. Interestingly, both IR and IGF1-R can form
hybrids of either heterodimers or homodimers with each
other. The ultimate downstream effects depend on the ligand
and type/location of receptor. Likewise, the affinity of the
ligand also depends on the receptor type. The distribution
of IR, IGF1-R, and their hybrids are regionally specific
within the CNS (Kleinridders, 2016; Cai et al., 2017). Refer
to a recent review by Kleinridders (2016) for a more
comprehensive understanding of IR and IGF-1 receptors in the
brain.

Insulin and Cognition
An acute elevation of peripheral insulin (generally in response
to an increase in exogenous or endogenous glucose) promotes
insulin transport across the BBB into the CNS, thus facilitating
its role for a variety of important brain functions (Woods
et al., 2003; Kleinridders et al., 2014). The regional localization
of IR in the hippocampus (Werther et al., 1987) suggests
that insulin may influence memory, one of the main tasks
supported by the hippocampus and closely connected structures.
Intracerebroventricular administration of insulin in rats has
been shown to improve passive avoidance and spatial memory
(Park et al., 2000; Haj-ali et al., 2009). Clinical studies utilizing
acute intravenous administration of insulin with maintenance
of euglycemia have described enhanced performance in verbal
memory (Craft et al., 1996, 1999, 2003; Kern et al., 2001).
Similar memory improvement has been observed following
administration of intranasal insulin (Benedict et al., 2004, 2008;
Stockhorst et al., 2004; Reger et al., 2006, 2008; Craft et al.,
2012; Schiöth et al., 2012; Claxton et al., 2013, 2015; Freiherr
et al., 2013; Novak et al., 2014); these studies will be reviewed in
detail below. In total, the above work forms a strong foundation
for insulin’s role in memory, one of the key cognitive domains
affected by AD.

Intriguingly, the process of learning may modify IR
expression and function throughout specific brain regions (Zhao
et al., 1999; Zhao W.-Q. et al., 2004; Agrawal et al., 2011). In
rats, spatial memory training has been shown to upregulate
IR mRNA in the hippocampal CA1 region and dentate gyrus
and lead to increased accumulation of IR protein within the
hippocampus. Moreover, training increased insulin-stimulated
tyrosine phosphorylation of the IR in vitro in trained animals
(Zhao et al., 1999). These results suggest that learning itself
may influence both IR concentration and insulin signaling in
the hippocampus and potentially other brain regions. It is
likely that insulin plays a key role in learning and memory
given IR localization in the hippocampus, IR changes in the
hippocampus secondary to spatial learning, and improvements
in memory secondary to insulin administration in both animal
models and human studies. Although it is not entirely clear how
insulin exerts its action on cognition, several mechanisms likely
contribute.

Insulin and Cerebral Glucose Metabolism
One such mechanism by which insulin may influence cognition
is by affecting cerebral energy metabolism. The importance of
glucose in the CNS is demonstrated by the disproportionate
metabolic rate of the brain relative most organs and tissues.
While the brain only makes up 2% of the average body weight,
it utilizes about 25% of the body’s glucose and 20% of the
body’s oxygen to meet metabolic demand (Attwell and Laughlin,
2001; Bélanger et al., 2011). The energy derived from glucose
metabolism is used to maintain neuronal ion gradients and cell
membrane lipid remodeling, among other processes (Attwell and
Laughlin, 2001). Insulin undoubtedly is crucial for peripheral
energy metabolism in adipose tissue, hepatic tissue, and skeletal
muscle (Saltiel and Kahn, 2001). Until recently brain (glucose)
metabolism has largely been thought of as insulin-independent.
Yet, recent research has highlighted an important role of insulin
in cerebral/peripheral metabolism and other functions (Banks
et al., 2012; Blázquez et al., 2014).

Bingham et al. (2002) reported increased cerebral glucose
metabolism after restoration of basal levels of insulin in
metabolically healthy participants. Metabolic changes were most
apparent in cortical areas. This work indicates that normal
basal levels of peripheral insulin may play an important
role in the maintenance of cerebral glucose metabolism.
In a recent study of adults with metabolic dysfunction,
Hirvonen et al. (2011) reported increased glucose metabolism on
18F-fluorodeoxyglucose (FDG) Positron Emission Tomography
(PET) imaging after a hyperinsulinemic clamp procedure.
Interestingly, glucose metabolism was not affected by the
hyperinsulinemic condition in metabolically healthy participants
(Hirvonen et al., 2011). These results support the view that
insulin may modify cerebral glucose metabolism, and that effects
may differ depending upon metabolic status.

Insulin likely exerts regional effects on cerebral glucose
metabolism due to the localized distribution of glucose
transporters (GLUTs; Schulingkamp et al., 2000; Reagan et al.,
2001). A recent review by Shah et al. (2012) discusses the role
of these transporters in brain disease, with a focus on AD and
diabetes. The insulin independent GLUT1 and GLUT3 were
traditionally believed to be the sole cerebral GLUTs (Lund-
Andersen, 1979). These GLUTs are expressed at the BBB and
within neurons and glia (Devraj et al., 2011; Shah et al.,
2012). However, it is now apparent that insulin-responsive
GLUTs, such as GLUT4 and GLUT8, are also localized within
specific brain regions such as the hippocampus, cerebellum,
sensorimotor cortex, hypothalamus and pituitary (Brant et al.,
1993; Livingstone et al., 1995; El Messari et al., 1998; Apelt
et al., 1999; Reagan et al., 2001; Shah et al., 2012). Insulin
has been reported to increase cerebral GLUT4 expression and
translocation (Piroli et al., 2007). Importantly, insulin-responsive
GLUT4 and GLUT8 are co-localized to regions that express
IR and insulin (Apelt et al., 1999; Schulingkamp et al., 2000).
Our understanding of cerebral glucose metabolism continues
to expand, with new insights supporting the role of insulin in
mediating at least some portion of cerebral glucose metabolism,
which likely impacts cognitive processes including learning and
memory.
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Other Actions
In addition to insulin’s function in cerebral glucose metabolism,
another mechanism by which it may impact the brain is its
influence on long-term potentiation (LTP; Zhao and Alkon,
2001). In particular, insulin has been reported to affect
the expression of N-methyl-D-aspartate (NMDA) receptors
(Skeberdis et al., 2001). Furthermore, insulin has been shown
to modulate levels of the neurotransmitters, acetylcholine and
norepinephrine, which have been shown to influence cognition
(Figlewicz et al., 1993; Kopf and Baratti, 1999). Insulin also
serves other important functions through actions in the brain
such as neuroprotective effects as well as mediation of vascular
function through nitric oxide (NO) and endothelin-1 (Banks
et al., 2012; Katakam et al., 2012; Blázquez et al., 2014).
The importance of insulin’s role in the CNS is becoming
increasingly clear as converging evidence demonstrates that
disrupted insulin signaling (insulin resistance) may promote
neurodegenerative disorders, such as AD (Craft, 2007, 2009;
Neumann et al., 2008; Cholerton et al., 2011; Correia et al.,
2012; Chen and Zhong, 2013; Ghasemi et al., 2013b; Blázquez
et al., 2014; De Felice and Ferreira, 2014; Sridhar et al.,
2015).

Overview of Insulin Resistance
Insulin resistance occurs when insulin binding to its receptors
has diminished effects. Although this term is most commonly
applied to decreased glucose clearance from the blood and entry
into target tissues (Reaven, 1983, 2003; DeFronzo et al., 1992),
it can also refer to insulin’s ability to engage its canonical
signaling network in any target tissue. In the periphery this
resistance is accompanied by increased release of insulin from
the pancreas to meet the demand of chronically elevated levels of
glucose and/or increased amount of adipose tissue that requires
insulin for its glucose metabolism (DeFronzo et al., 1992).
Prolonged elevation of systemic insulin may ultimately lead
to a dysfunction in insulin signaling (DeFronzo, 2010). This
chronic elevation in peripheral insulin levels also impacts central
insulin availability and function. Insulin’s passage through the
BBB is transporter-mediated (Banks et al., 2012). In a healthy
state, an acute, transient rise in peripheral insulin leads to an
increase in CNS insulin, where it enters the brain. Chronic
peripheral hyperinsulinemia leads to the downregulation of
insulin transporters at the BBB, which in turn decreases the
amount of insulin that may enter brain (Wallum et al., 1987;
Schwartz et al., 1990; Banks et al., 2012). This CNS insulin
deficiency may potentially lead to impairments in memory,
neuroprotective effects, synaptic transmission, as well as likely
contributing to the development of neurodegenerative disease
(Craft and Watson, 2004; Craft, 2007; Cholerton et al., 2011;
Correia et al., 2012; Ghasemi et al., 2013a; Blázquez et al.,
2014; De Felice and Ferreira, 2014; De Felice and Lourenco,
2015). Importantly, negative impacts of insulin resistance
occur years prior to the development of clinically defined
diabetes (Roriz-Filho et al., 2009). Early defects in insulin
signaling may be associated with pathologic brain changes even
decades before clinical symptoms of the disease (Roriz-Filho
et al., 2009). Moreover, patients may not appreciate significant

symptoms until the disease process has already exerted a
negative, and potentially irreversible impact on peripheral
tissues and the brain (Sperling et al., 2011; Sridhar et al.,
2015).

Impact of Insulin Resistance on the Brain
In a metabolically healthy state, an acute elevation of insulin
levels has a beneficial impact on cognitive function. However,
chronically elevated insulin greatly diminishes insulin’s
end-organ effects (Neumann et al., 2008). Evidence supporting
this include impaired learning in animal models of T2D and
in humans with the disorder (Greenwood and Winocur, 2001).
Vanhanen et al. (1998) described lower scores on the Bushcke
Selective Reminding Task (verbal learning and memory) in
older adults with impaired glucose tolerance. Insulin resistance
also impacts brain structure and function corresponding with
changes in brain volumes and cerebral glucose metabolism.
Convit et al. (2003) described lower hippocampal volumes
in older adults with impaired glucose tolerance, which were
also associated with lower scores on delayed recall of a logical
memory task. Similarly, a study by Kerti et al. (2013) reported
that adults with higher fasting glucose and HbA1c had lower
delayed recall, learning, and memory consolidation utilizing
the Rey Auditory Verbal Learning Test. Higher fasting glucose
and HbA1c also correlated with lower hippocampal volume
and altered hippocampal microstructure as determined by
Mean Diffusivity, a Diffusion Tensor Imaging (DTI) metric
(Kerti et al., 2013). Further analysis in this group suggested
that the beneficial effects of lower blood glucose on learning
and memory could in part be explained by the hippocampal
changes described in the study (Kerti et al., 2013). Moreover,
we have previously reported that older adults with insulin
resistance (pre-diabetes or diabetes without treatment) showed
AD-like patterns of reduced brain glucose metabolism, as
quantified with FDG PET imaging. Glucose hypometabolism
was most apparent in frontal, parietotemporal, and cingulate
cortices (Baker et al., 2011). This finding is profound in that
it provides evidence that insulin resistance affects similar
brain areas as AD, supporting the view that insulin resistance
may promote neurodegenerative disease. Diabetes has been
shown to be a strong predictor of cognitive decline in older
adults (Yaffe et al., 2004, 2006; Cheng et al., 2012; Biessels
et al., 2014). In fact, those with diabetes may be twice as
likely to experience a decline in cognition over 5 years relative
to those without the disorder (Tilvis et al., 2004). Likewise,
several epidemiologic studies have described an association
between insulin resistance and cognitive impairment and/or
the development of dementia in older adults (Hassing et al.,
2004; Yaffe et al., 2004; Strachan, 2011; Cheng et al., 2012).
Cognitive impairment is not restricted to changes in learning
and memory, but also other domains. For example, Abbatecola
et al. (2004) showed that insulin resistance was associated
with longer time to complete Trail Making Test—Part B. The
Trail Making Test is a task of processing speed, cognitive
flexibility and visual motor skills and has sensitivity for a
variety of disorders negatively affecting cognition (Bowie
and Harvey, 2006). Given current evidence insulin resistance
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must be considered an important risk factor for cognitive
decline.

Research in humans is largely supported by work in animal
models of insulin resistance, describing its negative impact on
cognitive performance. Stranahan et al. (2008) demonstrated that
a high-saturated fat diet supplemented with high fructose corn
syrup-laden water, as a proxy for a ‘‘Western Diet,’’ led to worse
performance on a spatial memory (water-maze) task relative to
control animals and reduced LTP after 8 months on diet. Rats
on a high saturated fat diet developed insulin resistance, which
was accompanied by lower concentrations of hippocampal brain-
derived neurotrophic factor (BDNF; Stranahan et al., 2008).
These results provide evidence supporting the profound impact
that insulin resistance may have on the mammalian brain, an in
particular on the hippocampus, one of the primary brain regions
implicated in AD pathology.

In summary, work in both humans and animalmodels suggest
that insulin resistance has detrimental effects on cognition, most
notably learning andmemory. Given the vital influence of insulin
resistance on brain, it is important to further understand the
metabolic pathways that may be impacted in such conditions,
as well as how these pathways related to AD and other
neurodegenerative disorders.

BIOENERGETIC DISRUPTIONS IN INSULIN
RESISTANT STATE RELEVANT TO
ALZHEIMER’S DISEASE

Although the pathogenesis of insulin resistance and AD are
yet to be fully elucidated, both share common pathologic
features, supporting the notion that systemic insulin resistance
may ultimately promote AD. Common features of an insulin
resistant state and AD include inflammation, dyslipidemia,
amyloidogenesis and overt bioenergetic dysfunction.

Inflammation and Vascular Dysfunction
Chronic inflammation is detrimental to the body and brain
(Blasko et al., 2004; Khansari et al., 2009; Schwartz and Baruch,
2014), with elevated levels of inflammatory cytokines and
chemokines reported in AD and insulin resistance (Blum-Degen
et al., 1995; Pradhan et al., 2001; Kubaszek et al., 2003; Swardfager
et al., 2010). Not surprisingly, chronic low-level inflammation
in adipose tissue has been hypothesized to contribute to the
pathogenesis of insulin resistance (Festa et al., 2000; Akash
et al., 2013). A type of inflammatory cell, the adipose tissue
macrophage, may be a central player in perpetuating the
inflammatory cascade that ultimately leads to insulin resistance
and T2D (Lee, 2013). Inflammation has been a feature commonly
identified in studies of AD and other neurodegenerative
disorders (Akiyama et al., 2000; Amor et al., 2010; Wyss-
Coray and Rogers, 2012). Inflammatory cytokines are commonly
elevated in the plasma and CSF of Alzheimer’s patients (Blum-
Degen et al., 1995; Swardfager et al., 2010). Furthermore, research
has explored the role of other inflammatory mediators in AD
with focus on BBB and vascular integrity (Ryu and McLarnon,
2009; Takeda et al., 2013).

A powerful mediator of inflammation and vascular
dysfunction common to both insulin resistance and AD are
advanced glycation end products (AGEs), which are glycated
proteins and lipids formed through non-enzymatic glycosylation
after exposure to glucose (Singh et al., 2001). There are increased
AGEs in adults with insulin resistance and diabetes relative to
healthy controls (Goldin et al., 2006; Unoki et al., 2007; Unoki
and Yamagishi, 2008; Yamagishi et al., 2012). Accumulation of
AGEs may exert negative effects on tissues. For example, AGE
binding to its target, the receptor for advanced glycation end
products (RAGE), promotes upregulation of nuclear factor-
kappa beta (NF-κβ), which is a transcription factor and crucial
mediator of inflammation (Goldin et al., 2006). AGEs may block
the production of NO in the endothelium, thereby mitigating
its vasodilatory effects. Moreover, a complex of AGE-RAGE
may interfere with vascular structure, making it permeable to
macromolecule invasion and resultant pathology (Goldin et al.,
2006). Wautier et al. (1996) reported that inhibition of RAGE
prevents the AGE-related changes in vascular permeability
within diabetic rats. This research suggests that a prominent
feature in individuals with insulin resistance (AGE) may
propagate an inflammatory cascade and vascular injury. AGEs
are also more elevated in adults with AD than age-matched
controls and may ultimately contribute to AD pathology
(Sasaki et al., 1998; Srikanth et al., 2011). AGEs have been
discovered in amyloid-containing senile plaques, tau-containing
neurofibrillary tangles, neurons and glia (Lüth et al., 2005).
Glycation of Aβ has been shown to enhance its aggregation
(Sasaki et al., 1998) AGEs have been reported to stimulate tau
hyperphosphorylation, which is attenuated with inhibition of
RAGE in rats (Lüth et al., 2005). Moreover, AGEs stimulate
similar oxidative stress, inflammation, and vascular pathology
in the brain as that found in the periphery (Ramasamy et al.,
2005).

Dyslipidemia
Insulin is an important mediator of lipid metabolism, and a
core feature of insulin resistance is dyslipidemia (DeFronzo and
Ferrannini, 1991; Savage et al., 2007). Lipids and cholesterol
constitute a significant portion of the brain mass, with continual
turnover, especially at synapses and cellular connections
(Robinson et al., 1992; Purdon et al., 2002). Impaired lipid
metabolism may therefore have a profound impact on the
brain and contribute to neurologic disease. The characteristic
lipid profile of chronic insulin resistance includes elevated free
fatty acids (FFA), which inhibit the insulin-related suppression
of very low density lipoprotein (VLDL) secretion by the
liver (DeFronzo and Ferrannini, 1991). This contributes to
an altered lipid balance with elevated VLDL and other lipids,
which may perpetuate an insulin resistant state (DeFronzo
and Ferrannini, 1991; Kamagate et al., 2008). Higher low
density lipoprotein (LDL) and lower high density lipoprotein
(HDL) levels are known cardiovascular risk factors, and
could play a role in development of AD-related amyloid
deposition, potentially due to the impact of cholesterol on
Aβ processing within the brain (Reitz, 2013; Berti et al.,
2015).
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Furthermore, various genetic studies including genome-wide
association studies (GWAS) have identified several genes
involved with lipid and cholesterol metabolism as increasing risk
for AD. Most notably is Apolipoprotein-E (APOE), followed
by Apolipoprotein-J (APOJ or Clusterin, CLU), ATP-binding
cassette subfamily A member 7 (ABCA7) and sortilin-like
receptor (SORL1; Reitz, 2013). Although our understanding of
dyslipidemia, cholesterol metabolism and its relation to AD is
incomplete, it seems plausible that altered states of systemic lipid
metabolism may contribute to pathologic brain changes seen in
the disease. A study by Reed et al. (2014) reported that higher
levels of LDL and lower levels of HDLwere associated with higher
amount of amyloid concentration as determined by Pittsburgh
Compound B (PiB) PET imaging. These results suggest a
potential association between dyslipidemia and cardiovascular
risk and the accumulation of cerebral amyloid, which may
in turn be mediated by insulin resistance as well as other
causes of disturbed lipid metabolism, such as carriage of
the APOE4 allele. Intriguingly, a recent study suggests that
carriage of an APOE4 allele may contribute to diminished
IR signaling by directly interacting with the IR, impairing its
trafficking and ultimately leading to the IR being trapped within
endosomes (Zhao et al., 2017). This may provide novel insight
into the role of APOE and its relation to insulin signaling,
thus explaining the differential response to intranasal insulin
in APOE4 carriers (Reger et al., 2006; Claxton et al., 2013,
2015).

Amyloidogenesis
Both AD and T2D are amyloidogenic conditions; Aβ (1–40 and
1–42) is found at increased concentrations in AD and amylin
(islet amyloid polypeptide, IAPP) is found at elevated levels
within insulin resistant states (Cooper et al., 1989; Hardy and
Higgins, 1992; Lim et al., 2010). Amylin accumulates primarily
in the pancreas, which may potentiate the development of
T2D and worsening insulin resistance as pancreatic beta cells
become depleted (Cooper et al., 1989; Jackson et al., 2013).
Recent studies have also described amylin accumulation in other
tissues throughout the body, including in cerebral vasculature
and brain parenchyma (Despa et al., 2012; Jackson et al.,
2013; Srodulski et al., 2014). Jackson et al. (2013) described
the accumulation of oligomeric amylin and amylin plaques
in the temporal lobes, vasculature and perivascular spaces of
older adults with T2D, but not in age-matched controls. A
similar pattern of amylin deposition was found in the cerebral
vessels and brain parenchyma of adults with AD, even in
the absence of T2D. Co-localized amylin and Aβ deposition
were also observed (Jackson et al., 2013). These results suggest
that amylin may have a pathologic impact on the brain and
contribute to metabolic risk for AD. It is becoming increasingly
clear that the amylin and Aβ may not be mutually exclusive.
Research suggests that amylin may indeed contribute to the
accumulation of Aβ in AD through seeding effects (Yan et al.,
2014; Oskarsson et al., 2015). Yet, further research into this
Aβ-amylin interaction must be performed in order to fully
understand the molecular link between these two amyloidogenic
molecules.

Furthermore, insulin has been shown to impact Aβ, which
has traditionally been implicated in the pathogenesis of AD
(Hardy and Higgins, 1992; Hardy and Selkoe, 2002). Evidence in
animal models suggests that brain insulin deficiency may lead to
increased formation of Aβ due to the upregulation of APP and
beta-secretase 1 (BACE1), which are involved in formation of
Aβ (Devi et al., 2012). In vitro studies have reported that insulin
impacts amount of Aβ. For example, in neuronal cultures insulin
stimulates the release of intracellular Aβ (1–40 and 1–42) into
the extracellular space. Trafficking of intracellular Aβ and APP
is accelerated as they are transported from the Golgi/trans-Golgi
network to the plasma membrane (Gasparini et al., 2001). An
insulin resistant state would interfere with this action of insulin
and reduce trafficking of Aβ out of the cell.

A significant factor in Aβ degradation is the metalloprotease
insulin-degrading enzyme (IDE; Cook et al., 2003; Farris et al.,
2003; Zhao L. et al., 2004). IDE is highly expressed in tissue
throughout the body, including brain, liver, skeletal muscle
and kidney (Authier et al., 1996). Importantly, IDE has been
described to facilitate the breakdown of both insulin and Aβ

(Kurochkin and Goto, 1994; McDermott and Gibson, 1997;
Qiu et al., 1998; Sudoh et al., 2002; Zhao L. et al., 2004). The
IDE-dependent degradation of Aβ has been shown to occur
through a PI3K-dependent mechanism (Zhao L. et al., 2004).
Thus, an early insulin-resistant state (with higher levels of
circulating insulin) may contribute to the accumulation of Aβ

due to competition for IDE (Qiu et al., 1998; Roriz-Filho et al.,
2009; Bosco et al., 2011). Research in AD mouse models has
further solidified the role of insulin resistance in IDE-related
amyloid pathology. Tg2576 mice with diet-induced insulin
resistance had increased production of Aβ (1–40 and 1–42) in
the brain relative to Tg2576 mice without insulin resistance.
Interestingly, these results were associated with an increased
gamma-secretase activity and decreased IDE activity (Ho et al.,
2004). Moreover, IDE knockout mice have been shown to have
a reduced breakdown of cerebral Aβ and insulin (Pérez et al.,
2000; Cook et al., 2003; Farris et al., 2003). These results suggest
that insulin resistance may independently contribute to amyloid
production and exacerbate an already amyloidogenic state, such
as AD.

Chronically elevated peripheral insulin may lead to lower
levels of insulin within the CNS (Wallum et al., 1987; Schwartz
et al., 1990; Banks et al., 2012). Initially cerebral levels of
insulin may be increased (as with the periphery), yet insulin
eventually decreases as BBB transport is reduced and amyloid
accumulates, promoting central insulin resistance (Banks et al.,
1997b). This process may negatively impact insulin’s functions
in the brain and the clearance of Aβ. Patients with AD have
been shown to have lower insulin in the CSF, elevated insulin
in the blood, and a lower CSF:Plasma insulin ratio relative
to healthy controls (Craft et al., 1998). Furthermore, increased
peripheral insulin concentration may interrupt breakdown of
Aβ after being transported out of the brain as well as by
interfering with its exit from the brain. A potential mediator of
these effects is LDL receptor-related protein (LRP-1). Tamaki
et al. (2007) reported that insulin mediates the hepatic uptake
of circulating Aβ (1–40) from the blood by increasing LRP-1
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expression on hepatic cellular plasma membranes. This process
is dose-dependent and reversed with administration of an LRP-1
inhibitor (Tamaki et al., 2007). LRP-1 has also been shown
to contribute to Aβ (1–40) transport across the BBB to the
peripheral circulation (Ito et al., 2006). These results suggest
that insulin resistance may contribute to the accumulation
of amyloid species due to impaired clearance from the brain
to the periphery where it may be cleared by the liver. Both
decreased removal of Aβ from the CNS and reduced degradation
of Aβ once it reaches the periphery may contribute to the
clogging of a peripheral Aβ ‘‘sink.’’ Thus, the pattern of high
peripheral insulin levels and low brain insulin levels may
increase risk for AD and ultimately help exacerbate disease
pathology.

Additional mechanisms may relate insulin resistance to
AD pathology. For example, the soluble form of Aβ is able
to bind to the IR, and has been shown to disrupt insulin
signaling and activation of three kinases in primary hippocampal
neurons (Townsend et al., 2007). Specifically, Aβ was shown to
act through diminishing insulin-induced autophosphorylation
(Townsend et al., 2007). Moreover, a study by Zhang et al. (2013)
suggests that Aβ promotes hepatic insulin resistance through
JAK2 signaling. Taken together these results infer that over
accumulation of Aβmay promote impaired insulin signaling that
could further propagate disease pathology. Synaptotoxic effects
also link Aβ and insulin. Synapse loss is an early event in AD
pathology, which may be promoted by soluble Aβ oligomers
(Selkoe, 2002; Scheff et al., 2006). Insulin has been shown to
prevent binding of Aβ to synapses, thus minimizing synaptic
damage (De Felice et al., 2009). Insulin has also been shown to
diminish formation of Aβ oligomers, which is likely protective
against Aβ oligomer-related damage (Lee et al., 2009). This
research suggests that a pathologic hallmark of AD initiated
by Aβ oligomers may be mitigated by insulin administration.
Inflammation, dyslipidemia, and amyloidogenesis are each
prominent features linking insulin resistance and AD. Yet, one
of the most important connections between the two pathologies
is the inherent bioenergetic dysfunction that is common to each.

Bioenergetic Dysfunction in Insulin
Resistance and Alzheimer’s Disease
Another common feature of AD and insulin resistance is
mitochondrial dysfunction, which is supported by several
key findings (Lowell and Shulman, 2005; Kim et al., 2008;
Szendroedi et al., 2011; Johri and Beal, 2012; Chaturvedi and
Beal, 2013). First, enzymes involved in energy metabolism are
differentially regulated in AD. Lower activity of the pyruvate
dehydrogenase (PDH) and alpha-ketoglutarate dehydrogenase
(AKGDH) complexes has been reported in AD (Park et al., 1999;
Blass, 2000; Starkov et al., 2004). These enzymes are fundamental
for cellular respiration, with PDH being particularly important
for linking glycolytic metabolism to the Kreb’s cycle. Like many
bioenergetic enzymes, both may be affected by the accumulation
of oxidative moieties leading to decreased enzyme efficiency and
ultimate production of reactive oxygen species (ROS) and further
oxidative stress (Wei and Lee, 2002).

Second, mitochondrial function in adults with AD may be
affected by the accumulation of Aβ, which seems to be at least
partly mediated by Aβ-binding-alcohol-dehydrogenase (ABAD;
Yao et al., 2011; Chaturvedi and Beal, 2013). Specifically, Aβ

has been shown to inhibit activity of complexes II and IV of the
electron transport chain (ETC) and lead to increased production
of ROS (Swerdlow et al., 2010; Yao et al., 2011; Chaturvedi
and Beal, 2013). Reduced activity of complex IV, also known
as cytochrome c oxidase (COX), has been widely reported in
platelets as well as within the brain, which supports the view
of AD being a systemic disorder (Parker et al., 1990; Cardoso
et al., 2004). Aβ and APP have been implicated in the disruption
of mitochondrial dynamics (fission/fusion), contributing to the
mitochondrial dysfunction seen in AD (Wang et al., 2008, 2009;
Chaturvedi and Beal, 2013).

Additionally, Aβ has been shown to impair mitochondrial
calcium homeostasis, which may lead to disruption of
mitochondrial permeability transition pore and eventually
cell death (Bezprozvanny and Mattson, 2008; Reddy, 2009).
Insulin has also been described to impact intracellular calcium
homeostasis. A recent study by the Thibault lab reported
that acute insulin administration decreases calcium transients
ultimately affecting the function of intracellular calcium
channels (Maimaiti et al., 2017). Understanding this relationship
is necessary, as higher levels of intracellular calcium may
consequently disrupt physiologic glucose metabolism in the
brain; potentially promoting further pathology (Pancani et al.,
2011).

Epidemiological evidence has described parental history of
AD as being an important predisposition to developing the
disease (Fratiglioni et al., 1993). The risk may be more prominent
for maternal than paternal history and lead to AD-related brain
changes, even in cognitively normal adults (Edland et al., 1996;
Mosconi et al., 2007, 2009a). As mitochondrial DNA (mtDNA) is
inherited from the mother, any maternal genetic predispositions
for bioenergetic disturbances may be passed down leading to
increased risk for disease (Taylor and Turnbull, 2005).

Even prior to the first articles concerning an Amyloid Cascade
Hypothesis of AD (Hardy andHiggins, 1992), evidence described
mitochondrial/bioenergetic disturbances in AD (Sims et al.,
1987; Parker et al., 1990; Blass and Gibson, 1991). Blass (2000)
described a Mitochondrial Spiral as contributing significantly
to AD pathogenesis. Three main points were discussed:
reduced brain (glucose) metabolism, oxidative stress and calcium
dysregulation. Deficiencies in either of these domains may
ultimately led to disruption in the others—contributing to the
pathogenesis of AD (Blass, 2000). Swerdlow and Khan (2004)
proposed a Mitochondrial Cascade Hypothesis of sporadic AD.
This theory of AD pathogenesis identifies the mitochondria
and mitochondrial dysfunction as a central mediator in the
development of LOAD. The inheritance of genes important for
bioenergetic processes combined with various environmental
influences throughout life could lead to the pathological changes
associated with AD. One such environmental influence is insulin
resistance. The impaired energy metabolism seen in insulin
resistance may catalyze the bioenergetic deficits that contribute
to themitochondrial dysfunction seen in AD (Correia et al., 2012;
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Montgomery and Turner, 2015). Disrupted insulin signaling
leads to impaired energy metabolism, likely affecting the
bioenergetic machinery working to maintain an adequate supply
of energy for bodily function. There is still debate whether insulin
resistance leads to mitochondrial dysfunction, if mitochondrial
dysfunction contributes to insulin resistance, or if they mutually
impact each other (Montgomery and Turner, 2015). Regardless
of causality, mitochondrial dysfunction is fundamental feature of
insulin resistance. Thus, insulin resistance may either promote or
intensify the bioenergetic dysfunction already apparent in AD.

CEREBRAL METABOLISM AND THE
BIOENERGETIC SHIFT IN ALZHEIMER’S
DISEASE

Given the systemic metabolic dysfunction seen in AD potentially
promoted by insulin resistance, it is important to understand
the various metabolic fuels that may be used by the brain and
how our current knowledge of brain metabolism is limited by the
study of mainly one of these fuels. In this section, we will also
discuss a potential bioenergetic shift in brain metabolism in AD
and how this may be visualized with neuroimaging techniques
prior to significant disease pathology.

Metabolic Fuels
Several sources of energy may be utilized in the production
of adenosine triphosphate (ATP) that is required for many
physiologic processes (Wallace et al., 2010). It is well established
that glucose is the primary source of brain metabolic energy
for healthy individuals. The interaction between neurons and
glia, especially astrocytes, is fundamental for brain energy
metabolism (Pellerin et al., 2007; Bélanger et al., 2011); and
must be appreciated when interpreting results of cerebral
metabolic studies. Glucosemay bemetabolized into pyruvate and
lactate, via erobic and anerobic glycolysis, both of which have
received attention concerning their roles in brain metabolism
(Gonzalez et al., 2005; Boumezbeur et al., 2010; Barros, 2013).
Furthermore, accumulating evidence describes the importance
of erobic glycolysis in brain function (Vaishnavi et al., 2010;
Vlassenko et al., 2010).

When glucose is in excess it is stored as glycogen, which is
largely stored in the liver for systemic use and in the skeletal and
cardiac muscle for local utilization (Shulman et al., 1990; Roden
et al., 1996). However, glycogen has also been found within brain
astrocytes (Brown and Ransom, 2007). There is debate to how
long these stores may provide energy for the brain. Yet, astrocytic
stores likely make glycogen an important source of cerebral fuel
in times of need.

In addition to glucose and its derivatives, other sources may
be used as metabolic fuels. Beta-oxidation of fatty acids may
be a significant source of fuel for systemic energy metabolism,
especially at times when glucose and glycogen reserves are
depleted or within states of diminished glucose metabolism
(Cahill, 2006). Even though fatty acids may cross the BBB, they
are not the preferred alternate substrate to glucose for brain
metabolism. Schonfeld and Reiser suggest that fatty acids may

be less efficient with a slower rate of oxidation than glucose
and ketone bodies, while being associated with higher rates of
oxidative stress (Schönfeld and Reiser, 2013).

Ketone bodies (acetoacetate (AcAc), beta-hydroxybutyrate
(BHB) and acetone) or KB are mainly synthesized in the
liver as a result of beta-oxidation of fatty acids and are the
primary alternative fuel to glucose in brain metabolism (Garber
et al., 1974). They are released in marginal amounts in healthy
individuals, and in times of fast or on a high fat ketogenic
diet levels are increased compensating for decreased glucose
metabolism (Cahill, 2006). Ketone bodies are more efficient
than glucose relative to the amount of oxygen needed to carry
out oxidative metabolism (Cahill, 2006). The lower amount of
oxygen required for KB metabolism not only conserves the use
of a vital resource (especially in hypoxic states), but it leads to
decreased generation of ROS that may promote cellular damage
and eventual cell death. Furthermore, increased KB metabolism
may lead to an improved glucose metabolism, which may add to
the efficacy of a therapy aimed at ketosis (Roy et al., 2012). In
states where circulating KB are elevated, transporters regulating
their flux into the BBB are upregulated. These monocarboxylate
transporters (MCTs) are known to transport various substrates
depending on their class, including: KB, lactate, pyruvate and
thyroid hormone (Halestrap and Wilson, 2012).

In the brain, MCTs are found in the cell membranes of
neurons and glia in addition to the BBB. Even though KB
only marginally contribute to brain metabolism under basal
conditions in a healthy individual, they may constitute over 60%
of brain energy metabolism during the fasted state, and help
mitigate decreased glucose metabolism (Morris, 2005). There are
three main determinants of KB use by the brain: concentration
of KB in the blood, transport across the BBB via MCTs, and
cerebral activity of enzymes used in KB metabolism (Morris,
2005). KBs become a significant source of metabolic fuel as their
plasma concentration increases. After transport across the BBB,
research suggests that the rate-limiting factor in the utilization
of KB is activity of catalytic enzymes that may regionally vary
throughout the brain (Morris, 2005). However, other research
describes the rate-limiting step after acute KB administration
as transport across the BBB (Blomqvist et al., 2002). MCTs on
the BBB are upregulated in states of chronic ketosis (Halestrap
and Wilson, 2012). With an acute administration of KB, MCT
density on the BBB may be the rate-limiting step for the ability
of KB to be used in brain metabolism, while in a chronic state of
ketosis the environment is adapted to a state of decreased glucose
metabolism and may be dependent on the ketolytic metabolic
machinery.

Brain Hypermetabolism in Alzheimer’s
Disease and Related Disorders
One of the most prominent features of the underlying
mitochondrial and metabolic abnormalities in AD may be brain
glucose hypometabolism. Disrupted cerebral glucose metabolism
is visible using FDG PET and one of the earliest pathologic events
in AD (Mosconi, 2005; Mosconi et al., 2008; Sperling et al., 2011).
The hypometabolic pattern seen in AD is fairly characteristic.
Metabolic declines are first found in the parietal-temporal
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area, posterior cingulate cortices and medial temporal lobes.
Hypometabolism eventually progresses to the frontal lobes,
subcortical areas and the cerebellum (Mosconi et al., 2009b). This
may occur more than a decade prior to clinical onset of AD and is
most evident in individuals that carry an APOE4 allele or with a
positive family history (especially maternal history) of dementia
(Mosconi et al., 2009b; Cunnane et al., 2011; Sperling et al., 2011).
However, in recent years mounting evidence has described a
state of reactive or compensatory glucose hypermetabolism in
AD as well as Parkinson’s, Huntington’s and other neurologic
diseases (Gilman et al., 1990; Haier et al., 2003; Borghammer
et al., 2012; Cistaro et al., 2012; Lee et al., 2012; Ashraf et al.,
2015).

Ashraf et al. (2015) reported cortical glucose
hypermetabolism in individuals with amnestic MCI. Glucose
hypermetabolism was found in amyloid (11C-PiB PET) negative
(n = 4) and amyloid positive (n = 1) participants. Opposing
results were seen in participants with the highest amyloid
load (n = 5), which were found to have cortical glucose
hypometabolism. Interestingly, amyloid negative participants
with glucose hypermetabolism did not convert to AD within
an 18-month follow-up, while amyloid positive participants
(n = 4) did convert to AD within the same time period (Ashraf
et al., 2015). Results from this study suggest that cerebral glucose
hypermetabolism may precede glucose hypometabolism in the
earliest stages of AD pathology.

Findings of compensatory hypermetabolism in a clinical
population with MCI/AD have been supported by evidence
describing a similar cerebral metabolic profile in AD mouse
models. In the APP/PS1 mouse model of AD, Poisnel et al.
(2012) found cortical and hippocampal glucose hypermetabolism
in APP/PS1 mice relative to controls at 12 months. Moreover,
the group used autoradiography to show that the increased
glucose uptake was generally limited to areas near amyloid plaque
accumulation (Poisnel et al., 2012). Similar results have been
found in the 5xFAD (Rojas et al., 2013) and Tg2576 mouse
models of AD (Luo et al., 2012).

Cerebral glucose hypermetabolism has also been described
in several other neurologic disorders, commonly preceding
a state of impaired glucose metabolism in a disease-specific
manner. In Huntington’s disease (HD), relative cerebral glucose
hypermetabolism has been described in several brain areas
including the thalamus, while hypometabolism was seen in
the striatum (Lee et al., 2012). In Parkinson’s disease (PD),
hypermetabolism has been found in the globus pallidus externus
and other subcortical areas. This contrasts the near-global
cortical hypometabolism seen in PD (Borghammer et al., 2012).
Patients with bulbar and spinal-onset Amyotrophic Lateral
Sclerosis (ALS) had higher glucose metabolism on FDG PET
than controls in several regions of interest (ROIs), including the
amygdala, midbrain, pons, and cerebellum. While lower glucose
metabolism was found in frontal/parietal lobes in those with
bulbar-onset alS relative to spinal-onset patients and controls
(Cistaro et al., 2012). In Down Syndrome, inferior temporal
lobe and entorhinal cortex hypermetabolism has been reported
prior to the onset of dementia, which may be a compensatory
response to early pathologic changes (Haier et al., 2003, 2008).

Similar evidence has been found in the study of Friedreich’s
ataxia, where glucose hypermetabolism was reported in those
with early disease. An apparent glucose hypometabolic state was
associated with further progression of the clinical condition. This
difference between hypermetabolic to hypometabolic state was
noted by authors to be regionally specific (Gilman et al., 1990).
In theory, similar metabolic changes could occur in a disease-
specific pattern in any disorder of the CNS with significant
neurodegenerative pathology.

Intriguingly, cerebral energy metabolism may be impacted
by systemic metabolic disease without clinically defined
neuropathology. In Willette et al. (2015a) examined the
relationship of systemic insulin resistance (HOMA-IR) and
cerebral glucose metabolism. They found a higher degree of
insulin resistance was related to lower glucose metabolism in
AD ROIs. Conversely, in participants with MCI that eventually
progressed to AD, higher HOMA-IR was associated with glucose
hypermetabolism in the medial temporal lobes and hippocampus
(Willette et al., 2015a,b). These results suggest that there may be
a differential cerebral metabolic response throughout the clinical
spectrum of AD and highlight the importance of studying
the relation of brain metabolism to systemic metabolic risk
factors. Moreover, our lab has previously reported that older
adults with insulin resistance showed AD-like patterns of
reduced brain glucose metabolism, as quantified with FDG PET
imaging. Glucose hypometabolism was most apparent in frontal,
parietotemporal, and cingulate cortices (Baker et al., 2011).
This suggests that insulin resistance may promote AD-related
changes in brain in those at-risk for the disorder.

Although underlying synaptic dysfunction and neuronal
degeneration likely promotes decreased glucose utilization
in the brain (cerebral glucose hypometabolism on FDG PET
imaging) there is still debate as to whether an inherent glucose
hypometabolism causes the early pathologic changes seen
in AD and related disorders. A review by Cunnane et al.
(2011) explores this topic by offering several mechanisms
by which glucose hypometabolism may contribute to
AD-related pathology. Potential mechanisms described
include tau hyperphosphorylation resulting from lower glucose
availability, decreased glycolytic enzyme activity—with a
potential impact on cholinergic neurotransmission, and
brain microvascular changes that may disrupt glucose influx
into the brain (Cunnane et al., 2011). Yet, another potential
mediator of the AD-related brain glucose changes may be
a bioenergetic shift in metabolism from glucose-based to
KB-based.

Brain Bioenergetic Shifts and Alzheimer’s
Disease Pathogenesis
The notion of a bioenergetic shift in energy metabolism in AD
has been described in the literature spurred by observations
concerning the metabolic deficits commonly seen in the
disorder—especially glucose hypometabolism, mitochondrial
dysfunction and oxidative stress (Kadish et al., 2009; Yao
et al., 2011). Important work has come from Roberta Brinton
and colleagues, who have described brain changes resulting
from a potential bioenergetic shift, with special interest in
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how this shift is impacted by estrogen (Brinton, 2008a,b; Yao
et al., 2009, 2010, 2011, 2012; Yao and Brinton, 2012; Ding
et al., 2013a,b). Evidence using a female triple transgenic AD
mouse model (3xTg-AD) and non-transgenic mice describes an
upregulation of succinyl-CoA:3-ketoacid coenzymeA transferase
(SCOT) and hydroxyacyl-coenzyme A dehydrogenase (HADH)
during reproductive senescence (Yao et al., 2010). SCOT
is an important enzyme for KB energy metabolism, while
HADH is an enzyme with a role in the beta-oxidation of
fatty acids (Fukao et al., 1997; Houten and Wanders, 2010).
Notably, this upregulation of SCOT and HADH occurred
concurrent with the decreased activity of PDH, an important
enzyme in glucose energy metabolism (Yao et al., 2010). When
coupled with an apparent inefficiency of glucose metabolism
in AD, an upregulation of genes involved in KB (and
fatty acid) metabolism strongly supports a bioenergetic shift
phenomenon.

In a state where glucose metabolism is disrupted, it would
be beneficial to increase the fraction of metabolism that is
contributed by an alternate source of fuel. Genes involved in
KB and fatty acid metabolism would be upregulated, while genes
driving glycolytic metabolism may be downregulated. However,
even with a change in metabolic machinery favoring KB and
fatty acid metabolism, if the newly preferred metabolic fuel is
not supplied through diet then it must come another source.
When exogenous glucose supply is low in a healthy adult,
glucose is derived from the breakdown of stored glycogen and
through gluconeogenesis (Cahill, 2006). If glycogen stores are
depleted and the amount of gluconeogenesis is not sufficient
to meet energy demands, then the use of fats, KB, and
even amino acids (in later stages) are utilized as fuel by the
body (Cahill, 2006). If an individual is progressing through
a systemic bioenergetic shift in which the preferred brain
fuel substrate are KB and there is an inadequate supply
of this fuel through exogenous intake, then the fuel must
come from an endogenous source. Adipose tissue reserves are
generally sizeable enough to supply fuel through beta-oxidation
of fatty acids, leading to the production of KB that are
largely produced by the liver (Garber et al., 1974). Ketone
bodies can then be transported to the brain across the BBB
for use in the production of ATP (Halestrap and Wilson,
2012). As circulating levels of KB become elevated brain usage
increases; with capacity for utilization limited by expression
of ketolytic enzymes (Morris, 2005). Over time, however, the
capacity to compensate with peripheral KB production may
diminish without proper exogenous supply through diet or
supplementation (Yao et al., 2011). This could lead to a state
where the brain becomes dependent on itself as a source of fatty
acids and KB.

The myelin insulating neuronal axons in the brain is
largely made of various lipids, cholesterol and proteins (Quarles
et al., 2006). Thus, it may be a ready source of the fatty
acid fuel that may be metabolized into KB for use by the
brain. Phospholipase-A2 (PLA2) is an enzyme that catalyzes
the cleavage of fatty acids from phospholipids (mainly in
cellular membranes) as well as the release of arachidonic acid
(AA) and eicosanoid synthesis (Sun et al., 2004; Adibhatla

and Hatcher, 2008). When PLA2 is activated in the brain,
it may lead to the breakdown of myelin (Adibhatla and
Hatcher, 2008), releasing fatty acids for potential use as fuel
with ultimate conversion to KB with interaction between
astrocytes and neurons. An increased production of ROS,
such as hydrogen peroxide, seen in mitochondrial dysfunction
also leads to an activation of PLA2 provoking further myelin
breakdown (Adibhatla and Hatcher, 2008; Sun et al., 2010;
Yao et al., 2011). As the myelin is degraded, white matter
changes may become apparent through various neuroimaging
modalities and over time may contribute to gross volumetric
loss and cognitive changes. White matter abnormalities are
a common pathology seen as early as preclinical AD (Burns
et al., 2005; Medina et al., 2006). Furthermore, PLA2 has
been associated with the pathological response associated
with Aβ (Zhu et al., 2006) and has been shown to be
increased in the AD brain (Sanchez-Mejia et al., 2008). Work
by Sanchez-Mejia et al. (2008) showed that a reduction in
PLA2 activation diminished the PLA2-associated neurotoxicity
and learning/memory deficits. Thus, the underlying AD-related
Aβ accumulation, mitochondrial dysfunction, and bioenergetic
shift may each contribute to the activation of PLA2 and
ultimately lead to characteristic pathology of the disorder. Yet,
it remains to be determined to what extent each of the mediators
of PLA2 activation is the primary contributor.

Additional evidence of a bioenergetic shift in AD is the
weight changes that are seen in the disorder (White et al.,
1998). Individuals prior to AD diagnosis on average tend to
weighmore than the general population. Starting with preclinical
disease and progression to MCI and Alzheimer’s dementia
there seems to be a significant weight loss with each stage of
decline (White et al., 1998; Johnson et al., 2006). This may be
due to a combination of factors, such as decreased appetite,
co-morbid depression, and impairments in various cognitive
functions (Gillette-Guyonnet et al., 2000). Yet, these weight
changes may also relate to the bioenergetic shift in energy
metabolism.

Given the current evidence and need to understand AD
pathologic processes, we support an updated model for
cerebral metabolic changes in AD. The ultimate endpoint
of brain energy utilization in AD and many other disorders
is hypometabolism, however, a hypermetabolic glucose
compensatory response may result from pathology early in
disease progression (pre-clinical stage). With increased demand
for energy and/or decreasing efficiency of glucose metabolism,
alternate fuels (i.e., ketone bodies) may also supplement
glucose metabolism. With worsening pathology and significant
cell death, global hypometabolism develops. It is likely that
these CNS metabolic changes may be provoked by systemic
disease. Figure 1 displays a representation of the metabolic
transitions we hypothesize are seen throughout the continuum
of sporadic AD.

If a metabolic bioenergetic shift is indeed a feature of AD,
several key questions remain to be answered. What causes this
shift? Is it an inherent defect in mitochondrial bioenergetics
or a result of amyloid, tau, and other AD-related pathology?
How do diseases of systemic metabolic dysfunction (insulin
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FIGURE 1 | Hypothetical model of the bioenergetic shift in energy metabolism
in Alzheimer’s disease (AD), as represented by relative contribution of glucose,
ketone bodies and other fuels to brain metabolism. Although classically
associated with glucose hypometabolism, recent evidence points to an initial
glucose hypermetabolic state with potential shift towards use of alternate
fuels. Insulin resistance may promote the development of AD through a variety
of mechanisms, including a shift in energy metabolism. The bioenergetic shift
may also be an independent feature of AD pathology. Black: Glucose
metabolism; Gray: Ketone body metabolism; Red: Other fuel metabolism.

resistance, hyperlipidemia, etc.) impact the development of a
bioenergetic shift and how does this relate to the susceptibility
to develop AD? Further research into the role of metabolic
dysfunction and mitochondrial bioenergetics in AD may answer
these questions and ultimately fortify our understanding of AD
pathogenesis.

Neuroimaging Biomarkers of Bioenergetic
Shift in Alzheimer’s Disease
Our ability to study the bioenergetic changes in AD is enhanced
by newly developed imaging techniques, which may ultimately
lead to the identification of a biomarker at the earliest signs
of metabolic disturbance in AD and a way to quantify changes
secondary to therapeutic intervention.

Although functional imaging of glucose metabolism via
FDG PET is commonly used in research and clinical settings,
solely visualizing brain glucose metabolism does not provide a
comprehensive understanding of the brain’s differential use of
fuels. In order to appreciate the bioenergetic shift that potentially
contributes to the pathogenesis of AD, it is important to study
the use of KB, as they are the primary alternate fuel for brain
metabolism. Several neuroimaging methods may be utilized
for the study of brain KB metabolism, including PET with
tracers developed for individual KB and magnetic resonance
spectroscopy (MRS; Blomqvist et al., 1995, 2002; Pan et al., 2000;
Tremblay et al., 2007, 2008).

Literature regarding the utilization of PET imaging for
cerebral alternate energy metabolism is relatively scarce, largely
originating from two main laboratories. Work from Blomqvist
et al. (1995, 2002) described the use of carbon-11 labeled BHB
PET imaging. BHB is one of the KB utilized by the brain
and can be readily measured peripherally in the blood (Garber

et al., 1974). Studies using this tracer described a BBB transport-
dependent uptake of BHB after acute infusion of the KB
(Blomqvist et al., 1995, 2002). Findings suggested no significant
difference in uptake or utilization of BHB in metabolically
healthy subjects and those who had insulin dependent (type 1)
diabetes (Blomqvist et al., 2002). An earlier study by the group
using the same tracer described BHB utilization increasing
linearly with peripheral concentration and showed higher BHB
utilization in gray over white matter (Blomqvist et al., 1995).
These results were important in establishing a PET technique
that may be utilized to visualize differential brain metabolism.
Moreover, they provide valuable evidence to how KB utilization
changes with peripheral concentration.

More recently, Cunnane and colleagues have developed a
carbon-11 labeled radiotracer of AcAc, the other major KB
utilized by the brain, for use in PET imaging of brain KB
metabolism (Tremblay et al., 2007). Their work describes use of
the tracer in rat models of aging and on ketogenic interventions
and clinical studies. Results suggest an increased KB uptake in
young and aged rats during a ketogenic intervention (Bentourkia
et al., 2009; Roy et al., 2012). Importantly elevated cerebral
11C-AcAc uptake corresponds to amount of peripheral KB
levels (Bentourkia et al., 2009; Roy et al., 2012). Although
the use of an AcAc tracer is exciting and informative, the
Cunnane group has implemented a novel dual-tracer PET
approach with 11C-AcAc and 18F-FDG at the same imaging
session. Several articles in the human population and within
rodent models have utilized this dual-tracer technique (Roy
et al., 2012; Nugent et al., 2014; Castellano et al., 2015). In
a comparison of healthy young (mean age = 26 years) and
older adults (mean age = 74 years), both glucose and AcAc
metabolism was decreased in older adults relative to the younger
cohort (Nugent et al., 2014). A 2015 study has explored cerebral
glucose and AcAc metabolism in AD (Castellano et al., 2015).
They described a reduction in cerebral glucose metabolism in
older adults with mild AD relative to age-matched controls.
Interestingly, AcAc did not differ between the groups (Castellano
et al., 2015), which may provide a therapeutic outlet for those
with AD and related disorders. This dual-tracer technique
has the potential to greatly expand our understanding of
brain metabolism in healthy vs. pathological conditions, how
it is affected in ‘‘normal aging’’ as well as in AD. There is
much to be gained from the study of brain KB metabolism,
especially when coupled with glucose metabolism. The ability
to visualize the bioenergetic shift in energy metabolism may
provide further insight into the development of AD and
ultimately act as an early biomarker for AD and the ability to
determine individuals that may benefit from therapies aimed
at providing KB as an alternative source of fuel for therapeutic
treatment.

CONCLUSION

In this review, we have discussed the contribution of insulin
resistance to the pathogenesis of AD, in particular how insulin
resistance may induce a bioenergetic shift in peripheral and CNS
energy metabolism, while closing with a review of neuroimaging
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biomarkers that may be used to identify and better understand
the bioenergetic changes seen in AD and potentially response to
preventative and therapeutic interventions.

We remain at a time where we have made significant
progress in understanding AD without any disease-modifying
therapeutics or proven prevention strategies. Yet, we now have
the opportunity to explore new areas of research that may
expand our knowledgebase and provide a more comprehensive
view of AD pathogenesis. One of the most vital areas of need
is the study of brain metabolism. Until now we have largely
discussed glucose as being the sole player in brain metabolism.
In fact, when brain energy is discussed, it is implied that we
are referring to glucose metabolism (i.e., cerebral [glucose]
metabolism). We take for granted our knowledge that glucose is
the primary fuel—that higher uptake is better and that in almost
every neurologic and psychiatric condition, glucose metabolism
is diminished (Mosconi et al., 2009b; Wallace et al., 2010;
Bélanger et al., 2011; Bohnen et al., 2012). Studies describing
a state of compensatory or reactive glucose hypermetabolism
that precedes significant clinical decline are overshadowed by
reports of the hypometabolic state commonly assumed in
most neurologic disorders (Bohnen et al., 2012; Borghammer
et al., 2012; Cistaro et al., 2012; Lee et al., 2012; Ashraf
et al., 2015). Although the cause of this hypermetabolism
is not definitively known, it is most likely a compensatory
response to injury and initial pathologic processes (Ashraf
et al., 2015). If this was an isolated phenomenon, it would be
easy to dismiss. However, it has been reported in conditions
from Alzheimer’s, Parkinson’s, Huntington’s and ALS, to
Down Syndrome, Friedrich’s Ataxia and familial Creutzfeldt-
Jakob disease in disease-specific patterns (Gilman et al., 1990;
Haier et al., 2003; Nagasaka et al., 2011; Borghammer et al.,
2012; Cistaro et al., 2012; Lee et al., 2012; Ashraf et al.,
2015).

The view of a glucose hypermetabolic state as an early
disease event and response to initial pathology is likely a
temporary solution to injury with an ultimate decline to
decreased glucose utilization. If further evidence supports the
occurrence of an initial rise and ultimate decline of cerebral
glucose metabolism, then it possible to visualize this shift early
(prior to clinical symptomology) and work to prevent the
underlying pathology. This primary glucose hypermetabolic shift
is likely also supplemented with a increase in utilization of other
fuels. With progression of the disease, a potential bioenergetic

shift may occur with decreasing reliance on glucose and increased
use of alternate energy sources, see Figure 1.

Despite the brain’s metabolic flexibility, most alternate fuels
have been inadequately studied. These are sources of energy
that our bodies use on a daily basis. Ketone bodies are an
optimal first alternate fuel to study as they have been commonly
reported to be the chief alternate source of cerebral energy
(Cahill, 2006). Yet, acetate, lactate, pyruvate, amino acids or
even glycogen remain largely unstudied (Gonzalez et al., 2005;
Boumezbeur et al., 2010; Wallace et al., 2010; Barros, 2013;
Cunnane et al., 2016). It is crucial to understand the brain’s use of
different fuels and how this may change throughout progression
of disease. This enables us to appreciate pathophysiology and
the body’s response to increasing pathology. Moreover, we
may be able to characterize ‘‘brain metabolic fingerprints’’ that
may be used to offer patients and research participants more
personalized therapeutic options if they were to develop a
condition impacting brain metabolism. Strategies for prevention
and therapeutic approaches may be developed to improve
metabolism and clinical function. Importantly, due to the
metabolic changes commonly seen in brain disease, any findings
from the study of one disorder may have broad application
to other neurologic, psychiatric, as well as systemic metabolic
conditions.

Studying the brain in any context is truly a new frontier, and
we have only recently had the opportunity and tools to study its
majesty. By investigating areas such as differential brain energy
metabolism, we have the opportunity to greatly advance our
understanding of how our brains function in health and disease.
Many mysteries and questions remain—and if answered may
lead to the successful treatment and prevention of some of the
most terrifying diseases of our time.
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Alzheimer’s disease (AD) is a frequently observed, irreversible brain function disorder

among elderly individuals. Resting-state functional magnetic resonance imaging (rs-fMRI)

has been introduced as an alternative approach to assessing brain functional

abnormalities in AD patients. However, alterations in the brain rs-fMRI signal complexities

in mild cognitive impairment (MCI) and AD patients remain unclear. Here, we described

the novel application of permutation entropy (PE) to investigate the abnormal complexity

of rs-fMRI signals in MCI and AD patients. The rs-fMRI signals of 30 normal controls

(NCs), 33 early MCI (EMCI), 32 late MCI (LMCI), and 29 AD patients were obtained from

the Alzheimer’s disease Neuroimaging Initiative (ADNI) database. After preprocessing,

whole-brain entropy maps of the four groups were extracted and subjected to Gaussian

smoothing. We performed a one-way analysis of variance (ANOVA) on the brain entropy

maps of the four groups. The results after adjusting for age and sex differences together

revealed that the patients with AD exhibited lower complexity than did the MCI and

NC controls. We found five clusters that exhibited significant differences and were

distributed primarily in the occipital, frontal, and temporal lobes. The average PE of the five

clusters exhibited a decreasing trend from MCI to AD. The AD group exhibited the least

complexity. Additionally, the average PE of the five clusters was significantly positively

correlated with the Mini-Mental State Examination (MMSE) scores and significantly

negatively correlated with Functional Assessment Questionnaire (FAQ) scores and global

Clinical Dementia Rating (CDR) scores in the patient groups. Significant correlations were

also found between the PE and regional homogeneity (ReHo) in the patient groups.

These results indicated that declines in PE might be related to changes in regional

functional homogeneity in AD. These findings suggested that complexity analyses using

PE in rs-fMRI signals can provide important information about the fMRI characteristics of

cognitive impairments in MCI and AD.

Keywords: Alzheimer’s disease, mild cognitive impairment, resting-state functional magnetic resonance imaging,

permutation entropy, complexity

25

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://www.frontiersin.org/journals/aging-neuroscience#editorial-board
https://doi.org/10.3389/fnagi.2017.00378
http://crossmark.crossref.org/dialog/?doi=10.3389/fnagi.2017.00378&domain=pdf&date_stamp=2017-11-20
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles
https://creativecommons.org/licenses/by/4.0/
mailto:xiangjie@tyut.edu.cn
mailto:yantianyi@bit.edu.cn
mailto:zhanghui\protect _mr@163.com
https://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
https://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
https://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
https://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
https://doi.org/10.3389/fnagi.2017.00378
https://www.frontiersin.org/articles/10.3389/fnagi.2017.00378/full
http://loop.frontiersin.org/people/222228/overview
http://loop.frontiersin.org/people/496669/overview
http://loop.frontiersin.org/people/308399/overview
http://loop.frontiersin.org/people/354072/overview
http://loop.frontiersin.org/people/205549/overview


Wang et al. Decreased Complexity in Alzheimer’s Disease

INTRODUCTION

Alzheimer’s disease (AD) is a neurodegenerative disease that is
characterized by declines in cognition and memory (Brookmeyer
et al., 2007). The neuropathology of AD is characterized by
neuronal loss and the appearance of neuritic plaques containing
amyloid-β-peptide and neurofibrillary tangles (Haass and Selkoe,
2007). And these changes lead to abnormal brain function in
AD (Cho et al., 2013). Mild cognitive impairment (MCI) is
an intermediate state between normal aging and AD and is
associated with a high risk of progression to AD (Petersen
and Negash, 2008). Several neuroimaging techniques, including
magnetic resonance imaging (MRI), blood oxygenation level-
dependent (BOLD) functional MRI (fMRI), and positron
emission tomography (PET), have been explored to study brain
function in AD (Lebedeva et al., 2017; Li et al., 2017). Usually, the
brain function of AD patients is weakened including problems
storing and retrieving information due to the destruction of
neurons in parts of the patient’s brain. Then, AD affects the
brain areas involved in language and reasoning. Eventually, the
most notable characteristic of AD on MRI is cerebral atrophy
in the medial temporal lobe, hippocampus, right temporal lobe,
precuneus, cingulate gyrus, and inferior frontal cortex (Möller
et al., 2013). The changes in these brain regions suggest that
they are relevant for the loss of functionality in patients with
dementia. A differential diagnosis for the types of dementia
should be attempted. Recently, resting-state fMRI (rs-fMRI) has
been introduced as an alternative approach for studying brain
functional abnormalities in AD (Gusnard and Raichle, 2001; Fox
and Raichle, 2007).

Based on its structure and function, the human brain is
one of the most complex information processing systems.
Complexity can be defined as the difficulties that arise when
describing or predicting a signal. Normal physiology requires
a complex network to effectively control function. Lipsitz
and Goldberger (Lipsitz, 1992, 2004) argued that with aging
and disease, losses of complexity occur in the dynamics of
many integrated physiological processes of an organism. The
development of the concept of complexity has focused on
measuring regularity using various metrics that are based on
non-linear time series analysis. Lyapunov exponents (Wolf et al.,
1985) and correlation dimensions (Broock et al., 1996) have been
used to characterize non-linear dynamics, but they require large
data sets (Eckmann and Ruelle, 1992) and assume that the time
series is stationary (Grassberger and Procaccia, 1983), which
is typically inappropriate for biological data. Entropy measures
the randomness and predictability of a stochastic process and
generally increases with greater randomness; i.e., lower entropy
indicates lower signal complexity.

Previous research has noted decreased complexity in the EEG
and MEG signals of aging and diseased brains. Gomez et al. used
approximate entropy (ApEn) and sample entropy (SampEn) to
analyzeMEG signals and found that the signals were less complex
and more regular in AD patients than in control subjects (Gómez
and Hornero, 2009; Gomez et al., 2010). Recent EEG studies
have explored event-related multiscale entropy (MSE) measures
as features for effectively discriminating between normal aging,

MCI, and AD and found decreasing complexity with the severity
of cognitive decline (McBride et al., 2014a,b). These findings
indicate decreases in the EEG and MEG signal complexities of
AD and MCI patients.

Entropy is a commonly used metric for the measurement of
brain complexity. Permutation entropy (PE) is a new method
that is used to measure the irregularity of non-stationary time
series (Bandt and Pompe, 2002). PE considers only the ranks
of the samples and not their metrics. As an ordinal measure,
PE has some advantages over other commonly used entropy
measures, such as ApEn (Pincus, 1991) and SampEn (Richman
and Moorman, 2000), including its simplicity, low complexity in
computation without further model assumptions, and robustness
in the presence of observational and dynamical noise (Zanin
et al., 2012). PE has been used in EEG signal studies of human
absence epilepsy (Ferlazzo et al., 2014), typical absences (Li et al.,
2014), MCI (Timothy et al., 2014), and AD (Morabito et al.,
2012). These studies suggest that PE is a useful tool for the study
of abnormalities of brain complexity.

Few studies have performed complexity analyses of rs-fMRI
signals (Liu et al., 2013; Sokunbi et al., 2013). To the best of
our knowledge, PE has not been applied to the complexity
study of rs-fMRI signals. Some fMRI studies have found that
complexity decreases in gray and white matter and some brain
regions with normal aging (Liu et al., 2013; Sokunbi et al., 2015).
Compared with normal controls (NCs), AD patients exhibit a
greater decrease in cognitive ability and memory. EEG studies
have demonstrated that declining brain function is associated
with decreased complexity in the brains of AD patients (McBride
et al., 2014a,b). Liu et al. found that cognitive impairment was
associated with decreased complexity of the fMRI signals in the
gray matter and brain regions in a familial AD group (Liu et al.,
2013). However, the alterations in the complexities of rs-fMRI
signals in MCI and AD patients remain unclear.

In the present study, an analysis of PE complexity was
performed using rs-fMRI signals of NC, early MCI (EMCI),
late MCI (LMCI), and AD subjects from the Alzheimer’s
disease neuroimaging initiative (ADNI, http://adni.loni.usc.edu/)
database. First, PE brain maps of the four groups were extracted
and subjected to Gaussian smoothing. One-way analysis of
variance (ANOVA) was performed to identify the significantly
different clusters. Then, the average PEs of the selected regions
of interest (ROIs) were analyzed. Finally, Pearson’s correlations
between the average PEs of ROIs for each participant and
each of the Mini-Mental State Examination (MMSE), Functional
Assessment Questionnaire (FAQ) and global Clinical Dementia
Rating (CDR) scores were analyzed. Moreover, we examined
the relationships between regional homogeneity (ReHo) and
PE in AD and MCI patients. ReHo is suitable for exploring
resting-state functional homogeneity (Zang et al., 2004). A larger
ReHo value indicates higher regional synchronization. We also
examined the relationships between glucose metabolism on
FDG-PET and PE in AD andMCI patients. Finally, we examined
the gray matter volumes in the four groups using a voxel-
based morphometry (VBM) method and studied the relationship
between the gray matter volumes and PEs in the patient
groups.
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The objective of our study was to determine the alterations of
complexity in MCI and AD patients from brain entropy maps
based on rs-fMRI data. We also found that these alterations were
related to the changes in regional synchronization present inMCI
and AD compared with NCs.

MATERIALS AND METHODS

Participants
All of the subjects were selected from the ADNI (ADNI-
2) database. The ADNI aims to study the pathogenesis and
prevention of AD by analyzing various medical imaging data.

A total of 124 subjects were selected, and the data from each
subject consisted of 140 functional volumes from the database
according to disease type (AD, LMCI, EMCI, and NC). The
subjects included 29 AD patients (average age of 72.33 years,
18 females), 32 LMCI patients (average age of 72.57 years,
13 females), 33 EMCI patients (average age of 72.01 years,
16 females), and 30 NC subjects (average age of 74.18 years,
19 females; Table 1). The AD patients had MMSE scores of 14–
26, the LMCI patients had MMSE scores of 23–28, the EMCI
patients had MMSE scores of 24–30, and the NC subjects, who
did not exhibit depression or dementia, had MMSE scores of 24–
30. The FAQ is a measure of the ability to perform 10 high-level
skills used in daily tasks (shopping, preparing meals, handling
finances, and understanding current events), each of which is
rated by a knowledgeable informant. The total score ranges
from 0 to 50, and higher scores indicating poorer functional
performance. The AD patients had FAQ scores of 3–28, the LMCI
patients had FAQ scores of 0–18, the EMCI patients had FAQ
scores of 0–12, and the NC subjects had FAQ scores of 0–3. The
global CDR scores are discrete values of 0, 0.5, and 1 that indicate
no dementia, mild dementia, and dementia, respectively. All AD
patients had a global CDR of 0.5 or 1, the LMCI and EMCI
patients had global CDR scores of 0.5, and the NC subjects had a
global CDR score of 0.

Data Acquisition
All subjects were scanned in a three-tesla (3T) scanner. During
the resting-state scans, the subjects were asked to keep their eyes
closed (Jack et al., 2008). Functional and structural MRI data
were collected with the following parameters: field strength =

3.0; manufacturer = Philips Medical Systems; slice thickness =

TABLE 1 | Demographic and clinical information of the participants.

Group NC EMCI LMCI AD P-value

Age (years)a 74.18 ± 5.96 72.01 ± 5.87 72.57 ± 8.16 72.33 ± 7.26 0.505

Sex (M/F) 11/19 17/16 19/13 11/18 0.732

MMSEb 28.9 ± 1.7 27.59 ± 2.02 26.96 ± 2.69 21.0 ± 3.5 <0.001

FAQc 0.14 ± 0.44 3.03 ± 4.50 4.07 ± 4.70 15 ± 7.47 <0.001

CDRd 0 0.5 0.5 0.84 ± 0.23 <0.001

a,b,c,dValues represent the mean ± standard deviation.

MMSE, Mini-Mental State Examination; FAQ, Functional Assessment Questionnaire; CDR,

Clinical Dementia Rating.

3.3; repetition time (TR) = 3,000ms; echo time (TE) = 30ms;
flip angle= 80◦; and slice number= 48.

FDG-PET images were acquired at a variety of scanners
nationwide using either a 30-min six-frame scan or a static 30-
min single-frame scan acquired 30–60min post-injection (details
are available at https://adni.loni.usc.edu/wp-content/uploads/
2010/05/ADNI2_PET_Tech_Manual_0142011.pdf).

Data Preprocessing
The preprocessing of rs-fMRI data was performed using the Data
Processing Assistant for Resting-State fMRI (DPARSF) toolbox
(Chao-Gan and Yu-Feng, 2010) and the SPM8 package (http://
www.fil.ion.ucl.ac.uk/spm). Briefly, the preprocessing steps were
as follows: the first 10 volumes of the functional images during
the participant’s adaptation to the circumstances were discarded;
slice-timing correction was performed according to the last slice;
the images were realigned for head movement compensation
using a six-parameter rigid-body spatial transformation because
excessive head motion may induce large artifacts in fMRI time
series; the images were normalized to the Montreal Neurological
Institute (MNI) space; and finally, the signal drift was removed
using a linear model. Additionally, spatial smoothing of the
brain PE maps was performed to reduce the white noise and
suppress the effects due to residual differences during inter-
subject averaging using an 8-mm full-width at half maximum
(FWHM) smoothing kernel (Sokunbi et al., 2015). Notably, PE
complexity was accomplished by voxel-based analysis to explore
regional differences, and smoothing before a PE calculation
will greatly increase the regional similarity (Chao-Gan and
Yu-Feng, 2010). A recent study involving fuzzy approximate
entropy analysis of rs-fMRI signals performed the smoothing
after the entropy calculation (Sokunbi et al., 2015). Moreover,
the ReHo explores the functional homogeneity of resting-
state fMRI data (Zang et al., 2004), which might provide
convenience in the potential explanation of PE. Thus, we
calculated the ReHo after preprocessing. Then, the ReHo of
the brain was smoothed with an 8-mm FWHM smoothing
kernel.

Some studies have shown that the removal of nuisance signals
had influence on the results (Chao-Gan and Yu-Feng, 2010;
Wang et al., 2014). We also tried to remove the effect of nuisance
covariates, including the global signal, the motion parameters,
the cerebrospinal fluid (CSF), and the white matter signals. The
detailed data processing, statistical analyses, and results were
presented in Presentation 1 (Supplementary Material).

The analysis of the gray matter volume was performed
according to the VBM protocol using DPARSF (Chao-Gan
and Yu-Feng, 2010). This process primarily consisted of
segmentation and normalization. First, each subject’s MRI data
were segmented into gray matter, white matter and cerebrospinal
fluid (CSF). Subsequently, diffeomorphic anatomical registration
using exponential lie algebra (DARTEL) was applied to normalize
the gray matter images and iteratively create the template. The
subjects’ gray matter images were registered to new templates
for each iteration. Then, the normalized gray matter images were
multiplied to preserve the absolute volume of the gray matter in
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the subjects’ native spaces. Finally, all gray matter images were
smoothed with an 8-mm FWHMGaussian kernel.

Preprocessing of the FDG-PET scans was performed using
the SPM8 package (http://www.fil.ion.ucl.ac.uk/spm). Dynamic
scans were registered to the mean frame and averaged to create
a single average image. Then, the images were normalized to the
MNI space (voxel size: 3 × 3 × 3). Next, spatial smoothing was
performed using a Gaussian smoothing kernel with FWHM of
[8 8 8]. Therefore, each voxel time series was standardized to a
mean of zero and a standard deviation of unity to allow the data
sets to be compared. The scans were intensity-normalized using a
whole-cerebellum reference region to create standardized uptake
value ratio (SUVR) images.

PE Algorithm
The basic principle of PE is that it does not consider the specific
values of the data; rather, PE is based on the comparison of
adjacent data points in the time domain. The algorithm is
described below.

Given a time series x(i), i = 1, 2, .....,N, a vector composed of
the m-th subsequent values is constructed as follows:

X(1) = {x(1), x(1+ l), · · · , x(1+ (m− 1)l)}
...

X(i) = {x(i), x(i+ l), · · · , x(i+ (m− 1)l)}
...

X(N − (m− 1)l) = {x(N − (m− 1)l),
x(N − (m− 2)l), · · · , x(N)}







































(1)

wherem is the embedding dimension, and l is the delay time.
The vector X(i) can be rearranged in an ascending order as

follows:

X(i) = {x(i+ (j1 − 1)l) ≤ x(i+ (j2 − 1)l) ≤ · · · ≤

x(i+ (jm − 1)l)} (2)

where j = 1, 2, · · · ,m. Note that if two values are equal (here,
x(i+ (j1 − 1)l) = x(i+ (j2 − 1)l)), they are ordered according to
the size of the j1, j2 value, such that x(i+(j1−1)l) ≤ x(i+(j2−1)l)
when j1 < j2. Then we can obtain a set of symbol sequences by
each raw of it that the reconstructed matrix of any time series,
where the symbol sequences just like S(g) = {j1, j2, · · · , jm}, (g =

1, 2, · · · k, k ≤ m!), where the k means the objectively quantity
of {j1, j2, · · · , jm}. So, any vector X(i) is uniquely mapped into
(1, 2, · · · ,m) or (2, 1, · · · ,m) · · · or (m,m − 1, · · · , 1) in total
m! possible symbol sequences and S(g) is one of them. Then, let
the probability distribution of the distinct symbols be Pg(g =

1, 2, · · · k). The PE is defined as the Shannon entropy for the k
distinct symbols:

PE = −

k
∑

g=1

Pg lnPg (3)

Be aware, PE reaches its maximum ln(m!) when pg = 1/m!.
Therefore, PE is standardized by ln(m!):

PEs = PE/ ln(m!) (4)

Obviously, the range of PEs is 0 ≤ PEs ≤ 1.
PEs is the local order structure of the time series. A large PE

value indicates a more random time series, whereas a small PE
value indicates that the time series is regular.

Computation of PE
In the calculation of PE, three parameter values must be
considered and set, including the length of the time series N, the
embedding dimensionm and the time delay l. Bandt et al. (Bandt
and Pompe, 2002) suggested that the embedding dimension
should range from 3 to 7 because if the value is too small, the
reconstructed sequence contains too few states; therefore, the
algorithm loses its meaning and validity and cannot detect the
dynamic mutation of the time series. However, if the value is too
large, the phase space reconstruction will homogenize the time
series, the calculation will be time consuming, and subtle changes
in the sequence will not be reflected. The time delay l has little
influence on the entropy of the time series (Mateos et al., 2014).
To allow every possible order pattern of dimensionm to occur in
a time series of length N, the conditionm! ≤ N − (m− 1)lmust
hold. Moreover, to avoid undersampling, N ≥ m! + (m − 1)l is
required. Therefore, we need to choose N ≥ (m + 1)!. For N =

130, an obviously unsatisfying complexity estimation is obtained
when m ≥ 5. To satisfy this condition, we therefore chose a
low dimension, i.e., m = 4, when calculating the permutation
entropy. In the present study, we chose m = 4, l = 1 for
calculation and analysis (Li et al., 2014).

Statistical Analyses
The first statistical tests were performed using the rs-fMRI Data
Analysis Toolkit (REST 1.8) (Song et al., 2011). One-way ANOVA
was performed to examine differences among the four groups
(NC, EMCI, LMCI, and AD). Clusters that were significantly
different after adjusting for age and sex differences were selected
by setting P < 0.005 with a Gaussian random fields (GRF)
correction.

The DPARSF toolbox was used to define the ROIs to extract
the average PE, ReHo, and PDG-PET values according to the
peak MNI coordinates (XYZ), and the radius of the spheres was
8mm.

The subsequent statistical tests were performed using
Statistical Package for Social Sciences (SPSS 20.0; New York, NY,
USA) software. The averages PEs of the ROIs of each subject were
obtained and one-way ANOVA was performed to examine the
differences among the four groups. The relationships between the
PE and the clinical measurements ofMMSE, FAQ, and CDRwere
analyzed using Pearson’s correlations in the patient groups.

Pearson’s correlation analyses of the PE with the ReHo and
FDG-PET data were performed in the patient groups using SPSS.
Moreover, we also performed correlation analyses between the
PEs and the gray matter volumes in the patient groups.
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RESULTS

Demographic and Clinical Data
The demographic and clinical data for each group were
summarized in Table 1. The means (±SD) were presented for the
baseline clinical tests. The results of one-way ANOVAs revealed
significant effects of group on theMMSE (F= 40.924, P< 0.001),
FAQ (F = 61.810, P < 0.001), and the CDR (F = 238.31, P
< 0.001) scores but not sex (F = 0.431; P = 0.732) or age (F
= 0.785; P = 0.505). Note that a higher FAQ score represents
greater impairment, whereas a lower MMSE represents greater
impairment. The MMSE scores were significantly lower in the
MCI (t = −3.302, P = 0.002) and AD (t = −9.333, P < 0.001)
groups than in the NC group. The FAQ scores were significantly
higher in the MCI (t = 5.642, P < 0.001) and AD groups (t =
12.625, P < 0.001) than in the NC group. The CDR scores were
significantly higher in the MCI (t = 7.687, P < 0.001) and AD
groups (t = 28.436, P < 0.001) than in the NC group.

rs-fMRI PE Brain Maps
We extracted themean PEs of the whole brain, graymatter (GM),
white matter (WM), and cerebral spinal fluid (CSF). There were
differences in the GM (F = 2.711, P = 0.048) and WM (F =

2.792, P = 0.043) but no differences in the whole brain (F =

1.713, P = 0.168) or CSF (F = 1.183, P = 0.319) among the
four groups. The results of the one-way ANOVAs were presented
in Figure 1. At the regional levels, five clusters were found to
exhibit significant differences in PE among the four groups, as
illustrated in Figure 2. The complexity differences among the
four groups were mainly observed in the temporal, occipital, and
frontal lobes. The results after removing the effect of nuisance
covariates showed the complexity differences were mainly
observed in the frontal lobes (Presentation 1 in Supplementary
Material).

ROI Analysis
In addition to the brain regions at the peak points, other
significant brain regions that accounted for a large proportion
were also extracted.We obtained eight ROIs from five clusters for
the next analysis as presented in Table 2. The average PE values
were extracted according to the peak MNI coordinates of the

ROIs, and the sphere radius was 8mm. Specifically, as presented
in Table 2, the following regions exhibited significant differences:
the right inferior temporal gyrus (ITG.R), the left middle frontal
gyrus (MFG.L), the left superior frontal gyrus (SFGdor.L), the
left anterior cingulate and paracingulate gyri (ACG.L), the right
cuneus (CUN.R) and left cuneus (CUN.L), the right middle
occipital gyrus (MOG.R), and the right superior occipital gyrus
(SOG.R). In particular, five peakMNI coordinate regions (ITG.R,
MFG.L, ACG.L, CUN.R, and MOG.R) exhibited statistically
significant differences (F > 8.13, p < 0.005, corrected). The
results of one-way ANOVAs revealed significant effects of group
in eight brain regions that exhibited significantly decreased
complexity in the AD group compared with the MCI groups
and the NC group (t > 2.909, P < 0.01). Compared with the
NC, decreased complexity was also found in the left cuneus
in the MCI group (P = 0.04, one-tailed uncorrected). Figure 3
illustrated that the PE values were lowest in the AD patients
in all of the clusters. Specifically, four brain regions (ITG.R,
MFG.L, ACG.L, and MOG.R) exhibited significant differences
between the AD patients and the other groups. After removing
the effect of nuisance covariates, five clusters were also found
decreased complexity in the AD group compared with the MCI
groups and the NC group (Presentation 1 in Supplementary
Material).

Relationships between PE and Clinical
Measurements
TheMMSE score is the most widely used brief screening measure
of cognition. First, we performed correlation analyses of the
MMSE scores with the mean PEs of the whole brain, WM, GM,
and CSF in the patient groups (EMCI+LMCI+AD) and found
that only the GM (r = 0.227, P= 0.032) andWM (r = 0.210, P=

0.049) PEs exhibited positive correlations. We also examined the
correlations of the MMSE scores with the PEs of the eight ROIs
in the pooled patient groups (EMCI+LMCI+AD). The results
were presented in Table 3. The eight ROIs exhibited significant
positive correlations between the PEs and MMSE scores (r >

0.212, P < 0.046) with the MFG.L and MOG.R showing strong
positive correlations (r > 0.414, P < 0.001). A higher MMSE
score indicates higher cognitive ability.

FIGURE 1 | Mean PE values of the gray matter (GM) and white matter (WM) in the NC, EMCI, LMCI, and AD subjects. Significant differences between pairs of groups

after Bonferroni correction (P < 0.05) are indicated. *P < 0.05. The error bars indicate the SDs.
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FIGURE 2 | Surface-rendered images showed the differences between the control and patient groups after adjusting for age and sex. The regions showed exhibited

different complexities among the four groups. See Table 2 for a complete list of these regions (threshold P < 0.005, GRF corrected).

TABLE 2 | Characteristics of the brain regions that were significantly different

among the four groups.

Brain region AAL.Abbr Peak MNI Cluster Voxel F

(X, Y, Z) voxels value

Inferior temporal gyrus ITG.R (51, 63, 15) 117 8.15

Middle frontal gyrus MFG.L (−33, 41, 24) 278 10.82

Superior frontal gyrus SFGdor.L

Anterior cingulate gyrus ACG.L (−12, 44, 15) 59 8.13

Right cuneus CUN.R (12, 78, 30) 126 8.61

Left cuneus CUN.L

Middle occipital gyrus MOG.R (45, 78, 21) 201 8.42

Superior occipital gyrus SOG.R

The location coordinates are those of the peak significance in each region (P < 0.005,

GRF corrected).

The FAQ is more closely tied to functionally relevant abilities,
such as accomplishing everyday tasks required for independent
living. There were no correlations of the FAQ scores with the
mean PEs of the whole brain,WM, GM, or CSF in patient groups.
The PEs of seven ROIs exhibited strong negative correlations
with the FAQ scores (r <−0.213, P < 0.045), whereas the CUN.L
ROI did not (Table 3). A higher FAQ score indicates poorer
functional performance.

The CDR has been validated neuropathologically particularly
in terms of the presence or absence of dementia. There were no
correlations of the CDR scores with the mean PE of the whole
brain or the PEs of the WM, GM, or CSF in the patient groups.
The PEs of six ROIs exhibited strong negative correlations with
the CDR scores (r < −0.211, P < 0.047), whereas the PEs of
the CUN.L and CUN.R did not (Table 3). A higher CDR score
indicates the presence of dementia.

In addition, the correlation analyses were performed between
the PE and the clinical measurements in the four groups and
consistent significant correlations were found (Table S1). We also
found the significant correlations between the PE and the clinical
measurements in the patient groups and in the four groups after
removing the effect of nuisance covariates (Presentation 1 in
Supplementary Material).

Relationships between PE and ReHo
We extracted the ReHos of 8 ROIs according to the peak
MNI coordinates (Table 2), and the sphere radius was 8mm.
We explored the relationship between PE and ReHo in the
pooled groups (EMCI+LMCI+AD). The results were presented
in Table 4. The GM (r=−0.347, P= 0.001), WM (r=−0.537, P
< 0.001) and three ROIs (ITG.R, MFG.L, and MOG.R) exhibited
significant negative correlations between the PE and ReHo in
the patients groups. And the results after removing the effect of
nuisance covariates showed that the inferior and middle frontal
gyrus exhibited negative correlations between the PE and ReHo
in the patient groups (Presentation 1 in SupplementaryMaterial).
The results illustrated that high regional spontaneous activities
may be associated with a decrease in complexity.

Correlation analyses in the four groups
(NC+EMCI+LMCI+AD) were also performed between
the PE and ReHo (Table S2). Consistent significant correlations
were found.

Relationships between PE and the Gray
Matter Volume, FDG-PET
We extracted the gray matter volumes of eight ROIs according
to the peak MNI coordinates, and the sphere radius was 8mm.
Then, we explored the relationships between the PEs and the
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FIGURE 3 | The PE values of the NC, EMCI, LMCI, and AD subjects. Significant differences between pairs of groups after Bonferroni correction (P < 0.05) are

indicated. *P < 0.05, **P < 0.01, ***P < 0.001. The error bars indicate the SDs.

gray matter volumes in the patient groups. The results were
presented in Table 4. The SOG.R exhibited a positive correlation
(r= 0.200, P= 0.053) between the PE and the graymatter volume
in the patient groups. Correlation analyses in the four groups
(NC+EMCI+LMCI+AD) were also performed between the PE
and gray matter volume, and the SOG.R exhibited a significant
positive correlation (r = 0.210, P = 0.010) between the PE and
the gray matter volume (Table S2). And the right middle frontal
gyrus exhibited a positive correlation (r = 0.270, P = 0.008)
between the PE and the gray matter volume after removing the
effect of nuisance covariates (Presentation 1 in Supplementary
Material).

Finally, the FDG-PET data of the eight ROIs from the same
group of subjects were extracted. Pearson’s correlation analyses
of the PE and FDG-PET data were performed in the pooled
groups (EMCI+LMCI+AD). Two significant correlations were
detected (Table 4). TheMOG.R (r= 0.419, P< 0.001) and ITG.R
(r = 0.273, P = 0.019) exhibited significant positive correlations
between the PE and FDG-PET data. The correlation analyses in
the four groups (NC+EMCI+LMCI+AD) produced consistent
results (Table S2).

DISCUSSION

This study reported the global and regional differences in PE
between patients and controls. The significant differences were
mainly distributed in the occipital, frontal, and temporal lobes.
In the ROI analysis, the AD patients exhibited significantly
lower values (lower complexities) than the healthy controls and
MCI groups. To identify the continuous distribution of the AD
symptoms, we conducted correlation analyses of the PE values
and the clinical MMSE, FAQ and CDR scores, all of which
revealed an increasing symptom load with decreasing brain
activity complexity.We also extracted the regional homogeneities
(ReHos) of eight ROIs and performed correlation analyses
between the PEs and ReHos, and significant correlations were
observed. Additionally, we extracted the FDG-PET data from
eight ROIs and performed correlation analyses between the PE
and the FDG-PET data. Significant positive correlations between
the PE and FDG-PET data were observed in the ITG.R and
MOG.R in the patient groups. A positive correlation was found
between the PE and the gray matter volume in the patient groups.
To summarize, we found significantly decreased complexity in
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TABLE 3 | Results of the correlation analyses between the PE maps and the

MMSE, FAQ, and CDR scores in the patient groups (EMCI+LMCI+AD).

Brain region Abbr. MMSE (r, P) FAQ (r, P) CDR(r, P)

ITG.R 0.312, 0.003** −0.223, 0.036* −0.259, 0.014*

MFG.L 0.429, <0.001*** −0.290, 0.006** −0.345, 0.001***

SFGdor.L 0.294, 0.005** −0.337, 0.001*** −0.365, <0.001***

ACG.L 0.317, 0.002** −0.216, 0.042* −0.355, 0.001***

CUN.R 0.349, 0.001*** −0.213, 0.045* −0.144, 0.177

CUN.L 0.212, 0.046* −0.125, 0.243 −0.120, 0.262

MOG.R 0.414, <0.001*** −0.326, 0.002** −0.339, 0.001**

SOG.R 0.349, 0.001*** −0.288, 0.006** −0.211, 0.047*

GM 0.227, 0.032* −0.139, 0.193 −0.159, 0.137

WM 0.210, 0.049* −0.112, 0.298 −0.111, 0.302

In the table, r is the Pearson correlation coefficient, and P indicates the level of statistical

significance. *P < 0.05, **P < 0.01, ***P < 0.001. GM, Gray Matter; WM, White Matter.

TABLE 4 | Results of the correlation analyses between the PE maps and the

ReHo, gray matter volume, and FDG-PET values in the patient groups

(EMCI+LMCI+AD).

Brain region Abbr. ReHo (r, P) GMV (r, P) FDG-PET (r, P)

ITG.R −0.414, <0.001*** −0.020, 0.845 0.273, 0.019*

MFG.L −0.369, <0.001*** 0.081, 0.440 0.027, 0.819

SFGdor.L −0.179, 0.084 0.074, 0.480 0.043, 0.716

ACG.L −0.012, 0.909 0.089, 0.391 0.096, 0.417

CUN.R −0.032, 0.757 0.046, 0.661 0.009, 0.939

CUN.L −0.020, 0.847 −0.141, 0.175 0.113, 0.341

MOG.R −0.195, 0.049* 0.040, 0.705 0.419, <0.001***

SOG.R −0.068, 0.515 0.200, 0.053* 0.118, 0.320

GM −0.347, 0.001*** 0.039, 0.736 0.092, 0.438

WM −0.537, <0.001*** – 0.078, 0.509

In the table, r is the Pearson correlation coefficient, and P indicates the level of statistical

significance. *P < 0.05, ***P < 0.001. GMV, Gray Matter Volume; GM, Gray Matter;

WM, White Matter.

the AD patients, and the results were related to the results of the
ReHo analysis.

Applications of PE for Analyzing the
Complexity of Neural Signals in the Brain
The PE method measures the irregularity of non-stationary time
series, and there have been a number of practical applications
of complexity measures using EEG data (Li et al., 2007, 2014;
Bruzzo et al., 2008). A study demonstrated that the PE can track
the dynamical changes of EEG data (Li et al., 2007). Li et al.
utilized PE to predict the changes in EEG signals during absence
seizures and provided evidence that the three different seizure
phases in absence epilepsy can be effectively distinguished (Li
et al., 2014). Mammone et al. evaluated PE data extracted from
different electrodes in patients with typical absences and healthy
subjects (Mammone et al., 2012). Another study used PE as
a feature for effectively discriminating between normal aging,
MCI, and AD participants (McBride et al., 2014a). In this study,
using the PE method, we found decreased complexity in the

MCI and AD patients. These findings demonstrated that PE can
measure the complexity of neural signals in the brain and disclose
abnormalities of the brain in disease states.

In addition to PE, other entropy methods have been used
to explore the complexity of fMRI signals. For example, Liu
et al. explored the complexity of normal aging using approximate
entropy and found that gray and white matter decreased in
complexity with normal aging (Liu et al., 2013). Sokunbi MO
and co-workers applied approximate entropy, sample entropy,
and fuzzy entropy to complexity analyses of the fMRI data in
diseases (i.e., schizophrenia and ADHD) and found alterations
in complexity compared with normal people (Sokunbi et al.,
2013, 2014).We found significantly decreased complexity inMCI
and AD patients using the PE analysis that revealed increasing
symptom load with decreasing complexity of the brain. We
also applied these entropy methods to ADNI datasets, but the
differences among the four groups were not significant (results
not shown). Compared with other entropy methods, we thought
the PE method had the advantages of placing a continuous time
series into a symbolic sequence, entailing a faster calculation
speed and being more accurate for complexity estimations
(Unakafova et al., 2013). Therefore, PE seems to be a useful tool
for identifying abnormalities in brain function.

Decreased Complexity in AD
From our results, decreases in complexity were associated with
AD. We found decreased complexity in the mean whole-brain
PEs of the gray matter and white matter in AD compared with
EMCI (Figure 1). One study of the complexity of rs-fMRI data
found cognitive impairment was associated with decreases in the
gray matter of a familial AD group (Liu et al., 2013). At the
regional level, five clusters were found to exhibit significantly
decreased complexity in the AD group compared with the MCI
and NC groups, and these clusters were mainly distributed in
the occipital, frontal, and temporal lobes. Compared with the
NCs, decreased complexity was also found in the CUN.L in
the MCI group (P = 0.08). These regions are mainly involved
in short-term memory processing, visual recognition memory,
rational thought processes and higher-level functions, basic
visual processing, and motion perception (Goldman, 2013; de
Schotten et al., 2014). The complexities of these brain regions
in the patient groups decreased, and the brain function may also
have been damaged. Liu et al. reported decreased complexities in
some brain regions (i.e., the STG, ACG, CUN) in a complexity
study of rs-fMRI signals in familial AD (Liu et al., 2013).
Studies of EEG signals in AD and MCI patients also have
reported results similar to ours. For example, Labate et al. (2012).
measured dynamic EEG signal complexity in AD subjects using
PE and found that the severity of disease was reflected in the
dynamic complexity, and complexity reductions were present
in the frontal and occipital areas (Labate et al., 2012). Timothy
et al. found that in the frontal and temporal regions, the PEs of
EEG recordings in an MCI group were significantly lower than
those of controls (Timothy et al., 2014). The MMSE score has
been demonstrated to be effective for the cognitive screening of
the elderly and might help differentiate between AD and MCI,
and the FAQ and CDR are frequently used indices of cognitive
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decline. Table 3 presents the positive correlations between of the
PE with the MMSE in patients and the negative correlations of
the PE with the FAQ and CDR. These findings indicated that
lower MMSE and higher FAQ and CDR scores were observed in
MCI and AD patient groups who exhibited lower complexity and
cognitive decline.

These findings were supported by the decrease-in-complexity
hypothesis of Lipsitz and Goldberger, which suggested that
physiological diseases were associated with a generalized loss of
complexity in the dynamics of healthy systems and hypothesizes
that such a loss of complexity led to an impaired ability to adapt
to physiological stress, that in turn results in functional loss
and deficits (Lipsitz, 1992, 2004). These results indicated that
AD patients demonstrated decreased complex behavioral output
and suggested that AD patients had decreased brain complexity,
resulting in cognitive decline.

Potential Explanations for the Decreased
Complexity in AD
AD is characterized by the presence of neuritic plaques and
neurofibrillary tangles and is accompanied by the loss of
cortical neurons and synapses. These changes lead to cognitive
and behavioral disturbances. Brain atrophy and the loss of
cells are major changes in the AD brain. We examined the
relationships between PE and the gray matter volume and
glucose metabolism in patient groups. We found that the
SOG exhibited a positive correlation between the PE and
the gray matter volume, and two ROIs (i.e., the ITG and
MOG) exhibited significant positive correlations between glucose
metabolism and complexity. The SOG has been indicated in
the gray matter atrophy in AD (Guo et al., 2010; Ouyang
et al., 2015). Many studies have also found low cerebral
glucose metabolism in some brain regions (i.e., the ITG and
MOG) in AD and MCI (Castellano et al., 2015; Firbank et al.,
2016). Because the related areas we found were few and
not particularly significant, gray matter atrophy and decreased
glucose metabolism may be indirect evidence for decreased
complexity in AD.

A reliable explanation has been found for the decreased
complexity of fMRI signals in AD. High regional functional
homogeneity led to lower complexity. Functional homogeneity
was measured by ReHo, which calculates the coherence of the
BOLD signal in a given voxel with those of its nearest neighbors.
In this study, we found significant negative correlations in
the gray matter, white matter and some brain regions (i.e.,
the ITG, MFG, and MOG) between the PE and ReHo in the
patient groups. He et al. investigated the pattern of regional
coherence in AD patients using the ReHo index and found that
the ReHo indices increased in the occipital (MOG and SOG)
and temporal lobes (ITG), and significant negative correlations
with the MMSE scores were presented in the MFG and CUN
(He et al., 2007). These findings reflected the high homogeneity
and low complexity in some brain areas in MCI and AD
patients and may be helpful in the development of disease
diagnoses.

Limitations
There were several limitations to our research. A limitation
of this study was that the nuisance covariates had influence
on PE of fMRI signals. We found that differences between
groups became smaller, after removing the effect of nuisance
covariates. However, similar to the main result, significantly
decreased complexities were found in frontal lobe in the AD
group compared with the MCI groups and the NC group with
weak statistical threshold (P < 0.01, uncorrected). According to
these results, we speculated that the PE of fMRI signals might
reflect the changes in complexity of brain activity and a fraction
of nuisance signals. In addition, we also found the significant
correlations between the PE and clinical measurements ReHo,
gray matter volume, showing that the PE could reflect the
abnormal brain activity of AD to a certain extent. The weak
statistical threshold may be associated with the small sample size
and unfavorable results after removing the nuisance signal. In the
future research, we will take full account of the nuisance signals
and improving the PE algorithm to measure the alterations in the
complexity of brain activity more effectively.

Moreover, a limitation of the study was about the detailed
information of subjects. Recent studies have demonstrated that
age, sex, years of education, lifestyle, cardiovascular diseases, and
risk factors (e.g., smoking and hypertension) were associated with
cognitive decline and AD (Santos et al., 2014; Wirth et al., 2014).
In this study, the data selected from the ADNI database, which
did not publicly provide data about the risk factors related to
AD. Another limitation was the number of time points of the
fMRI data. According the PE algorithm, larger values of the
embedding dimension contain more states of the reconstructed
sequence. In this study, we chose m = 4, and there were 24
states. One hundred thirty time points might be inadequate
for evaluating the abnormal complexity of fMRI signals
in AD.

CONCLUSIONS

Our analysis represents a novel implementation of temporal
signal entropy (PE) to investigate the changes in the complexity
of 4D fMRI brain signals in MCI and AD patients compared
with healthy controls. We found decreased complexity in the AD
group and found that the decreased complexity was significantly
correlated with clinical measurements (i.e., the FAQ, MMSE,
and CDR) in the patient groups. Furthermore, we also found a
significant correlation between the PE and ReHo in the patient
groups. These findings suggest that the complexity analysis of
fMRI data using PE can provide important information about the
fMRI characteristics of cognitively impaired conditions that can
lead to AD. We suggest that PE is a useful and easily obtainable
measure for identifying changes in AD brain dynamics. Future
efforts will focus on increasing the fMRI database and applying
the PE approach to other neurodegenerative diseases.
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Background: Although increased cognitive activity (CA), both current and past, is
known to be associated with a decreased occurrence of Alzheimer’s disease (AD)
dementia in older adults, the exact neural mechanisms underlying the association
between CA during different stages of life and human dementia remain unclear.
Therefore, we investigated whether CA during different life stages is associated
with cerebral amyloid-beta (Aβ) pathology and AD-related neurodegeneration in non-
demented older adults.

Methods: Cross-sectional analyses of data collected between April 2014 and March
2016 from the Korean Brain Aging Study for Early Diagnosis and Prediction of
Alzheimer’s Disease (KBASE), an ongoing prospective cohort. In total, 321 community-
dwelling, non-demented older adults were involved in this study. Cerebral Aβ deposition
and Aβ positivity were measured using 11C-Pittsburgh compound B (PiB)-positron
emission tomography (PET). AD-signature region cerebral glucose metabolism (AD-
CMglu) and AD-signature region neurodegeneration (AD-ND) positivity were measured
using 18F-fluorodeoxyglucose (FDG)-PET. In addition, CA in early, mid, and late life was
systematically evaluated using a structured questionnaire.

Results: Of the 321 participants, 254 were cognitively normal (CN) and 67 had mild
cognitive impairment (MCI). The mean age of participants was 69.6 years old [standard
deviation (SD) = 8.0]. Higher early-life CA (CAearly) was associated with significantly
increased AD-CMglu (B = 0.035, SE = 0.013, P = 0.009) and a decreasing trend of AD-
ND positivity (OR = 0.65, 95% CI 0.43–0.98, P = 0.04) but was not associated with Aβ

deposition or positivity. We observed no association between midlife CA (CAmid) and any
AD-related brain changes. Late-life CA (CAlate) showed an association with both global
Aβ deposition and AD-CMglu, although it was not statistically significant. Sensitivity
analyses controlling for current depression or conducted only for CN individuals revealed
similar results.

Conclusion: Our results suggest that CA in early life may be protective against late-life
AD-related neurodegeneration, independently of cerebral Aβ pathology.

Keywords: cognitive activity, early life, midlife, late life, Alzheimer’s disease, neurodegeneration, amyloid beta
deposition, the KBASE study
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INTRODUCTION

Increased cognitive activity (CA), both current and past, is known
to be associated with reduced cognitive decline (Marquine et al.,
2012; Wilson et al., 2012, 2013; Hughes et al., 2015; Arfanakis
et al., 2016) and the occurrence of Alzheimer’s disease (AD)
dementia (Wilson et al., 2002a, 2007; Sattler et al., 2012) in
the elderly. However, the exact pathological process underlying
this inverse association between CA and AD dementia remains
unclear.

To explore the pathological process, several studies
investigated the association between the degree of CA and
both cerebral amyloid-beta (Aβ) pathology (Landau et al., 2012;
Vemuri et al., 2012, 2016, 2017; Wirth et al., 2014; Gidicsin
et al., 2015) and neurodegeneration (Valenzuela et al., 2008;
Vemuri et al., 2012, 2016, 2017; Gidicsin et al., 2015) using
in vivo AD neuroimaging biomarkers. The results from these
studies are, however, controversial. One possible explanation
for this controversy is that the brain has different physiological
or pathological properties during different stages of life. The
influence of a certain life experience, such as CA, on the
brain may vary at different stages of life. Nevertheless, most
previous studies exploring the association between CA and AD
biomarkers did not take into account different life stages and
simply classified all CA into simple categories, mainly current
or past (Landau et al., 2012; Vemuri et al., 2012; Gidicsin et al.,
2015), or focused only on either midlife CA (CAmid) (Vemuri
et al., 2016, 2017) or late-life CA (CAlate) (Valenzuela et al., 2008).

Early life (i.e., childhood and early adulthood) is a critical
period for brain development characterized by neural plasticity
(Chugani et al., 1987; Andersen, 2003; Dekhtyar et al., 2016).
Previous studies have shown that early-life CA (CAearly)
is associated with reduced late-life cognitive decline and
progression to cognitive disorders in later life (Wilson et al.,
2013, 2015; Dekhtyar et al., 2016), suggesting that CAearly is
closely related to increases in cognitive reserve (CR). CR refers
to functional rather than structural or quantitative aspects of the
brain, and may explain why some people are more resilient to
cognitive decline than others who present with the same level
of pathology (Stern, 2012). In contrast, CA in mid or late life
stages is less beneficial to individuals, given that brain plasticity
is limited during mid- and late life (Leuner et al., 2007; Kolb and
Gibb, 2011).

The accumulation of cerebral Aβ pathology begins 10–20 years
prior to AD dementia (Villemagne et al., 2013) and its prevalence
in non-demented persons typically increases from mid- to late
life (Jansen et al., 2015). Thus, cerebral Aβ pathology is rarely
observed in the early-life period. Therefore, it is more reasonable
to assume that CA or other brain affecting activities may influence
the occurrence of Aβ pathology when they are applied in mid
or late life rather than in early life. Some studies have reported
an association between CAmid and Aβ deposition (Wirth et al.,
2014; Vemuri et al., 2016). In the case of late life, however, about
half of the cognitively healthy elderly already have amyloid or
neurodegeneration abnormalities and the estimated frequency of
normal AD biomarker status decreases continuously with age
(Jack et al., 2014). Therefore, the accumulation of amyloid and/or

neurodegeneration itself might reduce participation in CA in late
life, although a few studies have reported a beneficial effect of
congitive training or exercise in late life on brain function as well
as cognive performance (Snowball et al., 2013; Shah et al., 2014;
Lampit et al., 2015).

We hypothesized that CA during different stages of life is
differentially associated with cerebral Aβ pathology and AD-
related neurodegeneration in non-demented older adults. More
specifically, we formulated three working hypotheses. First,
CAearly is inversely associated with the degree of AD-related
neurodegeneration, including neuronal or synaptic dysfunction
in late life. Second, CAmid is inversely associated with cerebral Aβ

pathology in late life. Third, CAlate is inversely associated with
both cerebral Aβ pathology and AD-related neurodegeneration
in late life.

To test our hypotheses, we measured cerebral Aβ pathology
using 11C-Pittsburgh compound B (PiB)-positron emission
tomography (PET) and AD-related neurodegeneration using 18F-
fluorodeoxyglucose (FDG)-PET. We selected cerebral glucose
metabolism (CMglu) on FDG-PET as a neurodegeneration
marker because it is a reliable index of regional neuronal
or synaptic function (Sokoloff, 1981; Jueptner and Weiller,
1995), and specific regional hypometabolism in the temporo-
parietal cortices is a reliable and sensitive measure of AD-related
neurodegeneration, which appears earlier than structural brain
changes on magnetic resonance imaging (MRI) (Jack et al., 2014,
2015, 2016). CA in early, mid, and late life was assessed using
a structured questionnaire (Wilson et al., 2005, 2007; Barnes
et al., 2006). We further investigated the moderating effects of
apolipoprotein E ε4 (APOE4) on the relationship between CA
and AD-related brain changes, as CA is particularly protective
in APOE4 carriers for the risk of dementia onset (Carlson et al.,
2008) and Aβ accumulation (Wirth et al., 2014; Vemuri et al.,
2016).

MATERIALS AND METHODS

Participants
This study was part of the Korean Brain Aging Study for Early
Diagnosis and Prediction of Alzheimer’s Disease (KBASE), an
ongoing prospective cohort study, which began in 2014 and
was designed to identify novel biomarkers for AD and explore
various lifetime experiences contributing to AD-related brain
changes. The current study included 321 community-dwelling
elderly individuals without dementia who were at least 55 years
old and enrolled between April 2014 and March 2016.

The study participants consisted of 254 cognitively normal
(CN) and 67 subjects with mild cognitive impairment (MCI).
All individuals with MCI met the current consensus criteria
for amnestic MCI: (1) memory complaints confirmed by an
informant; (2) objective memory impairment, (3) preserved
global cognitive function; (4) independence in functional
activities; and (5) no dementia. All MCI individuals had a global
clinical dementia rating (CDR) of 0.5. In terms of Criterion 2, the
age-, education-, and gender-adjusted z-scores for at least 1 of the
4 episodic memory tests was less than −1.0. The four memory
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tests included Word List Memory, Word List Recall, Word List
Recognition, and Constructional Recall tests, which are included
in the Korean version of the Consortium to Establish a Registry
for Alzheimer’s Disease (CERAD-K) neuropsychological battery.
The CN group consisted of participants with a global CDR of
0 and lack of an MCI or dementia diagnosis. The exclusion
criteria were current serious medical, psychiatric, or neurological
disorders that may influence mental functioning; the presence of
severe communication problems that would hinder the clinical
interview or brain imaging process; in vivo devices or a mental
status that prevented us from performing the brain MRI; absence
of a reliable informant; illiteracy; participation in a different
clinical trial; and treatment with an investigational product.
The Institutional Review Board of the Seoul National University
Hospital and Seoul Metropolitan Government-Seoul National
University Boramae Medical Center, South Korea, approved
this study, and subjects and their legal representatives provided
written consent.

Clinical Assessment
All participants received standardized clinical assessments
by trained psychiatrists based on the KBASE clinical
assessment protocol, which incorporated the CERAD-K
(Lee et al., 2002). KBASE neuropsychological assessments
incorporating the CERAD-K neuropsychological battery (Lee
et al., 2004) were also administered to all participants by trained
neuropsychologists. Genomic DNA was extracted from whole
blood and apolipoprotein E (APOE) genotyping was performed
as described previously (Wenham et al., 1991). APOE4 carrier
status was considered positive if the participant had at least one
APOE4 allele.

Assessment of Early-, Mid-, and
Late-Life CA
Participant CA was assessed using a 39-item expanded version
(Wilson et al., 2005, 2007; Barnes et al., 2006) of a previously
reported 25-item autobiographical questionnaire (Wilson et al.,
2003; Landau et al., 2012), which was shown to have sufficient
internal consistency and temporal stability. Items included
relatively common activities with few barriers to participation,
such as reading newspapers, magazines, or books; visiting a
museum or library; attending a concert, play, or musical;
writing letters; and playing games. Individuals completed the
questionnaire at a baseline evaluation point. Frequency of
participation was rated from 1 (once a year or less) to 5 (daily or
approximately daily). There were 9 current (i.e., late life) activities
and 30 previous activities including 11 related to childhood (6–
12 years of age), 10 related to young adulthood (18 years of
age), and 9 related to midlife (40 years of age). Item scores
were averaged to yield separate values for each age period. The
CAearly score was determined by averaging childhood and young
adulthood scores.

PiB-PET Acquisition and Processing
Participants underwent simultaneous three-dimensional (3D)
PiB-PET and 3D T1-weighted MRI using a 3.0T Biograph mMR

(PET-MR) scanner (Siemens, Washington, DC, United States)
according to the manufacturer’s protocols. Details of PiB-PET
imaging acquisition and preprocessing are described elsewhere
(Supplementary Material).

The automatic anatomic labeling algorithm and a region
combining method (Reiman et al., 2009) were conducted to
determine regions of interest (ROIs) and to characterize the PiB
retention level in the frontal, lateral parietal, posterior cingulate-
precuneus, and lateral temporal regions. The standardized uptake
value ratios (SUVRs) were calculated by dividing the mean
value for all voxels within each ROI by the mean cerebellar
uptake value in the same image. Each participant was classified
as cerebral Aβ positive if the SUVR value was >1.4. A global
cortical ROI consisting of the four ROIs was defined, and
a global Aβ deposition value was generated by dividing the
mean value for all voxels of the global cortical ROI by the
mean cerebellar uptake value in the same image (Choe et al.,
2014).

FDG-PET Acquisition and Processing
Participants also underwent FDG-PET imaging using the same
PET-MR machine, as described above. Details of FDG-PET
image acquisition and preprocessing are described in the
Supplementary Material. AD-signature FDG ROIs including the
angular gyri, posterior cingulate cortex, and inferior temporal
gyri, which are known to be sensitive to changes associated
with AD (Jack et al., 2014, 2015) were determined. AD-
signature region cerebral glucose metabolism (AD-CMglu)
was defined as a voxel-weighted mean SUVR extracted
from the AD-signature FDG ROIs, and AD-signature region
neurodegeneration (AD-ND) positivity was defined as AD-
CMglu<1.386. Detailed methods used to define the threshold for
abnormality of each neurodegeneration biomarker are described
in the Supplementary Material.

Statistical Analysis
The associations between CA (independent variable) at each
life stage and global Aβ deposition or AD-CMglu (dependent
variables) were examined using multiple linear regression
analyses controlling for age, sex, years of education, and APOE4
carrier status as covariates. Multiple logistic regression analyses
were conducted to test the association between CA at each
life stage (independent variable) and Aβ or AD-ND positivity
(independent variables). In this analysis, we also controlled
for age, sex, years of education, and APOE4 carrier status.
Sensitivity analyses were conducted using the same analyses,
but included only CN subjects to exclude the possibility of
recall bias due to MCI. We also performed the same analyses
but additionally controlled for geriatric depression using the
Geriatric Depression Scale (GDS) (Yesavage et al., 1983), since
current depression may influence CA and brain state. We set a
P-value less than 0.0167 (=0.05/3) as the threshold for statistical
significance, given that CA during the three life stages (i.e.,
CAearly, CAmid, and CAlate) were explored for AD-related brain
changes. In the event that CA significantly influences Aβ-related
brain changes, we further explored the moderating effects of
APOE4 using a generalized linear model analysis, including a
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CA × APOE4 interaction term, as well as CA and APOE4 as
independent variables, controlling for age, sex, and education as
covariates. In this case, a P-value less than 0.05 was indicative
of statistical significance. All statistical analyses were conducted
using SPSS Statistics version 23.0 (IBM Corp., Armonk, NY,
United States).

RESULTS

The characteristics of the study participants are shown in
Table 1. Both global Aβ deposition and AD-CMglu were
weakly correlated with clinical variables. Global Aβ deposition
was inversely associated with CERAD total score (Kendall’s
tau = −0.19, p < 0.001) and was positively associated with CDR
sum of boxes (Kendall’s tau = 0.33, p < 0.001). AD-CMglu
showed a similar association with CERAD total score (Kendall’s
tau = 0.16, p < 0.001) and was inversely associated with CDR-
SOB (Kendall’s tau = −0.26, p < 0.001). Global Aβ deposition
and AD-CMglu were weakly correlated with each other (Kendall’s
tau = −0.17, P < 0.001). CAearly was moderately correlated with
CAmid (Kendall’s tau = 0.52, P < 0.001) and CAlate (Kendall’s
tau = 0.43, P < 0.001). CAmid and CAlate were also moderately
correlated (Kendall’s tau = 0.51, P < 0.001).

Early-Life CA and AD-Related Brain
Changes
We observed no association between CAearly and global Aβ

deposition (Figure 1A and Table 2). Similarly, no significant
association between CAearly and Aβ positivity was observed

TABLE 1 | Participant characteristics.

Characteristics All participants

No. of study participants 321

Age, years 69.60 (7.99)

No. of females (%) 180 (56.07)

No. of ApoE4 carriers (%)a 79 (24.61)

Education, year 11.54 (4.69)

MMSE score (maximum, 30) 25.92 (3.35)

GDS score (maximum, 30) 5.53 (5.33)

MCI, no. (%) 67 (20.87)

CA score (maximum, 5)

Early life 2.24 (0.69)

Midlife 2.37 (0.82)

Late life 2.57 (0.73)

Global cerebral Aβ deposition, SUVR 1.28 (0.37)

Aβ positivity (%) 68 (21.18)

AD-CMglu, SUVR 1.39 (0.13)

AD-ND positivity (%) 151 (47.04)

APOE4, apolipoprotein E ε4; MMSE, Mini-Mental State Examination; GDS, Geriatric
Depression Scale; MCI, mild cognitive impairment; CA, cognitive activity; Aβ,
amyloid-beta; SUVR, standardized uptake value ratio; AD-CMglu, Alzheimer’s
disease signature region cerebral glucose metabolism; AD-ND, AD-signature
region neurodegeneration. Data are presented as mean (SD) unless otherwise
indicated. aApoE4 carriers are the percentage of individuals with at least one
APOE4 allele.

(Table 3). In contrast, there was a significant positive association
between CAearly and AD-CMglu (Figure 1B and Table 2). We
observed a trend for a negative association between CAearly and
AD-ND positivity, although this was not statistically significant
(Table 3). We explored moderation effects of APOE4 on the
association between CAearly and AD-CMglu, which showed
a statistically significant result in the main effect analysis.
We observed no CAearly × APOE4 interaction on AD-CMglu
(Supplementary Table e-1).

Midlife CA and AD-Related Brain
Changes
We observed no association between CAmid and global Aβ

deposition or AD-CMglu (Figures 1C,D and Table 2). CAmid was
also not associated with Aβ or AD-ND positivity (Table 3).

Late-Life CA and AD-Related Brain
Changes
We observed a trend-level association between CAlate and both
global Aβ deposition and AD-CMglu, although this association
was not significant (Figures 1E,F and Table 2). CAlate was not
associated with Aβ or AD-ND positivity (Table 3).

Sensitivity Analysis
Even when the GDS was additionally controlled for age,
education, gender, and APOE4, the results from the multiple
linear or logistic regression analyses were similar (Supplementary
Tables e-2, e-3). When the same analyses were conducted for
the CN subgroup only, CAearly showed trend-level associations
with AD-CMglu and AD-ND positivity (Supplementary Tables
e-4, e-5), although the association was not statistically significant.
We observed no association between CAmid or CAlate and
any AD-related brain changes. Moreover, because CAearly was
correlated with CAmid and CAlate, we controlled for CAearly in
addition to age, sex, education, and APOE4 when analyzing the
relationship of CAmid or CAlate to AD-related brain changes.
As shown in the Supplementary Tables e-6, e-7, the results
were almost the same, even after controlling for the effects of
CAearly.

DISCUSSION

The results of this study generally support the hypothesis
that CA during different life stages is differentially associated
with cerebral Aβ pathology and AD-related neurodegeneration
in non-demented older adults. With regard to the three
working hypotheses, our findings supported the first hypothesis:
CAearly was inversely associated with the degree of AD-related
neurodegeneration in late life. In contrast, we could not accept
the second hypothesis (i.e., an inverse association between
CAmid and cerebral Aβ pathology in late life) or the third
(i.e., a significant inverse association between CAlate and both
cerebral Aβ pathology and AD-related neurodegeneration in
late life).

Our study is the first to verify the association between
CAearly and AD-CMglu in late life, suggesting the presence
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FIGURE 1 | Partial regression plots showing the effect of participating in cognitive activity (CA) during each life period. The results of the independent multiple linear
regression model with age, gender, education, and apolipoprotein E ε4 as covariates are presented. (A,B) Plots for early-life CA (CAearly) and amyloid-beta (Aβ), as
well as for Alzheimer’s disease signature region cerebral glucose metabolism (AD-CMglu). A significant association was observed between CAearly and AD-CMglu,
but not Aβ. (C,D) Plots for midlife CA (CAmid) and Aβ, as well as for AD-CMglu. (E,F) Plots for late-life CA (CAlate) and Aβ, as well as for AD-CMglu.
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TABLE 2 | Association between cognitive activities (CAs) in each life period and global cerebral amyloid-beta (Aβ) deposition and Alzheimer’s disease signature region
cerebral glucose metabolism (AD-CMglu).

B SE Beta P PB

Global Aβ deposition

Early life −0.028 0.036 −0.052 0.44 >0.99

Midlife −0.009 0.032 −0.020 0.78 >0.99

Late life −0.072 0.033 −0.142 0.03 0.10

AD-CMglu

Early life 0.035 0.013 0.180 0.009 0.03

Midlife 0.010 0.012 0.061 0.40 >0.99

Late life 0.028 0.013 0.150 0.03 0.08

Aβ, amyloid-beta; AD-CMglu, Alzheimer’s disease signature region cerebral glucose metabolism. The results of the independent multiple linear regression model with
age, gender, education, and apolipoprotein E ε4 as covariates are presented. PB: P-value corrected by Bonferroni’s method.

TABLE 3 | Association between cognitive activities in each life period and Aβ and
AD-signature region neurodegeneration (AD-ND) positivity.

Adjusted OR 95% CI P PB

Aβ positivity

Early life 0.840 0.500–1.410 0.51 >0.99

Midlife 0.939 0.594–1.482 0.79 >0.99

Late life 0.786 0.484–1.277 0.33 >0.99

AD-ND positivity

Early life 0.648 0.427–0.983 0.04 0.13

Midlife 0.790 0.550–1.134 0.20 0.60

Late life 0.712 0.483–1.050 0.09 0.26

OR, odds ratio; CI, confidence interval; Aβ, amyloid-beta; AD-ND, Alzheimer’s
disease signature region neurodegeneration. The results of the independent
multiple logistic regression model with age, gender, education, and apolipoprotein
E ε4 as covariates are presented. PB: P-value corrected by Bonferroni’s method.

of a potential mechanism underlying the inverse association
between CAearly and AD dementia or cognitive decline. Previous
studies have reported that childhood CA could reduce cognitive
decline (Wilson et al., 2013) and music or foreign language
training in early life was associated with a lower risk of
MCI or AD dementia (Wilson et al., 2015). Another study
showed that a complex occupation could not compensate
for low school grades at a young age to prevent dementia,
suggesting that early life is a critical period for increasing
CR against dementia (Dekhtyar et al., 2016). To the best of
our knowledge, no previous human studies have focused on
the direct relationship between CAearly and brain changes in
late life.

The association between CAearly and AD-CMglu in late
life may be explained by the influence of CAearly on brain
developmental processes (Chugani et al., 1987; Benes et al.,
1994; Paus et al., 1999; Andersen, 2003), such as synaptogenesis
and pruning during the early-life period in particular (Tau
and Peterson, 2010). As activity-dependent mechanisms could
modulate these processes, especially in early life (Bourgeois
et al., 1989; Goodman and Shatz, 1993; Hata and Stryker, 1994;
Kleim et al., 1996; Baker et al., 2017), it may be that CAearly
promotes synaptogenesis and/or pruning in humans offers a
plausible explanation. Metabolic changes measured by FDG-PET
may reflect energy expenditures of these processes (Chugani

et al., 1987). Other animal studies also suggest that early-
life cognitive enrichment has various protective effects on the
brain by increasing neurotrophic factors (Wolf et al., 2006) or
gene/protein expression related to synaptic plasticity (Costa et al.,
2007). However, the influence of common genetic predisposition
cannot be completely excluded when addressing the association
between CAearly and neurodegeneration in late life. A certain
genetic factor may be related to both more CA participation
in early life and less neurodegeneration in late life (Fox et al.,
2010).

Educational level is associated with the level of CA, regardless
of life period (Wilson et al., 2002b, 2013; Barnes et al., 2006;
Gidicsin et al., 2015). Our data also show a similar association
between years of education and CAearly (Kendall’s tau = 0.43,
P < 0.001), CAmid (Kendall’s tau = 0.48, P < 0.001), and CAlate
(Kendall’s tau = 0.45, P < 0.001). A previous report showed
that higher-level education, related to early-life enrichment, was
associated with reduced age-related alterations of cerebrospinal
fluid (CSF) neurodegeneration biomarkers (e.g., CSF total-tau,
phosphorylated-tau), but not with amyloid biomarkers (CSF
Aβ) (Almeida et al., 2015), similar to our observation for
CAearly, Aβ pathology, and neurodegeneration. Nevertheless,
because the aim of this study was to investigate the differential
effect of CA during different life stages on in vivo AD
pathology, we applied a lifetime CA questionnaire instead of
simply using years of education as a measure of CA. In the
current study, CAearly had a significant inverse relationship
with AD-related neurodegeneration, while CAmid and CAlate did
not, after controlling for the level of education. This finding
suggests that CAearly itself is potentially protective against late-
life neurodegeneration or related cognitive decline, regardless of
educational attainment.

An exploratory analysis to investigate the moderating effects
of APOE4 revealed no significant interaction between CAearly
and APOE4 on AD-CMglu. This finding may be explained
by previous reports indicating that APOE4-related cognitive
changes generally occur during mid or late life, as opposed to
early life (Ruiz et al., 2010; Richter-Schmidinger et al., 2011;
Wisdom et al., 2011). A previous meta-analysis of 20 studies
also demonstrated that APOE4 was not associated with cognitive
function in young adults, adolescents, or children (Ihle et al.,
2012).
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Midlife CA was not associated with late-life Aβ deposition,
which did not support our second hypothesis. Similar to our
current finding, Mayo investigators reported no association
between CAmid and late-life Aβ deposition, in general, in non-
demented elderly (Vemuri et al., 2016, 2017). They also showed
that high CAmid was associated with lower Aβ deposition in
highly educated APOE4 carriers (Vemuri et al., 2016). They
proposed that a reverse causality may explain their finding:
among highly educated APOE4 carriers, those with higher
Aβ deposition in middle age are most likely to experience
subtle cognitive symptoms at that time and, consequently, avoid
intellectual activity (Vemuri et al., 2016). We conducted similar
analyses for highly educated (>14 years) APOE4 carriers, but
did not find any significant associations between CAmid and Aβ

deposition. Such discrepancies may be associated with the time
frame for CAmid. We defined CAmid as CA at the age of 40 years,
while Mayo investigators measured CAmid at 50–65 years of
age. Younger individuals are less likely to be influenced by the
reverse causality issue. With respect to neurodegeneration, no
association between CAmid and AD-CMglu or AD-ND positivity
was observed, which is consistent with previous reports (Vemuri
et al., 2016, 2017).

Although not statistically significant, CAlate showed a trend
association with global Aβ deposition and AD-CMglu. This
may be explained by reverse causality: as previously mentioned
in the section “Introduction”; elderly individuals with greater
AD pathologies may participate in less CA (Jack et al., 2013;
Villemagne et al., 2013). This explanation was further supported
by the sensitivity analysis conducted for the CN subgroup. In the
CN subgroup, no trend level association was observed between
CAlate and AD-related brain changes, which is consistent with
previous reports (Landau et al., 2012; Wirth et al., 2014; Gidicsin
et al., 2015).

In a sensitivity analysis, we controlled for the effect of
CAearly as well as education when analyzing the relationship
between CAmid or CAlate and global Aβ deposition and AD-
CMglu, because CAmid and CAlate were correlated with CAearly.
Controlling for CAearly did not change the results, indicating
that the negative findings for the relationship of CAmid or CAlate
with AD-related brain change were significant, regardless of the
influence of CAearly.

There are several limitations to our study. First, although
we used well-validated and reliable questionnaires, retrospective
measurements of CA may have a recall bias. Current depression
and memory impairment have the potential to affect retrospective
measurements based on subjective recall. To mitigate the
potential risk, we conducted two sensitivity analyses. We
controlled for current depression using the GDS score. This did
not change the overall results of our study. Furthermore, the
same analyses conducted for the CN group revealed potential
associations between CAearly and both AD-CMglu and AD-
ND positivity, although not statistically significant. Future long-
term prospective studies are required to confirm our findings.
Second, as for AD-related neurodegeneration, we measured
cerebral glucose metabolism by FDG-PET. Although we defined
AD-CMglu or AD-ND positivity by applying AD-signature
regions showing typical AD-pattern hypometabolism, glucose

metabolism may be influenced by non-AD pathologies, such as
vascular pathology and non-AD degenerative conditions (Kato
et al., 2016). Tau-PET imaging (Saint-Aubert et al., 2016) or
CSF phosphorylated tau measurements (Blennow and Hampel,
2003) may provide information to address this issue. Third, we
did not consider the influence of potential confounding factors,
which may affect the in vivo AD pathologies, such as physical
activity (Shah et al., 2014), social interaction (Bennett et al., 2006),
diet (Berti et al., 2015), oxidative stress (Markesbery, 1997), and
various physical conditions, including hypertension, diabetes,
obesity, and other chronic illnesses (Chui et al., 2012), although
we excluded individuals with serious medical or neurological
disorders that may influence mental functioning.

CONCLUSION

Our results support that CA in early life is probably protective
against late-life AD-related neurodegeneration, independently
of cerebral Aβ pathology. In contrast, CA in midlife and
late life appears to have no or limited association with
AD-related brain changes, including amyloid pathology and
neurodegeneration. With respect to prevention of dementia and
cognitive impairment in late life, a cognitively active lifestyle in
childhood and early adulthood needs to be more emphasized.
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Measurement of the dynamic coupling between spontaneous Blood Oxygenation Level
Dependent (BOLD) and cerebral blood flow (CBF) fluctuations has been recently
proposed as a method to probe resting-state brain physiology. Here we investigated how
the dynamic BOLD-CBF coupling during resting-state is affected by aging. Fifteen young
subjects and 17 healthy elderlies were studied using a dual-echo pCASL sequence.
We found that the dynamic BOLD-CBF coupling was markedly reduced in elderlies,
in particular in the left supramarginal gyrus, an area known to be involved in verbal
working memory and episodic memory. Moreover, correcting for temporal shift between
BOLD and CBF timecourses resulted in an increased correlation of the two signals
for both groups, but with a larger increase for elderlies. However, even after temporal
shift correction, a significantly decreased correlation was still observed for elderlies
in the left supramarginal gyrus, indicating that the age-related dynamic BOLD-CBF
uncoupling in this region is more pronounced and can be only partially explained with a
simple time-shift between the two signals. Interestingly, these results were observed in a
group of elderlies with normal cognitive functions, suggesting that the study of dynamic
BOLD-CBF coupling during resting-state is a promising technique, potentially able to
provide early biomarkers of functional changes in the aging brain.

Keywords: aging, arterial spin labeling, BOLD-CBF coupling, fMRI, resting-state

INTRODUCTION

Since the first observation that spontaneous Blood Oxygenation Level Dependent (BOLD) signal
fluctuations in the left and right motor cortex are correlated in the absence of a task (Biswal et al.,
1995), resting-state fMRI has witnessed an exponential growth of interest.

Since it does not require any task, resting-state fMRI is particularly attractive for studies
on patients, children and elderlies, reducing problems related to participant’s compliance or
intersubject variability due to task performance. Indeed, there is an increasing number of
investigations using resting-state fMRI as a sensitive biomarker to study normal and pathological
aging (D’Esposito et al., 1999; Fox and Greicius, 2010; Brier et al., 2014; Gardini et al., 2014; Li et al.,
2015; Vecchio et al., 2015; Esposito et al., 2018).
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Most fMRI studies are based on the BOLD technique
(Bandettini et al., 1992; Kwong et al., 1992; Ogawa et al., 1992)
which offers a large sensitivity and easy of implementation.
However, due to the complex nature of the BOLD effect,
the quantitative interpretation of this fMRI signal can be
problematic. Indeed, the BOLD signal change is modulated by
local variations in deoxyhemoglobin content stemming from
changes in cerebral blood flow (CBF), cerebral blood volume
(CBV) and cerebral metabolic rate of oxygen consumption
(CMRO2) induced by neuronal activation or vascular challenges
(Buxton, 2012). Depending on the complex interplay of these
variables, the magnitude and dynamics of the BOLD signal
change may not always reflect the underlying change in neuronal
activity or the variation of a specific hemodynamic/metabolic
quantity (Ances et al., 2008; Buxton, 2010; Griffeth and Buxton,
2011; Moradi et al., 2012). This limitation is especially important
in studies comparing populations with different neurovascular
properties (Liu, 2013). In particular, this issue has been largely
recognized when comparing elderly vs. young adults since
significant vascular changes are known to occur during adult
life (O’Rourke and Hashimoto, 2007; Samanez-Larkin and
D’Esposito, 2008; Chen et al., 2011; Lu et al., 2011; Gauthier and
Hoge, 2013; De Vis et al., 2015).

To overcome the problem of BOLD signal ambiguity, the
acquisition of concurrent BOLD and CBF data from arterial
spin labeling (ASL) sequences has been proposed in an early
biophysical model that allows the calculation of fractional
changes of the different hemodynamic and metabolic variables
involved in brain activation (Davis et al., 1998). ASL uses
magnetically labeled arterial blood water as an endogenous
tracer (Detre et al., 1992) and can quantify both baseline levels
and activity induced variation of regional CBF. The Davis
model is currently applied with different strategies, usually
requiring additional calibration measurements based on gas
challenges (Davis et al., 1998; Hoge et al., 1999; Chiarelli
et al., 2007) and has been expanded to allow the measurement
of absolute CMRO2 changes or baseline levels of oxygen
consumption (Bulte et al., 2012; Gauthier et al., 2012; Wise
et al., 2013; Germuska and Bulte, 2014; Germuska et al., 2016).
Although gas challenges might be less tolerated by patients
or elderlies, applications of these techniques to aging studies
have been recently reported (Mohtasib et al., 2012; Hutchison
et al., 2013; Liu et al., 2013; De Vis et al., 2015; Garrett
et al., 2017). Alternative calibration techniques without gas
administration have also been proposed based on particular
MRI acquisition sequences or breath-hold tasks (Kastrup et al.,
1999; Fujita et al., 2006; Bulte et al., 2009; Blockley et al., 2012,
2015). Nevertheless, the calibrated BOLD technique has been
mostly applied and validated in studies using block paradigms,
and its extension to more dynamic experimental designs is
not straightforward (Kida et al., 2006; Simon and Buxton,
2015).

In this regard, however, the combined acquisition of BOLD
and CBF data using ASL has recently attracted increasing interest
to study brain function, even without calibration measurements
(Chen et al., 2015; Simon and Buxton, 2015; Storti et al.,
2017).

Indeed, although CBF is still an indirect measurement of
cerebral metabolism and neuronal activity, it constitutes a
well defined and fundamental physiological process that is
altered in different pathologies and with physiological aging.
Furthermore, despite ASL has lower sensitivity compared to
BOLD, it can extend the study of resting-state brain function
beyond that of functional connectivity, allowing quantitative
CBFmeasurements and the investigation of BOLD-CBF coupling
when the two signals are acquired simultaneously. In particular,
the possibility to capture spontaneous fluctuations of cerebral
blood flow with ASL has recently received an increasing attention
(De Luca et al., 2006; Chuang et al., 2008; Fukunaga et al., 2008;
Zou et al., 2009; Viviani et al., 2011; Liang et al., 2014; Tak et al.,
2014; Chen et al., 2015; Fernández-Seara et al., 2015; Jann et al.,
2015).

This is an appealing application of concurrent BOLD and
CBF dynamic data acquisition, potentially able to offer insights
on mechanisms underlying resting-state brain functioning and
physiology. In this regard, recent evidence demonstrated that
the resting-state dynamic relationship between BOLD and CBF
is approximately linear across the brain (Fukunaga et al., 2008;
Wu et al., 2009), with a significantly stronger coupling between
spontaneous BOLD and CBF fluctuations within themajor nodes
of established resting-state networks (Tak et al., 2014; Cohen
et al., 2017). Noteworthy, the study of BOLD-CBF dynamic
coupling during resting-state could offer innovative metrics to
assess brain health (Chen et al., 2015), in addition to the more
commonly used functional connectivity metrics. However, to the
best of our knowledge, no investigation based on this method has
been performed on aging so far.

In the present study we investigated how the dynamic
BOLD-CBF coupling during resting-state is affected by aging.
Specifically, we compared a group of healthy elderlies with a
group of young subjects, addressing between-group differences
in: (i) the linear correlation between the two signals; and (ii) the
effect on the calculated correlation when introducing a relative
temporal shift between BOLD and CBF timecourses.

MATERIALS AND METHODS

Fifteen healthy young adults (Young: mean age = 26.4,
SD = 4.2) and 17 healthy elderlies (Elderly: mean age = 63.4,
SD = 8.1) were included in the study. All individuals were
right-handed, gave their written informed consent according
to the Declaration of Helsinki (World Medical Association
Declaration of Helsinki, 1997) and all procedures were approved
by the Ethics Committee for Biomedical Research of the
provinces of Chieti and Pescara and the ‘‘G. D’Annunzio’’
University of Chieti and Pescara. None of the participants
reported a history of neurological or psychiatric disease, or
used psychopharmacological drugs. Subjects with any drug
or alcohol abuse within the previous 6 months were also
excluded to avoid confounding effects on the fMRI signal. Other
exclusion criteria included implanted metals, pregnancy and
abnormal findings in their structural brain MRI. Mild forms of
hypertension and hyperlipidemia were accepted. Six older adults
used antihypertensive medication.
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Elderlies were screened with Mini Mental State Examination
(MMSE; Folstein et al., 1975) to evaluate the global cognitive
status (reported score range of included subjects: 25.5 ÷ 28.9),
Babcock story test to evaluate prose memory (reported score
range: 5.2 ÷ 8.8 for immediate recall, 2.5 ÷ 8.6 for delayed
recall), and the Frontal Assessment Battery (FAB) to assess
global executive functions (reported score range: 14.7 ÷ 18.3).
Young group was screened using the Trail Making Test to
evaluate sustained visuo-spatial attention (reported score range:
5.5s ÷ 48.8), MMSE (27.7 ÷ 29.3), Babcock story test (7.2
÷ 8.9 for immediate recall, 5.1 ÷ 8.8 for delayed recall) and
FAB (15.1 ÷ 18.9). Statistical between-groups comparisons were
performed with parametric or non-parametric tests, depending
on normality distribution verified using the Shapiro test. A
significant between-group difference was observed for MMSE
(p = 0.03, Wilcoxon test), whereas Babcock and FAB tests did
not reveal significant effects (p = 0.19 and p = 0.43 respectively,
unpaired t-tests).

All participants were required to refrain from caffeine, alcohol
and nicotine for at least 6 h before the MRI session.

MRI was performed with a 3T Philips Achieva scanner
(PhilipsMedical Systems, Best, Netherlands), using a whole-body
radiofrequency coil for signal excitation and an 8-channel
phased-array head coil for signal reception.

Subjects were instructed to keep their eyes closed and not to
engage in structured thoughts during acquisition.

Resting-state CBF and BOLD data were simultaneously
acquired with a dual-echo pseudo-continuous ASL (pCASL)
sequence (Dai et al., 2008) with the following parameters:
TR/TE1/TE2: 3500/10/28 ms, FOV 230 mm × 230 mm, matrix
64 × 64, voxel size 3.6 mm × 3.6 mm × 5 mm, SENSE factor
2.3, 19 slices acquired in ascending order, 90 dynamics. The label
duration was 1650 ms and the postlabel delay was 1000 ms.

Baseline perfusion was measured using a pCASL sequence
optimizing the labeling parameters for a reliable quantification
of CBF for both young and elderly subjects (Alsop et al.,
2015): TR/TE 4269/10 ms, FOV 230 mm × 230 mm, matrix
64 × 64, voxel size 3.6 mm × 3.6 mm × 5 mm, SENSE
factor 2.3, 19 slices acquired in ascending order, 60 dynamics.
The label duration was 1750 ms and the postlabel delay was
1900ms. Background suppression pulses at 2110ms and 3260ms
after start of labeling were used. The labeling plane of the
pCASL sequences was positioned 85 mm below the AC-PC
line, according to recent guidelines (Aslan et al., 2010; Alsop
et al., 2015). An equilibrium magnetization image (M0) was
also acquired with scan parameters identical to the pCASL
sequence (same matrix and readout) but using a long TR
(10,000 ms) and without labeling or background suppression
pulses.

A high resolution structural volume was finally acquired via
a 3D fast field echo T1-weighted sequence with the following
parameters: 1 mm isotropic voxel size, TR/TE = 8.1/3.7 ms, flip
angle = 8◦, 160 sections, SENSE factor = 2.

During fMRI, physiological signals related to respiratory and
cardiac cycles were registered using a pneumatic belt strapped
around the upper abdomen and a pulse oximeter placed on a
finger of the right hand, respectively. Respiratory and cardiac

data were both sampled at 100 Hz and stored in a logfile for each
run.

Resting state pCASL fMRI data were analyzed using AFNI
(Cox et al., 20061) and custom-written software implemented in
Python2. First, the dual-echo pCASL data were split into four
EPI timeseries, corresponding to label and control images for
acquisitions at TE1 and TE2.

Then, initial preprocessing was performed for both echoes on
the label and control ASL images separately (Restom et al., 2006;
Wang et al., 2008) according to the following steps:

(i) RETROICOR was applied to remove signal fluctuations
related to cardiac and respiratory cycles (Glover et al., 2000);

(ii) slice-timing correction using sinc interpolation;
(iii) motion correction was performed using rigid body

registration to realign all time frames to a base image
represented by the first label/control volume (dummy scans
prevented the need to discard the first few volumes). A
summary statistic of motion was defined as the root mean
square (RMS) of the six realignment parameters (three
translations and three rotations), in order to inspect for EPI
timeseries affected by excessive motion. One elderly subject
exceeded an RMS value of 1.5 mm for both label and control
images and was discarded from further analysis. Further
motion assessment was performed considering the RMS
value of the differentiated EPI timeseries (DVARS) within
a whole brain spatial mask (Power et al., 2012, 2014). The
run-averaged DVARS metrics was then compared across
groups using ANOVA in order to characterize potential
motion effects not accounted for by spatial registration and
regression of motion parameters;

(iv) an additional coregistration was performed to minimize
effects of the spatial offset between label and control
timeseries caused by possible head motion between the
reference control image and the reference label image. The
corresponding spatial transformation was determined using
the mutual information-based approach (Studholme et al.,
1998) which is much less sensitive to the labeling related
signal intensity differences that could be interpreted by
the standard rigid body motion correction algorithm as
apparent head motion between label and control images
(Friston et al., 1995; Woods et al., 1998).

After these steps, the coregistration matrix between the
structural data set and the preprocessed timeseries was
determined using an affine transformation.

Then, additional preprocessing was performed using
ANATICOR (Jo et al., 2010). Briefly, we first obtained individual
masks of large ventricles and white matter from the structural
scans segmentation using FreeSurfer3. The white matter mask
was slightly eroded (one functional voxel) to prevent partial
volume effects that might include signal from gray matter voxels
in the mask. This step was not performed for the CSF mask,
since with the functional voxel size used in this study the eroded

1afni.nimh.nih.gov/afni
2http://www.python.org
3http://surfer.nmr.mgh.harvard.edu
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CSF mask would not contain enough voxels in most subjects.
Then, for each run, a global nuisance regressor was obtained
extracting the EPI average time course within the ventricle
mask and local nuisance regressors were obtained calculating
for each gray matter voxel the average signal time course for all
white matter voxels within a 3 cm radius (Jo et al., 2010). These
nuisance regressors and the six regressors derived from motion
parameters were removed from the EPI timeseries using AFNI’s
@ANATICOR.

At this stage, pCASL time series with interleaved control
and label volumes were rebuilt using the preprocessed data.
These preprocessed pCASL data were then temporal filtered to
separate CBF and BOLD signals (Chuang et al., 2008). Briefly,
the ASL time series can be view as the sum of a component
with a rapid modulation reflecting the alternating control and
label images, and a component that is not modulated by
the labeling process, reflecting slower BOLD weighted signal
variations. An high-pass filtering with a cut-off frequency
corresponding to 1/4TR has been demonstrated to be effective
in retaining the modulated component while minimizing the
BOLD contamination (Chuang et al., 2008; Tak et al., 2014).
Note that this high-pass filtering does not restrict the CBF
timeseries to the high frequency band since the CBF signal
is derived afterward from the difference between subsequent
scans (i.e., control—label). Specifically, CBF timeseries were
obtained from TE1 data by high-pass filtering the corresponding
preprocessed pCASL signal (>0.071 Hz, corresponding to
1/4TR), multiplying it by cos[π(n− 1)] (where n is the frame
number), and then summing together every two images. BOLD
timeseries were obtained from TE2 data by low-pass filtering
(<0.071 Hz) the corresponding preprocessed pCASL signal and
then summing together every two images.

After these processing procedures, both BOLD and CBF
data were spatially normalized using Advanced Normalization
Tools (ANTs; Avants et al., 2009). Briefly, the individual
T1-weighted anatomical images of young and elderly subjects
were first bias corrected using the N4ITK algorithm (Tustison
et al., 2010) and then used to create a study specific template
encompassing the age range in our study (Avants et al., 2010).
Non-brain removal was also performed using BET (Smith,
2002) and a nonlinear warping of the resulting template to the
MNI standard space (3 mm isotropic spatial resolution) was
computed using symmetric diffeomorphic image normalization
(Avants et al., 2008). Finally, BOLD and CBF data were
spatial smoothed (6 mm FWHM) and band-pass filtered
(0.01–0.071 Hz).

After these preprocessing procedures, linear correlation
(Pearson r) between BOLD and CBF timeseries was calculated
for each voxel to obtain individual maps representing the
BOLD-CBF coupling during resting-state. In this step no
time-shift was introduced between the two timecourses and the
resulting correlation coefficients were indicated as r0. Random
effects group maps (one sample t-test) were then obtained
after individual r0 to z-Fisher transform for Young and Elderly
separately and then compared between groups (two-sample
unpaired t-test). Group maps were thresholded at p< 0.05, FDR
corrected.

In a second step, the cross-correlation between BOLD and
CBF timecourses was calculated again after introducing a variable
time-shift τ in the BOLD signal (eq.1), following previous work
(Fukunaga et al., 2008; Tak et al., 2014). In this calculation, both
BOLD (t) and CBF (t) were first upsampled to a resolution of
100 ms using sync interpolation as implemented in the AFNI
program 3Dtshift. The maximum correlation value (rmax) was
retained for τ ranging between ±7 s (with a 350 ms step). Then,
after transforming individual rmax to z-Fisher, the random effects
group maps were calculated again for Young and Elderly and
compared between groups.

rmax = maxτ
∑

t
BOLD(t + τ)CBF(t) − 7s < τ < 7s (1)

Note that previous studies mostly considered the rmax
approach, in order to maximize the statistical significance
of correlation by correcting for potential temporal mismatch
between the two hemodynamic signals (Fukunaga et al., 2008;
Tak et al., 2014). Here we investigated both r0 and rmax
and in particular how the two groups compare with respect
to these metrics. Our choice was motivated by the fact that
the temporal mismatch between BOLD and CBF might be
group dependent (due to e.g., age-related vascular effects). A
quantitative estimation of the effect of time-shift correction on
the correlation coefficient was performed in selected regions of
interest (ROIs) as follows.

We focused on ROIs in the default mode network (DMN)
and frontoparietal network (FPN) that are the two most
investigated brain networks. In order to allow the definition
of ROIs independent from the previous analysis, independent
component analysis (ICA) was performed, using a probabilistic
algorithm (Beckmann and Smith, 2004) as implemented in
the MELODIC tool of FSL (FMRIB Software Library). Briefly,
individual functional datasets were first temporally concatenated
across subjects, groups (Young and Elderly) and modalities
(BOLD and CBF) to form a single 4D data set to be used
as input for the probabilistic ICA algorithm. The number of
components was fixed to 20. Dual-regression (Beckmann et al.,
2009) was then used to identify individual spatial maps for
each independent component to be used as input for the
second-level group analysis. In this calculation random-effects
group statistical maps were obtained for each component using
permutation-based non-parametric testing (5000 permutations;
Nichols and Holmes, 2002). Multiple comparisons correction
was addressed applying a cluster-based threshold of Z > 2.3
and a family-wise-error (FWE) corrected cluster significance
of p < 0.01 for the suprathreshold clusters. Using these
group maps, the DMN and FPN were easily identified from
their characteristic spatial pattern, including posterior cingulate
cortex, bilateral angular gyrus and ventromedial prefrontal
cortex for DMN, bilateral inferior parietal lobe and bilateral
middle frontal gyrus for FPN. For our ROIs definition we
pooled BOLD and CBF data because a high degree of spatial
overlap has been shown for the two modalities in both
resting state and task paradigms (Mayhew et al., 2014; Jann
et al., 2015). Furthermore, in order to consider gray matter
voxels only, a binary mask was defined by averaging the
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normalized individual gray matter masks obtained from the
FreeSurfer segmentation and thresholding at 0.3 (Jann et al.,
2015). The final masks representing the investigated ROIs
were defined multiplying this binary mask with the ICA
clusters.

Then, mean r0 and rmax values were extracted from these ROIs
and the rmax − r0 difference was compared between groups (two-
sample unpaired t-test). Correction for multiple comparisons
was performed using FDR. We expect this difference to be larger
for elderlies due to an increased time-shift between BOLD and
CBF timecourses, possibly reflecting age related modifications of
vascular response.

In addition, we computed the resting state fluctuation
amplitude (RSFA; Kannurpatti and Biswal, 2008) for both BOLD
and CBF timeseries in Elderly and Young, using the AFNI
program 3dRSFC. The corresponding values were extracted from
our ROIs and compared between groups (two-sample unpaired
t-tests with correction for multiple comparisons using FDR).
This analysis aimed at evaluating the impact of potential age
dependent differences in the amplitude of resting state BOLD
and CBF fluctuations on the observed linear correlation between
the two signals, since a reduced fluctuation amplitude could lead
to a decreased correlation coefficient in presence of noise (Liu,
2013).

Finally, we also extracted regional perfusion values from
quantitative CBF maps provided by the background suppressed
ASL data and a single compartment model (Buxton et al., 1998;
Alsop et al., 2015):

CBF =
6000λ(SIc − SIL)e

PLD
T1A

2ααinvT1AM0

(
1− e−

τ
T1A
) [ml/100 g/min] (2)

Where λ is the blood-brain partition coefficient (0.9 ml/g),
SIC and SIL are the means over time of the control and label
images respectively, PLD is the slice-dependent post label delay
(1900–2800 ms), T1A is the longitudinal relaxation time of
arterial blood (1650 ms at 3T), α is the labeling efficiency (0.85;
Alsop et al., 2015), αinv is a correction factor for the background
suppression (0.83; van Osch et al., 2009), M0 is the equilibrium
magnetization signal, and τ is the label duration (1750 ms).

RESULTS

Random effects group maps obtained using the z-Fisher
transformed voxelwise correlation (r0, see ‘‘Materials and
Methods’’ section) between BOLD and CBF timeseries during
resting state are shown in Figure 1A for the two groups. In

FIGURE 1 | (A) Random effect group maps showing the dynamic coupling between spontaneous blood oxygenation level dependent (BOLD) and cerebral blood
flow (CBF) fluctuations for Young (Y) and Elderly (E) groups when potential time shifts between the two signals were not compensated for (r0, see “Materials and
Methods” section). (B) Between-group contrast comparing the dynamic coupling between spontaneous BOLD and CBF fluctuations for Y and E, using r0 values. A
significant age related decrease of BOLD-CBF coupling is observed in the left supramarginal gyrus (MNI coordinates: −59, −34, 33). The statistical maps were
thresholded at p < 0.05 (corrected for multiple comparisons using FDR) and superimposed on the partially inflated study specific template.

Frontiers in Aging Neuroscience | www.frontiersin.org 5 April 2018 | Volume 10 | Article 11549

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Chiacchiaretta et al. Resting-State Dynamic BOLD-CBF Coupling in Aging

young subjects, a significant correlation between spontaneous
fluctuations of BOLD and CBF signals was observed in most
cortical areas, whereas in elderly subjects this correlation was
markedly reduced (mean r0 values in significant areas were
0.24 ± 0.03 for Young and 0.18 ± 0.04 for Elderly). The
BOLD-CBF coupling was stronger in medial, parietal and frontal
regions, which are part of well-established resting state brain
networks. No significant correlation was observed in white
matter or other brain structures. The voxelwise contrast between
groups showed a significantly lower correlation for elderly
subjects in the left supramarginal gyrus (MNI coordinates: −59,
−34, 33; Figure 1B).

Random effects group maps obtained with the z-Fisher
transformed maximum voxelwise correlation between BOLD
and CBF timeseries (rmax, obtained introducing a temporal shift
between the two signals as described in ‘‘Materials and Methods’’
section) are reported in Figure 2A. As expected, the number of
cortical voxels showing a significant coupling increased for both
groups. Interestingly, this increase was more pronounced for
Elderly (mean rmax values in significant areas were 0.32± 0.02 for
Young and 0.30 ± 0.03 for Elderly). However, the voxelwise

contrast between groups still showed a significantly lower
correlation for elderly subjects in the left supramarginal gyrus
(MNI coordinates: −58, −36, 34; Figure 2B), in a cluster of
voxels largely overlapping with that observed in Figure 1B.

DMN and FPN were easily identified in the ICA results,
with one component showing the typical DMN pattern, one
component showing the left FPN and another component the
right FPN (Figure 3). The results of the ROI approach for the
selected regions in DMN and FPN are reported in Figure 4A. The
comparison of the rmax − r0 difference between groups showed
significantly larger values for Elderly in all ROIs, indicating a
more pronounced effect of time-shift corrections on the linear
correlation between BOLD and CBF timecourses in elderly
subjects. An effect size estimate (Cohen’s d) was also computed
for the between-group comparison of the rmax − r0 difference in
these ROIs. The observed values were quite large, ranging from
0.78 to 1.24.

A larger rmax − r0 difference for Elderly with respect to Young
was also observed in the supramarginal gyrus, without reaching
statistical significance (Figure 4B, values extracted from a mask
obtained pooling the clusters in Figures 1B, 2A). The time-shift

FIGURE 2 | (A) Random effect group maps showing the dynamic coupling between spontaneous BOLD and CBF fluctuations for Y and E groups when potential
time shifts between the two signals were compensated for (rmax, see “Materials and Methods” section). (B) Between-group contrast comparing the dynamic coupling
between spontaneous BOLD and CBF fluctuations for Y and E, using rmax values. Note that a significant age related decrease of BOLD-CBF coupling is observed in
the left supramarginal gyrus (MNI coordinates: −58, −36, 34) even after temporal shift correction, in a cluster of voxels largely overlapping with that observed in
Figure 1B. The statistical maps were thresholded at p < 0.05 (corrected for multiple comparisons using FDR) and superimposed on the partially inflated study
specific template.
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FIGURE 3 | Investigated nodes of default mode network (DMN) and frontoparietal network (FPN), defined with independent component analysis (ICA) calculated
pooling the two groups and modalities (FWE corrected cluster significance of p < 0.01). Regions of interest (ROIs) were defined masking these clusters with a gray
matter binary mask (L_AG/R_AG, left/right angular gyrus; PCC, posterior cingulate cortex; Med_FG, medial frontal gyrus; L_IPL/R_IPL, left/right inferior parietal
lobule; L_MidFG/R_MidFG, left/right middle frontal gyrus).

parameters in the different ROIs ranged from−1.12 s to−1.81 s
for Elderly and from −0.4 s to −1.4 s for Young. The between-
group difference was significant in the right angular gyrus (−1.8 s
for Elderly and −0.5 s for Young, p < 0.03, unpaired t-test),
indicating an increased delay of BOLD dynamics (with respect
to CBF) in elderlies.

The baseline CBF values showed the well known age related
decrease for all the investigated regions (Figure 3). However, no
significant correlation of the BOLD-CBF coupling with baseline
CBF values was observed across subjects, for either Elderly or
Young groups.

The control analysis on the amplitude of resting state low
frequency fluctuations revealed that RSFA values in these regions
did not change significantly with age, except for the BOLD-RSFA
in the frontal regions of FPN (Figure 4A). However, no region
showed a significant across-subjects correlation of the values of
BOLD-CBF coupling with BOLD-RSFA or CBF-RSFA values, for
either Elderly or Young groups.

The comparison of the run-averaged DVARS metrics did not
show statistically significant differences across groups for either
control or label images (F(2,120) = 1.29; p = 0.26). Additional
control analysis showed no significant correlation of DVARS
values with the BOLD-CBF coupling for either Elderly or Young
groups.

DISCUSSION

The present results showed that in young subjects spontaneous
BOLD and CBF fluctuations are significantly synchronized in
most cortical areas and especially within the major nodes of

prominent resting-state networks, confirming previous evidence
(Tak et al., 2014, 2015; Chen et al., 2015). As a new finding,
this resting-state BOLD-CBF dynamic coupling was reduced in
elderly individuals, especially in the left supramarginal gyrus.
Moreover, this decrease was not related to a reduced amplitude
of either BOLD or CBF spontaneous fluctuations. Furthermore,
elderlies showed a larger increase in the correlation coefficient
after the introduction of a relative time-shift between BOLD and
CBF timecourses.

Recently, an increasing evidence that intrinsic CBF
fluctuations are a major contributor to the resting state
BOLD signal has been reported. Indeed, different studies showed
a high level of spatial overlap between connectivity maps
obtained from BOLD and CBF timecourses (Viviani et al., 2011;
Jann et al., 2015). Moreover, a set of studies investigated the
dynamic relationship between spontaneous CBF and BOLD
fluctuations (Fukunaga et al., 2008; Wu et al., 2009; Tak et al.,
2014, 2015; Chen et al., 2015; Cohen et al., 2017). Fukunaga
et al. (2008) were the first to investigate the dynamic coupling
between BOLD and perfusion fluctuations during resting
state, showing that the two signals are correlated in most part
of the cortex, with little involvement of white matter and
cerebrospinal fluid. Furthermore, using the BOLD/perfusion
ratio to target resting state oxidative metabolism fluctuations,
they found a similar BOLD/CBF coupling with respect to
a visual task induced brain activity, adding evidence to a
metabolic/neuronal origin of spontaneous BOLD and CBF
fluctuations. In a subsequent work, Wu et al. (2009) obtained
functional connectivity maps using CMRO2 time series derived
from simultaneous BOLD and CBF time series acquired with
ASL. Although the CMRO2 time courses were estimated
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FIGURE 4 | (A) Between-group comparison of rmax − r0 values, resting state
fluctuation amplitudes (RSFAs) and baseline perfusion values extracted in
ROIs of Figure 3 (two-sample unpaired t-test; ∗p < 0.05 FDR corrected,
∗∗p < 0.01 FDR corrected, ∗∗∗p < 0.001 FDR corrected, ∗∗∗∗p < 0.0005 FDR
corrected). (B) The same values extracted from the ROI obtained pooling the
two clusters in Figures 1B, 2B and masking with gray matter. Error bars are
standard errors.

assuming the steady-state biophysical BOLD model, that might
have some limitations in a more dynamical situation (Simon
and Buxton, 2015), the strong similarity observed by Wu
et al. (2009) between functional connectivity maps obtained
from BOLD, CBF and CMRO2 time courses added further
evidence to a significant BOLD-CBF coupling during resting
state. In a recent work the study of dynamic BOLD-CBF
relationship during resting state was addressed with significant
methodological improvements, including physiological noise
correction in the tag and control ASL images and taking
into account the influence of global cardiac fluctuations (Tak
et al., 2014). This work demonstrated that the resting-state
BOLD-CBF coupling strength, although varying across the
brain, was stronger in the gray matter and in particular in the
major nodes of well-established functional networks. Moreover,
the BOLD-CBF coupling observed by Tak and collaborators
was significantly reduced in voxels associated with a high

macrovascular content, suggesting that the component of
spontaneous BOLD signal fluctuations that is more directly
driven by dynamic CBF fluctuations is more likely related to
neuronal activity, which is known to modulate the microvascular
response.

Keeping in line with previous evidence, our results confirm
that in young individuals spontaneous BOLD and CBF
fluctuations are significantly synchronized in most cortical areas
and especially in regions of the major resting state networks. As
a new finding, we observed a general age-related decrease of the
BOLD-CBF dynamic coupling during resting state across cortical
areas. The between-group voxelwise contrast showed that this
decrease was statistically significant in a cluster of voxels in the
left supramarginal gyrus.

Slight discrepancies between BOLD and CBF dynamics have
been previously reported even in young subjects using e.g.,
visual or motor stimuli (Obata et al., 2004; Cavusoglu et al.,
2012). These discrepancies can be expected, due to possible
temporal uncoupling of the involved physiological responses
(i.e., CBF, CBV and CMRO2) that have a competing effect on
the BOLD signal amplitude. Indeed, a temporal uncoupling of
e.g., CBF and venous CBV has been proposed in early models
trying to explain BOLD signal transients like the post-stimulus
undershoot or the initial overshoot during long stimulation
blocks (Buxton et al., 1998, 2004; Buxton, 2012). Although a
neuronal contribution to these transients has been recognized
(Sadaghiani et al., 2009; Mullinger et al., 2014, 2017), there is
increasing evidence that vascular mechanisms related to delayed
compliance of venous vessels play an important role as well
(Chen and Pike, 2009; Havlicek et al., 2017). In particular, a
recent work suggests that the venous CBV response can be an
order of magnitude slower than either CBF or CMRO2 (Simon
and Buxton, 2015).

Despite the specific physiological mechanisms responsible for
the decreased BOLD-CBF dynamic coupling that we observed
in elderly cannot be determined using the present data alone,
it could be argued that increased vessel stiffening due to age
(Podlutsky et al., 2010; Trott et al., 2011; Csiszár et al., 2015;
Tsvetanov et al., 2015; Chiarelli et al., 2017; Tan et al., 2017;
Tarantini et al., 2017; Toth et al., 2017) can lead to increased
delay in venous compliance, thus introducing further temporal
discrepancies between BOLD and CBF timecourses. Animal
studies also showed that modifications of vessel compliance with
age decrease the ratio of CBV to CBF responses (Dubeau et al.,
2011; Desjardins et al., 2014) that in turn would also affect the
BOLD response. Moreover, the ratio of CBV to CBF response
is also reflected in the Grubb’s parameter (Grubb et al., 1974)
that is involved in calibrated BOLD models. Importantly, this
parameter has been shown to vary not only with aging (Dubeau
et al., 2011) but also during different phases of functional
stimulation, leading to transient relationships between CBF, CBV
and BOLD changes (Kida et al., 2006), suggesting a possible effect
on BOLD-CBF coupling. The potential role of delayed vessel
compliance is also supported by our second finding, i.e., that
introducing a time-shift correction between BOLD and CBF
signals has more effect for elderlies than for young subjects in
increasing the calculated correlation coefficient. However, even
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with time-shift correction, the left supramarginal gyrus showed a
significant between-group difference in the voxelwise contrast,
indicating that the dynamic uncoupling of BOLD and CBF
timecourses in this region is more affected by the aging process
and can be only partially explained with a simple time-shift
between the two signals. Interestingly, different neuroimaging
and transcranial magnetic stimulation studies reported that the
left supramarginal gyrus is involved in verbal working memory
and episodic memory (Romero et al., 2006; Koelsch et al.,
2009; Deschamps et al., 2014; Thakral et al., 2017), which are
functions known to be impaired with age. Considering that our
investigated population was selected among healthy elderlies that
did not show a compromised performance in memory tests, our
results acquire an increased interest. Indeed, the observed age
related differences in the dynamic BOLD-CBF coupling could be
considered a potential biomarker that might anticipate changes
in neuronal function. In this regard, this type of index could be
spatially more specific than e.g., age-related decrease of baseline
perfusion that we and others (Parkes et al., 2004; Ambarki et al.,
2015; De Vis et al., 2015) clearly observed in most cortical areas.
However, we are aware that a full validation of this hypothesis
would require additional data, with a larger sample size and
possibly longitudinal studies.

Potential Limitations and Caveats
As in all studies using dynamic ASL to assess brain function, a
major concern is minimizing BOLD contamination of the CBF
signal. We addressed this issue by using the short echo time
data (which have minimal sensitivity to the BOLD effect) and
by high pass filtering the ASL signal followed by demodulation
to derive the CBF timecourse (Chuang et al., 2008). This
approach can be considered a generalization of previously
proposed methods like e.g., sinc interpolation (Liu and Wong,
2005), with similar efficiency in removing BOLD contamination
from the perfusion timeseries. Another important concern in
resting state fMRI studies is the physiological noise due to
cardiac and respiratory activity. While different methods of
noise cleanup have been established for the BOLD signal (for
a review see; Murphy et al., 2013; Liu, 2016), there is scarce
evidence on the application of similar procedures to ASL. We
chose the approach using RETROICOR to correct time-locked
effects of cardiac and respiratory fluctuations on the EPI signal
of label and control separately (Restom et al., 2006). Indeed,
modeling the effect of the cardiac and respiratory cycles on the
derived CBF weighted timeseries had minimal effect on signal
quality (Restom et al., 2006). However, as observed by the same
authors, future approaches using additional information such as
end tidal carbon dioxide measurements could allow improved
modeling of the effect of physiological noise on the perfusion
timecourses, extending previous work on BOLD (Wise et al.,
2004). An additional source of noise in the fMRI signals is
represented by head motion, that has been shown to introduce
spurious correlations in functional networks investigated in
resting state BOLD studies (Power et al., 2012). This issue is
particularly important when comparing different populations
that could differ in the amount of head motion, like e.g healthy
subjects vs. patients or young subjects vs. elderlies and censoring

procedures have been proposed, in addition to regression of
motion parameters, to mitigate these effects in resting state
BOLD timeseries (Power et al., 2014). Again, the extension of
these methods to CBF timeseries is not straightforward because
the perfusion information is carried by the difference image
between label and control that should be censored in pairs, thus
strongly reducing the number of usable timepoints. However,
motion parameters derived during preprocessing of label and
control images did not differ significantly between groups in our
data, suggesting a negligible effect of motion on the observed
results.

In addition to noise concerns, potential between-group
differences in BOLD and/or CBF signal fluctuation amplitude
could also affect the calculated correlations. Indeed, while from
a mathematical point of view the linear correlation of two
timecourses is not affected by the amplitude of the signals, in
presence of noise a reduced fluctuation amplitude could lead to
a decreased correlation coefficient (Liu, 2013). However, the two
groups showed comparable levels of signal fluctuations for both
BOLD and CBF in the majority of investigated ROIs, suggesting
no bias related to this issue. Even in the two regions showing
a significant decrease of BOLD fluctuations in elderlies, any
significant correlation of RSFA with BOLD-CBF correlation was
observed. A reduced fluctuation amplitude in elderlies could have
been expected due to gray matter atrophy. In this regard, the
observation of similar fluctuation amplitudes of the functional
signals in the two groups also helps to mitigate the concern of
potential confounds due to the presence of atrophy in elderlies
that could have biased our results.

Potential biases in the results could also be introduced by the
six older adults using antihypertensive medication that would
possibly alter the hemodynamic response in these subjects. In our
group of subjects a control analysis revealed similar BOLD-CBF
coupling when comparing this hypertensive subgroup with the
other elderlies, with no significant differences. Nevertheless,
future studies should address this issue using larger sample sizes.

A further concern could be raised regarding the postlabel
delay (1000 ms for the first slice) used for the study of dynamic
BOLD-CBF coupling that can be too short to ensure a complete
delivery of the bolus to the tissue at the time of acquisition,
in particular for elderlies. However, while this is an important
issue for absolute CBF quantification, short postlabel delays are
often used or even recommended for functional applications of
ASL because offer a larger sensitivity and temporal resolution
without introducing bright spots in activation maps due to large
vessel contribution or introducing distortions of timecourses
(Gonzalez-At et al., 2000; Zappe et al., 2008). In contrast, for the
quantification of baseline CBF, we used a longer postlabel delay
(1900 ms for the first slice), following current guidelines for both
young and healthy elderlies (Alsop et al., 2015).

Finally, another limitation of the study could arise from
the small sample size, potentially resulting in a low statistical
power. Indeed, despite statistical significance was obtained
for the between-group comparison of our main metrics of
interest, future studies with larger sample size possibly including
elderlies with impaired cognitive functions would allow further
assessment of the significance of our findings.
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CONCLUSION

In this study we observed an age-related decrease of the
temporal correlation between the BOLD and CBF spontaneous
fluctuations in the cortex. Interestingly, when compensating for
potential time-shifts between the two signals, the increase of
the correlation coefficient was larger for elderlies. However a
significant between-group difference was observed in the left
supramargynal gyrus even after time-shift correction, suggesting
a more pronounced age-related BOLD-CBF uncoupling in
this area. These results suggest that the study of dynamic

coupling between spontaneous BOLD-CBF fluctuations using
the simultaneous acquisition of the two signals with ASL is
a promising technique to study-resting state brain function in
aging and disease.
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Alzheimer’s disease (AD) is associated with well-established macrostructural and cellular
markers, including localized brain atrophy and deposition of amyloid. However, there is
growing recognition of the link between cerebrovascular dysfunction and AD, supported
by continuous experimental evidence in the animal and human literature. As a result,
neuroimaging studies of AD are increasingly aiming to incorporate vascular measures,
exemplified by measures of cerebrovascular reactivity (CVR). CVR is a measure that is
rooted in clinical practice, and as non-invasive CVR-mapping techniques become more
widely available, routine CVR mapping may open up new avenues of investigation into
the development of AD. This review focuses on the use of MRI to map CVR, paying
specific attention to recent developments in MRI methodology and on the emerging
stimulus-free approaches to CVR mapping. It also summarizes the biological basis for
the vascular contribution to AD, and provides critical perspective on the choice of CVR-
mapping techniques amongst frail populations.

Keywords: cerebrovascular reactivity (CVR), Alzheimer’s disease, APOE, magnetic resonance imaging (MRI),
functional MRI (fMRI), carbon dioxide (CO2), resting-state fMRI, mild-cognitive impairment

BACKGROUND

The brain’s energy needs are mainly met by neurovascular regulation of cerebral blood flow (CBF)
(Roy and Sherrington, 1890; Duling and Berne, 1970), realized by the neurovascular unit (NVU).
The NVU consists of arterial/arteriolar vascular smooth-muscle cells (VMSCs), endothelial cells,
neuroglia (notably astrocytes), and pericytes. Pericytes play a crucial role in the formation and
functionality of the selectively permeable space that is the blood–brain barrier (BBB), and BBB
disruption is a classic marker of vascular dysfunction. Neurovascular dysfunction leads to failure
to meet neuronal energy needs, which leads to oxidative stress and eventual neuronal death.

VASCULAR ROLE IN ALZHEIMER’S DISEASE

While the ε4 allele of the apolipoprotein E (APOE) gene is an acknowledged genetic risk factor
found in 40–80% of Alzheimer’s disease (AD) patients (Strittmatter et al., 1993), and amyloid
plaques are a hallmark of AD, an approximated 60–90% of AD patients also exhibit cerebrovascular
pathologies (Bell and Zlokovic, 2009), supporting the vascular theory of AD. In brief, the current
understanding is that genetic, environmental, and lifestyle factors may all predispose individuals
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to damage to the NVU (Figure 1). Soluble amyloid beta (Aβ),
which predates Aβ plaques, deregulates cerebrovascular function
by activating a free-radical cascade (Park et al., 2008), leading
to compromised microvascular integrity (Dorr et al., 2012),
and reduced CBF. Aβ is known to interact with endothelin-
1 (Kawanabe and Nauli, 2011) and myocardin (Ramanathan
et al., 2015) to promote vascular hypercontractility. Moreover,
the cholinergic deficit in AD can result in a reduction of
cholinergic input to cortical blood vessels (Claassen and Zhang,
2011). Furthermore, Aβ-mediated pericyte degeneration leads
to BBB breakdown, increasing the perivascular accumulation of
neurotoxins. The various pathways of vascular dysfunction can
lead to increasing vascular tortuosity and decreasing vascular
reactivity (Black et al., 2009), compromising Aβ clearance and
eventually lead to neuronal death. Paradoxically, tau pathology
has been associated with an increase in regional vascular
reactivity (Wells et al., 2015), a controversy that is still under
investigation.

Irrespective of the specific disease mechanism, vascular
deficits have been demonstrated as a promising early indicator
of AD. Non-invasive functional magnetic-resonance imaging
(MRI) has provided strong evidence that CBF can be used
to distinguish between at-risk individuals, patients and normal
controls (Johnson et al., 2005). In addition, perfusion deficits
have been associated with decreased functional connectivity
despite maintained glucose metabolism (Göttler et al., 2018).
Interventions to re-establish perfusion have been advocated as a
promising preventative treatment (de la Torre, 2016). However,
perfusion is a mixture of neuronal and vascular contributions,
and unraveling the vascular mechanisms of AD etiology requires
a more vascularly specific and routinely adoptable vascular
marker. In this respect, there is early evidence that deficits in
cerebrovascular reactivity (CVR) are detectable before those in
CBF (Yezhuvath et al., 2012). Indeed, this was demonstrated
through quantitative cerebrovascular resistance, defined as the
ratio of mean-arterial blood pressure to CBF (Yew et al., 2017).
Compared to CBF, resistance was found to be more sensitive
at distinguishing amyloid-positive from amyloid-negative older
populations as well as being more predictive of dementia
conversion.

CVR AND MEASUREMENT TECHNIQUES

A recent review by Glodzik et al. (2013) provides an excellent
overview of CVR measurement in AD using carbon-dioxide
(CO2) challenges with various imaging modalities. CVR is a
vasodilatory or constrictive reaction of a blood vessel to a
stimulus. CVR is a well-established indicator of vascular reserve
and autoregulatory efficiency. CVR decline has been associated
with normal aging (Lu et al., 2011), and is the most reliable
neuroimaging predictor of impending cerebrovascular disease
(Pillai and Mikulis, 2015).

Vascular Stimulus and CVR
Qualitative CVR information can be gleaned from the functional
MRI (fMRI) response to any task (Dumas et al., 2012), but when

quantitative CVR values are desired, vascular agents are generally
required. Strong CBF responses can be induced by intravascular
CO2 alterations, with CO2 inspiration thought as the optimal
form of stimulus (Fierstra et al., 2013). While breathing and
blood flow can both be regulated through the midbrain CO2
chemoreceptors, CO2-related blood pH changes are also actively
regulated as part of maintaining homeostasis. Thus, hypercapnic
challenges, in which the arterial CO2 content is increased, activate
VMSC potassium channels (Ainslie and Duffin, 2009), leading to
large CBF increases without a significant concomitant increase
in metabolic rate (Chen and Pike, 2010; Jain et al., 2011). In
addition, nitric oxide, which is synthesized locally following
glutamate receptor activity, has also been implicated in the
modulation of vasodilatory effects produced by CO2 (Iadecola
et al., 1994).

End-tidal CO2 pressure (PETCO2) is an easily measured
surrogate for arterial CO2 (PaCO2) (Battisti-Charbonney et al.,
2011). PETCO2 is measured as the peak expired CO2, typically
35–40 mmHg in healthy individuals, and directly reflects alveolar
CO2. CBF increases by 3–4% per mmHg increase in PETCO2,
reaching its highest level when PETCO2 is elevated by 10–
20 mmHg above normal resting value (Brugniaux et al., 2007).
PETCO2 reductions result in CBF decline by approximately 3%
per 1 mmHg change (Ito et al., 2005).

CO2-Based CVR Mapping Using MRI:
Methods
The clinical utility of CO2-based CVR quantification was
established using transcranial Doppler ultrasound (TCD)
(Ainslie and Duffin, 2009), positron-emission tomography (Ito
et al., 2001) and dynamic X-ray computed tomography (Chen
et al., 2006). While fMRI is not the most established method
of assessing CVR, it offers marked advantages including richer
spatial information and minimal invasiveness (Iannetti and
Wise, 2007). CVR has been reliably assessed using CO2 fMRI
in both gray and white matter (Thomas et al., 2014). In the
absence of a CO2 delivery apparatus, breathing challenges such
as breath-holding (Bright and Murphy, 2013; Pinto et al., 2016)
and cued deep breathing (Bright et al., 2009) have been proposed
as alternative ways to modulate intravascular CO2 (see Table 1).
A comparison of breath-holding and inhaled-CO2 approaches
reveals important CVR dependence on methodology (Tancredi
and Hoge, 2013), but the reproducibility of both approaches has
been established in healthy young controls (Kassner et al., 2010;
Bright and Murphy, 2013).

CO2-based CVR measured using fMRI has been widely
applied and extensively cross-validated (Herzig et al., 2008).
Robust hypercapnia can be induced through manually adjusted
administration of blended gases (Cohen et al., 2004), end-tidal
forcing (Poulin et al., 1996) or more recently, computerized
PETCO2 targeting (Slessarev et al., 2007; Mark et al., 2010). The
latter method entails the most lengthy set up but also provides
immediate and robust PETCO2 suppression (hypocapnia)
(Blockley et al., 2011), and has been proposed as part of a rapid
CVR-mapping protocol for routine use (Blockley et al., 2011,
2017).

Frontiers in Aging Neuroscience | www.frontiersin.org 2 June 2018 | Volume 10 | Article 17059

https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-10-00170 June 1, 2018 Time: 13:26 # 3

Chen MRI CVR Mapping in AD

FIGURE 1 | Vascular involvement in AD, as depicted in a “2-hit model” of neurovascular dysfunction. Genetic risk (including due to APOE ε4) predispose individuals
to amyloid deposition. Modified from Kisler et al. (2017) with permission.

In the clinical realm, the main considerations in choosing
a CVR-mapping methodology are: (1) How to assess CVR in
the most non-invasive manner? (2) How to interpret the CVR
information?

Consideration for Non-invasiveness
As one of the earliest ways to induce PETCO2 elevation
(Ratnatunga and Adiseshiah, 1990), breath-holding typically
does not allow the calculation of quantitative CVR, as
all participants are assumed to perform breath-holds in
similar manners and the actual PETCO2 cannot be monitored
during the challenge. The lack of PETCO2 monitoring is
particularly concerning, as the actual change in PETCO2
achieved by a breath-hold depends on multiple factors, including
the resting metabolic rate of the subject, lung size, recent
ventilation history and whether the breath-hold is post-
inspiration or post-expiration. Moreover, as typical breath-holds
last 15–20 s, there are reports of poor subject compliance

(Jahanian et al., 2017), particularly when elderly participants
are involved. Despite these drawbacks, breath-holding-based
CVR mapping has a key advantage of requiring the least
instrumentation, thus allowing it to be implemented in almost
any MRI scan session. Ongoing research aims to improve
the robustness of breath-hold CVR mapping (Bright and
Murphy, 2013), although clinical validation remains far from
extensive.

Even less invasive than breath-holding, resting-state fMRI has
offered a unique window to glean CVR information. Notably,
Kannurpatti et al. (2014) reported a comparison of the resting-
state fMRI fluctuation amplitude (voxel-wise temporal standard-
deviation) as a CVR surrogate. This type of “unconstrained”
or “task-free” CVR protocol does not require cooperation from
participants, and is thus a promising direction of research that
will likely attract tremendous attention from clinical studies.
This topic will be further discussed as part of a proposed future
trend.

Frontiers in Aging Neuroscience | www.frontiersin.org 3 June 2018 | Volume 10 | Article 17060

https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-10-00170 June 1, 2018 Time: 13:26 # 4

Chen MRI CVR Mapping in AD

TABLE 1 | Strengths and weaknesses of various CO2-based CVR protocols.

Approach Strengths Weaknesses

End-tidal forcing • Accurate targeting of PETCO2

• Can be used to produce complex PETCO2 shapes
• Produces quantitative CVR

• Requires complex instrumentation
• Feedback mechanism reduces response speed
• The hypercapnic challenge may induce discomfort

Prospective targeting • Accurate targeting of PETCO2

• Feed-forward mechanism enhances response speed
• Can be used to produce complex PETCO2 shapes
• Produces quantitative CVR

• Requires complex instrumentation
• Requires estimation of VO2max
• The hypercapnic challenge may induce discomfort

Manually blended
gases

• Requires simple instrumentation and set up
• Produces quantitative CVR

• PETCO2 response rate depends on ventilation level and cannot be
controlled
• PETCO2 not actively targeted, so resulting challenge may vary by individual

Breath-holding • Requires no additional instrumentation • Actual PETCO2 cannot be measured, so CVR not quantitative
• Relationship between breath-hold and PETCO2 depends on numerous
factors
• Requires active subject cooperation, may vary

Cued deep breathing • Requires no additional instrumentation • Actual PETCO2 cannot be measured, so CVR not quantitative
• Relationship between deep breathing and PETCO2 depends on numerous
factors
• Requires active subject cooperation, may vary

Resting state • Requires little to no additional instrumentation
• Requires minimal subject cooperation
• Does not induce discomfort
• CVR estimated from multiple PETCO2 values instead of
block averages

• MRI response to CO2 is more sensitive to contamination by motion and
other artifacts, given the low PETCO2 fluctuation amplitude

Consideration for Data Interpretation
Currently, the de-facto standard protocol to quantitative CVR
mapping with MRI remains CO2 inhalation, notably controlled
using computerized targeting (Kassner et al., 2010; Fierstra
et al., 2013; Sobczyk et al., 2014, 2015; Poublanc et al., 2015;
Sam et al., 2016; Fisher et al., 2017). Despite the complex
set up, this approach has been extensively used and validated
clinically. The use of modern breathing circuits also allows
the CO2 challenge to follow nearly any shape. However,
there has yet to be a consensus as to the level, duration
and pattern of PETCO2 perturbation. As different stimulus

designs likely have different vaso-stimulating capacities and
hence may reveal different CVR patterns, the choice of challenge
will be critical, not only in comparing across studies but
also across the same individuals over time (Fierstra et al.,
2013).

Based on prospective targeting of stepwise PETCO2 changes,
researchers at Toronto Western Hospital (TWH) pioneered
the use of an uneven task design – one short block followed
by longer block (Spano et al., 2013), both typically elevating
PETCO2 by 10 mmHg. This design is motivated by the desire
to derive more accurate estimates of CVR response time, and

FIGURE 2 | A summary of designs for various PETCO2 challenges in the literature.
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(Duffin et al., 2015; Poublanc et al., 2015), which may reflect
regional arterial-transit time. Additionally, the same group
proposed the use of progressive hypercapnia (CO2 ramps) (Fisher
et al., 2017), in which both hypercapnia and hypocapnia are
progressively induced through a ramp stimulus. It has been
demonstrated that different segments of the ramp, which resulted
in PETCO2 values of 30–50 mmHg, reveal different spatial
patterns in CVR that could complement the conventional CVR
information (Fisher et al., 2017). Alternatively, the use of a
sinusoidal pattern allows direct estimation of response delay
(as the phase in the corresponding sinusoidal CVR response),
and has allowed the development of a CVR protocol as short
as 5 min (Blockley et al., 2017). Such a design makes use
of both hypercapnia and hypocapnia for CVR estimation,
rendering estimates more robust against biases due to basal
vascular tone (Halani et al., 2015). Further reducing scan time
is a 1-min blended-gas protocol with 5% CO2 (Yezhuvath
et al., 2009; Blockley et al., 2017), which has compared
favorably against longer designs. These stimulation designs are
summarized in Figure 2, and research is ongoing to validate
the unique utility of each design, and it is likely that CVR
measurements produced by these various methods are not
directly comparable.

Concurrently, the emergence of arterial-spin labeling (ASL)
MRI for CBF-based CVR mapping has added a new dimension
to the choice of methods. In particular, CBF-based maps, while
lower in signal-to-noise ratios (SNRs), can in fact provide
more vascular-driven and thus less biased CVR quantification
than BOLD fMRI (Halani et al., 2015), as demonstrated
by comparisons with TCD (Gao et al., 2013). Great strides
have been made in extending the use of ASL-based CVR
mapping into aging research (Leoni et al., 2017), and ASL
is now ubiquitously used in the study of AD (Alsop et al.,
2014).

AD-ASSOCIATED FINDINGS IN HUMAN
CVR MAPPING USING MRI

Cerebrovascular reactivity compromises in the middle-cerebral
artery in AD, mainly measured using blended-CO2 method, is
a well-established TCD-based finding (Lee et al., 2007; Sabayan
et al., 2012; Viticchi et al., 2012; Hajjar et al., 2015). While
the use of MRI-based CVR mapping in AD is still limited, its
adoption is on the cusp of expansion due to rapid methodological
developments.

Using MRI, such CVR reductions have been localized to the
prefrontal, anterior cingulate and insular regions (Yezhuvath
et al., 2012). Interestingly, while this pattern overlapped little
with that of CBF deficits (found in the temporal and parietal
regions), it agreed with the localization of amyloid deposition
(Yezhuvath et al., 2012), suggesting that CVR has unique
sensitivity to AD pathology (Figure 3A). Moreover, cortical and
white-matter CVR deficits have been linked to the incidence of
leukoaraiosis (Yezhuvath et al., 2012; Sam et al., 2016). Such
reductions in CVR echo postmortem observations of vascular
dysfunction (Chow et al., 2007), and can be the result of

FIGURE 3 | MRI-based CVR maps in AD and APOE gene carriers. (A) Frontal,
cingular, and insular CVR deficits are found in AD patients. Figure is modified
from Yezhuvath et al. (2012) with permission. (B) Young ε4 carriers manifest
widespread CVR deficits compared to ε3 homozygotes. Figure is modified
from Suri et al. (2014) with permission.

a number of structural changes in the vasculature, including
cerebral amyloid angiopathy (CAA), astrocytic end-feet swelling,
pericyte degeneration, basement-membrane hypertrophy and
endothelial-cell metabolic abnormalities (Hashimura et al., 1991;
Miyakawa et al., 1997).

Cerebrovascular reactivity deficits have been discovered
amongst young APOE ε4 gene carriers (Hajjar et al., 2015), even
when compared to ε3 homozygotes (Suri et al., 2014) (Figure 3B).
Such deficits are found to be widespread, notably in the prefrontal
and parahippocampal regions, bolstering the hypothesis that
genetic predisposition to vascular disease contributes to the
vulnerability of ε4-carriers to late-life pathology (Kisler et al.,
2017).

It is increasingly recognized that vascular deficits may be the
most accessible physiological treatment target in the effort to
delay dementia onset, and approaches that enhance perfusion
have demonstrated potential therapeutic value (de la Torre,
2016). Predicting progression of preclinical AD amongst mild-
cognitive impaired (MCI) individuals has been a key research
focus. Using breath-hold TCD, the predictive value of CVR (Sato
and Morishita, 2013) in terms of MCI-to-AD conversions has
been demonstrated (Buratti et al., 2015).

In light of the overwhelming influence of vascular risk factors
in AD progression, the lines between vascular deficits in AD and
other types of dementia can become blurred in later stages of
the disease, as will be discussed in later sections. As a case in
point, given the rampant occurrence of CAA amongst suspected
AD patients, the vascular dysfunction can produce deleterious
oxidative stress that can promote ischemia and accelerate AD
progression (Girouard and Iadecola, 2006; Bookheimer and
Burggren, 2009). Furthermore, CVR may be a more sensitive
early marker of AD severity (Yezhuvath et al., 2012). It is
conceivable that a diseased vasculature may sustain normal
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perfusion but reveal an abnormal response to a stress test such
as used in CVR mapping (Fierstra et al., 2013). Nonetheless, as
an increasing amount of CVR data is generated using BOLD
fMRI, it is also important to note that microvascular CVR is more
reflective of AD severity (Jellinger and Attems, 2006), while the
BOLD fMRI signal is generally dominated by large-vessels. This
is true at clinical field strengths (1.5 or 3 Tesla) and using either
gradient- or spin-echo BOLD. ASL, on the other hand, is likely
more sensitive to capillaries and arterioles, and should be the
most natural alternative for CVR mapping.

There are numerous fMRI studies that report age-related
differences in the BOLD response amplitude or extent, but as
the BOLD response to neuronal stimuli is intrinsically modulated
by CVR, one must be cautioned against interpreting age-related
BOLD differences as neuronal differences. This is also true of
resting-state fMRI, where functional connectivity has been found
to vary with CVR (Golestani et al., 2016a; Lajoie et al., 2017; Chu
et al., 2018).

RESEARCH GAPS AND EMERGING
TOPICS

As stated earlier, the most commonly reported challenge in
acquiring CVR maps in clinical research pertains to the
need for subject cooperation. This is true for all of the
stimulus designs described thus far, imposing a fundamental
limitation on the routine use of CVR mapping amongst patients.
Very recently, resting-state methods that do not require CO2
perturbation have flourished (Golestani et al., 2016b; Jahanian
et al., 2017; Liu et al., 2017). Resting-state CVR methods rely
on intrinsic fluctuations in the BOLD fMRI signal, and may
significantly broaden the accessibility of CVR mapping to clinical
researchers. Additionally, beyond the magnitude of CVR, the
dynamic features of the fMRI response can also provide useful
information. A slowing of the CVR response has been shown
to characterize vascular lesions (Poublanc et al., 2015), adding a
dimension to the utility of CVR mapping.

The response of the cerebral circulation to a changing arterial
CO2 concentration is not linear – the circulatory response
follows a sigmoidal shape, and is greater for hypercapnia than
to hypocapnia (Ogoh et al., 2008; Peebles et al., 2008; Rodell
et al., 2012). Moreover, it is critical to note that while CVR
is traditionally defined as a blood-flow response (as is the
case in TCD, PET, and CT), the BOLD signal is not a direct
measure of CBF. Rather, BOLD is modulated by CBF, CBV,
and baseline oxidative metabolism, not to mention a series of
field-dependent physical variables. Thus, the assumption of a
linear relationship between the BOLD and CBF responses to

CO2 is likely tenuous. Specifically, it is widely known that the
BOLD response varies with CBF in a non-linear fashion (Hoge
et al., 1999). This non-linearity is superimposed in the inherently
sigmoidal vascular response to CO2 (Battisti-Charbonney et al.,
2011). Such non-linear CVR changes have been demonstrated
through a comparison with CBF-based CVR measurements at
various vascular baselines (Halani et al., 2015), and may in a
small part underlie the BOLD response behavior in the “vascular
steal” phenomenon (Sobczyk et al., 2014). This limitation will
require careful consideration in the presence of known vascular
dysfunction (Battisti-Charbonney et al., 2011).

A critical assumption for CVR mapping is that PETCO2
represents PaCO2. However, PaCO2 is determined by both
inhaled CO2 and the minute ventilation. Low cardiac output can
increase alveolar dead space, which would increase the difference
between PaCO2 and PETCO2 (Shibutani et al., 1992), leading to
underestimations of PETCO2-based CVR. In addition, PETCO2
is shown to overestimate PaCO2 during exercise in young adults,
but not in older adults (Williams and Babb, 1997). Moreover,
PETCO2-related CVR is known to follow a circadian rhythm,
increasing with the level of alertness (Ainslie and Duffin, 2009).
These factor contribute to inter-cohort, inter-sessional and inter-
subject variability in CVR estimates that must be accounted for
when assessing true differences in CVR.

In this regard, an emerging research direction is building
normative CVR atlases that allow the significance of CVR
deviations to be assessed (Sobczyk et al., 2015). Such atlases
would ideally encompass not only quantitative CVR values but
also CVR-timing information (van Niftrik et al., 2017). This is a
critical step in expanding the clinical utility of CVR maps, and
atlases will likely need to be specific to the CO2 delivery method,
stimulation design, study objectives and MRI system used.

The above research gaps pertain not only to AD but to other
cerebrovascular diseases also. The increasing awareness of the
vascular etiology of various forms of dementia will highlight these
limitations and prompt more focused validation studies.
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Apolipoprotein E4 (ApoE4) is the strongest genetic risk factor for late onset Alzheimer’s
Disease (AD), and is associated with impairments in cerebral metabolism and
cerebrovascular function. A substantial body of literature now points to E4 as a
driver of multiple impairments seen in AD, including blunted brain insulin signaling,
mismanagement of brain cholesterol and fatty acids, reductions in blood brain
barrier (BBB) integrity, and decreased cerebral glucose uptake. Various neuroimaging
techniques, in particular positron emission topography (PET) and magnetic resonance
imaging (MRI), have been instrumental in characterizing these metabolic and vascular
deficits associated with this important AD risk factor. In the current mini-review article,
we summarize the known effects of APOE on cerebral metabolism and cerebrovascular
function, with a special emphasis on recent findings via neuroimaging approaches.

Keywords: ApoE, apolipoprotein E, cerebral, metabolism, brain, imaging, neurodegeneration, Alzheimer’s
Disease (AD)

INTRODUCTION

Apolipoprotein E (ApoE) plays an critical role in the metabolism of lipoproteins and redistribution
of cholesterol, and has long been studied in relation to atherosclerosis and cardiovascular disease
(Mahley and Rall, 2000; Eichner et al., 2002; Pendse et al., 2009). In the periphery, apoE is primarily
produced by the liver, but is also expressed by a number of other tissues (Driscoll and Getz, 1984;
Zechner et al., 1991). In the brain, apoE is primarily produced by astrocytes, and it plays a critical
role in neuronal maintenance and repair (Xu et al., 1996, 2006; Mahley and Rall, 2000). In humans,
there are three major isoforms of apoE: E2, E3 and E4 (Mahley and Rall, 2000). E3 is the major
isoform expressed in humans, and the effects of E2 and E4 are typically compared to those of E3 to
determine relative risk (Phillips, 2014). Importantly, APOE is the strongest genetic risk factor for
late onset Alzheimer’s Disease (AD), with E4 conferring between a 3- (heterozygous) to 15-fold
(homozygous) increase in risk of AD (Farrer et al., 1997; Raber et al., 2004). Conversely, E2 is
associated with increased longevity and a decreased risk of AD (Farrer et al., 1997; Garatachea
et al., 2014).

Normal synaptic function requires a multitude of energy-intensive processes, and a complex
and intricately linked interplay between neurons and supporting glia is necessary to maintain
efficient energy metabolism (Belanger et al., 2011). Metabolic dysfunction, as in the case of
insulin resistance (IR) and type 2 diabetes, increases the risk of dementia and shares several
pathological characteristics with AD, such as inflammation, increases in oxidative stress and
vascular dysfunction (Craft, 2009; Walker and Harrison, 2015). Metabolic disorders also increase
in incidence with age (Narayan et al., 2006) and a rapidly ageing demographic means the number
of individuals suffering from both metabolic disorders and AD is expanding precipitously.

It is now well established that E4 is associated with various impairments in CNS metabolism,
most notably decreased cerebral glucose uptake. A substantial body of literature now suggests that
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E4 carriage can in itself be viewed as a form of cerebral metabolic
dysfunction. In the current mini-review article, we summarize
important recent findings related to apoE’s role in modulating
cerebral metabolism and cerebrovascular function, with a special
emphasis on neuroimaging approaches (see Figure 1).

APOE, CEREBRAL GLUCOSE
METABOLISM, AND PERIPHERAL
GLUCOSE REGULATION
18F-Fluorodeoxyglucose positron emission topography (FDG-
PET) is commonly used to measure cerebral glucose metabolism.
A reduction in cerebral metabolic rate of glucose (CMRglc), as
measured by FDG-PET, is now considered one of the hallmarks
of AD (Small et al., 2000). FDG-PET is able to differentiate AD
from other types of dementia with a high degree of specificity
due to specific regional patterns (Laforce and Rabinovici, 2011).
Clinical AD symptoms essentially never occur without glucose
hypometabolism, and the extent of the metabolic changes are
strongly correlated with the severity of clinical symptoms (Grady
et al., 1986; Haxby et al., 1990; Blass, 2002). Furthermore, recent
evidence suggests that these alterations in glucose metabolism
occur very early in the neurodegenerative process (Small et al.,
1995; Reiman et al., 1996; de Leon et al., 2001; Mosconi et al.,
2008).

Interestingly, a pattern of brain glucose hypometabolism
regionally similar to that observed in AD has been described in
individuals with E4 in a number of studies over the past two
decades (reviewed in more detail here, Wolf et al., 2013). This
pattern of decreased cerebral glucose metabolism is observed
even in non-demented, cognitively normal E4 carriers (Small
et al., 1995, 2000; Reiman et al., 1996, 2001) thereby lending
support to this being an inherent biological feature of E4, rather
than simply a byproduct of dementia (Reiman et al., 2004).
Importantly, these metabolic deficits are present decades in
advance of AD onset in E4 individuals—reductions in cerebral
glucose utilization are observed in normal E4 individuals as
young as their 20–30s (Reiman et al., 2004). This pattern
of cerebral glucose hypometabolism in young E4 carriers is
considered the earliest brain abnormality described to date in
living individuals at risk for AD (Mosconi et al., 2008). Below,
we summarize some more recent findings that may shed light
on this well-established E4-associated phenomenon, including
studies that look beyond FDG-PET imaging.

A recent study by Nielsen et al. (2017) examined how
peripheral apoE levels affect cognition, gray matter volume
(GMV) and cerebral glucose metabolism in an isoform-
dependent manner. They showed that females not only have
higher plasma levels of total apoE and apoE4 compared to males,
but also see significant increases in the apoE3 isoform with
age (Nielsen et al., 2017). In the same study, higher ratios of
apoE4/apoE3 were negatively associated with CMRglc and GMV.
These results may point toward an important role for peripheral
apoE levels in modulating brain health and may offer insight into
the higher risk of AD in women, particularly women with E4
(Altmann et al., 2014; Nielsen et al., 2017).

Several recent studies have explored the connection between
E4, glucose metabolism and amyloid pathology. For example,
by comparing FDG-PET data using β-amyloid as a continuous
variable, Carbonell et al. (2016) showed that E4 and β-amyloid
have a strong association with glucose hypometabolism during
early AD stages. Cognitively normal E4 carriers have increased
Aβ deposition, with a nonlinear relationship with age; albeit
subtle effects on GMV and glucose metabolism compared
to FDG-PET scans of other cognitively normal noncarriers
(Gonneaud et al., 2016).

Other groups have recently begun to probe the relationship of
peripheral glucose regulation and insulin sensitivity to cerebral
metabolism. For example, Foley et al. (2016) showed that in
E4 carriers, the degree of glucose dysregulation (measured by
fasting blood glucose concentration and HbA1C) correlates with
reduced cortical thickness; in fact, those diagnosed with diabetes
demonstrated a level of cortical thinning comparable to that of
preclinical AD. Additionally, impaired glycemia (defined here as
a fasting glucose ≥100 mg/dL) and E4 genotype are independent
risk factors for cerebral amyloid deposition in cortical regions,
but do not appear to have an additive effect (Morris et al.,
2016). E4 also confers a greater risk of age-related white
matter hyperintensities in diabetics aged 73–76 years and acts
as a predictor for progression of white matter hyperintensities
(Cox et al., 2017). Finally, post-mortem studies of young adult
E4 carriers showed upregulation of several transporters (GLUT1,
GLUT3 and MCT2), metabolic enzymes (hexokinase, SCOT and
AACS), and mitochondrial complexes I, II, IV, suggestive of
inherent apoE-associated alterations in metabolism (Valla et al.,
2010; Perkins et al., 2016).

Increasing evidence suggests that cognitive impairment
resulting from IR and E4 share common neuropathological
features and involve similar changes in metabolism and
cerebrovascular function. For instance, the cerebrovascular
pathology observed in diabetic patients and in individuals
with E4 show significant overlap (Walker and Harrison, 2015)
and both IR and E4 have been independently associated with
brain glucose hypometabolism and reduced cerebral blood flow
(CBF; Thambisetty et al., 2010; Filippini et al., 2011; Pallas
and Larson, 1996; Chung et al., 2015). Additionally, these
two risk factors appear to interact to impair cognition and
drive neurodegeneration (Peila et al., 2002; Dore et al., 2009;
Salameh et al., 2016; Johnson et al., 2017a,b). Along these
lines, a number of recent studies directly implicate E4 in
pathways of insulin signaling (Wolf et al., 2013). For example,
in both human apoE mice and postmortem human brain tissue,
E4 reduced the expression of insulin signaling proteins such
as IRS1 and Akt (Ong et al., 2014; Keeney et al., 2015). In a
mouse model of AD, E4 expression accelerated cognitive deficits
and exaggerated impairments in insulin signaling (Chan et al.,
2015, 2016). Importantly, a recent study by Zhao et al. (2017)
showed that E4 directly impairs cerebral insulin signaling in an
age-dependent manner, and that peripheral IR and E4 also acted
synergistically to impair insulin signaling in the brain. Finally,
E4+ individuals do not cognitively benefit from intranasal insulin
administration, suggestive of brain IR (Reger et al., 2006; Hanson
et al., 2015b). Together, these findings may suggest a metabolic
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FIGURE 1 | Neuroimaging approaches to study the effects of the Apolipoprotein E (ApoE) isoforms on cerebral metabolism. Left: traditional neuroimaging
techniques, in particular positron emission topography (PET) and magnetic resonance imaging (MRI), have been invaluable in characterizing the metabolic and
cerebrovascular deficits associated with APOE4, the strongest genetic risk factor for late onset Alzheimer’s disease (AD). 18F-Fluorodeoxyglucose positron emission
topography (FDG-PET) imaging has consistently shown a pattern of brain glucose hypometabolism in individuals with E4, while amyloid PET imaging shows
increased amyloid deposition. Some, but not all, blood oxygen level dependent (BOLD) functional magnetic resonance imaging (fMRI) studies in E4 individuals have
shown decreased cerebral blood flow (CBF). Right: other alternative, or non-imaging methods of visualizing vascular and metabolic changes may prove instrumental
in elucidating apoE isoform-specific effects on AD risk and progression. Magnetic resonance spectroscopy (MRS), metabolomics and lipidomics studies have
implicated E4 in multiple pathways of lipid and glucose metabolism (effects of E4 denoted by red arrows).

dysregulation in early life stages preceding disease onset (Perkins
et al., 2016).

APOE AND BRAIN LIPID METABOLISM

ApoE serves as the primary lipid carrier protein in the brain,
carrying cholesterol synthesized from astrocytes to neurons in
HDL-like lipoprotein particles. These lipid carrying lipoproteins
have been shown to interact with Aβ (Sanan et al., 1994). In
both transgenic AD mouse models and in post-mortem AD
tissue, apoE and its corresponding cholesterol were shown to
co-localize with Aβ plaques (Panchal et al., 2010; Lazar et al.,
2013). Interestingly, lipid associated E4 has a higher Aβ binding
affinity than the delipidated isoforms (Sanan et al., 1994). While
this may suggest that cholesterol is involved in E4 driven AD
pathology, the mechanism by which apoE-shuttled cholesterol
interacts with Aβ is unclear.

In addition to APOE associated alterations in brain
cholesterol, studies have shown that there is an isoform-
dependent usage of fatty acids in both mice and humans.
Arbones-Mainar et al. (2016) showed that E4 mice exhibit a
metabolic shift toward fatty acid oxidation compared to controls
using indirect calorimetry. In humans, it has been reported that
E4 individuals β-oxidize uniformly labeled docosahexaenoic
acid at higher rates than age- and disease-matched controls
(Chouinard-Watkins et al., 2013). E4 expressing mice have
also shown to have dysregulated fatty acid synthesis in the
entorhinal cortex (Nuriel et al., 2017). Specifically, targeted
metabolomics of E4 entorhinal cortices revealed significant
changes in multiple glycerolipid and glycerophospholipid
species, (Johnson et al., 2017a) as well as seven fatty acid species,
(Nuriel et al., 2017) when compared to E3 mice. Thus, in
addition to the glucose and insulin impairments described in
the previous section, these studies point to a potential lipid
mismanagement in E4 carriers which may contribute to AD
pathogenesis.

APOE, CEREBRAL BLOOD FLOW AND
CEREBRAL AMYLOID ANGIOPATHY

Similar to dynamic vasculature meeting metabolic needs through
hyperemic action in skeletal muscle, a related theory has been
posited in the brain as so called ‘‘neurovascular coupling’’. These
events are the observed increases in CBF to meet hyperactive
neuronal activity. Initially thought to be a response to an oxygen
deficit, there is now evidence suggesting direct action of various
vasoactive agents on the local vasculature to modulate CBF.
Neurovascular coupling is the basis for routinely used imaging
platforms including functional magnetic resonance imaging
(fMRI). The blood oxygen level dependent (BOLD) contrast
response represents an fMRI signal comprised of both a blood
flow and metabolic component, as each voxel reflects changes in
deoxyhemoglobin and CBF.

Some studies suggest that cerebral hypoperfusion
precedes, and possibly contributes to, the onset of dementia
(Ruitenberg et al., 2005). Because metabolic rate and
CBF are coupled, alterations in cerebral metabolism are
likely to affect CBF (Koehler et al., 2009). However, it
remains unclear whether cerebral hypoperfusion is a
driver of cognitive decline, or whether the deficits simply
reflect diminished metabolic demand due to aging and/or
neurodegeneration. Given the importance of an efficient
and responsive vascular system, it has been proposed that
the accelerated AD pathogenesis associated with E4 may
result from detrimental cerebrovasculature effects (Tai et al.,
2016).

It is well established that CBF is decreased in AD patients
(Celsis et al., 1997; Roher et al., 2012). However, both increased
(Scarmeas et al., 2005; Thambisetty et al., 2010; Filippini et al.,
2011) and decreased (Wierenga et al., 2013; Zlatar et al.,
2014) CBF has been observed in individuals with E4, with
results differing depending on age (Filippini et al., 2011).
Reduced CBF in multiple brain regions has been observed
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in elderly E4 carriers relative to non-carriers (Filippini et al.,
2011). Cognitively normal E4 individuals also show sharper
age-related declines in regional CBF (Thambisetty et al., 2010)
and APOE modifies the association between cognitive function
and age-related changes in CBF (Wierenga et al., 2013). In
addition to these differences in resting CBF, several studies
have shown differences in functional activation, as measured by
BOLD fMRI, in middle aged and older E4 individuals (Scarmeas
et al., 2005). Functional differences in CBF have been noted
in individuals as early as their 20s (Scarmeas et al., 2005)
suggesting that E4-associated alterations in brain physiology
occur early in life—in the absence of gross neuropathological
changes and preceding cognitive impairments (Di Battista et al.,
2016).

Evidence from studies using human apoE mice also highlight
CBF as a potential link between E4 and impaired cognition. For
example, Wiesmann et al. (2016) recently used a flow-sensitive
MRI technique to show that 18-month old E4 mice have
reduced CBF compared to WT mice. Using MRI, Lin et al.
(2017) similarly showed that compared to WT mice, E4 mice
have reduced CBF. Furthermore, they showed improvements
in CBF in E4 mice following treatment with rapamycin,
a pleiotropic compound with various metabolic effects, and
provided evidence that the blood brain barrier (BBB) is
involved in mediating these effects (Lin et al., 2017). Our
own group recently showed that both diet-induced IR and
E4 decreased cerebral blood volume (CBV) as measured with
optical microangiography (Johnson et al., 2017b). We further
demonstrated that an oral glucose gavage selectively improved
cognitive performance in E4 mice with IR, and that this spike
in blood glucose resulted in a significant increase in CBV.
Interestingly, our results in this mouse model of human apoE
mirrored a recent clinical research study, in which E4 carriers
showed acute cognitive benefits from a high glycemic index
meal (Hanson et al., 2015a). However, it should be noted
that not all studies of CBF or CBV in human apoE mice
have been in consensus. For example, a recent study using
a steady-state gadolinium-enhanced fMRI technique showed
that, compared to E3 mice, aged E4 mice were found to have
higher CBV in the hippocampal formations (Nuriel et al.,
2017).

BBB dysfunction can lead to impairments in microvascular
function, and thus represents a potential pathway leading to
neurodegeneration and AD (Zlokovic, 2013). In fact, multiple
studies have linked APOE genotype with BBB function, with
E4 leading to higher BBB permeability, decreased cerebral
vascularization, thinner vessel walls and reduced CBF (Bell
et al., 2012; Alata et al., 2015). Importantly, these E4-associated
vascular defects were observed as early as 2 weeks of
age (Bell et al., 2012) well preceding the neuronal and
synaptic dysfunction that is observed in these mice in late
age.

Apart from its effect on AD risk, E4 has also been
independently linked to the development of cerebral amyloid
angiopathy (CAA). A majority of AD brains show CAA, which
is a result of amyloid deposition within the walls of small
vessels in the leptomeninges and brain parenchyma. A recent

study from Nielsen et al. (2017) showed increased incidence
of CAA in ApoE4 postmortem brain tissues. Interestingly,
they also found an association with E2, but this finding is
not consistent across other studies (Rannikmae et al., 2014).
CAA has been studied in the context of AD mouse models
as well. Deletion of murine APOE in two mouse models
of Aβ deposition resulted in abolishment of Aβ deposits
in the brain parenchyma and cerebrovasculature (Holtzman
et al., 2000). This deletion also resulted in less CAA-associated
microhemorrhage (Fryer et al., 2005). These data demonstrate
that apoE facilitates the formation of cerebrovascular plaques,
which are pathological hallmarks of CAA. As compliance
decreases with increased deposition of insoluble material, it is
probable that cerebrovascular amyloid has substantial effects
on the hemodynamics of the brain microvasculature. Could
deposition of Aβ in the microvascular walls be a primary cause
of the decreased CBF in E4 individuals? Questions such as these
highlight the need for further studies examining CBF in the
context of CAA.

LIMITATIONS OF CEREBRAL METABOLIC
IMAGING, ALTERNATIVE “IMAGING”
APPROACHES AND FUTURE DIRECTIONS

While they have provided an invaluable knowledge base, each
brain imaging technology described above comes with its own
set of limitations. Of particular importance in regards to the
E4-associated phenomenon of cerebral glucose hypometabolism,
are the limitations to biological interpretation of FDG-PET
measures. Mainly that CMRglc as determined by FDG-PET is
based on blood flow, 2-deoxyglucose (not glucose) transport
out of the bloodstream, and phosphorylation of 2DG by the
enzyme hexokinase. Thus, the process and its interpretation are
restricted to the initial biochemical steps of glycolysis. In theory,
the net rate of 2DG uptake is equal to the net rate of the entire
glycolytic pathway at steady state (Reivich et al., 1969; Sokoloff
et al., 1977; Sokoloff, 1977, 1984; Phelps et al., 1979). However,
limited resolution means the cell type(s) responsible remain
unknown, and there is no information on whether glucose is
eventually converted to ATP in mitochondria, enters the pentose
phosphate pathway, is stored as glycogen, or converted to lactate
(Mosconi, 2013). Thus, future studies aimed at tracing glucose
and other metabolites to their eventual fate will be critical in
expanding our understanding of APOE’s effects on cerebral
metabolism.

Outside of traditional PET- and MRI-based approaches,
a few other imaging modalities have been applied to the
question of APOE influences on cerebral metabolism. For
example, magnetic resonance spectroscopy (MRS) has been
used by several groups to examine common metabolite
concentrations in control and AD individuals of various
APOE genotypes, as well as human apoE mice. Results
have been conflicting, with some groups showing increased
choline/creatine and myo-inositol/creatine ratios in E4 carriers
(Gomar et al., 2014; Riese et al., 2015) while others showed
no APOE differences in measured metabolites (Kantarci et al.,
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2000; Suri et al., 2017). Finally, Dumanis et al. (2013)
used MRS in human apoE mice to show a decrease in
production of glutamate and increased levels of glutamine in
E4 mice.

New applications of established imaging modalities are
also providing novel insight into cerebral metabolism. For
example, a recent study by Shokouhi et al. (2017) utilized a
novel FDG-PET analysis, the regional FDG time correlation
coefficient (rFTC) to sensitively measure longitudinal changes
in metabolism in cognitively normal individuals. By capturing
within-subject similarities between baseline and follow-up
regional radiotracer distributions, they showed that rFTC decline
was significantly steeper in E4 carriers compared to noncarriers
(Shokouhi et al., 2017). PET can provide measurement of not
only CMRglc, but also metabolic rate of oxygen (CMRO2),
thereby allowing estimation of glucose metabolism outside
of oxidative phosphorylation, or aerobic glycolysis. A series
of articles by Raichle and colleagues have shed new light
on the importance of cerebral rates of aerobic glycolysis by
defining a new measure of aerobic glycolysis, the glycolytic
index (GI), and applying this measure to pertinent studies of
regional metabolic variability, amyloid deposition, and cognitive
activation. Vaishnavi et al. (2010) showed strong regional
variations in aerobic glycolysis, with two cortical regions (the
default mode network and areas in the frontal and parietal
cortex), showing the highest rate. Further, the areas of the
normal brain that demonstrate the highest rates of aerobic
glycolysis show near complete overlap with areas of the AD
brain that preferentially accumulate amyloid, and it has thus
been suggested that impairments in aerobic glycolysis may
contribute to AD pathophysiology (Vlassenko et al., 2010).
Finally, Shannon et al. (2016) combined fMRI and PET to
examine the metabolic profile of activated brain areas before
and after a task, and demonstrate that aerobic glycolysis is
indeed enhanced in areas undergoing learning induced plasticity.
Interestingly, declines in cerebral glucose utilization are greater
than those in blood flow and oxygen consumption in the early
stages of AD (Lying-Tunell et al., 1981; Hoyer et al., 1991;
Fukuyama et al., 1994; Blass, 2002). This discrepancy in the
initial stages of the disease may suggest that changes in aerobic
glycolysis are an influential metabolic feature of early AD, and
raises several important questions, including: Do differences
in aerobic glycolysis underlie the hypometabolism observed in
young E4 carriers?

Finally, other non-imaging methods of ‘‘visualizing’’
metabolic changes may prove instrumental in elucidating
APOE-driven alterations in cerebral metabolism. For example,
two groups have applied metabolomic analyses to brain
tissue from human apoE expressing mice (Johnson et al.,
2017a; Nuriel et al., 2017). Nuriel et al. (2017) used a mass
spectrometry (MS) based metabolomics technique to report

an E4-associated downregulation of several fatty acid species
and an upregulation of multiple TCA-cycle metabolites, among
other changes. Our own recent study applied an integrated
‘omics approach to provide insight into the metabolic pathways
altered in E4 brains (Johnson et al., 2017a). Combining measures
of DNA hydroxymethylation and MS-based metabolomics,
we identified novel E4-associated alterations in multiple
pathways, most notably purine metabolism, glutamate
metabolism, and the pentose phosphate pathway (Johnson
et al., 2017a).

SUMMARY

Over the years, the neuropathological characterization of AD
has expanded beyond the classic descriptions of amyloid and
tau pathology to include metabolic and vascular dysfunction.
Advances in brain imaging, most notably PET and MRI,
have been invaluable in broadening our understanding of AD
pathophysiology. Specifically, the metabolic and cerebrovascular
dysfunction described by these studies includes reductions in
brain glucose uptake, blunted insulin signaling, alterations in
brain lipid metabolism, loss of BBB integrity and deficits
in CBF. As reviewed above, many similar alterations have
been observed in E4+ individuals, sometimes early in life
and often even in the absence of cognitive impairment.
Perhaps reflected in the sum of these findings is an inherent
inability of E4+ individuals to efficiently regulate cerebral
metabolism; although whether it occurs at the level of the
BBB or cellular uptake, oxidative phosphorylation, aerobic
glycolysis or elsewhere remains unclear. Future studies aimed
at expanding the important knowledge base established by
PET, MRI and other traditional imaging techniques will be
critical in better understanding how E4 drives metabolic
dysfunction in AD, and essential in identifying new therapeutic
targets to correct these deficiencies in order to delay or
prevent AD.
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People with Down syndrome (DS) are at high risk for developing Alzheimer disease

(AD). Neuropathology consistent with AD is present by 40 years of age and dementia

may develop up to a decade later. In this review, we describe metabolic and vascular

neuroimaging studies in DS that suggest these functional changes are a key feature of

aging, linked to cognitive decline and AD in this vulnerable cohort. FDG-PET imaging

in DS suggests systematic reductions in glucose metabolism in posterior cingulate

and parietotemporal cortex. Magentic resonance spectroscopy studies show consistent

decreases in neuronal health and increased myoinositol, suggesting inflammation. There

are few vascular imaging studies in DS suggesting a gap in our knowledge. Future studies

would benefit from longitudinal measures and combining various imaging approaches to

identify early signs of dementia in DS that may be amenable to intervention.

Keywords: dementia, FDG-PET, hypometabolism, hypermetabolism, myoinositol, MR spectroscopy, T2∗,
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INTRODUCTION

The life expectancy of people with Down syndrome (DS) continues to increase due to improved
health care and management of co-occurring illnesses (Bittles and Glasson, 2004). Consequently
there are more people with DS and the population has grown from 49,923 in 1950 to 206,
336 in 2010 (de Graaf et al., 2017). However, mortality rate is higher in people with DS in
older ages relative to the general population (Ng et al., 2017) and further, some deaths such
as those due to respiratory disorders and epilepsy may be amenable to medical intervention
(Hosking et al., 2016). As with the general population, the risk of developing health-related
problems increases as people with DS get older. In particular, people with DS are at a high
risk of developing cognitive impairment and clinical dementia after the age of 50 years (Zigman
et al., 1996; Sinai et al., 2018). Virtually all adults with DS develop the neuropathology for
a brain-based Alzheimer disease (AD) diagnosis by the age of 40 years (reviewed in Head
et al., 2016). This is thought to be due to the lifelong overexpression of the APP gene on
chromosome 21 leading to early onset and rapid accumulation of beta-amyloid (Aβ) with age
(Head et al., 2016). Thus, by studying individuals with DS across the lifespan it is possible
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to identify early biomarkers of AD pathogenesis that may not
be feasible in the general population as the age of onset of
AD varies tremendously (e.g., 50-over 100 years). As will be
discussed later in this review, cerebrovascular pathology may
help to accelerate AD in DS and be an important contributor to
dementia. Interestingly, a subset of adults with DS never develops
dementia even in the presence of this AD pathology (Franceschi
et al., 1990; Schupf and Sergievsky, 2002; Head et al., 2012a,b).

Neuroimaging studies help us detect structural, connectivity,
activity, neurochemical, and vascular/metabolic functional
changes with age and with the development of AD. As the
development of AD neuropathology in DS is strongly age-
dependent, we can learn about early changes associated with the
progression of AD through neuroimaging studies in DS (Neale
et al., 2018). These studies not only help us understand aging and
AD in people with DS but can translate to our understanding of
AD in the general population. For example, Jack and Holtzman
(2013) proposed a hypothetical series of biomarker events
including neuroimaging outcomes that may occur prior to
changes in cognition and be predictive of decline in the general
population. For example, Jack and colleagues suggest that Aβ

can be detected prior to brain structure changes, which in turn
are detectable prior to mild cognitive impairment and dementia.
A similar series of biomarker events can be hypothetically
applied for people with DS but using age as opposed to the
clinical disease stage as the time axis. Whereas in the general
population, biomarker changes reflecting progressive AD are
plotted as a function of the cognitive continiuum, in DS we can
use age as a representative to AD pathogenesis. It is clear from
this hypothetical model that neuroimaging can provide early
markers of dementia-associated brain changes and the inclusion
of vascular or metabolic imaging may play an important role by
providing even earlier information regarding AD pathogenesis.

METABOLIC IMAGING
BIOMARKERS—FDG-PET

Metabolic imaging using positron emission tomography (PET)
has consistently shown reductions in glucose utilization in
vulnerable brain regions in sporadic AD (Silverman and Phelps,
2001). In particular, the precuneus, posterior cingulate cortex
and posterior parietotemporal lobes may be the earliest site
of reduced glucose metabolism (FDG-PET) prior to onset of
symptoms (Minoshima et al., 1997). In AD, the extent of cerebral
metabolic rate of glucose from FDG-PET studies (CMRglu) is
correlated with the severity of dementia (Minoshima et al., 1997).
As AD progresses, more brain regions show declines in CMRglu
such as the frontal cortex. CMRglu from FDG-PET can also
predict AD neuropathology with 84–93% sensitivity and 73%
specificity (Silverman et al., 2001; Jagust et al., 2007).

There are relatively few FDG-PET studies in DS with the
majority being acquired under resting conditions (Table 1
summarizes studies since 1983). However the results of
these studies have been relatively consistent. First, younger
individuals with DS (without dementia) show increased
glucose metabolism (Schwartz et al., 1983; Cutler, 1986;

Azari et al., 1994a; Haier et al., 2003, 2008; Lengyel et al.,
2006; Matthews et al., 2016) relative to age matched controls
in all but one study (Schapiro et al., 1992b). The regions
that show hypermetabolism include the prefrontal cortex,
sensorimotor cortex, thalamus, inferior temporal/entorhinal
cortex. Interestingly, increased glucose metabolic rate is
associated with decreased gray matter volume in the temporal
cortex including the parahippocampus/hippocampus suggesting
that hypermetabolism is a compensatory response (Haier et al.,
2008). Indeed, autopsy studies of the same brain region in a case
series of DS shows evidence of neuronal sprouting positive for
tau phosphorylation suggesting a mechanistic basis for increased
glucose metabolism in middle age (Head et al., 2003). Other
molecular events may also underlie this phenomenon (reviewed
in Head et al., 2007).

In contrast, older individuals with DS and particularly
those with dementia show hypometabolism in multiple studies
(Schwartz et al., 1983; Cutler, 1986; Schapiro et al., 1992a; Azari
et al., 1994a,b; Rafii et al., 2015; Sabbagh et al., 2015; Matthews
et al., 2016). Brain regions that appear to be systematically
affected under either resting or active conditions include the
posterior cingulate cortex, hippocampus, parietal and temporal
cortex consistent with reports in sporadic AD (Minoshima et al.,
1997; Pietrini et al., 1997; Silverman and Phelps, 2001). Further,
in a 45 year old female with mosaic/translation DS with clinical
signs of early dementia, a pattern of hypometabolism similar to
that of sporadic AD was observed (Schapiro et al., 1992a).

Reduced glucose metabolism in older adults with DS
and dementia is associated with decreased cortical volumes
(Matthews et al., 2016), increased amyloid binding with
florbetapir (Matthews et al., 2016) and increased tau binding
using AV-1451 (Rafii et al., 2017). Some studies report
associations between cognition and glucose metabolism (Haier
et al., 2008; Sabbagh et al., 2015; Matthews et al., 2016) but not
all (Rafii et al., 2015), with variable results likely due to smaller
sample sizes. In one of the only longitudinal studies that was
found, Dani and colleagues reported stable glucose metabolic
rates over a 7 year period of time unless clinical dementia had
evolved (occurred in one person with DS) leading to rapid
glucose metabolic decline in parietal and temporal cortices (Dani
et al., 1996).

Reductions in glucose metabolism may lead to or reflect
neuronal loss, synapse loss, and/or mitochondrial dysfunction.
Given that all these events are thought to occur with age and
dementia in DS (Head et al., 2016), PET imaging can provide
useful information with respect to brain function but there is a
clear need for more longitudinal studies that includes measures
of cognition. It is also notable that despite the posterior cingulate
cortex being an early site of glucose metabolic losses, there
are few studies of AD neuropathology in this region in DS.
The use of FDG-PET to capture information about metabolism
requires the use of intravenous injections of radioactive ligands.
This procedure may be problematic for some participants, their
families and particularly for those with dementia. However, as an
outcome measure that may reflect a rapid response to treatment
that is targeting metabolism, FDG-PET has utility. In future,
similar outcomes reflectingmetabolic changes such as blood flow,
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TABLE 1 | Summary of FDG-PET studies in DS (since 1983).

Authors Date Resting

or active

Cohort Clinical data Outcome References

Schwartz

et al.

1983 Resting n = 4 young DS 19–27 years and

n = 1 aged DS 51 years, n = 10

young controls 21–33 years and

n = 8 aged controls 45–55 years

None Increased glucose metabolic rate in

multiple brain regions in young DS

relative to age matched controls

whereas the 51 year old showed

reduced metabolic rate to young DS

controls (but not to old controls).

Schwartz

et al., 1983

Cutler 1986 Resting n = 10 DS 19–23 years, n = 4

DS 41–64 year (2 were

demented) and n = 14 young

20–35 year and 19 40–60 year

None Young and old control groups not

different. CMRglu higher by 20–30%

in young DS compared to young

controls, lower CMRglu in old DS

compared to young DS but not

different from controls.

Cutler, 1986

Schapiro

et al.

1988 Resting n = 1 DS 47 years with autopsy

confirmed AD, n = 13

non-demented DS, 19–33 years)

General intelligence,

visuospatial ability,

language and memory

Glucose metabolism was 28% less in

the demented DS case involving the

parietal and temporal cortex.

Schapiro

et al., 1988

Schapiro

et al.

1990 Resting n = 14 non-demented DS 25–38

years, n = 13 controls 22–38

years.

PPVT No differences in glucose metabolism

in non-demented adults with DS

relative to controls.

Schapiro

et al., 1990

Horwitz et al. 1990 Resting n = 14 DS < 34 years vs. n = 24

controls

None The correlation between regional

rates of glucose metabolism in DS

was large and negative for the inferior

frontal gyrus including Broca’s area

whereas in controls this association

was positive.

Horwitz et al.,

1990

Schapiro

et al.

1992 Resting n = 20 DS 19–34 years and 9

older DS, 45–63 years. Controls

were n = 13 22 = 39 years.

Stanford-Binet, PPVT,

Digit Span, Block

Tapping Span and

Object Pointing Span,

Memory for Object

subtest from DSMSE

and recognition

memory for designs,

grammatic closure and

manual expression,

Hiskey Nebraska Block

Pattery Subtest,

WISC-R Block design

No difference in glucose metabolism

found between young DS and young

controls. DS with dementia had

hypometabolism in association

cortices (parietal and lateral temporal)

and primary neocortex (sensorimotor

and occipital). Mosaic/translation

person with DS (45 years) with mild

dementia showed reduced temporal

glucose metabolism.

Schapiro

et al., 1992a

Azari et al. 1994 Resting n = 14 DS 26–38 years vs. n-17

controls

Stanford-Binet, DSMSE DS vs. CTL not different on whole

brain CMRglu, DS<CTL in left

paracentral, left inferior parietal,

anterior cingulate, posterior cingulate,

right cerebellum, left cerebellum,

DS>CTL left prefrontal, right

sensorimotor, right thalamus.

Azari et al.,

1994b

Azari et al. 1994 Resting n = 15 Young DS, n = 10 older

DS without dementia, n = 4 DS

with dementia and n = 15 young

controls

Stanford-Binet, DSMSE All DS with dementia and some of the

DS without dementia scans appeared

similar to that of AD patterns.

Azari et al.,

1994a

Dani et al. 1996 Resting n = 12 non-demented DS 31–59

years, longitudinal evaluation—n

= 2 (49,50 years) became

demented

DSMSE People with DS who were

non-demented did not show changes

in glucose metabolism over 7 years.

Two people developed dementia after

7 years and showed a rapid decline in

glucose metabolism in parietal and

temporal regions.

Dani et al.,

1996

Pietrini et al. 1997 Resting

and

audiovisual

stimulation

n = 8 DS 32–38 years and n = 8

DS 43–61 years

Stanford-Binet

Intelligence Scale,

DSMSE, PPVT

At rest, no differences in glucose

metabolism were observed. During

stimulation, older subjects with DS

showed reduced glucose metabolic

rates in parietal and temporal cortex.

Pietrini et al.,

1997

(Continued)
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TABLE 1 | Continued

Authors Date Resting

or active

Cohort Clinical data Outcome References

Haier et al. 2003 Continuous

performance

task

n = 17 DS (non-demented

34–55 years), n- n = 10

moderate AD, n = 12 young

controls, n = 12 old controls)

Wechsler Adult

Intelligence Scale III,

DSDS, DMR, MMSE

(for AD)

DS and AD participants had lower

glucose metabolic rates relative to

each of their control groups in the

posterior cingulate. DS had higher

GMR in inferior temporal/entorhinal

cortex where AD subjects had lower

GMR. Non-demented people with DS

showed hypermetabolism as a

compensatory response.

Haier et al.,

2003

Lengyel et al. 2006 Resting n = 11 DS (5–24 years) and n =

9 control (4–24 years)

None Glucose metabolic rate was higher in

DS relative to controls in 6 regions:

left medial temporal gyrus, left

precentral and inferior frontal gyri,

anterior cingulate gyri.

Lengyel et al.,

2006

Haier et al. 2008 Continuous

performance

task

n = 19 non-demented DS 34–52

years

DMR Higher glucose metabolic rate was

associated with decreased gray

matter volume in temporal cortex

including the

parahippocampus/hippocampus, in

the thalamus, caudate, and frontal

lobe. Results consistent with a

compensatory response.

Haier et al.,

2008

Rafii et al. 2015 Resting n = 12 non-demented DS

(30–60 years)

CANTAB, RBANS,

VABS, Observer

Memory

Questionnaire-Parent

Form, Anxiety

Depression and Mood

Scale, Cambridge

Examination for Mental

Disorders of Older

People with Down’s

syndrome and other

with Intellectual

Disability, Dalton

Dyspraxia scale,

Goodenough-Harris

Draw-A-Person Test

People with DS over 39 years age of

showed consistent hypometabolism

by clinical read. No correlations with

cognition.

Rafii et al.,

2015

Sabbagh

et al.

2015 Resting n = 5 DS with AD, 12

non-demented DS and 9 normal

controls

DMR, MMSE, BPT, SIB

and VABS

DS with AD showed hypometabolism

in posterior cingulate, lateral parietal,

and temporal and frontal regions.

Non-demented and demented DS

had lower glucose metabolic rates in

additional frontal regions compared

with controls.

Sabbagh

et al., 2015

Matthews

et al.

2016 n = 12 non-demented DS

(32–61 years), n = 12 normal, n

= 12 early MCI, n = 12 late MCI,

n = 12 AD and n = 12 and

controls from ADNI

VABS Posterior cingulate cortex and

hippocampus showed

hypometabolism in DS relative to

controls. Lower glucose metabolic

rate was observed in regions showing

volumetric losses (mid cingulate,

anterior cingulate, paracentral lobule,

and hippocampus). Hypermetabolism

was observed with preserved volume

in the prefrontal cortex but reduced

volume in occipital cortex. Patterns of

glucose metabolism and volume

losses corresponded to amyloid

burden (florbetapir) and cognition.

Matthews

et al., 2016

(Continued)
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TABLE 1 | Continued

Authors Date Resting

or active

Cohort Clinical data Outcome References

Rafii et al. 2017 Resting n = 12 non-demented DS 30–60

years, n = 12 normal older

adults, n = 12 AD

CANTAB, RBANS,

VABS, Observer

Memory

Questionnaire-Parent

Form, Anxiety

Depression and Mood

Scale, Cambridge

Examination for Mental

Disorders of Older

People with Down’s

syndrome and other

with Intellectual

Disability, Dalton

Dyspraxia scale,

Goodenough-Harris

Draw-A-Person Test

Areas with lower glucose metabolic

rates were associated with tau

accumulation by PET (F-AV-1451).

Rafii et al.,

2017

Lao et al. 2018 Resting n = 16 non-demented DS (Avg

age 35 years—PiB negative), n =

5 non-demented DS (Avg age 47

years—PiB positive), n = 3

demented DS (Avg age 49 years)

PPVT Glucose metabolism was reduced in

the parietal cortex with increased PiB

(amyloid) binding. Glucose

metabolism was negatively

associated with age (frontal, parietal,

and temporal cortex). No correlation

between striatal binding for PiB

(amyloid) and glucose metabolism.

Lao et al.,

2018

CMRglu, glucose cerebral metabolic rate; GMR, glucose metabolic rate; PPVT, Peabody Picture Vocabulary Test; DSMSE, Down syndrome mental state examination; WISC, Wechsler

Intelligence Scale for Children; DSDS, Dementia scale for Down syndrome; DMR, dementia questionnaire for mentally retarded persons; RBANS, Repeatable Battery for the Assessment

of Neuropsychological status; CANTAB, Cambridge Neuropsychological Test Automated Battery; VABS, Vineland Adaptive Behavior Scale; BPT, Brief Praxis Test; SIB, severe impairment

battery.

may be obtainable using relatively short MR protocols such as
arterial spin labeling (7min). Further, as will be discussed next,
magnetic resonance spectroscopy, which is also a relatively short
protocol (5min) that may be useful for a broader spectrum of
participants can provide specific metabolic markers that could
help dissect the different neuronal/glial pathways that signal
onset of dementia.

METABOLIC IMAGING
BIOMARKERS—MRS

Proton magnetic resonance spectroscopy (1H-MRS) has been
widely used to characterize the neurochemistry of brain
health and disease. In particular, the neuronal markers of N-
acetylaspartate (NAA) and glutamate-glutamine complex (Glx)
decrease, and the glial marker of myo-inositol (MI) increases,
both correlate with clinical variables in aging and AD (Parnetti
et al., 1997; Lin and Rothman, 2014). It is thought that
lower levels of NAA or Glx reflects neuronal loss or injury;
neuroinflammation is associated with activated astrocytes and
microglial cells leading to increased MI (Chang et al., 2013). The
ratio of NAA toMI can also be used to distinguish non-demented
from demented people (cf. Lin et al., 2005).

In DS, there have been several studies using MRS with
assessments done for posterior cingulate cortex, hippocampus,
frontal cortex, occipital cortex, and parietal cortex with

comparisons to age matched controls (Table 2). Decreased NAA
and increasedMI is observed relatively consistently across studies
in non-demented adults with DS compared with age matched
non-DS controls (Shonk and Ross, 1995; Berry et al., 1999; Huang
et al., 1999; Beacher et al., 2005; Lamar et al., 2011; Lin et al., 2016)
with a few exceptions (Murata et al., 1993; Smigielska-Kuzia et al.,
2010). Hippocampal Glx was not different in people withDS from
controls (Tan et al., 2014). It may not be surprising that MI levels
are generally higher in people with DS as the MI cotransporter
(SLC5A3) gene is on chromosome 21 and is overexpressed in
DS (Berry et al., 1995). Further, synaptojanin 1 (gene also on
chromosome 21) can lead to increased gliosis (Herrera et al.,
2009) and thus possibly, higher MI levels.

With age, older people with DS show higher MI and lower
NAA than younger people with DS.MI was higher in the occipital
and parietal cortex of older DS subjects relative to younger people
with DS (Huang et al., 1999). In the hippocampus of older adults
with dementia with DS, MI is also higher and NAA lower when
compared to non-demented people with DS (Lamar et al., 2011)
but Glx is unchanged (Tan et al., 2014). In the posterior cingulate
cortex, MI was not significantly different in people with DS who
were demented compared with those who were not demented,
but NAA was significantly decreased (Lin et al., 2016). However,
there is a case report of an individual with DS who was demented
showing higher MI and lower NAA relative to non-demented
DS individuals (Shonk and Ross, 1995). Further increases in MI
reported in some studies with aging and dementia may reflect
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TABLE 2 | Summary of MRS studies in DS (since 1993).

Authors Date Brain Region Cohort Clinical data Outcome References

Murata et al. 1993 white matter

around the

anterior horn of

the lateral ventricle

of frontal cortex

n = 18 DS 20–40 years, n

= 15 controls (avg age 35.8

years)

Koh’s

Block-Design Test,

Goodenough’s

Draw a Man Test

No differences in NAA noted across

the groups nor as a function of age.

MI was not analyzed. Note, many of

these DS participants were

institutionalized and controls were

physicians and staff members. Two

people with DS were mosaic.

Murata et al., 1993

Shonk & Ross 1995 N/A n = 23 non-demented DS

(age unknown), n = 1

demented DS (age

unknown)

Unknown MI was elevated in non-demented

people with DS relative to controls

and further elevated in DS with

dementia. NAA was decreased in the

DS with dementia participant.

Shonk and Ross,

1995

Huang et al. 1999 parietal and

occipital cortex

n = 8 young DS 28–39

years, n-11 non-demented

older DS 42–62 years, n =

8 young controls 22–39

years and n = 9 old controls

40–64 years

None MI was 50% higher in occipital and

parietal cortex of adults with DS

relative to controls. Older DS subjects

had higher MI than younger DS

subjects. NAA was lower in older DS

and controls relative to younger

controls but not exacerbated in DS.

Huang et al., 1999

Berry et al. 1999 corpus striatum n = 14, 1.2–13.6 years DS

and n-13 1.3–11.7 year old

controls

None MI was significantly higher (28%) in

basal ganglia of DS relative to

controls. Choline containing

compounds were significantly lower in

DS relative to controls.

Berry et al., 1999

Beacher et al. 2005 Hippocampus n = 38, 18–66 years

non-demented DS and n =

42, 19–66 controls

CAMCOG Hippocampal MI was higher in DS

than controls. In DS, hippocampal MI

correlated with cognition.

Beacher et al.,

2005

Smigielska-Kuzia

et al.

2007 Frontal cortex n = 14 non-demented DS

7–17 years, n = 20 controls

None Signficantly decreased Glx and NAA

observed in DS relative to controls.

Smigielska-Kuzia

and Sobaniec,

2007

Smigielska-Kuzia

et al.

2010 Temporal lobes n = 20 DS 3–15 years and

n = 20 controls 6–15 years

None Glx was not different between the DS

and control groups. NAA and MI was

significantly lower in DS relative to

controls. GABA was also lower in DS.

Smigielska-Kuzia

et al., 2010

Lamar et al. 2011 Hippocampus n = 35 demented people

with DS (Avg age = 52.8

years), n = 18

non-demented DS (Avg age

47.2 years) and n = 13

controls (Avg age 50.6

years), n = 39 sporadic AD

(Avg age 76.8 years)

CAMDEX MI was significantly higher in DS with

dementia relative to non-demented

DS (13% higher) and controls (19%

higher).NAA was significantly reduced

in DS with dementia relative to DS

without dementia (11%) but was

similar to controls. DS with dementia

MI was significannlty higher relative to

sporadic AD.

Lamar et al., 2011

Tan et al. 2014 Hippocampus n = 35 non-demented DS

(Avg age 35 years), n = 11

demented DS (Avg age 52

years) and n = 39 controls

(Avg age 35 years)

CAMCOG No differences in Glx across the 3

groups nor correlation with cognition.

Tan et al., 2014

Lin et al. 2016 Posterior

Cingulate Cortex

n = 22 non-demented DS

(Avg age 46.7 years), n = 5

demented DS (Avg age 53.7

years), n = 15 control (Avg

age 47.8 years)

SIB, BPT, DMR NAA reduced in DS with dementia

relative to controls and non-demented

DS groups. MI increased in DS

relative to controls but not further

increased with DS and dementia.

Higher NAA levels associated with

cognition (i.e. better performance

associated with more NAA).

Lin et al., 2016

DMR, dementia questionnaire for mentally retarded persons; BPT, Brief Praxis Test; SIB, severe impairment battery; CAMDEX, Cambridge Mental Disorders of the Elderly Examination;

CAMCOG, Cambridge Cognitive Examination.
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increased neuroinflammation that has been observed with aging
in DS (Wilcock, 2012).

Thus, MRS provides novel information and unique signatures
for DS (e.g., higher MI) but also may be amenable to future
treatment studies as metabolic outcomes measured by MRS
may be rapidly modifiable as opposed to outcomes reflecting
brain structure. Comparing MRS outcomes in different affected
brain regions in people with DS (e.g., comparing hippocampus,
frontal cortex, cingulate cortex) may provide novel links
between the presence of in vivo amyloid by PET imaging
and glial/neuronal consequences. For example, as amyloid PiB
binding increases with age, how does NAA or MI decrease or
increase correspondingly? These studies may lead us to novel
interventions in future for DS with outcome measures and a
further examination of the link between MRS outcomes, brain
region, and cognition will be useful in future.

VASCULAR IMAGING BIOMARKERS

Cerebrovascular pathology occurs in over 85% of autopsy cases
presenting with AD neuropathology and is associated with
impaired cognition (Arvanitakis et al., 2016). One form of this
pathology, cerebral amyloid angiopathy (CAA) is present in near
all brains of people with AD (Viswanathan and Greenberg, 2011).
Thus, there is an increasing recognition that along with the
development of Aβ plaques and neurofibrillary tangles, vascular
neuropathology may also affect cognition and the progression
of dementia (White et al., 2002). Interestingly, in DS, there is
significant cerebrovascular neuropathology in the form of CAA,
primarily due to the overexpression of APP and Aβ (Ikeda et al.,
1994; Iwatsubo et al., 1995; Mendel et al., 2010; Head et al., 2017;
Zis and Strydom, 2018).

Extensive CAA is associated with microhemorrhages and
strokes in general (Arvanitakis et al., 2017; Banerjee et al., 2017)
although in DS, stroke is relatively rare (Buss et al., 2016).
Nonetheless, CAA may have a significant impact on blood vessel
function. CAA can lead to deficits in cerebrovascular regulation
(Grinberg et al., 2012) and reduced blood flow may lead to
impaired perivascular clearance of Aβ. Impaired clearance will in
turn lead to additional accumulation of Aβ (Banerjee et al., 2017).

Neuroimaging of CAA is typically by GRE or T2∗-weighted
MRI (Fazekas et al., 1999). There is only one neuroimaging study
using T2∗ to observe the extent of CAA in vivo in older adults
with DS (Carmona-Iragui et al., 2017). CAA was observed in
31% of cognitively impaired people with DS, which is similar to
early onset AD (38%) and higher than sporadic AD (12%). In
addition, 15.4% of people with DS had evidence of intracerebral
hemorrhages. Thus, CAA is a consistent feature of aging and
dementia in DS and may serve as a future target for clinical trials.

While PET-based studies in DS show metabolic differences
that mirror AD in the general population, changes in blood flow
may also be seen in DS. For example, single photon emission
computed tomography (SPECT) patterns in younger individuals
with DS reveal perfusion changes in temporal, parietal, and
occipital regions (Kao et al., 1993) that are also reminiscent
of those seen in AD (DeKosky et al., 1990). However, these

regional differences in perfusion may reflect the added impact of
CAA-associated or other cerebrovascular mechanisms in DS.

Cerebrovascular dysfunction measured in vivomay be critical
for understanding not only the aging process and progression
to AD in DS but treatment that rely on and are also
relatively short MR protocols (T2∗∼7min, FLAIR∼4.5min)
(Figure 1). Immunotherapy trials in patients with AD suggest
that cerebrovascular adverse effects can occur and are visualized
with FLAIR (Sperling et al., 2012). The possibility of a similar
outcome in DS is as yet unknown. Intervention studies that
target Aβ or other pathways may be less effective in people
with DS with significant cerebrovascular pathology and can
confound the opportunity to observe benefits in clinical trials.
Characterizing the extent of cerebrovascular pathologymay serve
as an exclusion/inclusion criteria or included as a covariate so as
not to obscure positive clinical outcomes.

DEVELOPMENTAL DIFFERENCES AND
CAVEATS WITH NEUROIMAGING IN DS

Structural differences in childhood and early adulthood suggest
that some brain regions (e.g.,) are smaller in people with DS
whereas others (parahippocampal gyrus) may be larger (Kesslak
et al., 1994; Teipel and Hampel, 2006). It will be important
to consider additional volumetric tissue losses using structural
MRI when interpreting reductions in vascular flow or metabolic
outcomes. Additional atrophy occurs with aging in DS and with
the development of dementia with posterior cingulate, parietal,
temporal, and frontal regions being affected (summarized nicely
in Neale et al., 2018).

In studies of people with DS, sample sizes are typically smaller.
This is due to challenges with recruitment, the ability of people
to be scanned (e.g., fear) or to stay motionless (movement
artifacts, people with dementia; Neale et al., 2018). Obesity
or being overweight can lead to discomfort in the scanner
and in some cases, may preclude a person from participating.
The neck and facial structure of people with DS also can
lead to discomfort in the prone position. For these situations,
there are methods to provide additional padding and support
along with frequent pauses in the procedures. Unfortunately,
in many studies this leads to small sample sizes of demented
individuals with DS, which may skew our results. Anxiolytics can
be helpful when obtaining structural images but may interfere
with functional measures. In our own experiences, we have
found that repeated visits leads to greater successes with our
volunteers participating in the scanning procedures and the
option of anxiolytics has been helpful. Age of the participant
also influences success with scanning. Estimates from our cohort
suggest that a full set of images (MPRAGE, FLAIR, T2∗, ASL,
MRS, DTI ∼50min), 92% of people 25–37 years, 82% of 37–50
year olds and 40% of 50–65 year olds can be successfully scanned
(unpublished observations from the University of Kentucky
Down syndrome and Aging study). However, there are fewer sets
of full imaging protocols we can acquire with increasing age as
our participants may not be able to stay in the scanner as long as
we require.
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FIGURE 1 | Representative examples of neuroimaging protocols acquired in Down syndrome. Panels (A–D) show MR imaging in a 57 year old male and 59 year old

male imaged with T2* (A, C) and FLAIR (B, D) showing the presence of microbleeds. Arrows distinguish edema and hemosiderin positive microbleeds. Panel (E)

shows examples of amyloid PiB-PET imaging (top) and FDG-PET imaging (bottom). Images from (A–D) were modified from Figure 5 with permission of Elsevier Press

(Head et al., 2018). Images from (E) were modified from Figure 1 reproduced with permission from Dr. M. Rafii and under the Creative Commons Attribution License

(CC BY) (Rafii et al., 2015).

SUMMARY AND FUTURE DIRECTIONS

Longitudinal studies in virtually all of the imaging parameters
discussed here are critical. There are few longitudinal studies
of metabolic and vascular neuroimaging changes with age in
DS. In studies of structural imaging some show progressive
atrophy (reviewed in Neale et al., 2018). Over a 3 year period
of time, studies in non-demented adults with DS report an
increasing number of individuals developing amyloid by PET
(PiB binding) and those with existing amyloid binding showed an
increasing number of brain regions affected along with increased
accumulation within affected brain regions (Hartley et al., 2017;
Lao et al., 2017; also reviewed in Neale et al., 2018) (Figure 1).
It is interesting to note that PiB tends to bind more mature
amyloid deposits (LeVine et al., 2017) in vitro consistent with
the typical age of onset of PiB binding in DS being after 40
years of age. In summary, neuroimaging is a powerful tool
to detect structural, metabolic and vascular changes with age

and dementia in DS but there are still important gaps in our
knowledge remaining. Feasibility concerns may be overcome
with the use of mock scanners, increasing sample sizes (based
upon estimates of scan success as a function of age and dementia)
and reducing scan times. Given that neuroimaging outcomes
could be critically important in future clinical trials, it will be
important to encourage further studies for people with DS.
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One characteristic of Alzheimer’s disease (AD) is excessive accumulation of amyloid-β
(Aβ) in the brain. Aβ brain accumulation is, in part, due to a reduction in Aβ clearance
from the brain across the blood-brain barrier. One key element that contributes to Aβ

brain clearance is P-glycoprotein (P-gp) that transports Aβ from brain to blood. In AD,
P-gp protein expression and transport activity levels are significantly reduced, which
impairs Aβ brain clearance. The mechanism responsible for reduced P-gp expression
and activity levels is poorly understood. We recently demonstrated that Aβ40 triggers
P-gp degradation through the ubiquitin-proteasome pathway. Consistent with these
data, we show here that ubiquitinated P-gp levels in brain capillaries isolated from brain
samples of AD patients are increased compared to capillaries isolated from brain tissue
of cognitive normal individuals. We extended this line of research to in vivo studies
using transgenic human amyloid precursor protein (hAPP)-overexpressing mice (Tg2576)
that were treated with PYR41, a cell-permeable, irreversible inhibitor of the ubiquitin-
activating enzyme E1. Our data show that inhibiting P-gp ubiquitination protects the
transporter from degradation, and immunoprecipitation experiments confirmed that
PYR41 prevented P-gp ubiquitination. We further found that PYR41 treatment prevented
reduction of P-gp protein expression and transport activity levels and substantially
lowered Aβ brain levels in hAPP mice. Together, our findings provide in vivo proof that
the ubiquitin-proteasome system mediates reduction of blood-brain barrier P-gp in AD
and that inhibiting P-gp ubiquitination prevents P-gp degradation and lowers Aβ brain
levels. Thus, targeting the ubiquitin-proteasome system may provide a novel therapeutic
approach to protect blood-brain barrier P-gp from degradation in AD and other Aβ-based
pathologies.

Keywords: blood-brain barrier, P-glycoprotein, Alzheimer’s disease, brain capillaries, amyloid beta, ubiquitin-
proteasome system, ubiquitin, proteasome

INTRODUCTION

Accumulation of amyloid-β (Aβ) in the brain is a neuropathological hallmark of Alzheimer’s disease
(AD; Hardy and Selkoe, 2002). Increasing evidence suggests that Aβ brain accumulation is due to
impaired Aβ clearance from the brain (Zlokovic, 2005; Mawuenyega et al., 2010; Wang et al., 2016).
Several studies indicate a role for the blood-brain barrier efflux transporter P-glycoprotein (P-gp)
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in clearing Aβ from brain to blood: (1) P-gp transports
Aβ in vitro (Lam et al., 2001; Kuhnke et al., 2007; Hartz
et al., 2010); (2) in mice lacking P-gp, Aβ clearance is
decreased while Aβ brain levels are increased (Cirrito et al.,
2005; Yuede et al., 2016); (3) P-gp expression and transport
activity are reduced at the blood-brain barrier of several
AD mouse models (Hartz et al., 2010; Mehta et al., 2013;
Park et al., 2014); and (4) treating human amyloid precursor
protein (hAPP) mice with the PXR activator pregnenolone-
16-carbonitrile (PCN) induces P-gp expression and activity,
which restores Aβ transport and reduces Aβ brain levels
(Hartz et al., 2010). (5) Results of multiple studies from
different laboratories show that P-gp protein expression levels
at the human blood-brain barrier are significantly reduced
in AD patients (Wijesuriya et al., 2010; Jeynes and Provias,
2011; Carrano et al., 2014; Chiu et al., 2015). Consistent
with reduced P-gp protein expression levels, results of recent
PET imaging studies indicate compromised P-gp transport
activity in AD patients compared to age-matched cognitive
healthy individuals (van Assema et al., 2012; Deo et al.,
2014). Thus, existing studies support the conclusion that
blood-brain barrier P-gp is reduced in AD, however, more
insights into the mechanism that triggers this phenomenon are
needed to prevent P-gp loss in AD and improve Aβ brain
clearance.

In this regard, we recently reported that exposing isolated
rat brain capillaries to Aβ40 at concentrations similar to
those found in AD patients reduced P-gp protein expression
and transport activity levels in a time- and concentration-
dependent manner (Hartz et al., 2016). We showed that
Aβ40 triggers ubiquitination, internalization, and proteasomal
degradation of P-gp in isolated rat brain capillaries ex vivo
(Akkaya et al., 2015; Hartz et al., 2016). Collectively, these
results indicate that blood-brain barrier P-gp is part of an
Aβ clearance system and that P-gp expression and transport
activity levels are reduced in AD, suggesting a link between
high Aβ levels and reduced brain capillary P-gp levels in AD
pathology.

In the present study, we show that P-gp protein expression
and transport activity levels are reduced and that P-gp protein
is highly ubiquitinated in isolated human brain capillaries
from AD patients compared to P-gp in brain capillaries
isolated from age-matched cognitive normal individuals. We
extended our previous ex vivo findings to in vivo studies
with hAPP mice by blocking P-gp ubiquitination in hAPP
mice, which is the initial step of protein degradation mediated
by the ubiquitin-proteasome system. We used transgenic
hAPP-overexpressing mice (Tg2576) to test the hypothesis
that preventing P-gp reduction results in a reduction of Aβ

brain levels. We show here that inhibiting P-gp ubiquitination
in vivo with PYR41, a cell-permeable, irreversible inhibitor of
the ubiquitin-activating enzyme E1, prevents P-gp reduction at
the blood-brain barrier and significantly lowers Aβ brain levels
in vivo.

Together, our findings suggest that targeting the ubiquitin-
proteasome system by inhibiting ubiquitination protects brain
capillary P-gp and thereby lowers Aβ brain levels.

MATERIALS AND METHODS

Experimental Design and Statistical
Analysis
Sample size (animal numbers, number of brain capillaries,
number of human tissue samples) for individual experiments
were based on power analyses of preliminary data and previously
published data (Hartz et al., 2010, 2016, 2017), and are given
in the corresponding figure legends. Number of repetitions are
stated in the results section and the figure legends.

Results are presented as mean ± SEM. One-way analysis
of variance (ANOVA) was used to assess differences in group
means. Pre-planned pairwise post hoc tests were carried out when
the overall F test was significant, and the Bonferroni correction
was used to control the type 1 error rate. Statistical significance
was set at α = 0.05. Data were analyzed using GraphPad Prismr

statistical software (version 7.00; RRID:SCR_002798).

Animals
All animal experiments were approved by the University
of Kentucky Institutional Animal Care and Use Committee
(Protocol #2014-1233; PI: AMS Hartz) and carried out in
accordance with AAALAC regulations, the US Department of
Agriculture Animal Welfare Act, and the Guide for the Care and
Use of Laboratory Animals of the NIH.

Male transgenic hAPP-overexpressing mice (Tg2576 strain;
129S6.Cg-Tg(APPSWE)2576Kha; RRID:IMSR_TAC:2789;
n = 45) and corresponding male wild type (WT) mice (n = 15;
RRID:IMSR_TAC:2789) were purchased from Taconic Farms
(Germantown, NY, USA). On arrival, mice were 8-week old
with an average body weight of 27.1 ± 2.6 g (SD) for WT mice
and 29.9 ± 2.9 g (SD) for hAPP mice. Animals were single-
housed in an AALAC-accredited temperature- and humidity-
controlled vivarium (23◦C, 60%–65% relative humidity, 14:10
light-dark cycle) in cages connected to an EcoFlo Allentown
ventilation system (Allentown Inc., Allentown, NJ, USA).
Animals had ad libitum access to tap water and standard rodent
feed (Harlan Teklad Chow 2918, Harlan Laboratories Inc.,
Indianapolis, IN, USA) and were allowed to habituate to the
vivarium for at least 2 weeks after arrival before the start of
experiments.

Human Brain Tissue Samples
Human brain tissue samples (inferior parietal lobule) were
obtained from the UK-ADC tissue bank (IRB #B15-2602-
M). Case inclusion criteria for this study were enrollment
in the UK-ADC longitudinal autopsy cohort (Nelson et al.,
2007), a post-mortem interval ≤4 h, and a final consensus
diagnosis determined by a group of UK-ADC neuropathologists,
neuropsychologists, and neurologists. Cases were classified
into two groups: Group (1) cognitive normal (n = 3; a
classification of ‘‘normal’’ denotes a consensus diagnosis of
normal cognition and CERAD rating of ‘‘criteria not met’’) and
Group (2) AD patients (n = 3; Mirra et al., 1991). All brain
tissue samples were from female individuals, whose average
age at death was 85.5 ± 9.2 years (group 1, cognitive normal,
post-mortem interval: 1.5 h ± 0.3 h, Braak stage score: 1 ± 0)
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and 86.5 ± 9.2 years (group 2, AD, post-mortem interval:
3.5 h± 0.7 h, Braak stage score: 5.5± 0.7).

Chemicals
Antibodies against β-actin (ab8226; RRID:AB_306371), human
Aβ40 (ab12265; RRID:AB_298985), human Aβ42 (ab12267;
RRID:AB_298987), LRP (ab92544; RRID:AB_2234877), RAGE
(ab3611; RRID:AB_303947), APP (ab11118; RRID:AB_442855)
and 20S proteasome (ab109530; RRID:AB_10860339; antibody
raised against a synthetic peptide within the human proteasome
20S C2 unit (amino acids: 250–350; C terminal)), as well
as cyclosporine A (CSA; ab120114) were purchased from
Abcam (Cambridge, MA, USA). Modified Dulbecco’s phosphate
buffered saline (DPBS; with 0.9 mM Ca2+ and 0.5 mM
Mg2+) was purchased from HyClone (Logan, UT, USA).
CompleteTM protease inhibitor was purchased from Roche
(Mannheim, Germany). C219 antibody against P-gp was
purchased from ThermoFisher (MA126528; RRID:AB_795165;
Waltham, MA, USA). Fluorescein-hAβ42 [fluorescein-Aβ(1–42)]
was purchased from rPeptide (Bogart, GA, USA). [N- (4-
nitrobenzofurazan-7-yl)-D-Lys8]-cyclosporine A (NBD-CSA)
was custom-synthesized by R. Wenger (Basel, Switzerland;
Wenger, 1986). PSC833 was a kind gift from Novartis
(Basel, Switzerland). PYR41, CelLyticTM M, Ficollr PM
400, bovine serum albumin and all other chemicals were
purchased at the highest grade from Sigma-Aldrich (St. Louis,
MO, USA).

PYR41 Dosing
Table 1 shows the dosing regimen for this in vivo study. Mice
were dosed as follows: Group 1: WT mice (n = 15) received i.p.
vehicle every third day and p.o. vehicle on both days between i.p.
vehicle injections. Group 2: hAPP mice (n = 15) also received
i.p. vehicle every third day and p.o. vehicle on both days between
i.p. vehicle injections. Group 3: hAPP-PYR41 mice (n = 15) were
dosed every third day with 2 mg/kg PYR41 by i.p. injection
and received p.o. vehicle on days between PYR41 treatment.
Group 4: hAPP-PYR41/CSA mice (n = 15) were dosed every
third day with 2 mg/kg PYR41 by i.p. injection and received
25 mg/kg CSA via oral gavage on both days between doses of
PYR41.

Blood Collection
Blood samples were collected by facial vein bleeding 24 h
prior to the start of the first dose to obtain control values.
Twenty-four hours after the last dose, mice were euthanized
by CO2 inhalation, decapitated and trunk blood was collected
in heparinized blood collection tubes. Plasma was obtained by
centrifugation at 5000× g for 15 min at 4◦C and stored at−80◦C
until further analysis.

Brain Capillary Isolation
Brain capillaries were isolated using a modified method
previously described elsewhere (Hartz et al., 2012). Briefly, mice
were euthanized with CO2 followed by decapitation. Brains
were removed, cleaned, dissected and homogenized in DPBS
containing Ca2+/Mg2+ and supplemented with 5 mMD-glucose TA
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and 1 mM sodium pyruvate. Ficollr PM 400 was added to
the homogenized brains (final concentration 15%) and the
homogenate was centrifuged (5800 g, 20 min, 4◦C). After
centrifugation, the capillary-enriched pellet was collected and
resuspended in 1% BSA-DPBS. The capillary suspension was first
passed through a 300 µm nylon mesh and then passed over a
glass bead column using 1% BSA-DPBS. Capillaries adhering
to the glass beads were washed off and collected by agitation
in 1% BSA-DPBS. After centrifugation (1500 g, 3 min, 4◦C),
the capillary pellet was washed three times with DPBS (no
BSA), collected, and used for experiments or crude membrane
isolation.

Brain Capillary Crude Membrane Isolation
Brain capillary crude membranes were isolated as previously
described (Hartz et al., 2012). Freshly isolated brain capillaries
were homogenized in lysis buffer (CelLyticTM M, Sigma-
Aldrich, St. Louis, MO, USA) containing CompleteTM protease
inhibitor. Homogenates were centrifuged to separate the
membrane fraction from organelles and debris (10,000 g,
15 min, 4◦C), and the resulting membrane-containing
supernatant was centrifuged to pellet capillary crude membranes
(100,000 g, 90 min, 4◦C). The resulting pellet containing brain
capillary crude membranes was resuspended and stored at
−80◦C.

Aβ Immunostaining of Brain Capillaries
Aβ immunostaining of mouse brain capillaries was performed as
previously described (Hartz et al., 2010). Briefly, isolated mouse
brain capillaries were fixed with 3% paraformaldehyde/0.25%
glutaraldehyde for 30 min at room temperature. After washing
with PBS, capillaries were permeabilized with 0.5% Triton
X-100 for 30 min and washed with PBS. Capillaries were
blocked with 1% BSA/DPBS for 60 min and incubated
overnight at 4◦C with a 1:250 (4 µg/ml) dilution of rabbit
polyclonal antibody to human Aβ1–40 (hAβ40; ab12265,
Abcam, Cambridge, MA, USA; RRID:AB_298985) or rabbit
polyclonal to human Aβ1–42 antibody (hAβ42; ab12267;
Abcam, Cambridge, MA, USA; RRID:AB_298987). Capillaries
were washed with 1% BSA/PBS and incubated with Alexa-
Fluor 488-conjugated goat anti-rabbit IgG (1:1000, 1 µg/ml;
Invitrogen, Carlsbad, CA, USA; RRID:AB_2576217) for 1 h at
37◦C. Nuclei were counterstained with 1 µg/ml 4,6-diamidino-
2-phenylindole (DAPI; MilliporeSigma, Burlington, MA, USA;
RRID:SCR_014366). Aβ immunofluorescence was visualized
with confocal microscopy (Leica TCS SP5 confocal microscope,
63× water objective, NA 1.2, Leica Instruments, Wetzlar,
Germany).

From each treatment group, confocal images
of seven capillaries were acquired. Aβ membrane
immunofluorescence for each capillary was quantitated with
ImageJ software v1.48 as previously described (Hartz et al.,
2010). A 10 × 10 grid was superimposed on each image, and
fluorescence measurements of capillary membranes were taken
between intersecting grid lines. Fluorescence intensity for each
capillary was the mean of three measurements per capillary.

Aβ ELISA
Human Aβ40 and Aβ42 levels were quantitated in plasma and
brain samples by ELISA (KHB3482 (Sensitivity: <6 pg/ml) and
KHB3442 (Sensitivity: <10 pg/ml) from Invitrogen, Camarillo,
CA, USA) according to the manufacturer’s protocol.

Plasma Samples
Blood samples were collected from control, PYR41 and
PYR41/CSA-treated hAPP transgenic mice. Plasma was obtained
from blood samples by centrifugation at 5000 g for 5 min at
4◦C, and then diluted with standard diluent buffer provided
with the ELISA kit. To determine hAβ40 levels, samples
were diluted 1:50; to determine hAβ42 levels, samples were
diluted 1:4.

Brain Samples
To determine brain hAβ40 and hAβ42 levels, brain tissue samples
were homogenized in guanidine Tris-HCl buffer (5 M, pH 8)
to extract Aβ. To determine hAβ40 levels, samples were diluted
1:20 in DPBS buffer containing 5% BSA and 0.03% Tween-20;
to determine hAβ42 levels, samples were diluted 1:5. Diluted
samples were centrifuged at 16,000 g for 20 min at 4◦C; the
supernatant was used for ELISA analysis.

Absorbance was measured at 450 nm using a SynergyTM

H1 Hybrid Multi-Mode Reader (BioTek, Winooski, VT, USA).
A standard curve was plotted using Gen5TM software v2.07 to
determine the concentration of hAβ40 and hAβ42 in plasma and
brain samples; values at 450 nm were corrected for background
absorbance; four parameter logistic ELISA curve fitting was
selected.

Western Blotting
Protein expression levels from various tissues were determined
by Western blotting as described previously (Hartz et al.,
2010, 2016). Protein concentration of brain capillary crude
membranes was measured with the Bradford assay. Western
blots were performed by using the Invitrogen NuPager

Bis-Tris electrophoresis and blotting system. After protein
electrophoresis and transfer, blotting membranes were blocked
and incubated overnight with the primary antibody as indicated.
Membranes were washed and incubated for 1 h with horseradish
peroxidase-conjugated ImmunoPure secondary IgG antibody
(1:5000, 0.15 µg/ml; Thermo Fisher Scientific, Waltham,
MA, USA). Proteins were detected with SuperSignal West
Pico Chemoluminescent Substrate (Thermo Fisher Scientific,
Waltham, MA, USA). Protein bands were visualized and
recorded with a Bio-Rad ChemiDoc XRS+ gel documentation
system (Bio-Rad Laboratories, Hercules, CA, USA). Image Lab
5.0 software from Bio-Rad Laboratories (RRID:SCR_014210)
was used for densitometric analyses of band intensities
and digital molecular weight analyses; the molecular weight
marker was RPN800E (GE Healthcare, Chalfont St. Giles,
Buckinghamshire, UK). Linear adjustments of contrast and
brightness were applied to entire Western blot images. None
of the Western blots shown were modified by nonlinear
adjustments.
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Immunoprecipitation
Immunoprecipitation was carried out as previously reported
(Hartz et al., 2016). Briefly, brain capillaries were homogenized
in lysis buffer (CelLyticTM M, Sigma-Aldrich, St. Louis, MO,
USA) containing CompleteTM protease inhibitor. Samples were
centrifuged to separate cellular membranes from organelles and
debris (10,000 g, 15 min, and 4◦C). Protein concentration of the
supernatants was determined by Bradford assay.

Anti-P-gp antibody (C219, EMD Millipore, Billerica, MA,
USA) was coupled with Pierce Protein A/G Plus Agarose
(Thermo Fisher Scientific, Waltham, MA, USA) beads overnight
at 4◦C in TBST (20 mM Tris (pH 8.0), 170 mM NaCl,
0.05% Tween 20) supplemented with 1% BSA. The immune
complex was added to the cell lysate and incubated for 3 h
at 4◦C. Beads were washed with lysis buffer (10 mM Tris
(pH 7.5), 2 mM EDTA, 100 mM NaCl, 1% NP-40, 50 mM
NaF, 1 mMNa3VO4) containing CompleteTM protease inhibitor.
For ubiquitin immunoprecipitations, the PierceTM Ubiquitin
Enrichment Kit (#89899; Thermo Fisher Scientific, Waltham,
MA, USA) was used according to the manufacturer’s protocol.
Immunoprecipitated proteins were eluted from agarose beads
(IP: P-gp) or the ubiquitin affinity resin (IP: ubiquitin) with
NuPAGE LDS sample buffer and heated at 70◦C for 10 min. IP
samples were resolved by SDS-PAGE and analyzed by Western
blotting as described above.

Simple Western Assay
Human brain capillary membrane samples were mixed with
WesTM sample buffer and analyzed with a Simple Western
assay designed for the WesTM instrument by ProteinSimple as
previously described (San Jose, CA, USA; Hartz et al., 2016). All
steps of the WesTM Master Kit assay were performed according
to the manufacturer’s protocol. Briefly, glass microcapillaries
were loaded with stacking and separation matrices followed by
sample loading. During capillary electrophoresis, proteins were
separated by size and then immobilized to the capillary wall. P-gp
and β-actin were identified with primary antibodies against P-gp
(1:100, 3 µg/ml, C219, MA126528, ThermoFisher, Waltham,
MA, USA; RRID:AB_795165) and β-actin (1:150, 5 µg/ml,
ab8226, Abcam, Cambridge, MA, USA; RRID:AB_306371),
respectively, followed by immunodetection using WesTM Master
Kit HRP conjugated anti-mouse secondary antibody and
chemiluminescent substrate. Using Compass V. 2.6.5 software,
electropherograms were generated for each sample and each
protein (P-gp and β-actin). The area under the curve (AUC),
which represents the signal intensity of the chemiluminescent
reaction was analyzed for P-gp and β-actin. Values given for P-gp
protein expression were normalized to β-actin.

P-gp Transport Assay
To determine P-gp transport activity, freshly isolated brain
capillaries from WT and hAPP mice were incubated for 1 h at
room temperature with the fluorescent P-gp-specific substrate
NBD-CSA (2 µM in PBS buffer; Hartz et al., 2004, 2008,
2010). To assess P-gp-mediated Aβ transport, isolated brain
capillaries were incubated for 1 h at room temperature with 5µM
fluorescein-hAβ42 in DPBS buffer (Hartz et al., 2010). For each

treatment, images of 10 capillaries were acquired by confocal
microscopy using the 488 nm line of an argon laser (Leica
Instruments, Wetzlar, Germany) of a Leica TCS SP5 confocal
microscope with a 63× 1.2 NA water immersion objective.
Images were analyzed by quantitating NBD-CSA fluorescence
in the capillary lumen using Image J v.1.48v (Wayne Rasband,
NIH, USA; RRID:SCR_003070). Specific, luminal NBD-CSA
fluorescence was taken as the difference between total luminal
fluorescence and fluorescence in the presence of the P-gp-specific
inhibitor PSC833 (5 µM; Hartz et al., 2004, 2008, 2010).

RESULTS

P-gp Ubiquitination Levels Are Increased
in Brain Capillaries From AD Patients
Several studies have provided evidence showing that P-gp
expression levels at the blood-brain barrier are reduced in AD
patients compared to control individuals (Wijesuriya et al.,
2010; Jeynes and Provias, 2011; Carrano et al., 2014; Chiu
et al., 2015). To assess P-gp protein expression in human brain
capillaries, we utilized a recently established protocol to isolate
brain capillaries from fresh human frontal cortex tissue (Hartz
et al., 2017). Figure 1 shows representative confocal images
of a brain capillary isolated from brain tissue of a cognitive-
normal individual (CNI) immunostained for P-gp (Figure 1A).
The negative control (no primary antibody) shows no signal
for P-gp (Figures 1B,B1: green channel; B2: blue channel;
B3: overlay of green and blue channel; B4: transmitted light
channel).

We utilized the Simple WesternTM assay to quantitate P-gp
protein levels in isolated human brain capillaries. This novel
assay allows protein quantitation at 10-fold higher sensitivity
and better reproducibility compared to Western blotting (Hartz
et al., 2017). The assay is based on automated microcapillary
electrophoresis; data robustness was tested at the NIH (Chen
et al., 2015). Figure 1C shows that a band for P-gp was
detected in membrane samples of brain capillaries isolated
from CNI patients that was between the 180 kDa and
230 kDa bands of the molecular weight marker. Consistent
with previous studies (Wijesuriya et al., 2010; Jeynes and
Provias, 2011; Carrano et al., 2014; Chiu et al., 2015), we
found that P-gp protein levels in brain capillary samples
from AD patients were significantly lower compared to brain
capillaries from cognitive normal individuals (CNI; Figure 1C);
β-actin served as loading control. Figure 1D shows the
electropherogram of the P-gp microcapillary electrophoresis.
Analysis of this electropherogram revealed that the P-gp
band peaked at 199.8 ± 2.5 kDa; the peak for β-actin was
detected at 49.7 ± 2.6 kDa. The bandwidth for P-gp was
24.8 ± 1.9 kDa and ranged from 187.4 kDa to 212.2 kDa;
the bandwidth for β-actin was 9.3 ± 1.2 kDa and ranged
from 45.1 kDa to 54.35 kDa. In these electropherograms,
each AUC is proportional to the amount of protein, allowing
comparisons of P-gp levels between CNI and AD patients.
Utilizing this method, we found that P-gp protein levels in
capillaries isolated from brain tissue of AD patients are 37%
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FIGURE 1 | P-glycoprotein (P-gp) protein expression levels are decreased and P-gp ubiquitination levels are increased in brain capillaries from Alzheimer’s disease
(AD) patients. (A) Representative image of a P-gp-immunostained (green) brain capillary isolated from brain tissue of a cognitive normal individual (CNI); nuclei were
counterstained with DAPI (blue). (B) Negative control (no primary antibody): (B1; green channel); (B2; blue channel); (B3; overlay of green and blue channel) and (B4;
transmitted light channel). (C) Representative WESTM image and (D) electropherogram showing reduced P-gp (blue shaded area) protein expression levels in brain
capillaries isolated from human brain tissue (frontal cortex) of AD patients (n = 3) vs. CNIs (n = 3). (E) Overlay of electropherograms displayed in (D) show a reduction
in the area under the curve (AUC) that represents P-gp protein expression levels (blue shaded area) in brain capillaries from AD patients (red line) relative to CNI (blue
line). In contrast, β-actin levels (orange shaded area) in brain capillaries from AD patients (red line) and CNI (blue line) were the same. (F) Western blot showing that
ubiquitin levels in P-gp-immunoprecipitates are increased in capillaries from AD patients compared to those from CNI.

lower compared to P-gp protein levels in capillaries isolated
from brain samples of CNI (AUC P-gp AD 349670 vs. AUC
Pgp CNI 557147 photons × kDa/s). Figure 1E shows an overlay
of the electropherograms in Figure 1D. This overlay shows
the difference in peak heights and the areas under the curve
(AUC) that represent total protein amount for P-gp and β-actin,
respectively, which is a more accurate approach to quantitate
protein amount than optical density measurements (O’Neill
et al., 2006).

To determine ubiquitinated P-gp levels, we performed
immunoprecipitation experiments with brain capillaries from
brain tissue of CNI and AD patients and observed that

ubiquitination of P-gp was 2.8-fold higher in brain capillaries
from patients with AD compared to CNI (n = 3; p = 0.05,
Figure 1F; Supplementary Figures S1A,B). This indicates that
blood-brain barrier P-gp is highly ubiquitinated in patients
with AD.

PYR41 Prevents Reduction of P-gp
Expression and Activity Levels in hAPP
Mice
Ubiquitination of a target protein is carried out by three enzymes.
First, ubiquitin is activated by the ubiquitin-activating enzyme
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E1. In the second step, ubiquitin is transferred onto the target
protein by the conjugating enzyme E2. This ubiquitin transfer is
completed in a third step by the ubiquitin ligase E3 resulting in
ubiquitination of the target protein.

PYR41 is an E1 ubiquitin-activating enzyme-specific inhibitor
that shows little activity on E2 and E3. PYR41 irreversibly
blocks ubiquitination, thereby preventing ubiquitin-mediated
proteasomal degradation in vitro and in vivo (Yang et al., 2007;
Guan and Ricciardi, 2012). We used PYR41 to test the hypothesis
that blocking ubiquitination protects blood-brain barrier P-gp
from degradation in transgenic hAPP mice in vivo. We dosed
young, 8-week old hAPP mice with 2 mg/kg PYR41 i.p. once
every 3 days for 14 days (Table 1). An additional group of
mice received PYR41 in combination with the P-gp inhibitor
cyclosporin A (CSA; 25 mg/kg, p.o.) on days between dosing
PYR41 alone. These PYR41/CSA-treated mice serve as control
group for P-gp transport activity and are used to account for
PYR41-treatment effects that depend on P-gp transport activity.
WT and hAPP control mice received vehicle. Treatment of
hAPP mice with PYR41 restored P-gp protein expression levels
in brain capillary membranes to levels observed in vehicle-
treated WT mice (Figure 2A). We also observed this effect
in PYR41/CSA-treated animals. Optical density measurements
of P-gp (n = 3, normalized to β-actin) given as percent of
WT control mice (SEM, p-value) are: hAPP: 46 ± 10.5%
(t = 3.52, p = 0.022; ANOVA post hoc test); hAPP-PYR41:
106 ± 11.8% (t = 0.39, p = 0.72; ANOVA post hoc test), and
hAPP-PYR41/CSA: 106 ± 10.4% (t = 0.39, p = 0.70; ANOVA
post hoc test).

Next, we determined P-gp transport activity in isolated brain
capillaries by using a transport assay we previously described
(Hartz et al., 2008, 2010, 2016, 2017). In this assay, freshly
isolated brain capillaries are incubated with the fluorescent
P-gp substrate NBD-cyclosporin A (NBD-CSA, 2 µM) for 1 h
to steady state. Capillaries are then imaged with a confocal
microscope followed by quantitative image analysis of NBD-CSA
fluorescence in the capillary lumen. In brain capillaries with
lower P-gp transport activity compared to control capillaries,
less NBD-CSA is transported into the capillary lumen, resulting
in lower luminal NBD-CSA fluorescence. Thus, the level of
luminal NBD-CSA fluorescence is a measure for P-gp transport
activity.

Figure 2B shows representative confocal images of brain
capillaries isolated from WT mice, hAPP mice, hAPP mice
treated with PYR41 and hAPP mice treated with PYR41/CSA
that were exposed to NBD-CSA. Compared to capillaries from
WT mice, luminal NBD-CSA fluorescence was decreased in
capillaries from hAPPmice and PYR41/CSA-treated hAPPmice,
indicating reduced P-gp transport activity levels. In contrast,
PYR41 treatment maintained luminal NBD-CSA fluorescence
in capillaries from hAPP mice at control levels. Data from
confocal image analysis indicate that specific luminal NBD-CSA
fluorescence in the lumens of brain capillaries from hAPP mice
was reduced by 72% (t = 15.1, p < 0.0001; ANOVA post hoc
test) relative to WT mice (Figure 2C). In contrast, luminal
NBD-CSA fluorescence levels in brain capillaries from PYR41-
treated hAPP mice were similar to levels measured in capillaries

FIGURE 2 | PYR41 prevents reduction of P-gp protein expression and
transport activity in human amyloid precursor protein (hAPP) mice. (A)
Western blot showing that PYR41 treatment restored P-gp protein expression
levels in hAPP mice compared to vehicle-treated wild type (WT) mice; β-actin
was used as protein loading control. (B) Representative confocal images of
brain capillaries isolated from WT, hAPP, hAPP-PYR41 and hAPP-PYR41/CSA
mice after a 1 h incubation (steady state) with the fluorescent, P-gp-specific
substrate NBD-CSA (2 µM). (C) Data from ImageJ analysis of confocal images
in (B) show that luminal NBD-CSA fluorescence was significantly reduced in
brain capillaries from hAPP and hAPP-PYR41/CSA mice relative to brain
capillaries from WT and hAPP-PYR41 mice. Specific NBD-CSA fluorescence
is the difference between total luminal fluorescence and fluorescence in the
presence of the P-gp-specific inhibitor PSC833, representing transport activity
that is specific to P-gp. Data are mean ± SEM (n = 10 capillaries per
treatment group); arbitrary fluorescence units (scale 0–255). Statistics:
∗∗∗p < 0.001 analysis of variance (ANOVA), significantly lower than WT control
group.

from WT mice (t = 0.3, p = 0.81; ANOVA post hoc test).
In brain capillaries from PYR41-treated hAPP mice that also
received CSA to control for P-gp transport activity luminal
NBD-CSA fluorescence was reduced by 68% relative to WT
mice; this reduction is comparable to that seen in vehicle-
treated hAPP mice (t = 13.0, p < 0.0001; ANOVA post hoc
test).

We repeated this experiment using fluorescein-hAβ42 (FL-
hAβ42) to test the ability of P-gp to transport Aβ into the
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lumen of brain capillaries. Figure 3A shows representative
images of isolated brain capillaries incubated to steady state for
1 h with 5 µM FL-hAβ42. Image analysis shows that luminal
FL-hAβ42 fluorescence was reduced to 32.6 ± 9.2% (t = 6.4,
p < 0.0001; ANOVA post hoc test) in capillaries from hAPP
mice relative to capillaries from WT mice (Figure 3B). Luminal
FL-hAβ42 fluorescence levels in brain capillaries isolated from
PYR41-treated hAPPmice was comparable to fluorescence levels
observed in capillaries from WT mice (t = 0.6, p = 0.54;
ANOVA post hoc test). In contrast, FL-hAβ42 fluorescence levels
in capillary lumens from PYR41/CSA-treated control mice were
significantly reduced (t = 6.87, p< 0.0001; ANOVA post hoc test),
which was comparable to luminal fluorescence levels in brain
capillary lumens of untreated hAPP mice.

FIGURE 3 | PYR41 treatment restores P-gp-mediated hAβ42 transport in
hAPP mice. (A) Representative confocal images of isolated brain capillaries
from WT, hAPP, hAPP-PYR41 and hAPP-PYR41/CSA mice after a 1 h
incubation with 5 µM FL-hAβ42. (B) Data from ImageJ analysis of confocal
images in (A) show that luminal FL-hAβ42 levels were significantly reduced in
brain capillaries from hAPP and hAPP-PYR41/CSA mice relative to brain
capillaries from WT and hAPP-PYR41 mice. In contrast, luminal FL-hAβ42

fluorescence levels in brain capillaries from PYR41-treated hAPP mice are
comparable to those in isolated brain capillaries from WT mice indicating that
PYR41-treatment restored P-gp transport activity. Specific FL-hAβ42

fluorescence is the difference between total luminal fluorescence and
fluorescence in the presence of the P-gp-specific inhibitor PSC833,
representing FL-hAβ42 transport into the lumen of brain capillaries that is
specific to P-gp. Data are mean ± SEM (n = 7 capillaries per treatment group);
arbitrary fluorescence units (scale 0–255). Statistics: ∗∗∗p < 0.001 (ANOVA),
significantly lower than WT control group.

Together, the data in Figures 2, 3 demonstrate that
PYR41 treatment of young hAPP mice attenuated reduction of
both P-gp protein expression and transport activity levels. This
suggests that PYR41 prevented P-gp degradation through the
ubiquitin-proteasome system.

PYR41 Treatment of hAPP Mice Prevents
P-gp Ubiquitination in Vivo
PYR41 is a cell-permeable, specific and irreversible inhibitor
of the ubiquitin-activating enzyme E1, which is responsible
for mediating the first step of ubiquitination of proteins that
are proteasome targets. Thus, PYR41 inhibits ubiquitination of
proteins, thereby preventing their degradation by the ubiquitin-
proteasome system. To determine the effect of PYR41 treatment
on the ubiquitination status of P-gp at the blood-brain barrier,
we performed immunoprecipitation experiments with isolated
brain capillaries from PYR41-treated and untreated hAPP mice.
The Western blot in Figure 4A shows that immunoprecipitated
P-gp protein levels were similar in brain capillaries from hAPP
mice and hAPP mice treated with PYR41 and PYR41/CSA. We
observed high levels of ubiquitinated P-gp in isolated capillaries
from hAPP mice. In contrast, brain capillaries isolated from
PYR-41 and PYR41/CSA-treated hAPP mice had no detectable
levels of ubiquitinated P-gp. These data indicate that PYR41
treatment was effective to prevent ubiquitination of P-gp in brain
capillaries.

The Western blot in Figure 4B shows protein expression
levels of P-gp and other proteins involved in Aβ production or
transport, as well as signaling molecules associated with P-gp
reduction. Data from isolated brain capillaries from hAPP mice
showed a reduction in P-gp protein expression levels relative
to P-gp levels in WT mice, an effect that was blocked with
PYR41 and PYR41/CSA treatment. Importantly, PYR41 and
PYR41/CSA treatment did not alter protein expression levels
of other proteins associated with Aβ production (hAPP), Aβ

clearance (LRP1), Aβ transport (RAGE), or the degradation of
P-gp (Nedd-4, 20S Proteasome).

Together, these data demonstrate that PYR41 treatment
prevented P-gp ubiquitination in capillaries isolated from hAPP
mice but did not affect other proteins involved in Aβ production
or transport.

PYR41 Treatment of hAPP Mice Lowers Aβ

Levels
In a next step, we determined the consequences of
PYR41 treatment on Aβ levels in plasma, capillary membranes,
and brain tissue. We measured hAβ40 and hAβ42 levels in plasma
by ELISA and found no difference in hAβ40 and hAβ42 plasma
levels among PYR41-treated, PYR41/CSA-treated, and untreated
hAPP mice (Figures 5A,B). Samples from WT mice were not
included since WT mice do not express human Aβ.

We also immunostained isolated brain capillaries for hAβ40
and hAβ42 to determine capillary-associated Aβ levels. Brain
capillaries isolated from vehicle-treated hAPP mice stained
positive for both Aβ peptides (Figures 6A,B). PYR41-treatment
decreased membrane-associated immunofluorescence of hAβ40
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FIGURE 4 | PYR41 prevents P-gp ubiquitination in hAPP mice. (A) Western
blot showing that treating hAPP mice with PYR41 reduces ubiquitin levels in
P-gp-immunoprecipitates from isolated brain capillaries. P-gp was
immunoprecipitated in capillary samples isolated from hAPP, hAPP-PYR41
and hAPP-PYR41/CSA mice, and examined for P-gp and ubiquitin levels by
Western blotting (brain capillaries isolated from pooled tissue; n = 15 mice per
treatment group). (B) Western blot showing that PYR41 and PYR41/CSA
treatment of mice had only an effect on P-gp protein expression levels,
whereas levels of LRP, RAGE, hAPP, Nedd-4 and the 20S proteasome were
not affected in isolated brain capillaries (pooled tissue; n = 15 mice per
treatment group).

by 16 ± 5.2% (t = 8.9, p < 0.0001; ANOVA post hoc test) and
that of hAβ42 by 20 ± 2.2% (t = 3.1, p = 0.0094; ANOVA post
hoc test) relative to untreated hAPP mice. However, this effect
was not observed in Aβ-immunostained brain capillaries from
PYR41/CSA-treated hAPP mice, indicating that inhibiting P-gp
transport activity with CSA blocks the reduction in Aβ levels in
brain capillaries.

Finally, data from Western blot analyses showed a significant
reduction of hAβ40 and hAβ42 protein levels in brain tissue
samples of PYR41-treated hAPPmice relative to untreated hAPP
mice (Figure 7A). This was not the case in brain tissue from
PYR41-treated mice that also received CSA to control for P-gp
transport activity. Optical density measurements of Western
blots revealed that PYR41 treatment reduced brain hAβ40 levels
by 42 ± 6.8% (t = 6.3, p < 0.003; df = 4, t-test) and hAβ42 levels
by 47 ± 4.5% (t = 10.5, p < 0.0004; df = 4, t-test) compared
to vehicle-treated hAPP mice. Consistent with our Western blot

FIGURE 5 | PYR41 treatment has no effect on Aβ plasma levels. (A) hAβ40

levels (pg/ml) in plasma samples from hAPP mice treated with vehicle, PYR41,
or PYR41/CSA determined by ELISA. Data are given for each animal (hAPP:
n = 12; hAPP-PYR41: n = 14; hAPP-PYR41/CSA: n = 13). (B) hAβ42 plasma
levels (pg/ml) in samples from hAPP mice treated with vehicle (n = 12), PYR41
(n = 14), or PYR41/CSA (n = 13). Statistics: ANOVA; Data between groups are
not significantly different.

results, data from ELISA analysis of brain samples also showed
a reduction in hAβ40 and hAβ42 brain levels in hAPP mice
treated with PYR41. hAβ40 levels were reduced by 53.3 ± 0.51%
(t = 11.4, p = 0.0005; ANOVA post hoc test) and hAβ42 levels
were reduced by 33.3 ± 0.08% (t = 4.9, p = 0.018; ANOVA
post hoc test), respectively (Figures 7B,C). Together these data
indicate that PYR41 treatment prevents P-gp degradation, which
results in a reduction in hAβ40 and hAβ42 brain levels in hAPP
mice.

In summary, our data indicate that blocking P-gp
ubiquitination prevents P-gp degradation, which ultimately
leads to a reduction in Aβ brain levels. Thus, targeting the
ubiquitin-proteasome system early in AD could be a therapeutic
strategy to protect brain capillary P-gp and thereby lower Aβ

brain levels.

DISCUSSION

We recently reported that P-gp protein expression and transport
activity levels are significantly reduced at the blood-brain barrier
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FIGURE 6 | PYR41 treatment reduces Aβ levels in brain capillary membranes. Representative confocal images of (A) hAβ40-immunostained and (B)
hAβ42-immunostained brain capillaries isolated from vehicle-, PYR41- and PYR41/CSA-treated hAPP mice. Data from image analysis with ImageJ show that (C)
hAβ40 and (D) hAβ42 membrane immunofluorescence is lower in capillaries isolated from PYR41-treated hAPP compared to control hAPP mice and mice that
received PYR41/CSA. Data are mean ± SEM (n = 7 brain capillaries per treatment group); shown are arbitrary fluorescence units (scale 0–255). Statistics: ∗∗p < 0.01
(ANOVA), ∗∗∗p < 0.001 (ANOVA) significantly lower than hAPP vehicle-treated mice.

in young, 12-week old hAPP mice that do not display cognitive
deficits yet (Hartz et al., 2010). We also demonstrated that
Aβ40 triggers reduction of P-gp expression and activity levels
by activating the ubiquitin-proteasome system which leads to
degradation of the transporter (Akkaya et al., 2015; Hartz et al.,
2016). One consequence of reduced P-gp levels is impaired Aβ

clearance from brain to blood across the blood-brain barrier
(Hartz et al., 2010). The present study extends our previous
ex vivo findings to an in vivo therapeutic strategy designed
to prevent loss of P-gp by targeting the ubiquitin-proteasome
system.

Here, we report that P-gp protein expression levels are
reduced and P-gp ubiquitination levels are increased in isolated
capillaries from AD patients relative to CNIs (Figure 1).
Further, we show that treatment of 8–12-week old hAPP mice
with PYR41, a specific and irreversible inhibitor of ubiquitin-
activating enzyme E1, prevented degradation of P-gp in brain
capillaries from hAPP mice (Figure 2). P-gp transport activity
levels in PYR41-treated hAPP mice were comparable to those
in control WT mice, and P-gp-mediated Aβ40 transport activity
was also fully restored to control levels in brain capillaries
isolated from PYR41-treated hAPP mice (Figure 3). We found
that PYR41 treatment reduced levels of ubiquitinated P-gp
in brain capillaries from hAPP mice, indicating successful
inhibition of E1 function in vivo (Figure 4A). Other proteins
involved in Aβ production and/or transport were not affected
by PYR41 treatment (Figure 4B). While our data suggest
that PYR41 treatment prevented P-gp ubiquitination in brain

capillaries isolated from hAPP mice without affecting proteins
involved in Aβ production or transport (Figure 4B), we
cannot fully exclude that PYR41 had no effect on other
proteins that could also be involved in Aβ brain accumulation.
PYR41 treatment did not affect Aβ plasma levels in hAPP
mice, but slightly reduced hAβ40 and hAβ42 levels in brain
capillaries (Figures 5, 6). PYR41 treatment did, however,
significantly reduce hAβ brain levels in PYR41-treated hAPP
mice compared to vehicle- and PYR41/CSA-treated hAPP
control mice (Figure 7).

Together, we provide in vivo evidence that inhibiting the
ubiquitin-proteasome system blocks the reduction of P-gp levels
and lowers Aβ brain levels in an AD mouse model. In the
following sections we discuss different aspects of our study and
put our findings in context with existing reports.

The Ubiquitin-Proteasome System Is
Involved in P-gp Regulation
The ubiquitin-proteasome system is responsible for degradation
of proteins, and therefore, essential for proteostasis
(Ciechanover, 1994; Ciechanover and Kwon, 2015). The
first step in protein degradation by the ubiquitin-proteasome
system is ubiquitination of the target protein that is to be
degraded. In a four-step process, a cascade of ubiquitin-
activating, -conjugating, -ligating and -elongating enzymes
(E1–E4) mediate the conjugation of ubiquitin to an amino
group of the target protein. After addition of a polyubiquitin
chain on the target protein, the now ubiquitinated membrane
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FIGURE 7 | PYR41 treatment reduces Aβ brain levels in hAPP mice. (A) Western blots showing PYR41 treatment reduced hAβ40 and hAβ42 protein expression levels
in total brain tissue in hAPP mice compared to vehicle-treated WT mice or hAPP mice treated with PYR41/CSA; β-actin was used as protein loading control. ELISA
analysis of brain tissue revealed that PYR41 significantly reduced protein levels of (B) hAβ40 by 53.3 ± 0.51% and (C) hAβ42 by 33.3 ± 0.08%. Data are
mean ± SEM (pooled tissue from 15 mice per treatment group). Statistics: ∗p < 0.05 and ∗∗∗p < 0.001 (ANOVA), significantly lower than hAPP vehicle-treated mice.

protein is internalized, recognized by the 26S proteasome
complex and is then degraded in an ATP-driven process. The
way proteins are ubiquitinated is complex and multifaceted.
Some proteins are tagged with one ubiquitin molecule in a
process referred to as monoubiquitination. Other proteins
undergo multi-monoubiquitination during which different
amino acid residues of the same target protein receive each one
ubiquitin molecule. In contrast, polyubiquitination describes
a process during which several ubiquitin molecules are
added to one target protein resulting in linear or branched
polyubiquitinated chains with different topologies. Mono-
and polyubiquitination affects proteins in many ways: it can
affect protein activity, promote or prevent protein interactions,
alter protein cellular location or signal protein degradation via
the proteasome.

Our previous work and the present study show that
blood-brain barrier P-gp protein expression levels, and thus,
P-gp transport activity levels, are regulated by the ubiquitin-
proteasome system (Akkaya et al., 2015; Hartz et al., 2016).
Our findings suggest that increased proteasomal degradation
of P-gp is responsible for reduced P-gp expression and
activity levels in AD. Our work is consistent with findings
from other groups showing that the ubiquitin-proteasome
system regulates localization, protein expression, and transport

function of human P-gp (Loo and Clarke, 1998; Zhang et al.,
2004). Katayama et al. (2013) demonstrated in the human
colorectal cancer cell lines HCT-15 and SW620 that FBXO15,
a subunit of the ubiquitin E3 ligase, is a negative regulator
of P-gp protein expression. Data from immunoprecipitation
experiments indicated that FBXO15 binds to P-gp and enhances
ubiquitination of the transporter. FBXO15 knockdown led to
increased P-gp expression and transport activity in both cancer
cell lines. In the same study, Katayama et al. (2013) also
demonstrated that the ubiquitin E3 ligase complex SCFFbx15
recognizes P-gp as a substrate and brings the transporter in
contact with the ubiquitin-conjugating enzyme Ube2r1, which
ubiquitinates P-gp. More recently, Katayama et al. (2016)
showed that inactivating MAPK signaling with small-molecule
inhibitors leads to increased Ube2r1 expression levels, which,
in turn, promotes P-gp degradation through the proteasome.
Ravindranath et al. (2015) showed that the ubiquitin E3-ligase
FBXO21 also catalyzes P-gp ubiquitination, thereby targeting
it for subsequent proteasomal degradation. In addition, Rao
et al. (2006) showed that the E3 ubiquitin ligase, RING finger
protein 2 (RNF2), interacts with the linker region of human
P-gp and the authors demonstrated that co-expression of RNF2
and P-gp results in decreased ATPase activity and proteolytic
protection of the transporter in Sf9 insect cells. Together,
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data from various groups suggest that P-gp expression and
transport activity are regulated by the ubiquitin-proteasome
system.

Our previously published work indicates that Aβ40 triggers
P-gp ubiquitination, resulting in internalization and proteasomal
degradation of the transporter (Hartz et al., 2016). Further,
we have demonstrated that P-gp may be a substrate for the
ubiquitin E3-ligase Nedd-4 (Akkaya et al., 2015). In the present
study, we expand this line of research by inhibiting P-gp
ubiquitination with the ubiquitin-activating enzyme E1 inhibitor
PYR41 in a mouse AD model in vivo and show that blocking
P-gp ubiquitination prevents loss of P-gp and lowers Aβ brain
levels.

In addition to P-gp, other proteins are also thought to
facilitate Aβ transport across the blood-brain barrier such
as the low-density lipoprotein receptor-related protein (LRP;
Deane et al., 2008; Storck et al., 2016). Similar to P-gp,
LRP levels were reduced in brain capillaries from various AD
mouse models and in post-mortem brain tissue from AD
patients (Donahue et al., 2006; Silverberg et al., 2010). Like
P-gp, degradation of LRP is mediated by the proteasome,
however, LRP degradation appears to be independent from
ubiquitination. In this regard, Melman et al. (2002) have
demonstrated that tyrosine and di-leucine motifs within the
LRP cytoplasmic tail mediate rapid endocytosis followed by
proteasomal degradation, a process that does not require
ubiquitination. Deane et al. (2004) showed that Aβ enhanced
LRP proteasomal degradation in brain capillaries of 6–9-month
old hAPP mice with cognitive impairment. The low LRP levels
and the behavior deficits in these mice are consistent with
reduced LRP levels in Aβ-accumulating mice and patients
with AD and familial cerebrovascular β-amyloidosis (Deane
et al., 2004). These findings suggest that reduced expression
and activity levels of P-gp and LRP in brain capillaries, which
contributes to Aβ pathology, result from similar augmentations
of the ubiquitin-proteasome system, where P-gp is affected by
enhanced ubiquitination and LRP is affected by enhanced direct
proteasomal degradation.

The Ubiquitin-Proteasome System in
Alzheimer’s Disease
Protein misfolding, protein mishandling and deficits in protein
quality control often drive neurodegenerative disease pathology
(Urushitani et al., 2002; Kabashi et al., 2004; Ross and Pickart,
2004). These abnormal processes can lead to accumulation
of Aβ in the brain and intraneuronal aggregation of hyper-
phosphorylated tau protein, both of which are hallmarks of
AD (Oddo, 2008; Riederer et al., 2011; Morawe et al., 2012;
Hong et al., 2014; Gentier and van Leeuwen, 2015; Gadhave
et al., 2016). Numerous studies reported that the activity of the
ubiquitin-proteasome system is reduced in AD. For example,
data from post-mortem studies of patients with late-stage
AD showed accumulation of ubiquitin in both plaques and
tangles and increased levels of a variety of ubiquinated proteins
(Perry et al., 1987; Keck et al., 2003). One explanation for
this finding is a dysfunctional ubiquitin-proteasome system,
where ubiquitinated proteins accumulate in the tissue but

are not further degraded by the proteasome. Indeed, Keller
et al. (2000) observed a significant decrease in proteasome
activity in the hippocampus, parahippocampal gyrus, middle
temporal gyri, and inferior parietal lobule of patients with
AD compared to cognitive normal individuals. Moreover, in
AD, the proteolytic activity of the 26S proteasome appears
to be impaired, resulting in oxidation and downregulation of
ubiquitin C-terminal hydrolase 1 (UCH1), which is responsible
for ubiquitin turnover (Almeida et al., 2006). Further, mutant
ubiquitin, UBB+1, is a hallmark of various neurodegenerative
diseases. Elevated UBB+1 levels in the brain directly inhibit
proteasome activity, which is thought to lead to Aβ accumulation
and hyper-phosphorylated tau, and thus, constitutes a risk
factor for AD (Lindsten et al., 2002; van Leeuwen et al., 2006;
Shabek et al., 2009; Dennissen et al., 2010; Ciechanover and
Kwon, 2015). Collectively, growing evidence suggests that a
dysfunctional ubiquitin-proteasome system contributes to AD
pathology. However, little is known about the mechanisms that
drive irregular activity of the complex ubiquitin-proteasome
system, what brain regions and brain cell types are affected
is not fully understood, and during which disease stages
these changes occur is unclear. In contrast to brain tissue,
our previous reports and the present study indicate that in
the brain capillaries of the blood-brain barrier, the ubiquitin-
proteasome system is overly active, leading to ubiquitination
and degradation of membrane proteins such as P-gp (Akkaya
et al., 2015; Hartz et al., 2016). The discrepancy between
impaired proteasome activity in brain tissue and increased
proteasome activity in brain capillary endothelial cells could
be due to tissue-specific differences of the 20S proteasome.
This explanation is supported by multiple reports showing that
enzymes of the ubiquitin pathway (E1–4) are expressed in a
tissue-specific manner and that alterations in ubiquitin ligase
activity, proteasome subunit composition, and proteasome-
interacting proteins are tissue-specific and adapt to functional
needs in their respective tissues (Patel and Majetschak, 2007;
Mayor and Peng, 2012; Kniepert and Groettrup, 2014; Ortega
and Lucas, 2014).

In addition to tissue-specific differences, it is possible that
proteasome activity changes with age, and thus, could be time-
or even context-dependent. Current studies in our laboratory
are aimed at determining levels of ubiquitination and 20S
proteasome activity in hAPP mice at different ages.

The Ubiquitin-Proteasome System as a
Therapeutic Target
Collectively, our previous and present findings suggest that
the ubiquitin-proteasome system is involved in reducing P-gp
protein expression and transport activity levels in AD. Based
on data from our studies, preventing P-gp loss by targeting
the ubiquitin-proteasome pathway could potentially serve as
therapeutic strategy to protect P-gp from degradation, reduce
Aβ brain accumulation, and slow AD progression. While
targeting ubiquitination may represent a new therapeutic
strategy, developing drugs that target the ubiquitin activating,
conjugating, ligating and elongating enzymes E1–E4 remains a
challenge. These enzymes do not have a well-defined catalytic
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pocket, which makes the design of specific small molecule
inhibitors difficult (Nalepa et al., 2006). Further, ubiquitination
is a complex process that depends on dynamic protein-protein
interactions that are difficult to disrupt with small molecules. In
addition, as the name indicates, ubiquitination is a ubiquitous
process present in all cells of the body, and thus, selectively
targeting one tissue and not others is challenging. Consequently,
FDA-approved drugs that specifically and selectively block
ubiquitination are currently not available.

A different therapeutic option could be to target the
proteasome itself. Currently, two FDA-approved small-molecule
20S proteasome inhibitors are on the market for cancer therapy:
bortezomib (Velcader) and carfilxomib (Krypolisr). Both
drugs show efficacy in multiple myeloma with manageable
pharmacokinetic properties and a relatively low side effect
profile. Since the 20S proteasome subunit is the proteolytic core
of the multi-subunit 26S proteasome proteolytic complex, both
inhibitors—bortezomib and carfilxomib—also affect the activity
of the entire 26S proteasome complex. While targeting the
proteasome is an option, two points need more reflection. First,
the potential inverse relationship between dysfunction of the
ubiquitin-proteasome system in the brain relative to the blood-
brain barrier must be taken into consideration. Inhibiting the 20S
proteasome may be particularly beneficial in the early stages of
AD to prevent P-gp loss and facilitate Aβ clearance. However,
20S proteasome inhibition may be detrimental in later AD stages
when the ubiquitin-proteasome system is greatly impaired in the
brain. Second, 20S proteasome inhibition is only feasible and can
only be fully taken advantage of when AD is diagnosed early.
While significant efforts have been made to identify biomarkers
and develop novel imaging techniques that allow early AD
diagnosis, no tools are currently available in the clinic and early
AD diagnosis, prior to the appearance of behavioral symptoms,
remains a formidable challenge.

In summary, in the present in vivo study we show that
preventing ubiquitination of P-gp at the blood-brain barrier
protects the transporter from degradation, which substantially
lowers Aβ brain levels in an ADmousemodel. These data suggest

a novel therapeutic avenue that helps protect P-gp by limiting
Aβ-induced P-gp degradation for improved Aβ clearance across
the blood-brain barrier in AD.
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Background and Purpose: Signs of small vessel disease (SVD) are commonly seen on
magnetic resonance imaging (MRI) of the brain in cognitively healthy elderly individuals,
and the clinical relevance of these are often unclear. We have previously described three
different MRI manifestations of SVD as well as cerebral perfusion in a longitudinal study of
non-demented 75-year-old subjects. The purpose of the present study was to evaluate
the relationship of these findings to cognition and executive function at age 75 and
changes after 5 years.

Methods: In all, 406 subjects from the Prospective Investigation of the Vasculature in
Uppsala Seniors (PIVUS) study were examined with MRI of the brain at age 75 years.
Two-hundred and fifty of the subjects were re-examined 5 years later. White matter
hyperintensities (WMHs) and lacunar infarcts (LIs) were assessed on both occasions,
but microbleeds (MBs) and perfusion only at age 75. Cognitive function was screened
by the Mini Mental State Examination (MMSE). Trail Making Test A and B (TMT-A and
TMT-B) were performed at baseline and at follow-up at age 80.

Results: At baseline, 93% performed >27 points in the MMSE. The TMT-B at age
75 was significantly related to WMH visual scoring after adjustment for sex, education
and cerebrovascular disease risk factors (+80 s (95% CI 0.3–161 s), P < 0.05 for grade
2–3 vs. grade 0). Neither MMSE nor TMT-A was significantly related to WMH scoring.
There was no relation between any test performance and WMH volume, white matter
volume, number of MBs or brain perfusion at age 75. Subjects who had sustained a
new LI (n = 26) showed a greater increase of the time to perform TMT-A at the 5-year
follow-up (+25 s vs. +4 s in LI-free subjects, P = 0.003). Changes in MMSE or TMT-A
and -B test performance between ages 75 and 80 were not related to changes in WMH
scoring or volume during the 5 years follow-up, or to brain perfusion at age 75.

Conclusion: In this cognitively healthy community-based population, moderate-severe
WMHs and incident LIs on brain MRI in individuals aged 75–80 years were associated
with a mild impairment of processing speed and executive function.

Keywords: small vessel disease, magnetic resonance imaging, perfusion, white matter hyperintensities, lacunar
infarct, cognitive tests
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INTRODUCTION

Cerebral small vessel disease (SVD) is a common process
in the ageing brain, which affects small vessels, including
arterioles, capillaries and small veins. SVD predicts stroke,
cognitive impairment and depression, and is believed to
contribute to approximately 45% of all dementia disorders
(Wardlaw et al., 2013b). Multiple and complex pathogenetic
mechanisms cause ischemic changes, enlarged perivascular
spaces, cerebral microbleeds (MBs) and brain atrophy (Wardlaw
et al., 2013a). The resulting brain parenchymal changes detectible
by neuroimaging can be regarded as markers of SVD (Pantoni,
2010; de Guio et al., 2016). On magnetic resonance imaging
(MRI), these markers are seen as white matter hyperintensities
(WMHs) of presumed vascular origin, small subcortical infarcts,
lacunar infarcts (LIs), cerebral MBs, prominent perivascular
spaces (PVS) and cerebral atrophy (Pantoni, 2010; Wardlaw
et al., 2013a).

WMHs are seen on MRI as focal or confluent/more extensive
signal changes. They may be located in the periventricular
and/or subcortical white matter. LIs evolve into small (3–15 mm)
cavities/lacunes in the deep gray or white matter (Wardlaw
et al., 2013a). MBs, due to small intramural and perivascular
hemeorrhages, are seen on susceptibility-weighted MRI due
to residual hemosiderin in macrophages located around small
vessels (Pantoni, 2010; Wardlaw et al., 2013b). Perivascular
spaces are fluid-filled spaces around small vessels and are
detected on MRI when they are enlarged. Brain atrophy that
occurs with ageing can be general or focal and has been shown
to be associated with the severity of SVD (Wardlaw et al.,
2013a).

MRI provides objective information not only on
manifestations and progression of changes in the brain
parenchyma, but it also allows evaluation of cerebral perfusion.
Atherosclerosis and non-atherosclerotic diffuse atheropathy in
SVD may produce chronic hypoperfusion, which progresses
with increasing age (Pantoni, 2010; Chutinet et al., 2012).
Several studies show an association between decreased cerebral
perfusion and cognitive decline (Leeuwis et al., 2016; Lou et al.,
2016; Zlatar et al., 2016).

Cognitive impairment due to vascular or neurodegenerative
dementia disorders develops slowly over several years or decades.
In early stages, a subtle cognitive impairment may be reported
by the patient or family members but is not always detectable by
cognitive tests. The Mini Mental-State Examination (MMSE) is
the most widely used cognitive screening instrument, measuring
mainly verbal and memory functions. The Trail Making Tests
A and B (TMT-A, TMT-B) examine executive functions,
including the ability to maintain attention, speed of processing
and set-shifting/mental flexibility, mainly reflecting subcortico-
frontal functions and cerebrovascular lesions (Conti et al.,
2015).

Signs of SVD are often seen on magnetic imaging (MRI) of
the brain in cognitively healthy elderly and are highly age-related
(Ylikoski et al., 1995; Wardlaw et al., 2015). On a group
basis, these changes are associated with lower cognitive and
executive performance speed, as shown in several previously

reviewed studies of cohorts of different sizes (Debette et al., 2010;
Kloppenborg et al., 2014; Wardlaw et al., 2015). One of these
studies reviewed 33 cross-sectional and 14 longitudinal studies
focused on WMH and cognition (Kloppenborg et al., 2014).
However, the clinical role of these imaging findings is often
difficult to translate to the individual patient. An association
between progression of SVD and decline of general cognitive
function and processing speed has also been reported (Debette
et al., 2010; Kloppenborg et al., 2014). However, longitudinal
results from previous studies are not clear-cut due to different
selection of the subjects: many patients in cohorts from Memory
Clinics will decline over time; other cohorts have subjective
cognitive impairment; some cohorts are healthy community-
based samples (Debette et al., 2010; Kloppenborg et al., 2014)
others have a wide age range. Studies on the relation between
SVD and cognition, including not only WMH but also infarcts
and MBs in stroke- and dementia-free subjects between age
75 and 80 years are sparse.

We have previously described three different MRI
manifestations of SVD as well as cerebral perfusion in a
longitudinal study of non-demented 75-year-old subjects
(Nylander, 2017; Nylander et al., 2018). The aim of the present
study was to evaluate how cognitive performance on MMSE and
TMT-A and -B is related to the WMH, LI, MBs and cerebral
perfusion on MRI in a prospective community-based population
of cognitively healthy individuals of the same age. We also
assessed the evolution over 5 years.

MATERIALS AND METHODS

Ethics Statement
The Regional Ethical Review Board in Uppsala, Sweden,
approved the study and all subjects provided written informed
consent.

Study Population
Within the Prospective Investigation of the Vasculature in
Uppsala Seniors (PIVUS) study, 406 subjects at the age of 75 years
were randomly selected to be examined with MRI of the brain.
The subjects had been recruited from the population register
of the municipality. MRI was repeated after 5 years in 250 of
the 406 subjects who agreed to participate in a follow-up study.
Uppsala University Hospital and the primary care in Uppsala
County use the same electronic medical records system. All
available charts from out-patient and in-patient care of the
included individuals were reviewed until each subject reached
the age of 80 and all dementia diagnoses were noted. Clinical
diagnoses of vascular dementia (VAD), Alzheimer’s disease
(AD), Parkinson’s disease dementia (PDD) and unspecified
dementia (UNS; cases lacking sufficient information) were
verified by one of the authors (Ronnemaa et al., 2011).

Morphological MRI
MRI of the brain had been performed on a 1.5 Tesla MRI system
(Gyroscan Intera, Philips Medical Systems, the Netherlands). At
ages 75 and 80 years, the protocol included sagittal 3-dimensional
(3D) T1-weighted (TR 8.6 ms, TE 4 ms, slice thickness 1.2 mm,
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pixel size 0.94 × 0.94 mm) and transverse proton density and
T2-weighted turbo spin echo images (TR 3000 ms, TE 21 and
100 ms, slice thickness 3 mm, pixel size 0.94 × 0.94 mm) as
described previously (Nylander et al., 2015). In the 75-year-old
cohort, a T2∗-weighted sequence for evaluation of MBs was also
performed.

WMHs were scored using the visual Leukoaraiosis And
DISability (LADIS) rating scale, which is a modification of the
widely used Fazekas scale (Inzitari et al., 2009). The scale has
three grades where grade three indicates the most severe changes
(Figure 1). LIs were defined as hypointense foci (3–15 mm size)
on 3D T1-weighted images (Nylander et al., 2018).

Perfusion MRI
Cerebral perfusion MRI was performed using DSC MRI with
contrast agent injection in the 75-year-old subjects and analyzed
in our previous study. (Nylander, 2017; Nylander et al., 2018).
Perfusion MRI was not repeated in the 80-year-old subjects
due to patient age and potential risk of contrast-induced
nephropathy.

Cognitive Tests
The MMSE, the TMT-A and TMT-B were administered at
baseline and follow-up.

The MMSE includes 11 questions, requires only 5–10 min to
perform, and is a composite test mainly of memory and verbal
functions (Folstein et al., 1975). The TMT-A requires subjects
to draw lines connecting the numbers 1–25 unevenly distributed
on a sheet of paper, as fast as possible and provides information
on visual search and speed of processing (Tombaugh, 2004).
The TMT-B is more complex than the TMT-A since the subject
is asked to draw lines as fast as possible alternating between
numbers (1–13) and letters (A–L) in the right order, testing
the ability to shift attention and action, i.e., mental flexibility or
executive functions. The score on each part represents the time in
seconds required to complete the task, and a higher score means

a slower performance. The maximum time was set to 180 s for
the TMT-A and to 600 s for the TMT-B.

Cardiovascular Risk Factors/Markers
Recordings of cerebrovascular risk factors were available at both
ages (Nylander et al., 2015). Systolic and diastolic blood pressure,
smoking, diabetes mellitus, serum total cholesterol and body
mass index (BMI) were used for adjustment of statistical analyses.

Data Analysis and Visual Image Evaluation
WMHs were assessed qualitatively (visual scoring grade 1–3,
where 3 is most severe) and quantitatively (semi-automatic
volume calculation), and brain tissue segmentation was
performed automatically as described previously (Nylander
et al., 2018). As previously described LIs and MBs were assessed
visually, and the perfusion maps were evaluated with regard to
regional and supratentorial rCBF (Nylander et al., 2018).

TheWMH volume was analyzed at ages 75 and 80 years using
the CASCADE software (ki.se/en/nvs/cascade; Damangir et al.,
2012; Cover et al., 2016; Nylander et al., 2018).

CBF maps were calculated, and regional values relative to the
cerebellum were used for the analyses (Nylander et al., 2018).

Statistical Analysis
STATA14 (Stata Inc., College Station, TX, USA) was used for
calculations. P < 0.05 was regarded as significant.

The relationships between the cognitive function tests and
markers of cerebral SVD at age 75 (cross-sectional) were
evaluated with Tobit regression (since all three tests were
censored at high levels). The models were adjusted for sex,
education level, baseline systolic blood pressure, HDL and LDL
cholesterol, BMI, smoking and diabetes.

The relationships between changes in the cognitive function
tests and changes in markers of cerebral SVD over 5 years
(longitudinal) were evaluated with mixed models with a random
intercept. Also, these models were adjusted for sex, education
level, baseline systolic blood pressure, HDL and LDL cholesterol,
BMI, smoking and diabetes.

FIGURE 1 | White matter hyperintensities (WMHs). T2-weighted magnetic resonance imaging (MRI) of the brain in three of our subjects, showing three grades of
severity according to the Leukoaraiosis And DISability (LADIS) visual scoring scale (modified Fazekas scale): (A), mild; (B), moderate; (C), severe.
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RESULTS

An overview of cardiovascular risk factors, imaging findings and
cognitive tests at age 75 and 80 are shown in Tables 1, 2.

Findings at Age 75
At baseline, none of the individuals had a dementia diagnosis,
and 93% performed >27 points in the MMSE, i.e., the vast
majority had no cognitive impairment (Table 1).

Moderate or severe (grades 2 or 3) WMHs were found in 162
(40%) of the 406 subjects at age 75 (Nylander et al., 2018).

Out of 406 subjects, 89 (22%) had one or more LIs and only
a few had cortical infarcts, 56 (14%) had MBs (Nylander et al.,
2015).

The time to performTMT-B at age 75 was significantly related
to WMH visual scoring after adjustment for sex, education,
baseline systolic blood pressure, HDL and LDL cholesterol,
BMI, smoking and diabetes (+80 s for WMH grades 2 and
3 vs. grade 0 (95% CI 0.3–161 s), P < 0.05; Figure 2).
Neither MMSE nor TMT-A was significantly related to WMH
scoring. None of the three cognitive tests was significantly

TABLE 1 | Description of the population at baseline.

Data at age 75

Characteristics N Mean (SD)

SBP (mmHg) 406 148.1 (18.8)
DBP (mmHg) 406 76.0 (9.8)
Blood sugar (mmol/L) 406 5.2 (1.4)
Cholesterol (mmol/L) 406 5.4 (1.1)
WMH score 406 1.5 (0.7)
GM volume (ml) 404 564.8 (49.5)
WM volume (ml) 404 465.3 (58.7)
WMHs volume (ml) 396 10.5 (5.2)
Number of microbleeds 406 0.5 (3.0)
MMSE (points) 398 29 (1.4)
TMT-A (s) 394 57 (22)
TMT-B (s) 392 170 (117)

SBP, systolic blood pressure; DBP, diastolic blood pressure; WMHs, white matter
hyperintensities; GM, gray matter; WM, white matter; MMSE, mini mental state
examination test; TMT-A, trail making test A; TMT-B, trail making test B.

TABLE 2 | Description of the population who returned for follow-up after 5 years.

Data at age 75 Data at age 80

Characteristics N Mean (SD) N Mean (SD)

SBP (mmHg) 252 147.8 (18.8) 251 146.9 (18.4)
DBP (mmHg) 252 75.5 (10.0) 251 73.5 (9.4)
Blood sugar (mmol/L) 252 5.2 (1.4) 248 5.3 (1.6)
Cholesterol (mmol/L) 252 5.5 (1.1) 251 5.2 (1.1)
WMH score 252 1.4 (0.7) 252 1.5 (0.7)
GM volume (ml) 252 568.9 (51.1) 231 554.5 (52.4)
WM volume (ml) 252 466.1 (59.7) 231 453.2 (59.1)
WMHs volume (ml) 246 10.1 (4.7) 229 11.9 (5.7)
Number of microbleeds 252 0.5 (3.0) n/a n/a
MMSE (points) 250 28.8 (1.2) 242 28 (1.9)
TMT-A (s) 248 53.8 (17.6) 239 60 (30)
TMT-B (s) 247 142.8 (87.2) 237 150 (77)

SBP, systolic blood pressure; DBP, diastolic blood pressure; WMHs, white matter
hyperintensities; GM, gray matter; WM, white matter; MMSE, mini mental state
examination test; TMT-A, trail making test A; TMT-B, trail making test B.

related to WMH volume, WM volume, number of MBs, total
brain perfusion, WM perfusion or to perfusion in specific brain
areas.

Changes in Cognitive Performance
Between Age 75 and Years Compared With
Changes of MRI Findings
After 5 years, there was progression of WMH volume, WMH
scoring and LIs.

The 26 subjects who developed a new LI during the 5-year
follow-up showed a greater increase of the time to perform
TMT-A over 5 years than those who did not develop any LIs
(n = 224; +25 s vs. +4 s, P = 0.003) after adjustment for sex,
education level, baseline systolic blood pressure, HDL and LDL
cholesterol, BMI, smoking and diabetes (Figure 3 and Table 3).
The same trend was seen with regard to the TMT-B (but not the

FIGURE 2 | LADIS score vs. Trail Making Test B (TMT-B) results at age
75 years (n = 392).

FIGURE 3 | Subjects (n = 26) who developed a new lacunar infarct (LI) during
the 5-year follow-up compared with those (n = 168) without new LI vs. time to
perform TMT-A at age 75 and 80.
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MMSE); however, this trend was not significant (+24 s vs. +2 s,
P = 0.24, n = 172).

There was no significant association between changes in the
MMSE, TMT-A or TMT-B and changes in WMH scoring or
volume during 5 years’ follow-up and not to total brain perfusion,
WM perfusion or regional perfusion at age 75.

During the 5-year follow-up, clinically diagnosed dementia
disorders of different types were found in 18 subjects. Their
baseline WMH grades and baseline MMSE are shown in Table 4.
Only two of these subjects with incident dementia participated
in the follow-up. Non-participants at age 80 performedmarkedly
slower in the TMT-B at baseline (mean 216 s (SD 144) vs. 143 s
(SD 87) s in participants).

DISCUSSION

In this community-based population of dementia-free 75 year-
old subjects, WMH grade 2–3 was neither associated with
impaired performance in global cognition, as measured by the
MMSE nor with incident dementia.

WMH grade 2–3 was associated with mildly impaired
executive function, as measured by time to perform the TMT-B
at baseline. No association was found in the longitudinal data,
probably due to a selective loss at follow-up (Table 1).

This finding is consistent with other studies, showing that
WMHs mainly affect executive function (Debette et al., 2010;
Kloppenborg et al., 2014). Re-evaluation 5 years later did not
capture any deterioration in the TMT-A or TMT-B over time
associated with WMHs.

During follow-up, incident LIs were associated with slowing
of the performance on the TMT-A.

Our results indicate that a majority of healthy elderly subjects
with moderate-severe WMHs will not experience any significant
decline in cognitive and executive function between age 75 and
80 years. However, our cohort is assumable healthier than a
general population. Only 7% had less than 28 points on MMSE
at the baseline and during follow–up the incidence of LIs and
cognitive decline was low.

TABLE 3 | Description of the 26 subjects who gained lacunar infarcts between
age 75 and 80.

Data at age 75 Data at age 80

Characteristics N Mean (SD) N Mean (SD)

SBP (mmHg) 26 156.9 (20.0) 26 154.7 (15.3)
DBP (mmHg) 26 76.4 (11.3) 26 77.1 (8.2)
Blood sugar (mmol/L) 26 4.9 (0.6) 26 5.3 (1.2)
Cholesterol (mmol/L) 26 5.9 (1.1) 26 5.4 (1.1)
WMH score 26 1.7 (0.6) 26 1.7 (0.7)
GM volume (ml) 26 584.1 (40.3) 24 578.2 (44.9)
WM volume (ml) 26 487.4 (44.9) 24 468.6 (44.2)
WMHs volume (ml) 26 11.0 (4.4) 24 14.1 (6.3)
Number of microbleeds 26 0.4 (0.2) n/a n/a
MMSE (points) 25 28.4 (1.4) 25 28.2 (2.3)
TMT-A (s) 25 54.3 (16.7) 25 79.6 (69.6)
TMT-B (s) 25 140.9 (103.1) 24 162.1 (82.4)

SBP, systolic blood pressure; DBP, diastolic blood pressure; WMHs, white matter
hyperintensities; GM, gray matter; WM, white matter; MMSE, mini mental state
examination test; TMT-A, trail making test A; TMT-B, trail making test B.

WMHs and Cognition
Several previous studies have described an association between
WMHs and cognitive deterioration in high-risk subjects, such
as patients referred to a Memory clinic (Benedictus et al.,
2015), patients with subjective cognitive impairment (de Groot
et al., 2001), or subjects with clinically manifest cerebrovascular
disease (Ihle-Hansen et al., 2012), or the LADIS Study where
the participants had a higher prevalence of WMHs at baseline
(van der Flier et al., 2005; Inzitari et al., 2009; Pantoni et al.,
2015).

In patients with subjective cognitive decline, WMHs were
reported to be associated with progression of subjective cognitive
failures (de Groot et al., 2001), and with a higher risk of
incident mild cognitive impairment or dementia (Benedictus
et al., 2015). Further, both WMH and cognitive decline are
highly age-related. A cognitively intact population of 80 year-
olds (Boyle et al., 2016), i.e., older than our subjects, and with
high WMH volume, had a 2.7 times higher risk of developing
MCI compared to those with low WMH volume. There are
several cross-sectional and longitudinal population-based studies
on healthy subjects, mainly younger than 80 years, that used a
similar study design as ours (Schmidt et al., 2005; Kramer et al.,
2007; Smith et al., 2008; vanDijk et al., 2008; Debette andMarkus,
2010; Debette et al., 2010; Inaba et al., 2011; Kloppenborg et al.,
2014) and the majority, but not all (Schmidt et al., 2005) found an
association with impaired global cognition, affecting processing
speed and executive function more than memory. However,
considering publication bias, all negative studies may not have
been published.

The MMSE is the most common screening instrument for
cognitive disorders, with focus on verbal function, memory,
orientation and calculation (Folstein et al., 1975). The TMT-A
measures attention and perceptual speed and the TMT-B
examines executive functions, as it also requires cognitive

TABLE 4 | Dementia diagnosis, LADIS score and MMSE at baseline in the
subjects who were diagnosed with dementia between age 75 and 80 years.

Data at age 75

Diagnosis type LADIS score MMSE (seconds)

UNS 3 28
VAD 2 28
AD 2 29
AD 2 25
UNS 3 27
AD 2 29
UNS 1 28
VAD 2 27
UNS 2 28
AD 1 24
UNS 1 28
LBD 1 26
AD 3 Not available
UNS 2 27
AD 2 25
UNS 2 26
VAD 1 26
AD 2 26

UNS, unspecified dementia; VAD, vascular dementia; AD, Alzheimer’s disease;
LBD, Lewy body dementia.
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flexibility (Sörös et al., 2015). Impaired performance in these
tests is common in patients with a previous TIA or stroke (Ihle-
Hansen et al., 2012; Sörös et al., 2015) in contrast to preserved
global cognition as measured by the MMSE.

In a recent review, the TMTs were recognized as two of the
most frequently used instruments in testing executive function in
stroke patients (Conti et al., 2015). Further, we have previously
shown in a cohort of stroke-free elderly men that impaired
performance in the TMT-B (in contrast to TMT-A or theMMSE)
was an independent predictor of subsequent brain infarction
(Wiberg et al., 2010). Hence, performance in the TMT-B seems
to be a sensitive marker of both clinical overt and subclinical
cerebrovascular disease.

The cross-sectional association between WMH grade
2–3 and impaired results in the TMT-B is in agreement with
several studies that have shown a relationship between WMH
and impaired executive function including processing speed,
commonly assessed by the TMTs, the Stroop Test, the Digit
span and the Letter Digit Substitution, among others (Prins
et al., 2005; Kramer et al., 2007; Wiberg et al., 2010; Benedictus
et al., 2015; Conti et al., 2015; Dong et al., 2015; Boyle et al.,
2016). Impaired executive function mirrors subcortico-frontal
dysfunction and is consistent with the localization of WMHs.

LI and Cognition
LIs as a part of SVD have previously been reported to be
associated with a higher risk of dementia, mainly in individuals
with WMHs, cortical atrophy and recurrent strokes (Loeb et al.,
1992). In the LADIS study, progression of LIs showed an
association with cognitive impairment, mostly in processing
speed and executive function (Jokinen et al., 2011). This is in
agreement with our study, showing that appearance of new LIs
was associated with a slower speed in the TMT-A during the
5-year observation period.

WMHs and LIs were independently associated with a decline
of general cognitive function in the LADIS study (Pantoni et al.,
2015), which used the MMSE and a modified AD Assessment
scale (ADAS) for 633 independently living elderly subjects (van
der Flier et al., 2005). Also, the longitudinal evaluation in the
LADIS study showed a significantly steeper decline of cognitive
function and showed a risk of developing dementia and medial
temporal atrophy in patients with a combination of severeWMH
and lacunas, independently of age, sex or education (Pantoni
et al., 2015).

MB and Cognition
Cerebral MBs are part of SVD, and the number of MBs increases
with age. Recent longitudinal studies showed that MBs have
an impact on cognitive impairment, which varies with their
location in the brain (van Norden et al., 2011; Poels et al.,
2012). In the Rotterdam study, a higher number of MBs was
associated with a lower MMSE score and worse performance
on tests of information processing speed and motor speed. The
presence of lobar MBs was associated with worse performance
on tests measuring cognitive function even after adjustments
for vascular risk factors and other imaging markers of SVD
(Poels et al., 2012). In our study, the number of MBs was not

significantly related to cognitive tests at the age of 75, which
is not in agreement with these findings. The Rotterdam study
stated that the location (lobar) and number of MBs are related
to cognitive decline: a higher number of MBs was associated with
lower results on a cognitive test (Poels et al., 2012). However, in
our sample only 14% (56 of 406 subjects) had MBs, and most
of them had less than five MBs. The MRI markers of SVD,
WMHs, LIs and MBs have in other studies been shown to be
independently associated with cognitive decline and dementia
(van der Flier et al., 2005; Jokinen et al., 2011; Østergaard et al.,
2016).

Perfusion and Cognition
Our findings did not show a significant relationship between
cerebral perfusion and cognitive functions at age 75, neither
in total nor regionally. This is in line with a recent study
of non-demented patients showing that cognitive function
was stronger associated with white matter integrity than with
perfusion (Zhong et al., 2017). In contrast, another study showed
an association between reduced cerebral blood flow velocity in
the middle cerebral artery, more severe WMH and cognitive
impairment (Alosco et al., 2013). In a study of patients with
hypertension, higher white matter lesion volume was related to
regional decrease of perfusion within areas of WMHs but not
to a reduction of general perfusion (van Dalen et al., 2016).
Cerebral perfusion can be measured by MRI in different ways,
but the dynamic susceptibility contrast (DSC) technique used
in our study has so far been most commonly used. However,
arterial spin labeling (ASL) perfusion without contrast agent
injection and with the possibility to obtain absolute CBF-values is
increasingly used, especially for research studies (van Dalen et al.,
2016).

Strengths and Limitations
Our study population was a community-based sample of
cognitively healthy 75-year-old subjects and we were able
to repeat the MRI scans at the age of 80 in 62%. The
study participants in this cohort were of the same age, and
this homogeneity means that the confounding effect of age,
which is strongly associated with WMHs, was minimized
without requiring further adjustment in multivariable regression
models.

The relative reduction of the sample size at follow-up was
a limitation: 38% was lost due to different diseases and/or
unknown conditions, which affects the conclusions.

The observation period was only 5 years. Longer follow-up
periods, expanding the age and sample size, may reveal further
progression of SVD in association with cognitive decline.

To determine cognitive function, the MMSE was used to get a
composite cognitive assessment, and the TMT-A (process speed),
and TMT-B (executive function) were used in both cohorts.
For further investigations, a wider range of tests on memory,
language and executive function with greater sensitivity to early
decline would be preferable.

Both quantitative and qualitative techniques for the detection
ofWMHs have limitations. However, visual rating scales may not
always provide the same results as the measurement of absolute
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lesion volume (van Straaten et al., 2006), and we have used both
methods in the present study.

We found no association between rCBF and cognitive tests.
The physiological variability of rCBF may be too large to reveal
small differences among participants on DSC perfusion. No
perfusion study was performed at age 80 years (due to patient
age and potential risk of contrast-induced nephropathy), which
prevented comparison of perfusion over time. Also, the DSC
perfusion method only provides relative values.

Our study focused on MRI manifestations of SVD and
their relationship to cognitive impairment. However, synergistic
effect between these changes and concomitant diseases including
stroke and neurodegenerative disorders may also be of
importance.

CONCLUSION

Executive function, as measured by the TMT-B, at age 75 was
significantly related to WMH score. In the longitudinal part of
this study, progression of LIs over 5 years was associated with
impaired performance in the TMT-A.

No other significant associations were found but cannot be
excluded because of the reduced size of the cohort (250 of the
original 406) at follow-up.

Thus, SVD on MRI is not only an incidental finding related
to normal ageing. Moderate-severe WMHs or new LIs on MRI
of the brain in elderly individuals may be considered potential
risk factors for decline in cognitive function. However, according

to our results, it shall also be noted that the vast majority of
75 year olds with moderate to severe WMHs will not experience
a significant decline in cognitive or executive function during the
next few years.
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The biology of brain microvascular pericytes is an active area of research and discovery,
as their interaction with the endothelium is critical for multiple aspects of cerebrovascular
function. There is growing evidence that pericyte loss or dysfunction is involved in the
pathogenesis of Alzheimer’s disease, vascular dementia, ischemic stroke and brain
injury. However, strategies to mitigate or compensate for this loss remain limited. In
this review, we highlight a novel finding that pericytes in the adult brain are structurally
dynamic in vivo, and actively compensate for loss of endothelial coverage by extending
their far-reaching processes to maintain contact with regions of exposed endothelium.
Structural remodeling of pericytes may present an opportunity to foster pericyte-
endothelial communication in the adult brain and should be explored as a potential
means to counteract pericyte loss in dementia and cerebrovascular disease. We discuss
the pathophysiological consequences of pericyte loss on capillary function, and the
biochemical pathways that may control pericyte remodeling. We also offer guidance for
observing pericytes in vivo, such that pericyte structural remodeling can be more broadly
studied in mouse models of cerebrovascular disease.

Keywords: pericyte, two-photon imaging, capillary blood flow, blood-brain barrier, Alzheimer’s disease, mural cell,
stroke, neurovascular coupling

INTRODUCTION

Brain pericytes nurture the development and maintenance of a healthy cerebrovascular system. In
concert with endothelial cells, they support numerous vascular functions including blood-brain
barrier (BBB) integrity, cerebral blood flow regulation, vessel stability, angiogenesis and immune
cell trafficking (Sweeney et al., 2016). Pericytes have also been suggested as a source of adult
multipotent stem cells (Dore-Duffy, 2008; Nakagomi et al., 2015), although whether this attribute
persists in vivo was recently questioned (Guimarães-Camboa et al., 2017). The coordination of
molecular signaling between pericytes and endothelial cells is crucial for a properly organized
microvascular network, a subject which has been extensively studied in the context of brain
development (Armulik et al., 2005, 2011). However, less is known about pericyte-endothelial
communication in the adult brain and the implications of disrupted signaling in age-related
cerebrovascular diseases such as dementia and stroke.
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The purpose of this review is to describe ‘‘pericyte structural
remodeling,’’ a novel facet of pericyte biology we have
recently observed in the adult mouse brain using long-term
high-resolution optical imaging (Berthiaume et al., 2018).
Pericyte structural remodeling is the adaptive extension of
pericyte processes along microvessel walls on the time-scale of
days. It is an under-explored mechanism by which pericytes
react on-demand to preserve endothelial contact in the adult
brain. As a prelude to further discussion of this topic, we
briefly describe the importance of pericyte-endothelial signaling
during vascular development and maturation, followed by an
account of the current knowledge on pericyte changes during
aging. Specifically, we emphasize the vulnerability of pericytes
in age-related cerebrovascular and neurodegenerative diseases,
particularly Alzheimer’s disease. Next, we focus on the structural
remodeling of pericytes that we have visualized using in vivo
two-photon imaging of the adult mouse cortex. This includes
an updated view of the identity and topography of pericytes
and smooth muscle cells (SMCs) in the adult brain vasculature,
which is an evolving topic in the cerebrovascular field. Finally,
we discuss potential mechanisms underlying the control of
pericyte structural remodeling, which may be targeted for
experimental exploration or potential therapeutic benefit in
the adult or aging brain. We would like to emphasize that
the phenomenon discussed in this article refers specifically
to the dynamic remodeling of pericyte shape and size rather
than the oft-discussed phenotypic (cell fate) or functional
plasticity of these cells (Lange et al., 2013; Holm et al.,
2018).

PERICYTE-ENDOTHELIAL DYNAMICS
FROM DEVELOPMENT TO MATURATION

How is a capillary bed established in the developing brain? The
complexity of this task cannot be understated, as it involves
the coordinated layering of different vascular cell types and
structures to establish critical properties, such as BBB integrity
and the microvascular tone needed to regulate blood flow in
a limited cranial space. It further involves a delicate balance
between angiogenesis and microvascular pruning to shape the
angioarchitecture in a way that ensures nutrient supply to all
brain cells. At the heart of this immense task is the dynamic
interplay between pericytes and endothelial cells, which lays the
foundation for the microvascular network.

Multiple pericyte-endothelial signaling pathways are involved
in the transition of dynamic, growing vasculature in the
developing brain to stable, mature networks of the adult brain.
These pathways have been described in detail by excellent reviews
(Armulik et al., 2005), and are only selectively discussed here as
a preamble to the topic of pericyte structural remodeling. During
angiogenesis, endothelial cells proliferate and migrate to form a
nascent capillary tube. At the end of each new vascular stalk is an
endothelial tip cell that guides vessel growth, stimulated by the
release of vascular endothelial growth factor (VEGF; Gerhardt
et al., 2003). New endothelial tubes are permeable and unstable
until covered by pericytes. A key step in coordinating this

coverage is an increase in PDGF-B/PDGFR-β signaling, which
promotes the co-migration of pericytes (or pericyte precursors)
to populate nascent capillaries and offsets the expression of
VEGF (Hellström et al., 1999). The growth factor PDGF-B
is secreted by endothelial cells, dimerizes to form PDGF-BB,
and binds to the vascular extracellular matrix. PDGF-BB is
sensed by pericytes, which express PDGFR-β, initiating pericyte
proliferation and migration. Recruited pericytes promote the
growth arrest and survival of endothelial cells, partially through
TGFβ signaling (Goumans et al., 2002; Walshe et al., 2009),
and by doing so, ensure vessel stability and homeostasis.
While difficult to observe in developing mammals, the highly
dynamic co-migration of pericytes and endothelial cells was
recently captured by elegant live imaging studies using ex utero
developing zebrafish (Ando et al., 2016). Pericytes appeared to
‘‘crawl’’ along endothelial tubes with peristaltic activity involving
extension and contraction of long processes extending from the
cell soma.

The importance of pericyte-endothelial signaling to
cerebrovascular health is underscored in seminal studies
involving congenital deletion of platelet-derived growth factor
receptor-β (PDGFR-β) or its ligand PDGF-B. Deletion of either
receptor or ligand is embryonic lethal, and the microvasculature
develops aberrantly because of an inability to recruit pericytes
to the endothelium (Lindahl et al., 1997). The resulting dearth
of pericyte coverage is associated with endothelial hyperplasia,
increased lumen diameters, and greater vascular permeability
than wild-type mice (Hellström et al., 2001). Subsequent
studies have used mice with varying levels of PDGF-B/PDGFR-β
deficiency to show that the degree of pericyte coverage is strongly
correlated with capillary BBB integrity in both developing and
adult brains (Armulik et al., 2010; Daneman et al., 2010).
Pericytes influence endothelial permeability by suppressing the
formation of endothelial caveolae as well as the expression of
leukocyte adhesion molecules (Armulik et al., 2010; Daneman
et al., 2010; Ben-Zvi et al., 2014). They further influence
astrocytes by modifying the polarization of their end-feet
along the abluminal side of the capillary wall (Armulik et al.,
2010).

Another pathway relevant to our topic is Eph-ephrin
signaling, which plays a key role in tissue patterning processes
during developmental morphogenesis (Kania and Klein, 2016).
Eph receptor tyrosine kinases and their membrane bound
ligands, called ephrins, are involved in short-range cell-cell
communication. These are well-characterized as a source of
cell repulsion and adhesion signaling in axon guidance, which
continue to be relevant for the maintenance of cell-to-cell
boundaries in adulthood (Yamaguchi and Pasquale, 2004; Evans
et al., 2007). Interestingly, there also appears to be a role for these
bidirectional signaling partners in blood vessel assembly (Wang
et al., 1998; Salvucci et al., 2009). Though better understood as
a determinant of endothelial cell arteriovenous identity, mural
cell-specific consequences of impaired Eph-ephrin signaling
was demonstrated by genetic deletion of a floxed Efnb2 allele
(encoding the Eph receptor ligand Ephrin B2) in mural cells
of the dermal vasculature (Foo et al., 2006). This deletion
did not affect mural cell numbers but resulted in pericytes
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and SMCs that were loosely attached to the endothelium,
rounded in morphology, and improperly spread along the
vasculature. Thus, EphB/ephrin-B2 signaling is required for
the proper integration and organization of pericytes along
the microvasculature following their recruitment. However,
whether this type of signaling is as influential in the context
of adult central nervous system microvasculature has yet to be
determined.

As the vasculature matures in the healthy brain, the presence
of pericytes continues to promote endothelial cell quiescence
and vessel stabilization. The sustained activation of endothelial
cell Tie2 receptors by mural cell-expressed ligand angiopoietin
1 (Ang1) contributes to the maintenance of a stable, non-leaky
endothelium throughout adulthood (Augustin et al., 2009).
Furthermore, the vascular basement membrane, which pericytes
help to generate (Stratman et al., 2009), completely surrounds
the pericytes and adds to the barrier properties of the vascular
wall (Gautam et al., 2016). Direct pericyte-endothelial contact
is made through the basement membrane at peg-and-socket
junctions, which are inter-digitations of the pericyte and
endothelial membranes bound by adhesion molecules, notably
N-cadherin. The adhesion of pericytes and upregulation and
translocation of endothelial N-cadherin involves a variety of
signaling pathways, including TGF-β, Notch and sphingosine-
1-phosphate signaling (Armulik et al., 2011). Consistent with
a stabilized microvascular system in the adult brain, long-term
imaging of adult mouse cerebral cortex has shown only rare
formations and eliminations of capillary branches (Lam et al.,
2010). This stability is further extended to pericytes, as studies
from our lab, and others, have shown that pericyte cell bodies
are immobile over months of imaging (Cudmore et al., 2017;
Berthiaume et al., 2018). Thus, pericytes migrate to vessels
during development, but are fixed in place in healthy adult brain
capillaries.

PERICYTE PATHOLOGY IN AGING AND
AGE-RELATED BRAIN DISEASES

Recently, there has been a strong push to understand how
dysfunction of small brain vessels contributes to cognitive decline
within the context of cerebrovascular and neurodegenerative
disease (Snyder et al., 2015; Corriveau et al., 2016). Studies
suggest that the BBB deteriorates progressively in the aging
brain due to structural, cellular and molecular deficits in the
neurovascular unit. These abnormalities include endothelial
atrophy, thickening and irregularity of basement membranes,
microvessel thinning (string vessels), increased capillary
tortuosity, as well as capillary rarefaction and degeneration
(Brown and Thore, 2011; Hunter et al., 2012; Bhat, 2015).
With regard to pericyte pathology, a decrease in pericyte
numbers has been reported with aging in both human
and preclinical models, as well as ultrastructural changes,
suggestive of pericyte degeneration (Erd"o et al., 2017).
Consistent with these observations, a recent transcriptomic
and histological study of neurovasculature in the aged mouse
brain (18–24 months) showed significant pericyte loss, reduced

basement membrane integrity and increased endothelial
transcytosis (Soto et al., 2015). Moreover, pericyte-deficient
genetic mouse lines with less severe phenotypes often survive
to adulthood, and have been useful in implicating pericyte
loss as an accelerator of age-dependent BBB breakdown and
cerebral hypoperfusion, which precede neurodegeneration
and cognitive impairment (Bell et al., 2010; Kisler et al.,
2017).

Pericyte status in the aging human brain has also been
examined in relation to BBB function using dynamic contrast-
enhanced MRI, revealing that an early degeneration of pericytes
(as determined by pericyte markers in the cerebral spinal
fluid) correlates with increased BBB permeability within the
hippocampus (Montagne et al., 2015). Further, post-mortem
analyses in a number of recent studies have confirmed loss
of pericyte number and coverage in the cortex, hippocampus
and white matter of AD subjects, compared with age-matched
controls (Sengillo et al., 2013; Halliday et al., 2016; Miners
et al., 2018; Schultz et al., 2018). Pericytes are highly susceptible
to the toxic effects of Aβ, likely because of their ability to
internalize the protein for attempted clearance across the BBB
(Verbeek et al., 1997; Wilhelmus et al., 2007). This toxicity
affects their overall survival as well as their structure. For
example, in a mouse model of cerebral amyloid angiopathy
affecting microvessels, not only were pericytes progressively
lost with age, but the surviving pericytes were found to
have unusually short processes, suggesting impairment in
structural remodeling (Park et al., 2014). Since pericytes are
also involved in removal of Aβ from the brain (Wilhelmus
et al., 2007; Sagare et al., 2013; Candela et al., 2015),
pericyte loss can initiate a ‘‘snowballing’’ effect to further
increase Aβ burden, ultimately worsening microvascular injury
in AD. This was exemplified through the accelerated Aβ

accumulation, tau pathology, and worsened cognitive decline
observed when cross-breeding a mouse model of AD pathology
with a model of progressive pericyte deficiency (Sagare et al.,
2013).

Aging is also a risk factor for small-vessel disease (SVD),
which accounts for approximately 50% of all dementias including
AD (Iadecola, 2013; Snyder et al., 2015). SVD is characterized
by white matter hyperintensities (leukoaraiosis), lacunar infarcts,
and microbleeds (Wardlaw et al., 2013). A recent study using
a pericyte-deficient mouse model revealed pericyte loss as a
mechanism of white matter degeneration (Montagne et al., 2018).
In line with this idea, the walls of microvessels in human
white matter become thinner with age, in part due to increased
pericyte loss (Stewart et al., 1987). Genetic factors such as
mutations in the NOTCH3, a cell surface receptor expressed
by mural cells, cause a genetic form of SVD termed cerebral
autosomal dominant arteriopathy with subcortical infarcts
leukoencephalopathy (CADASIL). A recent study identified
pericyte pathology as a primary source of vascular dysfunction
in a mouse model of CADASIL (Ghosh et al., 2015).

Finally, it is worth mentioning that the description of pericyte
pathology in the literature encompasses, besides cell death, a
range of cellular abnormalities including detachment from the
endothelium, migration, shape change, and in the case of brain
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injury, trauma and stroke, their phenotypic transformation.
As noted by Kalaria, ‘‘it is likely that the brain vasculature
is continually modified by growth and repair mechanisms in
attempts to maintain perfusion during ageing and disease’’
(Kalaria, 1996). However, it is yet unknown if, and to what extent,
pericytes can adapt in the face of vascular degeneration during
aging and age-related diseases.

IDENTIFYING PERICYTES IN THE ADULT
MOUSE BRAIN

A key step in understanding the physiological roles of pericytes
is the ability to visualize the cells in real time in vivo.
Two-photon imaging now allows researchers to both observe
and manipulate fluorescently-tagged pericytes in cerebrovascular
networks of the intact mouse brain (Figure 1). However,
despite the precision with which pericytes can be visualized,
there remains ambiguity on what to call a ‘‘pericyte’’ (Attwell
et al., 2016). It is therefore important to first clarify the
different microvascular zones in cerebral cortex, and mural
cell types that reside within these zones. We consider seven
different microvascular zones that connect pial arterioles to
pial venules in cerebral cortex, including: (1) pial arterioles, (2)
penetrating arterioles, (3) pre-capillary arterioles, (4) capillaries,
(5) post-capillary venules, (6) ascending venules, and (7) pial
venules (Figure 2A). Along this arteriovenous route, there
are genes that mural cells in all zones express at high levels,
such as Pdgfrb (PDGFRβ) and Cspg4 (NG2). However, recent
single-cell transcriptomic data has also revealed zonation in
gene expression (Vanlandewijck et al., 2018). At the junction
between pre-capillary arterioles and capillaries, there is a
sharp transition in expression profile that punctuates mural

FIGURE 1 | In vivo two-photon microscopy of adult mouse
cerebrovasculature. High-resolution image of the capillary network
surrounding a penetrating arteriole (∗) in the mouse cortex. Mural cells are
labeled red through expression of tdTomato driven under the control of the
Myosin heavy chain 11 (Myh11) promoter. The vasculature is labeled with
intravenously administered 2-MDa FITC-dextran, and pseudo-colored blue.
Many inducible and constitutively active Cre drivers are suitable for imaging
brain mural cells. For more information, see Hartmann et al. (2015a,b).

cells into two broad groups. Upstream to this transition, pial
arteriole to pre-capillary arteriole zones highly express proteins
related to contractile machinery, such as Acta2 (α-smooth
muscle actin; α-SMA), Tagln (smooth muscle protein 22-α),
and Cnn1 (calponin 1). In contrast, downstream mural cells
from capillary to venule zones are characterized by high
expression of membrane transporters, such as abcc9 (ATP
binding cassette subfamily C member 9), consistent with roles in
BBB transport. This may explain why pericytes at the capillary
zone preferentially uptake the FluoroNissl dye Neurotrace
500/525 when applied to the brain surface (Damisah et al.,
2017).

We next focus on the subsurface network of pre-
capillary, capillary and post-capillary zones, where vessels
are typically ≤12 µm. Mural cells of varying morphology
line these zones (Figures 2B, 3A; Hartmann et al., 2015a;
Grant et al., 2017). Most groups use a vessel branch order
system to navigate the tortuous subsurface network, where
branch order refers to the number of vessel bifurcations
between the capillary of interest and a penetrating arteriole,
which is denoted 0th branch order. Through detailed
analyses of cortical vascular topology in mouse, we recently
showed that the capillary zone can be reliably identified
and distinguished from α-SMA expressing pre-capillary
zone by examining capillaries that are more than four
branch points from a penetrating arteriole (Grant et al.,
2017).

We refer to pericytes of the capillary zone as ‘‘capillary
pericytes.’’ These pericytes have conspicuous ovoid cell
bodies that intermittently protrude from the vascular wall
(Figures 2B, 3B). They extend thin, meandering processes that
run along the vessel lumen for hundreds of micrometers (thin-
strand pericyte). On the arteriolar pole of the capillary zone,
capillary pericyte processes can adopt a mesh-like appearance
that covers more of the abluminal surface area (mesh pericyte;
Hartmann et al., 2015a; Grant et al., 2017). Critically, all capillary
pericytes in the brain appear to express little to no α-SMA, and
this has been verified by transcriptional analyses (Vanlandewijck
et al., 2018).

Mural cells of the pre-capillary arterioles, a transitional
zone between arteriole and capillary, are distinct from capillary
pericytes. They are shorter in length, offer greater coverage of
the endothelial surface, and like SMCs of pial and penetrating
arterioles, are rich in α-SMA (Figure 2B). We have referred
to these cells as ‘‘ensheathing pericytes,’’ i.e., a sub-type
of pericyte, because they possess the hallmark protruding
cell body of pericytes, and because α-SMA expression has
historically been a marker for a subset of pericytes (Grant
et al., 2017). Other groups have called these cells simply
‘‘pericytes’’ without distinguishing from capillary pericytes
(Hall et al., 2014; Cai et al., 2018), transitional pericytes
(Sweeney et al., 2016), pre-capillary SMCs (Hill et al.,
2015), or aaSMCs (Vanlandewijck et al., 2018). The shifting
nomenclature of these cells has been the root of recent
controversy on pericyte roles in blood flow control (discussed
further below), and a consensus on naming needs to be
established.
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FIGURE 2 | Mural cell heterogeneity in the adult mouse cerebrovascular network. (A) (Top) Mural cell gene expression in different zones of the microvasculature in
cerebral cortex. Adapted from Vanlandewijck et al. (2018). Neurotrace 500/525 is specifically taken up by capillary pericytes, providing a cell-specific fluorescent label
for in vivo imaging (Damisah et al., 2017). (Bottom) Schematic depicting mural cells in seven microvascular zones from pial arterioles to pial venule of cerebral cortex.
(B) (Top) Representative images showing morphology of mural cells in five zones below the cortical surface. All scale bars are 10 µm, except the penetrating venule
image, which is 50 µm. Adapted from Hartmann et al. (2015a) and Grant et al. (2017). (Bottom) The evolving nomenclature for each cell type. Note that naming of
mural cells in the pre-capillary arteriole zone is not universally agreed upon and has become a source of controversy.

The term ‘‘post-capillary venules’’ has been used in
past literature, but whether this should represent a distinct
microvascular zone with pericytes performing unique functions
remains unclear. Pericytes of post-capillary venules have
mesh-like processes, express little to no α-SMA, and are shorter
than capillary pericytes (Hartmann et al., 2015a). There is

evidence that venular pericytes of the cremaster muscle play a
role in immune cell migration (Proebstl et al., 2012), but a similar
role for venular pericytes in the brain remains to be examined.

Capillary pericytes are arranged along the capillary bed in
a chain-like network, with the majority of the vasculature
being contacted by their long cellular processes rather than
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FIGURE 3 | Visualizing capillary pericytes with in vivo two-photon imaging. (A) An in vivo image showing shift in mural cell appearance as a pial arteriole branches
into an underlying penetrating arteriole, which then ramifies into the pre-capillary arteriole and capillary bed. The image was captured in the cortex of a
Myh11-tdTomato mouse and is a maximal projection over 150 µm of cortical thickness. (B) In vivo image of an isolated capillary pericyte following intravenous
injection of 2 MDa FITC-dextran to co-label the microvasculature. Image was captured from a NG2-tdTomato mouse. (C,D) Examples of the non-overlapping
territories of adjacent capillary pericytes from a Myh11-tdTomato mouse. The location of gaps between two pericyte territories are denoted with arrows.

cell bodies (Berthiaume et al., 2018). In fact, over 90% of
the vasculature in the mouse cerebral cortex is contacted by
pericyte processes, suggesting that pericyte-endothelial signaling
may occur primarily through these processes (Underly et al.,
2017). Interestingly, each pericyte occupies a defined territory
that does not overlap with the territories of neighboring
pericytes (Hill et al., 2015; Berthiaume et al., 2018). Pericyte
territories are so precisely arranged that it is usually difficult
to determine where one pericyte ends and the next begins, but
for the occasional gap between processes of neighboring cells
(Figures 3C,D).

PERICYTE REMODELING IN THE ADULT
BRAIN

In a recent long-term in vivo imaging study, we showed that
capillary pericytes under basal conditions negotiate their
individual territories with neighboring pericytes through

slight extensions and retractions of their terminal processes
(Berthiaume et al., 2018). When inter-pericyte gaps were visible,
the push-pull interplay between adjacent pericytes could be
observed, suggesting that pericyte domains might be maintained
throughout adulthood by repulsive pericyte-pericyte interactions
(Figure 4A). The extent to which neighboring pericytes make
direct contact with each other remains unclear. However, recent
studies in the retina have suggested gap junction communication
between neighboring pericytes involved in conductive vasomotor
constrictions (Ivanova et al., 2017).

While the basal changes in pericyte structure we observed
were small, it nonetheless raised the question of whether mature
brain pericytes are structurally plastic, and if this plasticity could
be further induced. To examine this idea, we ablated single
capillary pericytes using precise two-photon laser irradiation.
This enabled the specific and immediate deletion of individual
cells anywhere within the cortical capillary network. In the
days to weeks following ablation, the processes of neighboring
pericytes extended into the territories uncovered by the ablated
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pericyte with ∼10-fold greater speed and magnitude than
dynamics observed under basal conditions (Figures 4B,C).
Process extension occurred while the pericyte somata remained
firmly affixed, indicating no overt cell migration or proliferation.
New cytoplasmic material was added to the growing pericyte
process, enabling contact with hundreds of micrometers of
extra capillary length. Importantly, this work demonstrated that
pericytes can remodel their shape and grow in size in the adult
brain and are inherently programed to maintain coverage of
the endothelium. Yet, the mechanism appears imperfect, as the
need to increase cytoplasmic volume suggests a limit to growth,
and many days were required to regain endothelial coverage.
Whether this reparative process can be pharmacologically
enhanced to promote continued pericyte-endothelial contact in
the adult brain will be important to explore.

A logical molecular target to modulate pericyte structural
remodeling is PDGF-B/PDGFR-β signaling. PDGF-B delivery
is neuroprotective in stroke models and PDGFR-β expression
in pericytes increases progressively following cerebral ischemia
in the adult brain (Arimura et al., 2012), likely reflecting
a reparative response. Also relating to PDGF-B/PDGFR-β
signaling, Lebrin et al. (2010) showed that the drug thalidomide
reduced bleeding in patients with hereditary hemorrhagic
telangiectasia (HHT), a disease involving vascular malformations
and bleeds in multiple organs. Using a mouse model of HHT,
the benefit of thalidomide was shown to be partly due to
the enhancement of endothelial PDGF-B expression leading to
increase of pericyte recruitment/coverage. Similarly, thalidomide
was reported to promote PDGF-B/PDGFR-β signaling, increase
pericyte coverage, and reduce bleeding in a mouse model of
brain arteriovenous malformation (bAVM; Zhu et al., 2018), a
cerebrovascular disease with marked pericyte loss in humans
(Winkler et al., 2018). Whether enhanced pericyte structural
remodeling is a salutary effect of thalidomide needs further
investigation. However, it seems likely in light of recent work
reporting increased pericyte process growth following treatment
with PDGF-BB in a mouse model of epilepsy (Arango-Lievano
et al., 2018).

A second molecular interaction that may be at play in adult
pericyte structural remodeling is Eph-ephrin signaling. It is
currently unknown whether this bidirectional signaling pathway
acts basally as a repulsion and/or cell-spreading signal for
defining pericyte territories in the adult brain. If so, pericyte loss
in the adult brain could disrupt pericyte-to-pericyte Eph-ephrin
repulsive signaling, essentially disinhibiting the growth of
pericyte processes. This, in conjunction with the expression
of other directional growth cues (i.e., PDGF-B), could help
explain our observation following single pericyte ablation, where
neighboring processes robustly spread into vacated territories
until contact with another pericyte is made.

CONSEQUENCES OF PERICYTE LOSS IN
THE ADULT BRAIN

The ability to selectively remove pericytes from an existing
vascular network and then track recovery over time provided

insight into the physiological consequence of pericyte loss in
the adult brain. We examined three modes of pericyte function
that are well-established from studies of developing organisms,
including regulation of: (1) capillary network structure, (2) BBB
integrity, and (3) capillary lumen diameter.

First, we found that single pericyte loss in mature vascular
networks had no overt effect on capillary structure. That
is, no formation or elimination of new capillary branches
was observed in regions without pericyte coverage. This was
an unexpected finding, as pericyte loss could conceivably
lead to capillary pruning due to loss of endothelial support,
or aberrant angiogenesis by alleviating the suppression of
endothelial proliferation. Thus, capillaries in the adult brain can
be structurally stable with transient loss of pericyte coverage
in vivo. It will be important to determine if and how aging or
cerebrovascular disease makes the vasculature more vulnerable
to pericyte loss. Second, we were unable to detect acute BBB
leakage from uncovered capillary segments following single
pericyte ablation. This was also surprising, as pericyte loss in the
developing brain is strongly associated with increased endothelial
transcytosis. Even with the use of small molecular weight dyes
(1 kDa), which have been previously shown to permeate through
a trans-cellular route (Armulik et al., 2010), we found no
evidence of plasma extravasation at capillary regions lacking
pericyte coverage. In line with this lack of BBB leakage, a recent
study using an inducible diphtheria toxin strategy to acutely kill
mural cells, including pericytes, in adult mice reported intact
blood-retinal and blood-brain barriers, despite vascular leakage
in peripheral tissues (Park et al., 2017). Furthermore, mouse
models of mild pericyte deficiency retaining approximately 70%
of normal pericyte coverage in the adult cerebral neocortex do
not present BBB leakage, while a drop to 45% coverage results
in a modest BBB leak (Armulik et al., 2010). Collectively, these
findings suggest that BBB integrity in the adult brain can be
resilient to some degree of pericyte loss.

One consistent alteration we did observe after single pericyte
ablation, however, was the sustained dilation of the capillary
lumen in regions lacking pericyte contact (Figures 4B–D). This
dilation persisted until pericyte processes grew back into the
exposed territory, at which point capillary diameter returned to
basal levels. This finding was mirrored in a study examining
the dynamic loss and gain of mural cell coverage induced by
seizure activity (Arango-Lievano et al., 2018). This implies that
pericytes at the capillary level exert a steady-state vascular tone
that may behave like a tension clamp on the endothelial tube
either mechanically or through constant molecular signaling with
the endothelium.

The idea that pericytes regulate blood flow has persisted
through the literature since their discovery by Rouget in the late
1800s (Rouget, 1873), but has remained a controversial topic to
this day (Attwell et al., 2016). The majority of in vivo imaging
studies to date have focused on whether pericytes are involved
in the second-to-second diameter changes need for blood flow
control during neurovascular coupling. This issue is challenging
to address because constriction or relaxation of upstream
arterioles will influence blood flow into downstream capillaries,
making it very difficult to attribute changes in capillary blood
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FIGURE 4 | Pericyte structural remodeling captured with chronic in vivo 2-photon imaging. (A) An example of the structural dynamics of adjacent pericytes under
basal conditions. Inset shows the extension of a pericyte process beyond its territory at Day 0, and the corresponding retraction of a neighboring pericyte process.
Images are from a Myh11-tdTomato mouse. Adapted from Berthiaume et al. (2018). (B) Two-photon laser ablation of a single pericyte results in the robust extension
of immediately adjacent pericyte processes into the vacated territory over 7 days. The image shows the extension of two thin-strand pericytes (green and red
arrowheads) and one mesh pericyte (blue arrowhead). Images are from a Myh11-tdTomato mouse. (C) Images of the vasculature, labeled by 2 MDa FITC-dextran, at
the site of pericyte ablation (same region as panel B). Inset shows an increased capillary diameter in the vessel segment lacking pericyte coverage, which returns to
baseline diameter once pericyte contact is regained suggesting vascular tone. (D) Schematic of pericyte structural remodeling under basal conditions and following
acute pericyte ablation.

flow to autonomous action by capillary pericytes in vivo. Many
have circumvented this issue by studying pericyte contractility

ex vivo in a variety of CNS tissues, such as cortical/cerebellar
slices and isolated retina. These studies agree that pericytes

Frontiers in Aging Neuroscience | www.frontiersin.org 8 July 2018 | Volume 10 | Article 210115

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Berthiaume et al. Pericyte Structural Remodeling

of capillary and pre-capillary zones can respond to electrical
(Peppiatt et al., 2006; Mishra et al., 2016; Ivanova et al., 2017),
pharmacological (Peppiatt et al., 2006; Fernández-Klett et al.,
2010; Hall et al., 2014) and neural stimuli (Hall et al., 2014;
Biesecker et al., 2016; Mapelli et al., 2017). However, some
caution needs to be taken for interpretation as ex vivo systems
exhibit capillary diameter changes on much longer timescales
(2 min), with relevance to neurovascular coupling less certain.
Further, mixing pericytes functions across different tissues
(brain vs. retina) is problematic because pericytes functions and
vascular architecture differ. In fact, a recent study using modified
tissue fixation procedures suggests that retinal capillary pericytes
express high α-SMA (Alarcon-Martinez et al., 2018). However,
measurements of acta2 transcripts (Vanlandewijck et al., 2018)
and use of acta2 Cre-recombinase drivers combined with potent
reporters (Hill et al., 2015) suggest little to no α-SMA expression
in brain capillary pericytes.

In vivo imaging studies agree that mural cells of pre-capillary
arterioles support rapid diameter changes required for
neurovascular coupling, though nomenclature for these cells
differ between labs (Hall et al., 2014; Hill et al., 2015). In fact,
dilatory and constrictive responses may initiate at pre-capillary
arterioles and then conduct upstream to penetrating arterioles
(Cai et al., 2018). However, the role of capillary pericytes
in dynamic control of capillary diameter remains debated.
Some groups have reported no capillary diameter changes
with optogenetic stimulation (Hill et al., 2015), neural activity
(Fernández-Klett et al., 2010; Hill et al., 2015; Wei et al., 2016)
or ischemia (Hill et al., 2015), while other groups have observed
diameter changes with neural activity (Hall et al., 2014; Kisler
et al., 2017).

One way to reconcile these data is that capillary pericytes are
contractile, but much less so than their counterparts on upstream
arterioles. Capillary pericytes may be required for establishing
basal, long-term equilibrium and optimum flow through the
capillary bed, whereas upstream mural cells are responsible for
initiating rapid moment-to-moment changes in blood flow. A
constant, steady-state tone imparted by capillary pericytes is
a less studied aspect of cerebral blood flow control. However,
it is critical for brain function as all blood entering the brain
must percolate through the dense, pericyte-covered capillary
bed, irrespective of local neuronal activity. Given that red blood
cells are larger than the average diameter of the capillary lumen
and must deform to pass through (Secomb, 1991), even small
alterations in basal capillary diameter will have a significant effect
on capillary transit time and oxygen availability (Jespersen and
Østergaard, 2012). An estimated 40% of total cerebrovascular
resistance exists at the level of penetrating arterioles, capillaries,
and venules Iadecola (2017), and modeling studies suggest that
the capillaries confer a sizable proportion of this resistance
(Gould et al., 2017).

Little is known about how age or disease-dependent pericyte
loss affects basal capillary diameter, blood flow and oxygen
delivery. One recent study examined young pdgfrb+/− mice,
which exhibit a moderate loss of pericyte coverage (from 77%
coverage in wild-type to ∼55% in knockouts), and showed
impaired basal tissue oxygen supply using a novel oxygen-

sensitive imaging probe (Kisler et al., 2017), but no change in
basal capillary diameter. However, in adult pdgfrbret/ret mice,
which exhibit more severe loss of pericyte coverage (from ∼90%
coverage in wild-type to∼25% in knockouts), capillary diameters
became significantly larger, consistent with the idea of altered
basal tone with sufficient pericyte loss (Armulik et al., 2010).
Further, a study of human bAVMs showed increased blood flow
within the AVM nidus (shorter mean transit time), as measured
by pre-operative angiograms, when pericyte coverage dropped
below 40%, suggestive of capillary dilation. Like capillary
constriction and impedance of flow (Yemisci et al., 2009; Hall
et al., 2014), capillary dilation can disrupt normal blood flow rate
and blood cell distribution within the microvascular network,
and this has the potential to alter oxygen delivery to tissues
(Schmid et al., 2015).

OUTLOOK

The structural remodeling of pericytes in the adult mouse brain
may be essential for maintenance of cerebrovascular health
and needs to be broadly explored in models of cerebrovascular
disease. This task is facilitated by long-term in vivo imaging
methods that allow quantification of pericyte growth, coverage,
and capillary flow over time. Among the critical next steps
are the need to examine the physiological consequence of
pericyte ablation at the adult stage using either precise optical
methods (Hill et al., 2017; Berthiaume et al., 2018), or novel
pericyte-specific Cre drivers to delete or modify capillary
pericytes (Zlokovic et al., 2015; Park et al., 2017). While many
studies have used mice with congenital deficiency in pericyte-
endothelial signaling, very little is known about the impact of
pericyte loss in models where pericytes develop normally at
the beginning. Embedded in this broader issue are intriguing
questions of whether all pericytes are functionally homogeneous,
or whether pericytes in some microvascular zones lack the
capacity to remodel and are more vulnerable to vascular
disease. More work is also needed to determine the threshold
for pericyte loss that surpasses the compensatory ability of
pericyte process growth, which presumably contributes to the
development of neurovascular pathologies in the adult and
aging brain. The effects of age and cerebrovascular disease
on pericyte structural remodeling will be important areas of
future inquiry as well. Lastly, the molecular signaling that
governs pericyte remodeling in adulthood requires further study,
with PDGF-B/PDGFR-β and Eph-ephrin signaling as logical
targets for pharmacological or genetic manipulation in the adult
brain.
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The mechanistic target of rapamycin (mTOR) is a nutrient sensor of eukaryotic cells.
Inhibition of mechanistic mTOR signaling can increase life and health span in various
species via interventions that include rapamycin and caloric restriction (CR). In the
central nervous system, mTOR inhibition demonstrates neuroprotective patterns in
aging and Alzheimer’s disease (AD) by preserving mitochondrial function and reducing
amyloid beta retention. However, the effects of mTOR inhibition for in vivo brain
physiology remain largely unknown. Here, we review recent findings of in vivo metabolic
and vascular measures using non-invasive, multimodal neuroimaging methods in rodent
models for brain aging and AD. Specifically, we focus on pharmacological treatment
(e.g., rapamycin) for restoring brain functions in animals modeling human AD; nutritional
interventions (e.g., CR and ketogenic diet) for enhancing brain vascular and metabolic
functions in rodents at young age (5–6 months of age) and preserving those functions in
aging (18–20 months of age). Various magnetic resonance (MR) methods [i.e., imaging
(MRI), angiography (MRA), and spectroscopy (MRS)], confocal microscopic imaging,
and positron emission tomography (PET) provided in vivo metabolic and vascular
measures. We also discuss the translational potential of mTOR interventions. Since
PET and various MR neuroimaging methods, as well as the different interventions (e.g.,
rapamycin, CR, and ketogenic diet) are also available for humans, these findings may
have tremendous implications in future clinical trials of neurological disorders in aging
populations.

Keywords: mechanistic target of rapamycin (mTOR), rapamycin, caloric restriction, ketogentic diet, MRI, PET,
Aging, Alzheimer’s disease

INTRODUCTION

The mechanistic target of rapamycin (mTOR) is a nutrient sensor that mediates the responses
to energy status and growth factor in eukaryotic cells (Laplante and Sabatini, 2009). Discovered
by three groups in 1994, mTOR is a particular protein bound by rapamycin (Brown et al., 1994;
Cafferkey et al., 1994; Sabatini et al., 1994). mTOR activity can be inhibited by both rapamycin and
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nutritional signaling, such as caloric restriction (CR) (Perluigi
et al., 2015). Inhibition of mTOR can switch cellular response
from reproduction/growth to somatic maintenance, with
decreased protein synthesis and cell growth, and increased
autophagy in animal models (Harrison et al., 2009; Stanfel et al.,
2009). As such, mTOR inhibition has shown to increase resistance
to stresses resulting in lifespan extension in various mammalian
species, and being considered central to the regulation of both
aging and age-related diseases (Johnson et al., 2013).

In the central nervous system, mTOR inhibition has been
shown to prevent neurodegeneration and protect brain functions
in aging. Notably, rapamycin reduces amyloid-beta (Aβ) plaques
and neurofibrillary tau tangles and improves cognitive functions
in mice that model human Alzheimer’s disease (AD) (Spilman
et al., 2010; Majumder et al., 2011). Similarly, CR (without
malnutrition) is able to alleviate AD-like pathology (Lee
et al., 2000, 2002; Thrasivoulou et al., 2006). In addition, CR
protects mitochondrial function (the powerhouse in the cells),
maintains glucose homeostasis, and reduces oxidative stress –
all phenotypes of aging (Park et al., 2005; Duan and Ross,
2010; Perluigi et al., 2015). Thus, CR (reduced caloric and
glucose intake) shifts metabolism toward ketone body utilization
(Guo et al., 2015; Lin et al., 2015). Elevated ketone body
metabolism or the administration of the ketogenic diet (KD) is
also evident to be neuroprotective against AD, aging, epilepsy,
brain injury, and neurodegeneration (Van der Auwera et al.,
2005; Yang et al., 2017). However, biochemical and molecular
experiments may limit mTOR-related research to in vitro or
ex vivo cell culture or animal models. Such findings may
be incapable of being completely translated and applied to
humans.

Powerful brain imaging tools have been refined to visualize
changes in brain function in vivo over time (Lavina, 2016;
Hyder and Rothman, 2017). In particular, functional imaging
can be used to determine changes in physiology before AD-
like pathology appears and before the onset of cognitive
impairment. Brain vascular and metabolic dysfunction plays
a critical role in driving neurodegeneration and dementia
(Reiman et al., 2001, 2004, 2005; Thambisetty et al., 2010;
Fleisher et al., 2013). We have recently demonstrated that
early detection of these physiological changes and identification
of effective interventions using imaging would be critical to
potentially slow down brain aging and prevent AD. Table 1
summarizes the imaging techniques used in the studies we
review, ranging from various magnetic resonance imaging
(MRI) and spectroscopy (MRS) methods to positron emission
tomography (PET) to confocal microscopic imaging, where the
last method is primarily for preclinical research. To assess
vascular functions, we used MRI-based arterial spin labeling
(ASL), which measures quantitative cerebral blood flow (CBF)
values by utilizing arterial blood water as an endogenous
tracer. We also determined vascular density with magnetic
resonance angiography (MRA) and blood-brain barrier (BBB)
P-glycoprotein transport activity with live-cell imaging confocal
microscopy. To assess metabolic functions, we used well-
established PET protocols and proton magnetic resonance
spectroscopy (1H-MRS) to quantify glucose uptake and brain

metabolites, respectively (Lin et al., 2012; Lin and Rothman,
2014). We have also included the novel MRS techniques of
1H[13C] proton-observed-carbon-edited (POCE) to determine
neurotransmission rate and mitochondrial oxidative metabolism
in the aging brain.

In this review, we will discuss our neuroimaging findings on
mTOR inhibition in the aging and AD brain. First, we will address
the effectiveness of rapamycin in reducing AD-like pathology
by restoring cerebrovascular functions in mice. Second, we will
address our recent findings on CR and KD in enhancing brain
vascular functions and shifting metabolism in young healthy
mice. Third, we will provide evidence that CR preserves brain
metabolic and vascular functions in aging in both mice and
rats. Finally, we will discuss the translational potential of mTOR-
related interventions in future human studies.

RAPAMYCIN RESTORES BRAIN
VASCULAR AND METABOLIC
FUNCTIONS IN MICE MODELING
HUMAN ALZHEIMER’S DISEASE

Rapamycin was discovered in 1970s from soil samples in Easter
Island Rapa Nui (Sehgal et al., 1975); thus, the compound was
named rapamycin (also known as sirolimus) after its place of
origin (Johnson et al., 2013). It was discovered in 1988 that
rapamycin contained immunosuppressive properties (Camardo,
2003). This finding led to the FDA’s approval of rapamycin in
1999 as an immunosuppressant preventative of the rejection in
organs transplant patients (Camardo, 2003). Over the past two
decades, rapamycin or its analogs have been widely used in the
clinic and their toxicity profiles have been well characterized
(Soefje et al., 2011).

Preclinical studies have been conducted to analyze the
potential effectiveness of rapamycin to treat AD (Caccamo
et al., 2010; Spilman et al., 2010; Majumder et al., 2011). In
a recent study (Lin et al., 2017a), we focused on the effects
of rapamycin in presymptomatic mice carrying the human
apolipoprotein ε4 (APOE4) allele, given that APOE4 is the
most significant genetic risk factor for AD (Liu et al., 2013).
Neuroimaging studies in humans have shown that cognitively
normal APOE4 carriers develop vascular and metabolic deficits
decades before the aggregation of Aβ and tau tangles (Reiman
et al., 2001, 2004, 2005; Thambisetty et al., 2010; Fleisher
et al., 2013). In particular, researchers conducting PET studies
found that cognitively normal carriers of the APOE4 allele have
abnormally low cerebral metabolic rates of glucose (CMRglc) in
similar brain regions as patients diagnosed with AD (Reiman
et al., 2001, 2004, 2005; Thambisetty et al., 2010; Fleisher
et al., 2013). This metabolic abnormality was observed both
in late-middle-aged (40–60 years of age) and young (20–
39 years of age) carriers, who have normal memory and
cognitive ability and are without Aβ or tau pathology. These
PET findings suggest that APOE4 carriers develop functional
brain abnormalities several decades prior to the potential onset
of dementia. Longitudinal research using MRI has displayed
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TABLE 1 | List of discussed neuroimaging methods.

Modality Methods Measurements Applications

Magnetic resonance imaging (MRI) and
spectroscopy (MRS)

ASL Cerebral blood flow Humans and animals

MRA Vascular density
1H-MRS A variety of essential brain metabolites

POCE Mitochondrial function; Neurotransmission rate; neuronal and
glial activities

Positron emission tomography (PET) 18FDG Cerebral glucose metabolism

Confocal Microscopy Live-cell imaging Blood brain barrier P-gp transport activity Mainly in animals

ASL, arterial spin labeling; MRA, magnetic resonance angiography; 1H-MRS, proton magnetic resonance spectroscopy; POCE, 1H[13C] proton-observed-carbon-edited
MRS; 18FDG, fluorine-18 (18F)-labeled 2-fluoro-2-deoxy-d-glucose.

that CBF is reduced in an accelerated manner in similar
brain regions (e.g., frontal, parietal, and temporal cortices) in
cognitively healthy APOE4 carriers (Thambisetty et al., 2010).
The APOE4-related neurovascular risk is strongly correlated with
an accelerated decline in verbal memory, language capability,
attention, and visual/spatial abilities in midlife (Bangen et al.,
2013).

A similar situation is seen in transgenic mice that express the
human APOE4 isoform that is driven by the human glial fibrillary
acidic protein promoter. Young, presymptomatic APOE4 mice
have significantly lower CMRglc and CBF, as well as increased
BBB leakage compared to the wild-type (WT) non-APOE4 mice
(Bell et al., 2012; Lin et al., 2017a). Treating asymptomatic female
APOE4 mice with rapamycin for 1 month resulted in a significant
increase in CBF compared to the non-treated littermates. After 6
months of treatment, we found that rapamycin-treated APOE4
mice had normal CBF that was comparable to that of the sex-
and age-matched WT mice. Similarly, rapamycin-treated mice
also had lower BBB leakage. Furthermore, we found that BBB
leakage could potentially be blocked by inhibiting cyclophilin
A-dependent proinflammatory pathways with rapamycin (Bell
et al., 2012). In addition, CMRglc was also restored to WT level
as observed in the rapamycin-treated APOE4 mice (Lin et al.,
2017a).

In another study with hAPP(J20) mice (a mouse model of
human AD) that already developed significant Aβ pathology and
cognitive decline, we found that rapamycin was also effective
in restoring neurovascular function. Symptomatic hAPP(J20)
11 month old mice treated with rapamycin for 16 weeks had
restored CBF to the level of WT mice (Lin et al., 2013).
In addition, rapamycin restored vascular density, determined
by MR angiography, in the brains of hAPP(J20) mice. The
restored vascular integrity was highly correlated with reduced
Aβ, cerebral amyloid angiopathy (CAA), and microhemorrhages
in treated hAPP(J20) mice. These findings were consistent
with the literature showing that rapamycin can reduce Aβ

(Liu et al., 2017). In this study, we also identified that
mTOR inhibition activates endothelial nitric oxide synthase
(eNOS), and thus, released nitric oxide (NO), a vasodilator
(Cheng et al., 2008; Lin et al., 2013). Therefore, rapamycin
activating eNOS may be critical for restoring CBF in hAPP(J20)
mice. In addition to restored cerebrovascular function and
reduced AD-like pathology, hAPP(J20) mice also had improved

memory and learning performance after 16 weeks of rapamycin
treatment (Lin et al., 2013). Collectively, data generated from
the two imaging studies show that rapamycin can potentially
prevent AD phenotypes in APOE4 mice and reverse the
effects of AD in hAPP(J20) transgenic mice (Richardson et al.,
2015).

CALORIC RESTRICTION AND
KETOGENIC DIET ENHANCE BRAIN
VASCULAR FUNCTIONS AND SHIFT
METABOLISM IN YOUNG MICE

In the early 1930s, Clive McCay demonstrated that restricting
calorie intake without malnutrition can prolong both the mean
and maximal lifespan in rats when compared to animals on
ad libitum diet (AL; free eating) (McCay et al., 1989; Park,
2010). Since then, CR is perhaps the most studied anti-aging
manipulation within a broad range of species (Colman et al.,
2009; Choi et al., 2011; Rahat et al., 2011). This is further
supported by other studies that display lower incidences of age-
related neurodegenerative disorders found in animals treated
with CR (Park et al., 2005; Duan and Ross, 2010).

Recently, our efforts have been focused on understanding how
CR impacts brain function in the early stage. In particular, we
would like to know how brain vascular and metabolic functions
might be impacted with CR in young mice. We imaged mice
at 5–6 months of age, either on 40% CR diet or AL, and
found that CR significantly enhanced CBF (>20%) both globally
and in the hippocampus, compared to their AL littermates
(Parikh et al., 2016). The increase in CBF was associated with
reduced mTOR and increased eNOS levels that were similar
to what we observed with rapamycin. In addition, CR-fed
mice had significantly increased P-glycoprotein (P-gp) transport
activity levels at the BBB, which facilitates clearance of Aβ

out of the brain. These findings are consistent with literature
showing that CR reduces AD-like pathology and the onset
of cognitive impairment (Mouton et al., 2009; Schafer et al.,
2015).

We used 1H-MRS to determine energy metabolites in the
hippocampus (Guo et al., 2015). We observed that CR mice
displayed significantly increased levels of total creatine (tCr),
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a high-energy substrate, in comparison to AL mice. Given that
tCr is the sum of creatine and phosphocreatine, we posited
that CR increases adenosine triphosphate (ATP) production in
young CR mice since phosphocreatine acts in a central role as
an intracellular buffer during ATP production in mitochondria.
This finding is consistent with literature that CR enhances
ATP production by activating AMP-activated protein kinase
(AMPK) and sirtuins pathways, which in turn suppresses the
mTOR pathway (Blagosklonny, 2010). It has been found that
the level of glucose regulates the AMPK pathway. With low
levels of glucose and metabolic stress that accompany CR,
there is a depletion of energy (low ATP: AMP ratio), which in
turn activates AMPK (Salt et al., 1998; Hardie, 2014). AMPK,
when activated, can be seen as an indicator of cellular energy
status, turning on catabolic pathways that generate ATP while
inhibiting cellular processes that consume ATP such as the mTOR
pathway.

We also found significantly elevated levels of taurine in
the CR mice when compared to the AL mice. Since taurine
is correlated with neuromodulation, higher levels imply that
young CR mice might have augmented excitability compared
to the age-matched AL mice. Interestingly, both globally and
in the hippocampus and frontal cortex (regions related to
cognitive functions), CR mice displayed significantly reduced
brain glucose uptake as determined by PET imaging (Guo
et al., 2015). Our imaging findings are consistent with Western
blot data showing that CR reduces glucose transporter 1
(GLUT-1) in brain capillaries of the mice (Parikh et al.,
2016). As a result, we found a mismatch of CBF-CMRglc
coupling induced by CR, opposite to tight coupling of CBF-
CMRglc in a normal brain at rest (Fox et al., 1988; Lin et al.,
2010).

These reduced glucose uptake results led us to hypothesize that
in order to sustain essential mitochondrial activity and neuronal
functions, the brain may utilize alternative fuel substrates as
an energy source. As the brain would also use ketone bodies
as energy source (Akram, 2013), we measured ketone body
levels in the brain and blood and found that CR rodents
had a significantly higher concentration of ketone bodies in
comparison to AL animals (Guo et al., 2015; Lin et al.,
2015). The findings indicated that CR may, at a very early
stage in the brain, induce a metabolic switch from glucose to
ketones.

To verify the impact of elevated ketone bodies on
vascular functions, we fed young, age-matched WT mice
with the KD for 16 weeks. Similar to what we observed
with young CR mice, mice fed with KD also had significant
increases in CBF and P-gp transport activity levels in
brain capillaries compared to control mice (Ma et al.,
2018). These neurovascular enhancements were also
associated with reduced mTOR and increased eNOS protein
expressions. The result is consistent with previous reports
that ketogenesis is associated with the down-regulation
of mTOR (McDaniel et al., 2011). In line with this, two
other studies indicate that an acute increase in ketone body
concentration (via infusion of β-hydroxyl butyrate) elevated
CBF independent of overall cerebral metabolic activity. This

suggests that ketone bodies can directly increase CBF via the
cerebral endothelium (Hasselbalch et al., 1996; Roy et al.,
2013).

CALORIC RESTRICTION PRESERVES
BRAIN VASCULAR AND METABOLIC
FUNCTIONS IN AGING RODENTS

Healthy aging is accompanied by CBF reduction, BBB
impairment and Aβ retention (Lin et al., 2015; Parikh et al.,
2016; Hoffman et al., 2017). To identify CR effects on the
aging brain, we included old CR and AL mice (18–20 months
of age) in the same CR experiments and compared them
with young mice (5–6 months of age). We found that CR
enhanced CBF in young mice; moreover, CR also reduced the
CBF decline in aging (Parikh et al., 2016). As a result, when
compared to young AL mice, old CR mice had comparable
levels of CBF, indicating that CR preserves CBF with age.
Similar results were found in rats, showing that old rats with
chronic CR diet had much higher CBF compared to the age-
matched animal, and had comparable CBF level compared
to the young AL rats (Lin et al., 2015). These results support
that CR has an early enhancement effect on CBF that is
preserved with aging. In addition, the preserved CBF in the
hippocampus and frontal cortex were highly associated with
the preserved memory and learning, as well as the reduced
anxiety (Parikh et al., 2016). Our results suggest that dietary
intervention initiated at a young age (e.g., young adults) may
prove beneficial in the preservation of cognitive and mental
abilities in aging.

A similar trend was also observed in hippocampal tCr
concentration. As mentioned above, tCr was enhanced in young
CR mice. Although tCr dropped dramatically as the CR mice
getting older, tCr levels remained comparable to those in young
AL mice and were higher than those in old AL mice. This
suggests that CR increases ATP production in young CR mice
while preserving ATP production in old CR mice (Guo et al.,
2015).

Using advanced MRS techniques like POCE, we were
able to trace in vivo mitochondrial oxidative metabolisms in
neurons and neurotransmitter cycling between neuronal and
glial cells (Lin et al., 2014). We found that, compared with
the young AL rats, old CR rats had similar levels of neuronal
glucose oxidation and neurotransmitter cycling, suggesting
CR preserved mitochondrial functions and neuronal activity
with age. In contrast, old AL rats had much lower levels in
both measures. When calculating the ATP production rates
for the three groups we found that old CR and young AL
animals also had comparable levels of ATP production. We also
observed metabolic shifts in aging animals. When compared
to age-matched AL rats, old CR rats had significantly lower
glucose uptake values in the various brain regions but had
significantly higher levels of ketone bodies, β-hydroxyl butyrate
(BHB) in the brain (Lin et al., 2015). The metabolic shift
may play a critical role in sustaining brain energetics in
aging.
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Taken together, using multi-modal imaging methods we
demonstrated that CR enhances vascular and metabolic functions
in early life stages and decelerates the decline with age.
Maintaining a healthy brain homeostasis may be due to the
metabolic shift from glucose to ketone bodies (Lin et al.,
2017b).

TRANSLATIONAL POTENTIAL OF mTOR
INTERVENTIONS IN CLINICAL TRIALS

Many mTOR inhibitors (including rapamycin, rapalogs,
and Everolimus) have already been approved by the FDA
and are widely used in clinics (Soefje et al., 2011). Since
1999, rapamycin, alongside other immunosuppressive agents,
has been administered to transplant patients to prevent
the rejection of organs (Camardo, 2003). Over the past
decade, studies also showed that rapamycin or rapalogs
have an anti-tumor property; for relatively long periods of
time, cancer patients with rapamycin show little change
in their quality of life (Mita et al., 2003). Other studies
reported that Everolimus improved cognition and reduced
depression in humans (Lang et al., 2009). Recent studies
showed that with low doses of rapamycin (e.g., lower
than half of the therapeutic dosage; 0.5 mg daily or 5 mg
weekly), cognitively normal elderly had improved immune
functions with minimal side effects (Mannick et al., 2014).
The results of the studies support that a short-term rapamycin
treatment can be used safely in otherwise healthy older
person.

To date, most rapamycin and rapalog clinical studies focus
on structural neuroimaging to examine changes in brain
tumor mass (Tillema et al., 2012; Fukumura et al., 2015;
Ma et al., 2015; Sasongko et al., 2016), metastatic cancer
(Subbiah et al., 2015), or active lesions (Moraal et al., 2010).
However, functional neuroimaging such as EEG has been
clinically applied to assess the efficacy of rapamycin in treating
epilepsy (Cambiaghi et al., 2015), and MRS was used to
study metabolic implications of rapamycin (Serkova et al.,
1999).

CR has also been studied in humans. A recent publication
by Redman et al. shows that young, healthy individuals having
achieved 15% CR experienced about 8 kg weight loss over
2 years (Redman et al., 2018). Energy expenditure (measured
over 24 h of awake and sleep cycle) was reduced beyond
weight loss and systemic oxidative stress was also reduced.
Findings from this 2 year CR trial in healthy, non-obese humans
provide new evidence of persistent systemic metabolic slowing
accompanied by reduced oxidative stress, which supports the
rate of living and oxidative damage theories of mammalian
aging.

CR has also been observed to improve memory in older
adults (Fontan-Lozano et al., 2008; Witte et al., 2009; Mattson,
2010; Valdez et al., 2010). Using functional and structural MRI
measurements, Witte et al. (2014) reported that resveratrol,
a CR-mimetic nutrient, enhanced word retention over a 30-
min period in older adults when compared with placebo.

FIGURE 1 | Diagram showing vascular and metabolic changes induced by
mTOR inhibition through rapamycin, caloric restriction, and ketogenic diet.

These results support that supplementary resveratrol can
improve memory performance, as well as improve glucose
metabolism and increase hippocampal functional connectivity
in older adults. In another study, Jakobsdottir et al. (2016)
reported that CR reserved abnormal brain activity in
brain areas (e.g., amygdala) involved in the processing of
visual food-related stimuli in postmenopausal women with
obesity. It should be noted, however, there are studies that
these studies have only investigated the short-term benefits
of CR.

The KD has been used in the clinic to treat epilepsy
(Baranano and Hartman, 2008; Walczyk and Wick, 2017),
Parkinson’s disease (Vanitallie et al., 2005), and autism
(Evangeliou et al., 2003). The use of neuroimaging in
clinical KD studies include EEG and functional MRI to
define the extent of dysplasia (Guerrini et al., 2015), and
1H-MRS to assess GABAergic activity (Wang et al., 2003)
and glucose metabolism (Fujii et al., 2007). Recent studies
also investigated the efficacy of ketone utilization in the
brain. Using PET, it was found that the cerebral metabolic
rate of ketones represents about 33% of the brain’s energy
requirements after 4 days on KD (Courchesne-Loyer et al., 2017).
POCE studies in human have reported that consumption of
ketones (BHB) is predominantly neuronal (Pan et al., 2002).
These results support that ketone bodies are an effective
alternative fuel substrate in the non-fasted adult human
brain.

Collectively, rapamycin, CR, and KD have been widely
applied to human studies, which indicates that our work
with animal models has the potential to be translated to
human studies. To date, little has been reported regarding
in vivo vascular and metabolic measures in aging and AD
with these interventions. The use of quantitative neuroimaging
methods (e.g., 18FDG-PET, POCE, 1H-MRS, MRA, and ASL)
would be vital in future use to identify the efficacy of
mTOR-related interventions and treatments for protecting brain
functions in aging and various AD-related neurodegeneration,
including vascular dementia and Down syndrome (Lin et al.,
2016).
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CONCLUSION

In this review, we discussed the neuroprotective effects of
mTOR inhibition in aging and AD. Specifically, rapamycin is
a preventative, and possibly a treatment, for the effects of the
AD phenotype observed in APOE4 and hAPP(J20) transgenic
mouse models of AD; CR and KD can enhance brain vascular
functions and shift metabolism in young healthy mice; and CR
can preserve brain metabolic and vascular functions in aging.
We summarize these findings in Figure 1. As the quantitative
PET and MRI neuroimaging methods used in these studies in
animal models can be translated into human studies, they will
be greatly useful in future studies to examine the effects of
these mTOR-related interventions in preventing brain function
declines associated with aging and neurodegeneration in clinical
trials.
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Type 2 diabetes mellitus (T2DM) increases risk for dementia, including Alzheimer’s
disease (AD). Many previous studies of brain changes underlying cognitive impairment
in T2DM have applied conventional structural magnetic resonance imaging (MRI) to
detect macrostructural changes associated with cerebrovascular disease such as white
matter hyperintensities or infarcts. However, such pathology likely reflects end-stage
manifestations of chronic decrements in cerebral blood flow (CBF). MRI techniques
that measure CBF may (1) elucidate mechanisms that precede irreversible parenchymal
damage and (2) serve as a marker of risk for cognitive decline. CBF measured with
arterial spin labeling (ASL) MRI may be a useful marker of perfusion deficits in T2DM
and related conditions. We examined associations among T2DM, CBF, and cognition
in a sample of 49 well-characterized nondemented older adults. Along with a standard
T1-weighted scan, a pseudocontinuous ASL sequence optimized for older adults (by
increasing post-labeling delays to allow more time for the blood to reach brain tissue)
was obtained on a 3T GE scanner to measure regional CBF in FreeSurfer derived regions
of interest. Participants also completed a neuropsychological assessment. Results
showed no significant differences between individuals with and without T2DM in terms of
cortical thickness or regional brain volume. However, adjusting for age, sex, comorbid
vascular risk factors, and reference CBF (postcentral gyrus) older adults with T2DM
demonstrated reduced CBF in the hippocampus, and inferior temporal, inferior parietal,
and frontal cortices. Lower CBF was associated with poorer memory and executive
function/processing speed. When adjusting for diabetes, the significant associations
between lower regional CBF and poorer executive function/processing speed remained.
Results demonstrate that CBF is reduced in older adults with T2DM, and suggest
that CBF alterations likely precede volumetric changes. Notably, relative to nondiabetic
control participants, those with T2DM showed lower CBF in predilection sites for AD
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pathology (medial temporal lobe and inferior parietal regions). Findings augment
recent research suggesting that perfusion deficits may underlie cognitive decrements
frequently observed among older adults with T2DM. Results also suggest that CBF
measured with ASL MRI may reflect an early and important marker of risk of cognitive
impairment in T2DM and related conditions.

Keywords: aging, diabetes, vascular risk, arterial spin labeling, cerebral blood flow, neuropsychology, memory,
Alzheimer’s disease

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a chronic, highly disabling
metabolic disorder that is growing in prevalence at an alarming
rate. In 2015, it was estimated that 30.3 million Americans
(1 in 10) had either diagnosed or undiagnosed diabetes, the
vast majority of whom (90–95%) had T2DM (Prevention,
2017). This is particularly concerning, given that T2DM has
been linked to an increased risk for developing mild cognitive
impairment (MCI) and dementia including Alzheimer’s disease
(AD) (Luchsinger et al., 2001; Arvanitakis et al., 2004; Luchsinger
et al., 2007; Vagelatos and Eslick, 2013) – conditions that
are associated with high health care costs, reduced quality of
life, and loss of independence in late adulthood. Even among
nondemented older adults, studies have observed increased
rates of subtle cognitive impairment and accelerated cognitive
decline in individuals with T2DM compared to their nondiabetic
counterparts, suggesting that cognitive impairment may be a
chronic long-term complication of T2DM (Geijselaers et al.,
2015). In T2DM, vascular dysfunction has long been considered
the underlying cause of the multi-organ complications of the
disease. Cerebrovascular dysfunction, thus, seems to be a possible
mechanism by which poor cognitive outcomes occur in diabetes.
Indeed, neuropathologic studies have linked T2DM to increased
incidence of cerebral infarcts (Peila et al., 2002; Arvanitakis
et al., 2006; Sarwar et al., 2010). Furthermore, insulin resistance,
hyperglycemia, and inflammation – all which represent defining
deleterious metabolic states that occur in diabetes – have been
linked to cerebrovascular dysfunction (Brownlee, 2005; Zhou
et al., 2014; Chung et al., 2015).

Most previous studies of brain changes underlying cognitive
decrements in T2DM have applied conventional structural
magnetic resonance imaging (MRI) to detect macrostructural
changes associated with cerebral gray matter (GM) atrophy
and markers of cerebrovascular disease (CVD) lesions such
as white matter hyperintensities (WMH), which are thought
to reflect small vessel disease. Many structural neuroimaging
studies have shown in vivo cerebral atrophy in T2DM that has
been linked to poorer cognitive performance across domains
including memory, executive functioning, and processing speed
(Tiehuis et al., 2009; Hayashi et al., 2011; Moran et al., 2013;
Zhang et al., 2014). Results from several of these studies
indicate that regional atrophy patterns in T2DM resemble those
seen in preclinical AD, with hippocampal atrophy identified
as the earliest and most prominent neurodegenerative change
(Moran et al., 2013). However, these structural brain changes
in T2DM likely reflect end-stage manifestations of chronic

decrements in cerebrovascular functioning. Advanced functional
MRI techniques that measure cerebral blood flow (CBF) may
elucidate the mechanisms that precede the development of
irreversible parenchymal damage and serve as an early indicator
of impending cognitive decline in at-risk populations.

Arterial spin labeling (ASL) is a non-invasive MRI technique
that measures CBF alterations. ASL studies of AD demonstrate
similar patterns of regional perfusion compared to studies using
fluorodeoxyglucose positron emission tomography (FDG-PET)
and single photon emission computed tomography (SPECT)
(Chen et al., 2011; Takahashi et al., 2014). ASL techniques have
advantages over PET and SPECT, however, related to the nature
of the tracer (i.e., magnetically labeled arterial water) (Detre and
Alsop, 1999). That is, ASL employs a non-invasive, endogenous
tracer rather than an intravenously administered contrast agent.
The rapid decay time of the magnetized water molecules (on
the order of seconds), moreover, allows for relatively brief scan
times (5–10 min) that can provide dynamic CBF estimates
with high temporal resolution (Johnson et al., 2005). These
advantages, combined with its ability to quantitatively measure
cerebral perfusion (in milliliters per 100 g of tissue per minute),
make ASL an ideal technique for research and clinical settings
(Telischak et al., 2015) designed to monitor neural and vascular
changes in healthy older adults (Bangen et al., 2009) and clinical
populations (Johnson et al., 2005; Xu et al., 2007; Bangen et al.,
2012; Binnewijzend et al., 2013).

There are few publications examining cerebral perfusion and
its associations with cognition in individuals with T2DM, and
findings across these limited studies are contradictory. In one
of the earliest studies, Dandona et al. (1978) measured global
CBF by the 133-Xe inhalation method in 59 individuals with
T2DM and 28 controls encompassing a wide range of ages.
They reported age-related perfusion reductions that were similar
in those with and without T2DM. Previous studies employing
SPECT have reported that diabetic patients exhibit decreased
CBF (Wakisaka et al., 1990; Nagamachi et al., 1994; Sabri et al.,
2000) and that these CBF reductions are associated with poorer
cognitive performance (Xia et al., 2015). Although the extant
literature still remains relatively limited, a handful of studies
have attempted to employ ASL to assess associations among
diabetes status, CBF, and cognitive functioning. Consistent with
the PET and SPECT literature, several studies have reported
regional cerebral hypoperfusion in individuals with diabetes
(Last et al., 2007; Xia et al., 2015; Cui et al., 2017; Dai et al.,
2017), although some studies have reported no such differences
between individuals with and without diabetes (Launer et al.,
2015; Rusinek et al., 2015). Those studies that do report
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significant differences, however, have most consistently observed
associations between diabetes status and hypoperfusion in
posterior cortical regions (e.g., parietal regions) (Last et al., 2007;
Xia et al., 2015; Cui et al., 2017; Dai et al., 2017), although
some reports document hypoperfusion in frontal, temporal, and
limbic regions as well (Xia et al., 2015; Cui et al., 2017; Dai
et al., 2017). With respect to cognitive functioning in T2DM,
the ASL literature is even further limited. While the available
evidence suggests that alterations to CBF in certain regions are
associated with poorer cognitive functioning in individuals with
T2DM (Novak et al., 2014; Xia et al., 2015; Cui et al., 2017; Dai
et al., 2017), these data are extremely limited given the very few
published studies to date, and the findings are mixed with respect
to the affected cognitive domains.

Although there is mounting evidence to suggest an association
between T2DM, CBF, and cognition, prior studies lack the robust
methodology needed to reliably assess these associations. Many
studies do not specifically explore these associations in an older
adult population, despite this population being at an elevated risk
for both T2DM and dementia. Moreover, those that do target an
older sample employ ASL methods that are not optimized for
imaging CBF in older adults, which is problematic considering
that this population has expected increases in transport time
from the labeling position to the tissue (i.e., longer arterial transit
time) relative to younger adults and therefore the post-labeling
delay should be adjusted accordingly so that the CBF estimation
will not be biased by incomplete delivery of the labeled bolus
prior to image acquisition (Alsop et al., 2015). Finally, most
studies include relatively limited neuropsychological assessment.
Thus, the present study sought to extend the literature by
examining the associations among T2DM, CBF, and cognition
in a sample of well-characterized nondemented older adults
who underwent pseudo-continuous ASL imaging optimized for
older adult populations and comprehensive neuropsychological
assessment.

MATERIALS AND METHODS

Participants
Forty-nine independently living, nondemented older adults
were recruited from ongoing aging studies at the University
of California, San Diego (UCSD) and the San Diego VA
Healthcare System. Potential participants were excluded if they
were younger than 60 years of age; had a history of Type 1
diabetes; had dementia identified by medical, neurological, and
neuropsychological examinations; or had a history of stroke or
neurologic disease (e.g., Parkinson’s disease, multiple sclerosis),
head injury with cognitive sequelae, or major psychiatric
disorder; or for whom MRI was contraindicated (e.g., individuals
with a pacemaker). Of the 49 participants, 11 had T2DM, and 38
were nondiabetic control participants.

Ethics Statement
All participants provided written informed consent prior to
enrollment, and data were collected in accordance with ethical
standards for research. The UCSD and VA San Diego Healthcare

System Institutional Review Boards approved the research
protocol.

Clinical and Neuropsychological
Assessment
All participants underwent a semi-structured clinical interview
assessing medical and psychiatric history; assessment of
instrumental activities of daily living; physical examination with
brachial artery blood pressure measurement using an automated
blood pressure cuff; comprehensive neuropsychological testing;
and brain MRI. Participants were classified as having diabetes
based on self-report during clinical interview and review of
available medical records. Of the 11 participants with T2DM,
10 were being treated with antidiabetic medications (9 with oral
glucose lowering agents only and 1 with insulin only).

Presence of additional vascular risk factors included in the
Framingham stroke risk profile (FSRP) (D’Agostino et al.,
1994) was determined by self-report, medical chart review, and
physical examination. These vascular risk factors included: (1)
hypertension (defined as systolic blood pressure ≥140 mm Hg,
diastolic blood pressure ≥90 mm Hg, or use of antihypertensive
medications); (2) history of cardiovascular disease [e.g., coronary
artery disease (myocardial infarction, angina pectoris, coronary
insufficiency), intermittent claudication, cardiac failure]; (3)
atrial fibrillation; and (4) current cigarette smoking. To
characterize the aggregate vascular risk burden of our sample, we
also calculated a modified FSRP for each participant (D’Agostino
et al., 1994) omitting diabetes. Pulse pressure – a proxy for arterial
stiffness – was also calculated (as systolic minus diastolic blood
pressure), given that T2DM is associated with arterial stiffening
(Winer and Sowers, 2003; Tomiyama et al., 2005). Arterial
stiffening is also an AD risk factor that relates to AD cerebrospinal
fluid (CSF) biomarkers and cerebrovascular functioning (Nation
et al., 2015, 2016b; Werhane et al., 2018) including reduced CBF
(Yan et al., 2016).

Global cognition was assessed by the dementia rating scale
(DRS) (Mattis, 1988). Episodic memory was assessed by the
California Verbal Learning Test-Second Edition (CVLT-II) (Delis
et al., 2000) long delay free recall, and delayed recall of the Logical
Memory and Visual Reproduction subtests of the Wechsler
memory scale – revised (WMS-R) (Wechsler, 1987). Executive
function/processing speed was assessed using Trail Making Test,
Parts A and B. For each of the five cognitive scores, each
participant’s raw score was converted to a z-score based on the
mean and standard deviation of the entire sample (n = 49).
Domain composite scores are the mean of z-scores measured
within that domain. In addition, executive function/processing
speed composite scores were multiplied by –1 so that positive
z-scores represented better performance for all scores. Of note,
one participant with T2DM was missing CVLT-II data; one
nondiabetic control participant was missing WMS-R Logical
Memory data; and one T2DM participant was missing WMS-
R Visual Reproduction data. For these three participants who
were each missing data for one memory measure, their memory
composite score was calculated as the mean of their two
existing memory scores. In addition, two T2DM participants
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were missing both Trail Making Test variables and, therefore,
these individuals were not included in the analyses involving the
executive function/processing speed composite.

MRI Data Acquisition
Magnetic resonance imaging data were acquired on one of
two identical GE Discovery MR 750 3T whole body systems
using an 8-channel receive-only head coil (General Electric
Medical Systems, Milwaukee, WI, United States) at the UCSD
Keck Center for functional MRI. During scanning, participants
are provided with ear plugs and MRI-safe noise reduction
headphones and instructed to stay still. The scanner room is
dark and there is no visual stimulation. Participants are not given
instructions to keep their eyes open or closed. A T1-weighted
anatomical scan was acquired using a Fast Spoiled Gradient
Recall (3DFSPGR) sequence with the following parameters:
172.1 mm contiguous sagittal slices, field of view (FOV) = 25 cm,
repetition time (TR) = 8 ms, echo time (TE) = 3.1 ms, flip
angle = 12, inversion time (TI) = 600 ms, 256 × 192 matrix,
bandwidth = 31.25 kHZ, frequency direction = S–I, NEX = 1, scan
time = 8 min, and 13 s.

Resting CBF was acquired using a 2D pseudocontinuous ASL
(PCASL) sequence optimized for older adult populations, which
increases post-labeling delays to allow more time for the blood to
reach brain tissue with the following parameters: TR = 4,500 ms,
TE = 3.2 ms, FOV = 24 cm, labeling duration = 1,800 ms, post-
labeling delay = 2,000 ms, 24.6 mm slices, with a single shot spiral
acquisition and a total scan time of 4:18 min plus a 30 s calibration
scan. In addition, a spiral scan with the inversion pulses turned
off was acquired to obtain an estimate of the magnetization of
CSF. The CSF signal from this scan was used to estimate the
equilibrium magnetization of blood, which was used to convert
the perfusion signal into calibrated CBF units (i.e., millimeters
of blood per 100 g of tissue per minute) (Chalela et al., 2000).
A minimum contrast scan was also acquired to adjust for coil
inhomogeneities during the CBF quantification step (Wang et al.,
2005). Finally, a field map scan was also acquired and used
for off-line field map correction to help correct distortion and
signal dropout, particularly in the frontal and medial temporal
lobes.

MRI Data Processing
MRI data were processed using Analysis of Functional
NeuroImages (AFNI) (Cox, 1996), FMRIB Software Library
(FSL) (Smith et al., 2004), FreeSurfer, and locally created Matlab
scripts.

T1-Weighted Anatomical Images
T1-weighted anatomical images were processed using FreeSurfer
5.1 software. Briefly, images underwent skull stripping, B1
bias field correction, GM–WM segmentation, reconstruction of
cortical surface models, and parcellation and labeling of regions
on the cortical surface as well as segmentation and labeling of
subcortical brain structures (Dale et al., 1999; Fischl et al., 2002).
FreeSurfer output (gray–white boundary surface, pial surface,
cortical parcellation, and subcortical segmentation) was visually
inspected and, when necessary, manual edits were performed to

ensure proper region of interest (ROI) segmentation and GM and
WM differentiation.

ASL Images
Each participant’s raw ASL data (perfusion, CSF, and mincon
data), field map, and anatomical data were uploaded for
processing to the Cerebral Blood Flow Biomedical Informatics
Research Network (CBFBIRN1) (Shin et al., 2013) established at
the UCSD Center for Functional Magnetic Resonance Imaging).
Field map and motion correction; skull-stripping; and tissue
segmentation using FSL’s Automated Segmentation Tool (FAST)
algorithm to define CSF, GM, and WM tissue were completed.
The high-resolution T1-weighted image and partial volume
segmentations were then registered to ASL space, and partial
volume segmentations were down-sampled to the resolution of
the ASL data. To correct the CBF measures for partial volume
effects and ensure that CBF values were not influenced by known
decreased perfusion in WM or increased volume of CSF (Parkes
et al., 2004), we utilized the method described by Johnson et al.
(2005). These calculations assume that CSF has 0 CBF and that
CBF in GM is 2.5 times higher than that in WM. To compute
partial volume corrected CBF signal intensities, the following
formula was used: CBFcorr = CBFuncorr/(GM + 0.4 × WM)
where CBFcorr and CBFuncorr are corrected and uncorrected
CBF values, respectively, and GM and WM are the partial
volume fractions of GM and WM, respectively. The CBFcorr
data was blurred to 4.0 mm full-width at half maximum.
Each participant’s quantified CBF map (in units of mL/100 g
tissue/min) was downloaded to a local server and a threshold
was applied that removed values outside of the expected
physiological range of CBF (<10 or >150) (Bangen et al.,
2014).

FreeSurfer was used to generate anatomical ROIs for the CBF
data as well cortical thickness and volume data for these ROIs to
be compared between the T2DM and nondiabetic control groups.
We examined left and right hemisphere for the following five
a priori ROIs: (1) hippocampus, (2) inferior temporal cortex, (3)
inferior parietal cortex, (4) rostral middle frontal gyrus, and (5)
medial orbitofrontal cortex. These ROIs were selected because
they have been implicated in cerebrovascular dysfunction in MCI
and AD (Du et al., 2002; Nation et al., 2013, 2016a). Many of
these regions have been implicated in T2DM in the few existing
studies of ASL CBF in this population (Last et al., 2007; Xia
et al., 2015; Cui et al., 2017; Dai et al., 2017). The regional
GM CBF values (corrected for partial volume effects) from the
Desikan et al. (2006) atlas were extracted for each of the ROIs
for each hemisphere. See Figure 1 for a depiction of the a priori
ROIs used in the primary analyses. In addition, to adjust for
individual variation in CBF, postcentral gyrus CBF was used as a
reference region and included as a covariate in statistical analyses
comparing groups on CBF in the ROIs. This region was selected
due to its relative sparing in AD (Thompson et al., 2003) and
T2DM-related brain atrophy (Moran et al., 2013; Zhang et al.,
2014) as well as its use as a control region in our prior studies of
CBF in older adults at increased risk for AD (Bangen et al., 2017).

1cbfbirn.ucsd.edu
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FIGURE 1 | Regions of interest. (A) hippocampus; (B) rostral middle frontal gyrus (in green), inferior temporal cortex (in blue), and inferior parietal cortex (in yellow);
(C) medial orbitofrontal cortex (in orange).

FreeSurfer-derived intracranial volume was used as a covariate in
analyses comparing groups on regional brain volume.

In addition, groups were also compared on FreeSurfer-derived
volumes of WM signal abnormalities (WMSAs). WMSAs on MRI
refer to regions in the WM that appear hyperintense on T2
fluid-attenuated inversion recovery (FLAIR) but hypointense on
T1-weighted images. WMSAs are often observed in aging and
conditions including diabetes and are usually thought to reflect
small vessel CVD resulting from microvascular hypoperfusion
(Garde et al., 2000; O’Sullivan et al., 2002; Brickman et al.,
2015; Shen et al., 2017). The FreeSurfer automated segmentation
pipeline subdivides brain tissue into regions of GM, WM, and
hypointense regions within the WM using a combination of
segmentation and a set of anatomical priors (Fischl and Dale,
2000; Fischl et al., 2002). Total volume of WM hypointensities
was extracted from FreeSurfer output.

Statistical Analyses
Analysis of variance (ANOVA) and chi-square tests were used
to compare those with and without T2DM on demographic
and clinical characteristics of interest. Multiple analysis of
covariance (MANCOVA) models were used to determine CBF
and structural brain differences between T2DM and nondiabetic
control participants. The MANCOVA compared CBF in the
selected ROIs adjusting for age, sex, modified FSRP (omitting
diabetes), and reference CBF (postcentral gyrus). The modified
FSRP was used as a covariate in an effort to determine whether
any potential groups differences in CBF were related to T2DM
rather than possible comorbid vascular risk factors/conditions.
This composite measure to assess vascular risk (rather than
individuals vascular risk factors) was used to maximize the
sample size to independent variable ratio in our analyses.
MANCOVAs were also used to determine whether there were
group differences in brain structure (i.e., cortical thickness or
volume) that might influence CBF findings, particularly given
that some previous studies have reported that atrophy may largely
explain lower CBF in T2DM (Sabri et al., 2000). One MANCOVA
compared cortical thickness in 4 of the 5 ROIs (inferior parietal
cortex, inferior parietal cortex, rostral middle frontal gyrus, and
medial orbitofrontal cortex) adjusting for age, sex, and modified
FSRP. A second MANCOVA compared volume of hippocampus
and WM hypointensities adjusting for age, sex, modified FSRP,

and intracranial volume. All a priori ROIs were entered into the
MANCOVAs simultaneously.

Pearson’s product-moment correlations examined the
associations between cognition and CBF across the entire
sample (i.e., collapsed across T2DM and nondiabetic control
participants). To minimize comparisons, we examined
associations only for those unilateral ROIs that showed
significant group differences in CBF. For each significant ROI,
we correlated regional CBF with performance in cognitive
domains subserved by that region. Specifically, we examined
the associations of the memory composite score and CBF in
the hippocampus and inferior temporal cortex. In addition, we
examined the associations of the executive function/processing
speed composite with CBF in the inferior parietal cortex and
rostral middle frontal gyrus.

Sensitivity analyses were performed to determine whether
results from the primary analyses may have been influenced
by potential sex-related CBF differences and/or the presence
of comorbid vascular risk factors associated with T2DM (e.g.,
hypertension). First, we compared men and women (regardless
of T2DM status) on mean CBF for regions where differences were
observed between the T2DM and nondiabetic control groups.
Second, we ran t-test analyses to compare a subset of the sample
consisting of nondiabetic control participants (n = 11) and T2DM
(n = 11) participants who were matched so that the two groups
did not significantly differ in terms of demographic or covariate
variables. Significance levels of 0.05 were used for all analyses. All
statistical analyses were conducted using the Statistical Package
for the Social Sciences (SPSS) version 24 (SPSS IBM, New York,
United States).

Finally, in order to address potential inflation of type I error
resulting from multiple comparisons, we applied the Benjamini–
Hochberg procedure (Benjamini and Hochberg, 1995). We
assessed results when the false discovery rate (FDR) was
controlled at 0.05 and 0.10.

RESULTS

Participant Characteristics
Participant demographics and clinical characteristics are
presented in Table 1. In comparison to the nondiabetic control
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TABLE 1 | Demographic and neuropsychological characteristics by T2DM status.

Nondiabetic T2DM F or χ2 p Effect size

(n = 38) (n = 11)

Demographics∗

Age, years 73.6 (5.9) 72.3 (2.8) 0.49 0.486 ηp
2 = 0.010

Education, years 17.0 (1.7) 16.6 (2.4) 0.24 0.627 ηp
2 = 0.005

Sex, M:F 13:25 8:3 5.17 0.023 ϕc = 0.325

FSRP (%)∗∗ 10.1 (7.9) 13.4 (7.8) 1.47 0.232 ηp
2 = 0.030

Pulse pressure, mmHg 50.5 (11.2) 56.2 (16.1) 1.86 0.179 ηp
2 = 0.038

Current smoker (%) 5.3 9.1 0.22 0.641 ϕc = 0.067

History of cardiovascular disease (%) 5.3 9.1 0.22 0.641 ϕc = 0.067

History of hypertension (%) 52.6 100.0 8.24 0.004 ϕc = 0.410

History of atrial fibrillation (%) 10.5 9.1 0.02 0.890 ϕc = 0.020

GDS 3.6 (3.9) 6.1 (3.7) 3.31 0.075 ηp
2 = 0.069

Cognitive measures∗∗∗

Mean (SD)

Global cognition (DRS total score) 140.5 (3.4) 138.3 (4.5) 0.94 0.338 ηp
2 = 0.021

Memory composite 0.18 (0.8) −0.78 (0.9) 5.80 0.020 ηp
2 = 0.117

Executive function/processing speed composite 0.20 (0.7) −0.83 (1.1) 11.72 0.001 ηp
2 = 0.218

T2DM, type 2 diabetes mellitus; SD, standard deviation; FSRP, Framingham stroke risk profile (D’Agostino et al., 1994); GDS, geriatric depression scale; DRS, Mattis
dementia rating scale (Mattis, 1988).
∗Data are mean and standard deviation in parentheses unless otherwise noted.
∗∗Modified FSRP omitting diabetes.
∗∗∗DRS total score is a raw score (maximum possible score = 144); memory and executive function/processing speed composite scores are z scores. Results for the
group comparisons on DRS and memory and executive function/processing speed composite scores are from analysis of covariance (ANCOVA) models adjusted for age,
sex, and education.

group, the T2DM group had a greater proportion of men relative
to women and a greater proportion of individuals with a history
of hypertension relative to those with no history of hypertension.
There were no significant group differences with respect to
mean age, education, aggregate vascular risk (i.e., modified
FSRP omitting diabetes), pulse pressure, current smoking status,
history of cardiovascular disease, history of atrial fibrillation, and
depression. There were no significant group differences in global
cognition as assessed by DRS total score. In contrast, those with
T2DM performed significantly worse on the memory composite
score and the executive function/processing speed composite
score.

Regional CBF by T2DM
Group means and differences in CBF for a priori ROIs are shown
in Figure 2. MANCOVA adjusting for age, sex, aggregate vascular
risk (i.e., modified FSRP omitting diabetes), and reference CBF
(postcentral gyrus) revealed significant effects of T2DM on
regional CBF. Specifically, compared to nondiabetic control
participants, individuals with T2DM exhibited lower CBF in
left hippocampus [F(1,43) = 5.45, p = 0.024, η2

p = 0.113], right
hippocampus [F(1,43) = 8.81, p = 0.005, η2

p = 0.170], right inferior
parietal cortex [F(1,43) = 11.78, p = 0.001, η2

p = 0.215], right
inferior temporal cortex [F(1,43) = 8.00, p = 0.007, η2

p = 0.157],
and right rostral middle frontal gyrus [F(1,43) = 9.38, p = 0.004,
η2
p = 0.179]. Statistical significance of all results described above

was retained using a 0.05 FDR.
In contrast, there were no significant group differences for left

inferior parietal cortex [F(1,43) = 0.01, p = 0.906, η2
p < 0.001], left

inferior temporal cortex [F(1,43) = 2.01, p = 0.163, η2
p = 0.045],

left medial orbitofrontal cortex [F(1,43) = 0.16, p = 0.690,
η2
p = 0.004], right medial orbitofrontal cortex [F(1,43) = 0.02,

p = 0.903, η2
p < 0.001], or left rostral middle frontal gyrus

[F(1,43) = 1.88, p = 0.178, η2
p = 0.042]. Also, as expected, we

confirmed that there were no group differences in terms of
postcentral gyrus reference CBF [F(1,47) = 0.78, p = 0.382,
η2
p = 0.016].

Regional Cortical Thickness and Volume
by T2DM
Multiple analysis of covariance models adjusting for age, sex, and
aggregate vascular risk (i.e., modified FSRP omitting diabetes)
(and intracranial volume for analyses with hippocampal volume
and WM hypointensities as the dependent variable) examined
differences in cortical thickness or volume for the a priori ROIs
used in the CBF analyses as well as for WM hypointensities.
These models revealed no significant group differences in
terms of cortical thickness of the right or left inferior parietal
cortices [left: (F(1,44) = 0.58, p = 0.452, η2

p = 0.013); right:
(F(1,44) = 0.50, p = 0.502, η2

p = 0.010)], inferior temporal
cortices [left: (F(1,44) = 0.27, p = 0.607, η2

p = 0.006); right:
(F(1,44) = 0.17, p = 0.687, η2

p = 0.004)], medial orbitofrontal
cortices [left: (F(1,44) = 0.003, p = 0.955, η2

p < 0.001); right:
(F(1,44) = 0.37, p = 0.545, η2

p = 0.008)], or rostral middle
frontal gyri [left: (F(1,44) = 1.44, p = 0.237, η2

p = 0.032); right:
(F(1,44) = 0.94, p = 0.337, η2

p = 0.021)]. Similarly, there were
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FIGURE 2 | Mean regional CBF for T2DM and nondiabetic control groups. CBF, cerebral blood flow; L, left; R, right; hipp, hippocampus; ITC, inferior temporal
cortex; IPC, inferior parietal cortex; rMFG, rostral middle frontal gyrus; mOFC, medial orbitofrontal cortex. ∗p < 0.05. Error bars represent ± 1 standard error.

no significant differences between those with T2DM and the
nondiabetic control participants in left or right hippocampal
volume [left: (F(1,43) = 1.32, p = 0.258, η2

p = 0.030); right:
(F(1,43) = 2.06, p = 0.158, η2

p = 0.046)] or volume of WM
hypointensities [F(1,43) = 0.83, p = 0.367, η2

p = 0.019].

Associations Between Regional CBF and
Cognition
Correlation analyses were used to examine associations between
CBF (in regions for which group differences were found
by T2DM status) and cognitive abilities subserved by those
particular regions. That is, analyses were performed relating
bilateral hippocampal and right inferior temporal CBF to
memory and right inferior parietal and right rostral middle
frontal CBF to executive function/processing speed. Associations
were examined both unadjusted and controlling for diabetes
status (present versus absent).

Collapsed across the entire sample, there were significant
associations between lower regional CBF and poorer cognitive
performance (see Figure 3 for selected associations for memory
and executive function/processing speed with regional CBF).
Lower hippocampal and inferior temporal cortex CBF was
associated with poorer memory performance. Significant CBF-
memory correlations were found for both left hippocampal
CBF (r = 0.31, p = 0.016) and right hippocampal CBF
(r = 0.25, p = 0.044). In contrast, lower right inferior temporal
CBF was not significantly associated with poorer memory
performance (r = 0.07, p = 0.310). Significant associations were

maintained when FDR was limited to 0.10. In contrast, the
association with memory and left hippocampal CBF but not right
hippocampal CBF remained significant when FDR was limited to
0.05.

When partial correlations adjusted for diabetes status were
performed, the associations between regional CBF and memory
were attenuated and no longer statistically significant (left
hippocampus: r = 0.15, p = 0.168; right hippocampus: r = 0.02,
p = 0.458; right inferior temporal gyrus: r =−0.10, p = 0.253).

Lower CBF in right inferior parietal cortex and rostral
middle frontal gyrus was associated with poorer performance on
measures of executive function/processing speed (right inferior
parietal cortex: r = 0.36, p = 0.007; right rostral middle frontal
gyrus: r = 0.34, p = 0.009). These significant associations were
maintained when FDR was limited to 0.05.

When partial correlation analyses were performed adjusting
for diabetes status, the associations between regional CBF and
executive function/processing speed were somewhat attenuated
although they remained statistically significant for both the right
inferior parietal cortex (r = 0.26, p = 0.043) and right rostral
middle frontal gyrus (r = 0.29, p = 0.028).

Sensitivity Analyses
Given the higher proportion of men in the T2DM group, we
performed sensitivity analyses to examine the potential role of sex
on CBF in our sample. Similar to our primary analyses examining
CBF by T2DM status, we ran MANCOVA models adjusting
for age, aggregate vascular risk (i.e., modified FSRP omitting
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FIGURE 3 | Scatterplots of correlations between cognitive composite scores (z-scores) and regional cerebral blood flow (in units of milliliters per 100 g of tissue per
minute). (A) Depicts the correlation between memory performance and left hippocampal CBF and (B) the correlation between executive function/processing speed
and inferior parietal CBF (all p’s < 0.05). These significant associations were maintained controlling the FDR at 0.05. When partial correlation analyses were
performed adjusting for diabetes status, the association between executive function/processing speed and regional CBF remained statistically significant (p < 0.05)
whereas the association between memory and regional CBF was no longer significant.

diabetes), and reference CBF (postcentral gyrus) to assess sex-
related differences in CBF for those regions where group
differences were observed between the nondiabetic controls
and T2DM participants. The MANCOVA models revealed no
significant differences between men and women across any
of these ROIs [left hippocampus: (F(1,44) = 0.04, p = 0.848,
η2
p = 0.001); right hippocampus: (F(1,44) = 0.54, p = 0.465,

η2
p = 0.012); right inferior parietal: (F(1,44) = 1.62, p = 0.210,

η2
p = 0.035); right inferior temporal: (F(1,44) = 0.75, p = 0.393,

η2
p = 0.017); right rostral middle frontal: (F(1,44) = 0.57,

p = 0.454, η2
p = 0.013)].

In addition, we also performed t-test analyses to compare a
subset of the sample consisting of nondiabetic control (n = 11)
and T2DM (n = 11) participants who were matched so that the
two groups did not significantly differ in terms of demographic
or covariate variables including age; sex; aggregate vascular
risk; pulse pressure, systolic blood pressure, or diastolic blood
pressure; history of cardiovascular disease or atrial fibrillation;
or depression (i.e., GDS score). In this matched subsample,
findings for group differences in CBF remained statistically and
qualitatively similar to the results from analyses including the
entire sample. That is, when the T2DM and nondiabetic control
groups were equivalent in terms of sex distribution and vascular
risk covariates, the T2DM participants showed reduced CBF in
left hippocampus (t = 3.29, p = 0.004, Cohen’s d = 1.40), right
hippocampus (t = 4.10, p = 0.001, Cohen’s d = 1.75), right inferior
parietal cortex (t = 2.68, p = 0.014, Cohen’s d = 1.14), right inferior
temporal cortex (t = 2.90, p = 0.009, Cohen’s d = 1.24), and right
rostral middle frontal gyrus (t = 2.85, p = 0.104, Cohen’s d = 1.21).
Similar to the primary analyses including the entire sample, there
were no significant group differences in any of the other a priori
ROIs (left inferior parietal cortex: t = 0.95, p = 0.352, Cohen’s
d = 0.41; left inferior temporal cortex: t = 1.63, p = 0.118, Cohen’s
d = 0.70; left medial orbitofrontal cortex t = 1.21, p = 0.240,
Cohen’s d = 0.52; right medial orbitofrontal cortex: t = 0.75,

p = 0.462, Cohen’s d = 0.32; left rostral middle frontal cortex:
t = 1.74, p = 0.097, Cohen’s d = 0.74).

DISCUSSION

Our results demonstrate that CBF is reduced in nondemented
older adults with T2DM independent of age, sex, and related
vascular risk factors. We did not find significant differences
between those with and without T2DM in terms of brain
structure (cortical thickness or brain volume in regions of
interest), suggesting that CBF alterations occur independent of
cerebral atrophy and may precede structural changes that have
been identified in previous studies. T2DM-related reductions
in CBF were pronounced in known predilection sites for AD
pathology as well as regions implicated in cerebrovascular
dysfunction in early AD (hippocampus, inferior parietal cortex,
inferior temporal cortex, and middle frontal regions). Moreover,
among older adults both with and without T2DM, lower
CBF was associated with poorer cognitive performance in
memory and executive/processing speed domains. These findings
were somewhat attenuated when analyses were adjusted for
diabetes status although associations between regional CBF
and executive function/processing speed remained significant
in adjusted analyses. Findings add to a growing body of
research suggesting that perfusion deficits may underlie cognitive
decrements frequently observed among older adults with T2DM.
Results also suggest that CBF measured with ASL MRI may reflect
an early and important marker of risk of cognitive decline in
T2DM and related conditions particularly given that the mean
level of performance on cognitive measures in our sample was
within the normal range and not objectively impaired.

Several previous studies have examined the association of
T2DM and CBF using techniques including PET, SPECT, and
ASL, although findings across studies have been mixed. Many
studies have reported reduced CBF in T2DM (Last et al., 2007;
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Xia et al., 2015; Cui et al., 2017; Dai et al., 2017), although some
other studies have reported no differences between individuals
with and without T2DM (Tiehuis et al., 2008; Launer et al.,
2015; Rusinek et al., 2015). As noted by Dai et al. (2017), studies
reporting no alterations in CBF in T2DM relative to nondiabetic
control participants typically examined large ROIs such as whole
brain GM or large cortical regions. Importantly, previous studies
are limited in their ability to reliably detect CBF reductions in the
context of T2DM as they typically did not consider the effects of
additional vascular risk factors such as hypertension (Dai et al.,
2017) or elevated pulse pressure, which commonly co-occur with
T2DM, or brain atrophy, which in some instances appears to fully
account for decreased CBF (Sabri et al., 2000). Furthermore, few
studies have utilized a PCASL sequence and implemented an ASL
protocol optimized for use in older adults.

Despite previous findings linking T2DM and elevated blood
glucose to cognitive impairment and AD, there are few studies
investigating the neuropathologic mechanisms underlying these
associations. Although autopsy-based studies have shown that
T2DM is linked to cerebral infarcts (Peila et al., 2002;
Arvanitakis et al., 2006; Sarwar et al., 2010), its association
with AD neuropathology itself (i.e., β-amyloid plaques, Aβ and
neurofibrillary tangles, NFT) remains unclear. (Peila et al., 2002;
Beeri et al., 2005; Arvanitakis et al., 2006; Ahtiluoto et al., 2010;
Malek-Ahmadi et al., 2013). However, some evidence suggests
a role for deficiencies in brain insulin in the pathogenesis of
AD and have proposed that AD may be “type 3 diabetes” (Steen
et al., 2005). In our previous work, we found that midlife elevated
blood glucose is predictive of more severe AD pathology (i.e.,
higher medial temporal lobe NFT pathology) in late life. This
work suggests that elevated blood glucose – even many years
before death and even among nondiabetic individuals – may have
detrimental effects on the brain that ultimately contribute to the
development of AD pathology and subsequent cognitive decline
(Bangen et al., 2016). The present findings provide additional
evidence for the influence of T2DM on changes in AD-vulnerable
regions, and they suggest that cerebrovascular dysfunction may
underlie the predilection of AD pathology in these regions.

We found lower CBF in T2DM in a priori ROIs including
medial temporal lobe, parietal, and frontal regions. This pattern is
similar to that seen in AD and vascular disease. Medial temporal
regions are susceptible to early pathologic and neurodegenerative
changes in AD, and alterations in CBF represent a potential
mechanism through which these changes may occur. Indeed,
many of the regions implicated in the current study, including
inferior parietal cortices, are key components of the default mode
network, which contributes to episodic memory and executive
functioning and has been implicated in preclinical AD (Hampel,
2013). Lifetime cerebral metabolism associated with default mode
network activity may predispose these regions to AD-related
pathologic changes including Aβ accumulation and may also
disrupt connections with the medial temporal lobe, resulting in
impaired cognitive function (Buckner et al., 2005). Further, WM
lesion pathology in the parietal lobe has been implicated as an
early biomarker of AD, and as a marker of small-vessel disease,
these lesions may reflect later-stage consequences of chronic
hypoperfusion in this region (Lee et al., 2016).

The present findings corroborate previous studies
demonstrating hypoperfusion in T2DM in the absence of
brain volume differences, suggesting that perfusion alterations
are independent of cerebral atrophy (Xia et al., 2015; Jansen
et al., 2016). Previous studies have shown that functional changes
precede structural changes in the context of AD (Devous, 2002)
and T2DM (Musen et al., 2012). Given this, MRI techniques
such as ASL have great potential as a non-invasive method
for detecting early and/or subtle functional brain changes in
asymptomatic individuals. Advanced MRI techniques that
measure early physiological changes including alterations in CBF
may elucidate the mechanisms that precede the development
of irreversible parenchymal/structural damage and serve as a
marker of risk for cognitive decline.

Indeed, mounting evidence suggests that ASL CBF represents
a useful biomarker in at-risk individuals given that this technique
can reliably differentiate those at risk from control participants
(Fleisher et al., 2009; Bangen et al., 2012; Wierenga et al., 2012).
Furthermore, longitudinal studies have shown that ASL CBF
indices predict cognitive decline in older adults with normal
cognition (Xekardaki et al., 2015) as well as progression from
normal cognition to MCI (Beason-Held et al., 2013), and MCI
to AD (Chao et al., 2010). Previous work has shown that CBF
alterations are independent of changes in volume and were
detectable several years prior to the development of cognitive
impairment (Beason-Held et al., 2013). Our current findings
emphasize the important link between CBF and cognition,
and they provide further support for CBF as a useful marker
of vascular risk and correlate of cognitive functioning in
nondemented older adults. Furthermore, a recent study showed
that there was an increase in perfusion and improvements in
cognitive performance after insulin administration in individuals
with T2DM which was greater than in the nondiabetic control
group, and these insulin-induced changes were associated with
vasodilation in the middle cerebral artery territory, suggesting
involvement of a vascular mechanism (Novak et al., 2014).
Although findings have been mixed, overall it appears that
reduced CBF seems to be an early change independent of
brain structural changes and may be a viable intervention target
for preventing cognitive decline in T2DM. Dissemination of
methods capable of detecting cerebrovascular dysfunction prior
to the manifestation of these frank lesions would represent
a major advancement in early detection and expansion of
treatment opportunities to prevent or delay cognitive impairment
in these individuals.

Taken together, our findings show an important relationship
between cerebral perfusion and memory and executive function
in the context of T2DM. Results further highlight the potential
value in examining ASL CBF as a sensitive vascular marker in
aging, metabolic and vascular conditions, and dementia risk.
Strengths of this work include a well-characterized sample,
comprehensive neuropsychological assessment, and use of an
ASL protocol optimized for use in older adults. However, there
are important limitations of this study worth noting. First, our
sample size of participants with T2DM is small and thus results
should be considered preliminary. Data on glycemic control was
not available (e.g., hemoglobin A1c) and therefore not included
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in our analyses, which should be addressed in future studies.
In addition, our sample was predominantly white, generally
medically healthy, and relatively well-educated, which may affect
generalizability of the findings. Future studies should include
larger sample sizes and longitudinal follow-up spanning middle
age to older age in order to better understand how changes in CBF
may evolve over time and how they influence the development of
later-stage structural and pathologic changes that have previously
been associated with T2DM. Finally, the nondiabetic control
group included a higher proportion of women relative to the
T2DM group. Although women have been shown to have higher
CBF, some evidence suggests that this difference is diminished
with advancing age and that, by the sixth decade, men and
women show similar CBF rates (Gur et al., 1987; Gur and Gur,
1990). The mean age of the present sample was approximately 73
(range = 68–88). We performed sensitivity analyses to examine
the potential role of sex on CBF in our sample and found that sex
was not significantly associated with regional CBF. We performed
a second set of sensitivity analyses in a subset of our sample
including nondiabetic control participants and those with T2DM
who were matched on distribution of sex, pulse pressure and
blood pressure, and other important demographic and vascular
risk variables. Findings were qualitatively and statistically similar
to those from the primary analyses including the entire sample.
Nonetheless, future work should aim to replicate our findings in
a larger sample with groups matched on sex distribution.

Despite these limitations, our findings, if replicated, may
have important research and clinical implications. Indeed, our
results show that reduced CBF may be an early marker of
incipient change independent of brain structural changes, and
it may be a viable intervention target for preventing cognitive
decline in T2DM. Dissemination of methods capable of detecting
cerebrovascular dysfunction prior to the manifestation of these
frank lesions would represent a major advancement in early
detection and expansion of treatment opportunities to prevent

or delay cognitive impairment in these individuals. For example,
pharmacological and behavioral interventions, such as physical
exercise, may influence the regulation of CBF and, ultimately, the
prevention of cognitive decline in T2DM and related conditions.
T2DM is a growing condition that has been linked to the
development of substantial cognitive and brain changes, and
there is therefore a pressing public health need to identify early
biomarkers of cognitive decline in T2DM and related conditions
as well as potentially modifiable mechanisms underlying these
changes. Such research will help facilitate the development and
optimization of targeted interventions to reduce dementia risk
while improving the health and functioning of individuals with
T2DM and other groups at risk for cognitive decline.
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Elevated Non-oxidative Metabolism
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Albert Gjedde 5, Fahmeed Hyder 6 and Douglas L. Rothman 6*

1Department of Anesthesiology, Yale School of Medicine, Yale University, New Haven, CT, United States, 2Department of

Neurology, University of Arkansas for Medical Sciences, Little Rock, AR, United States, 3Department of Cell Biology and
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Yale University, New Haven, CT, United States

Brain growth across childhood is a dynamic process associated with specific energy

requirements. A disproportionately higher rate of glucose utilization (CMRglucose)

compared with oxygen consumption (CMRO2) was documented in children’s brain

and suggestive of non-oxidative metabolism of glucose. Several candidate metabolic

pathways may explain the CMRglucose-CMRO2 mismatch, and lactate production is

considered a major contender. The ∼33% excess CMRglucose equals 0.18 µmol

glucose/g/min and predicts lactate release of 0.36 µmol/g/min. To validate such

scenario, we measured the brain lactate concentration ([Lac]) in 65 children to determine

if indeed lactate accumulates and is high enough to (1) account for the glucose consumed

in excess of oxygen and (2) support a high rate of lactate efflux from the young brain.

Across childhood, brain [Lac] was lower than predicted, and below the range for adult

brain. In addition, we re-calculated the CMRglucose-CMRO2 mismatch itself by using

updated lumped constant values. The calculated cerebral metabolic rate of lactate

indicated a net influx of 0.04 µmol/g/min, or in terms of CMRglucose, of 0.02 µmol

glucose/g/min. Accumulation of [Lac] and calculated efflux of lactate from brain are not

consistent with the increase in non-oxidative metabolism of glucose. In addition, the value

for the lumped constant for [18F]fluorodeoxyglucose has a high impact on calculated

CMRglucose and use of updated values alters or eliminates the CMRglucose-CMRO2

mismatch in developing brain. We conclude that the presently-accepted notion of

non-oxidative metabolism of glucose during childhood must be revisited and deserves

further investigations.
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INTRODUCTION

Understanding the metabolic needs of the developing brain
is essential for maintaining brain health across childhood and
during adolescence. Information on the bioenergetic state of
normal children’s brain during development remains limited
due to ethical concerns and overall complexity of conducting
quantitative cerebral metabolic studies using positron emission
tomography (PET) or magnetic resonance spectroscopy (MRS).
Filling this gap in knowledge may shed light on several clinical
predicaments and disease states including understanding the
high incidence of benign febrile seizures in children 18 month
of age (Pavlidou et al., 2013), the increased risk of long-
term cognitive sequelae from multiple anesthesia and surgeries
exposures before age 4 years (Glatz et al., 2017), and the higher
rate of brain overgrowth observed in children with autism
spectrum disorder (Hazlett et al., 2005; Sacco et al., 2015).

In humans, brain growth is rapid after birth and the young
brain reaches adult-sized volume around age six (Giedd et al.,
1999; Lenroot and Giedd, 2006; Semple et al., 2013). Neuronal
maturational processes and myelination rates are dynamic and
varying across the cortex (Bauernfeind and Babbitt, 2014).
Synaptic density peaks at 2–3 years of age followed by pruning
and decreased number (Huttenlocher, 1990; Semple et al., 2013).
Myelination rate remains high until age 10 years (Miller et al.,
2012). The growth pattern of brain development is paralleled by
age-varying energy requirements.

The brain relies predominantly on glucose for energy,
and PET is used to measure rates of glucose consumption
(CMRglucose) with the glucose analog [18F]fluorodeoxyglucose

(FDG) and oxygen consumption (CMRO2) with
15O-O2 (Raichle

et al., 1976; Mintun et al., 1984; Reivich et al., 1985; Ohta
et al., 1992; Gjedde and Marrett, 2001), allowing for calculation
of the oxygen-glucose index (OGI = CMRO2/CMRglucose). The
theoretical maximum for OGI is 6.0 (6O2 + 1 glucose →

6CO2 + 6H2O) when no other substrates are utilized, and the
OGI therefore falls below 6 when glucose is consumed but not
oxidized. The disproportionate utilization of glucose compared
with oxygen in the presence of normal oxygen delivery is a
phenomenon often called “aerobic glycolysis” in the literature
(Hertz et al., 1998; Vaishnavi et al., 2010; Goyal et al., 2014;
Dienel and Cruz, 2016; Hyder et al., 2016). However, to avoid
confusion, since glycolysis can be upregulated under either
aerobic or hypoxic/anaerobic conditions, we refer here to non-
oxidative metabolism of glucose as glycolytic production of
lactate that is not oxidized and/or of utilization of glucose
by any other pathways that do not consume oxygen via the
mitochondrial electron transport chain (e.g., glycogen synthesis,
pentose phosphate shunt activity, biosynthetic reactions, etc.).

Chugani et al. reported that cortical CMRglucose in newborns
was ∼20–35% lower than in adults, and increased rapidly over
the first 1–3 years (Chugani et al., 1987). In 3–8 year old children,
CMRglucose was twice adult values, followed by a gradual decrease
from 4 to 15 years to attain lower adult levels (Chugani et al.,
1987). These values have become widely accepted and form
the basis of proposals regarding metabolic adaptations in the
developing human brain. Goyal et al. (2014) recently extended

these findings by performing a meta-analysis based on the data
from Chugani et al. and other studies to map trajectories of
CMRglucose and CMRO2, across the human lifespan and reported
a 33% peak of excess CMRglucose over CMRO2 at 3–5 years of
age (Goyal et al., 2014) and an OGI of ∼4.1, inferring enhanced
non-oxidative metabolism of glucose during early childhood
(Goyal et al., 2014). By analogy to cancer cell growth—where
an elevated non-oxidative metabolism of glucose is thought to
support accelerated uptake and incorporation of nutrients into
the growing cancer biomass (Vander Heiden et al., 2009)—it
has been proposed that an elevated non-oxidative metabolism of
glucose in the developing brain would support growth, axonal
elongation synaptogenesis, and remodeling (Bauernfeind et al.,
2014; Goyal et al., 2014).

However, conversion of all of the glucose consumed in excess
of oxygen into brain biomass would cause an impossibly large
increase in brain size, doubling within a month. It is necessary,
therefore, to search for potential explanations for the large
magnitudes of non-oxidative metabolism of glucose reported by
Goyal et al. (2014), which is several-fold higher than in the adult
brain (Hyder et al., 2016). Although a lower than normal OGI
in children’s brain is suggestive of increased glycolytic flux or
non-oxidative metabolism of glucose, the downstream fate of
the glucose carbon has not been established. In other words, the
“OGI” by itself provides no information about the fate of excess
glucose utilization which can involve many pathways as shown in
Figure 1.

A possibility is that a higher-than-normal lactate production
may explain the elevated non-oxidative metabolism of glucose
reported in the developing brain (Goyal et al., 2014). To assess
this concept, we measured steady state lactate concentrations
([Lac]) from brains of 87 children who underwent routine MRI
examination under anesthesia (Jacob et al., 2012) using proton
magnetic resonance spectroscopy (1H MRS), and found that
lactate accumulation and efflux could not explain the excess non-
oxidative utilization of glucose. We, therefore, also evaluated
several other possibilities including the storage of the excess
glucose uptake into glycogen, and its complete oxidation or
shunting away from lactate via the pentose phosphate pathway.
At present there is no strong evidence for these possibilities
although they will need to be directly measured before definite
conclusions can be made. We then examined the alternate
possibilities of age dependence on the conversion of the FDGPET
measurement into a calculated rate of CMRglucose and the impact
of plasma ketones, lactate, and other non-glucose substrates on
the OGI calculation.We found that the “lumped constant,” which
is the constant used for the conversion of FDG phosphorylation
to CMRglucose, of Chugani et al. (1987) was considerably lower
than modern accepted values and tested the impact of updated
values on OGI.

Based on our direct measurements of brain [Lac] and
calculations as well as mass balance considerations, we conclude
that the claims of net lactate efflux and/or conversion of
glucose into brain mass explaining the enhanced non-oxidative
metabolism of glucose in children compared to adults are
incorrect. There are several other potential metabolic sources
of the reported glucose uptake/oxidation mismatch, including
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FIGURE 1 | Metabolic pathways of importance for the developing brain. Glycolysis, oxidative phosphorylation via the citric acid (TCA) cycle and the pentose

phosphate pathway generating NADPH, and the use of ketone bodies as supplemental fuel are shown. The connections between glycolysis, complex carbohydrate,

amino acid, protein, lipid, and nucleotide synthesis are also illustrated. The pathway fluxes that change during brain development to cause glucose utilization in excess

of oxygen (enhanced non-oxidative metabolism of glucose) are not known. Glucose can be converted to lactate directly via the glycolytic pathway or after shunting

through glycogen or the pentose shunt pathway, then either oxidized in the mitochondria or released from brain. Our diagram shows two pathways for mitochondrial

lactate oxidation, direct lactate transport into the mitochondria and oxidation as has been reported in studies of muscle and brain (Brooks, 1986, 2000, 2018; Schurr,

2006; Passarella et al., 2014; Rogatzki et al., 2015) and conversion of lactate to pyruvate in the cytosol by cytosolic lactate dehydrogenase (cLDH) and subsequent

transport into inner matrix of the mitochondria through pyruvate transporters. Although in muscle it has been reported that the large majority of lactate is directly

oxidized in the mitochondria by mitochondrial LDH (mLDH), the effective blocking of glucose oxidation in brain cell cultures, synaptosomes, and brain slices by

inhibition of the malate aspartate shuttle (MAS) (which transports the redox equivalent from NADH produced by cLDH into the mitochondria) (Fitzpatrick et al., 1983;

Kauppinen et al., 1987; Cheeseman and Clark, 1988; Mckenna et al., 1993) and the inability of L-lactate to rescue glutamate toxicity in MAS-knockout neurons

whereas it does in wild type (Llorente-Folch et al., 2016) suggests that brain mitochondria mainly use cytosolic pyruvate as an oxidative source. Also, LDH is

considered to be a cytoplasmic marker in subcellular fractionation studies of brain (Johnson and Whittaker, 1963; Tamir et al., 1972), and <1% of the LDH in a brain

homogenate is recovered in purified mitochondria (Lai and Clark, 1976; Lai et al., 1977). However, from the standpoint of this study the two pathways of lactate

oxidation would lead to the same OGI as shown in Figure 2. Glucose can also be used for synthesis of glycogen, amino acids, proteins, complex carbohydrates,

lipids, glycolipids, and glycoproteins, and nucleotides. The flux of the pentose shunt in developing brain is higher than in adult brain even though maximal capacity is

similar at all ages (Baquer et al., 1977). The illustration is based metabolic pathways active in proliferative cells to explain the Warburg effect that involves aerobic

glycolysis and lactate efflux (Vander Heiden et al., 2009). Warburg theories for cancer cells state that the increased glucose uptake is shunted through the pentose

phosphate pathway for the additional NADPH needed for biosynthetic reactions. Theoretically, 5/6 of the glucose entering the oxidative branch of the pentose

phosphate pathway should end up as lactate and be exported from the brain. However, if recycling of Fru-6-P back into the pentose shunt is complete, this pathway

can contribute a higher fraction to the consumption of glucose in excess of oxygen (see text). It is an open question how much NADPH is needed to meet the

biosynthetic needs for synaptogenesis. CoA, Coenzyme A; P, phosphate; FBP, fructose-1,6-P2; PEP, phosphoenolpyruvate. Modified from Figure 3 of Vander Heiden

et al. (2009) with permission of the authors. Reprinted with permission from AAAS.

alternate pathways of glucose metabolism or even other
substrates. For example, ketone metabolism is known to be
higher in children, but this would reduce the measured rate
of non-oxidative metabolism of glucose by increasing the OGI.
However, there are limited measurements available on these
alternate pathways. We show through simulations that a more
likely explanation, at present, is the use of different lump
constants in PET CMRglucose data in children and adults.
When modern LC values are used with the originally reported
Chugani et al. results (Chugani et al., 1987), the difference
in non-oxidative metabolism of glucose between adults and
children disappears. However, until the necessary studies are
performed, our present understanding of glucose metabolism in
the developing brain, despite being widely accepted, is at best

incomplete and potentially largely incorrect and deserves further
investigation. The non-oxidative metabolism of glucose “story”
is more complex than conversion of glucose into brain mass or
lactate.

MATERIALS AND METHODS

De-identified 1HMRS spectra and anatomical T1-weighted scans
from 87 children (age: 2–7 years, 38 females and 49 males)
undergoing diagnostic MRI under anesthesia were included
in the analysis. 1H MRS metabolite data from 60 of the 87
children included were previously reported in a study not focused
on lactate but documenting cerebral metabolomic profiles
during different anesthesia regimens; and study procedures are
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described in detail in Jacob et al. (2012). Briefly, after IRB
approval [Committees on Research Involving Human Subjects
(CORIHS), Stony Brook University] and parental consent,
children (2–7 years) were anesthetized with sevoflurane (N =

37) or propofol (N = 50) and underwent routine MRI imaging
for clinical evaluation. Common clinical indications for the
diagnostic MRI scans included seizures, headache, and potential
developmental delay (Jacob et al., 2012). Exclusion criteria were
acute brain trauma, stroke or hemorrhage or any confirmed
diagnosis of elevated intracranial pressure (Jacob et al., 2012).
Scanning was performed on a 3.0T Philips Achieva whole body
scanner, and high resolution T1-weighted and single voxel 1H
MRS were performed in each session. A T1-weighted turbo
field echo sequence was acquired in the sagittal plane at voxel
dimensions of 0.94× 0.94× 1.00mm.

Data Analysis
For gray matter and white matter analysis, the T1-weighted scans
were segmented using SPM8 (Ashburner and Friston, 2000).
The 1H MRS single-voxel point-resolved sequence (PRESS)
was acquired in the cortex (e.g., parietal or temporal lobes)
with following parameters voxel size of 1.5 × 1.5 ×1.5 cm3,
TR/TE/2000 ms/32ms, receiver bandwidth = 1200/2000Hz,
number of points = 1024/2048, and averages = 256. In
the current analysis, the following metabolite concentrations
were quantified and extracted from the spectra by linear
combination of model (LCModel) analysis using the water
concentration as an internal reference (Provencher, 2001): N-
acetylaspartate (NAA) + N-acetylaspartylglutamate (NAAG) =
tNAA; phosphorylcholine + glycerophosphorylcholine = total
choline (tCh); creatine+ phosphocreatine= total creatine (tCr);
glutamate + glutamine = tGlx, and lactate (Lac). Partial volume
effect in the water concentration was also considered in the
concentration calculation (Lee et al., 2013).

Calculation of the Cerebral Metabolic Rate
of Lactate
To assess the degree of CMRglucose-CMRO2 uncoupling
consistent with the measured lactate levels and to compare with
previous reported CMRglucose and CMRO2 in early childhood, we
calculated the cerebral metabolic rate of lactate, CMRlac, as the
difference between the unidirectional transport of lactate into the
brain (Vin) and the lactate efflux (Vout) from the brain, Equation
1 (Boumezbeur et al., 2010), i.e., it is net lactate carbon flux
across the blood-brain barrier. CMRlac is defined as the cerebral
metabolic rate of either net lactate production or consumption of
plasma lactate by the brain. The two parameters Vin and Vout can
be calculated based on Equation 2, 3, and CMRLac, [Lac]p, and
Lac]B can be calculated with Equation 4 when different values
for lactate concentrations or VMAX are used:

CMRLac = Vin − Vout (1a)

CMRLac = −2 (CMRglucose − CMRO2/6) (1b)

Vin = VMAX

[Lac]p

KT + [Lac]p + [Lac]B
(2)

Vout = VMAX
[Lac]B

KT + [Lac]p + [Lac]B
(3)

CMRLac = VMAX([Lac]p − [Lac]B)/(KT + [Lac]p + [Lac]B) (4)

Where [Lac]p and [Lac]B are the concentrations of lactate in
arterial plasma and brain, respectively. Since we did not measure
[Lac]p in the children we set it to be 0, 1, or 2mM for the
calculations, which is a reasonable range for the estimate since
the clinical guides report normal plasma [Lac] in children in
the range of 0.5–2mM (Agrawal et al., 2004) and none of
the children in our study was acutely sick or suffering from
chronic infections (Jacob et al., 2012). Lactate transport kinetic
parameters VMAX and KT determined previously in adult brain
of 0.4 µmol/g/min and 5.1mM, respectively were used for the
calculations (Boumezbeur et al., 2010). We also examined the
impact of a 3, 5, and 10-fold higher VMAX, based on studies of
neonatal rats demonstrating that transport kinetics are elevated
in young rat brain when compared to adult brain (Cremer et al.,
1979).

Calculation of the Effect of Different
Substrates on the Measured OGI
Figure 2 shows the stoichiometries used in order to calculate
the effect of different substrates on the measured OGI. We
also give the equations (Figure 2; Table 4) for the oxygen-
carbohydrate index (OCI) and oxygen carbohydrate ketone index
(OCKI) which take into account the oxidation of lactate and
lactate plus ketones, respectively, as opposed to only glucose
in the OGI. As illustrated in Figure 2, oxygen consumed
by complete oxidation of different substrates varies with the
number of carbon atoms (and oxidation of β-hydroxybutyrate to
acetoacetate before entering the TCA cycle), and it is necessary
to take the stoichiometry into account when calculating molar
oxygen/substrate ratios. When all substrates are included in the
same calculation, the molar equivalent carbon each substrate
is expressed relative to the oxygen consumed by glucose. For
example, lactate and pyruvate would consume 3O2, and are
equivalent to 0.5 glucose. Use of these calculations emphasizes
the stoichiometry of net utilization of substrate(s) compared with
oxygen, and has been used in OCI calculations during exercise
to exhaustion (Quistorff et al., 2008; van Hall et al., 2009). Thus,
if glucose is taken up into brain and converted to pyruvate that
is transported into and oxidized in mitochondria or converted
to lactate in cytoplasm, followed by its uptake and oxidation
in mitochondria, the same number of moles of oxygen will be
consumed per glucose. On the other hand, if lactate is released
from brain or if non-oxidative metabolism predominates, the
oxygen/substrate index falls below the theoretical maximum. In
addition, if brain glycogen is consumed, as during hypoglycemia
(Oz et al., 2009) or brain activation (Swanson et al., 1992;
Cruz and Dienel, 2002), the additional carbon fuel must also
be taken into account. In the present study, the children were
anesthetized and glycogenolysis is not anticipated to be increased,
since glycogen turnover in resting brain is very slow (Watanabe
and Passonneau, 1973). However, glycogenmay have contributed
to brain metabolism during the CMRglucose and CMRO2 assays,
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FIGURE 2 | Oxygen-substrate stoichiometry in brain. Substrates are delivered to brain by blood where they are metabolized by brain cells that consume oxygen.

Glucose (Glc) and the glucose analog fluorodeoxyglucose (FDG) are phosphorylated by hexokinase (HK) to their respective hexose-6-phosphate (P). FDG-6-P is

trapped in the cell where phosphorylated, whereas Glc-6-P is further metabolized via the glycolytic pathway to a 3-carbon product that can be oxidized in

mitochondria as either as pyruvate (Pyr) via pyruvate dehydrogenase (PDH) in all cells and pyruvate carboxylase (PC) in astrocytes, or as lactate (Lac) that may be

taken up into mitochondria and converted to Pyr by mitochondrial lactate dehydrogenase (LDH) (see text and legend to Figure 1). Glc-6-P can also enter the pentose

phosphate shunt pathway (PPP) to generate NADPH for management of oxidative stress or for use in biosynthetic reactions. The PPP also generates ribulose-5-P

that is a precursor for nucleic acid synthesis and intermediates are rearranged to produce fructose-6-P and glyceraldehyde-3-P that can re-enter the glycolytic

pathway and fructose-6-P may recycled into the PPP. In astrocytes, Glc-6-P is also stored as glycogen. Lactate can be released from brain when non-oxidative

metabolism is upregulated more than the oxidative pathways. Lactate and ketone bodies can also be taken up from blood and oxidized, particularly in suckling

mammals during development, as well as during exercise and starvation, respectively, when their blood levels rise. Different substrates consume different amounts of

oxygen when completely oxidized, and the relationship between total oxygen consumption and total utilization of various substrates is illustrated. The oxygen-glucose

index (OGI) is based on the stoichiometry of glucose oxidation, and assumes no other substrates are metabolized. The same OGI will be obtained whether Lac or Pyr

is oxidized, as long as there is no uptake of these substrates from blood. Metabolism of other substrates is taken into account by the oxygen-carbohydrate (OCI) and

oxygen-carbohydrate-ketone body (OCKI) indicies. Note that Lac and Pyr are converted to glucosyl units. Ketone bodies, acetoacetate (AcAc) and β-hydroxybutyrate

(BHB), are metabolized in mitochondria.

especially if the subjects were stimulated or stressed, and it would
cause errors in calculated OGI.

Statistical Analysis
We analyzed associations between brain volumes and age
using Analysis of Covariance (ANCOVA) with adjustment for
gender. To examine the relation between LCModel-derived
metabolite concentrations and age, an Analysis of Covariance
(ANCOVA) with adjustment for anesthesia regimen (Sevoflurane
or Propofol) and gender was employed. Analysis was conducted
using XLSTAT (Version 2011.4.03).

RESULTS

MRS Spectral Quality
In order to assess spectral quality the 1H MRS spectra were
checked for poor signal-to-noise ratio (SNR), spectral line
width via full width at half maximum (FWHM) and baseline

fluctuations estimated from LCModel analysis (Provencher,
2001), and 13 spectra were excluded. The average FWHM and
SNR of the spectral NAA peaks were 0.028 ± 0.006 ppm and
22.3 ± 4.2, respectively indicating excellent spectral resolution
and sensitivity. Figure 3 shows representative 1H MRS spectra
from the cortex of a 3-year-old child (top) and a 7 year old
child (bottom); and the LCModel-determined lactate peak is
also depicted (blue, scaled × 4 for enhancing the peak). The
Cramer–Rao lower bounds (CRLBs) which are the standard error
estimates expressed in percent of the estimated concentrations
(%SD) calculated by LCModel analysis (Provencher, 2001) for
[tCr], [tNAA], [tCh] were 2–5%SD; and CRLB’s for [tGlx] were
8–14%SD. The CRLB’s for [Lac] were considerably higher and
[Lac] <0.1mM were discarded leaving 65 subjects with [Lac]
for analysis, and the average CRLB for these was 80 ± 35%SD.
The high CRLB for [Lac] was due to its low concentration
in the brain being on the order of the noise level in some
subjects.
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FIGURE 3 | 1H MRS spectra from a 3-year-old and a 7-year-old child. Representative proton magnetic resonance spectroscopic (1H MRS) spectra from parietal

cortex of children anesthetized with sevoflurane and analyzed by LCModel. The spectra are of excellent quality with sufficient water suppression and spectral

resolution to resolve at least 6–10 metabolites. The raw unsmoothed spectra are shown (black) in addition to the LCModel-fitted output (red solid lines). NAA,

N-acetylaspartate; Glx, glutamate + glutamine; tCr, total creatine; mI, myo-inositol; tCho, total choline; MM, macromolecules. The LCModel- defined lactate peaks on

the two spectra are shown in blue (scaled x4 for enhancing visualization of the peaks).
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Brain Morphometry and Metabolites
Across Early Childhood (2–7 Years)
Global brain morphometric analysis revealed that total gray
matter (GM) and white matter (WM) in the children significantly
correlated with age in the expected, positive direction (GM R2

= 0.14 WM R2 = 0.36, p < 0.001, Figure 4). For GM, 15% of
the variability was explained by the two variables, with age being
significant (p = 0.003) but not gender (p = 0.082). For WM,
39% of the variability was explained by the two variables, with
age being more influential (p < 0.0001) compared to gender (p <

0.001). The concentration of tNAA ([tNAA], a neuronal marker)
was in the range of 5–6mM and also positively correlated with
the children’s age in agreement with a previous report (Kadota
et al., 2001), but not with gender (Table 1). However, in contrast
to [tNAA], none of the other metabolites including [tCr], [tCho],
[Lac], or [tGlx] appeared to follow a linear age-dependency
pattern (Table 1).

Trajectory of Brain Lactate in Early
Childhood
We characterized the trajectory of the brain concentration of
lactate, [Lac] across the children’s ages, because previous reports
documented enhanced levels of non-oxidative metabolism of
glucose in early childhood and the peak excess CMRglucose over
CMRO2 occurred at 3–5 years of age (Goyal et al., 2014). Figure 5
shows the mean cortical [Lac] for each year of children aged
2–7 years, anesthetized with either sevoflurane or propofol and
demonstrates that in all children, regardless of age and anesthetic,
[Lac] is <1mM. Further, we did not observe a [Lac]B peak
at ∼ at 3–5 years, however, [Lac]B in children anesthetized

with sevoflurane was noted to be highest at ∼5 years of age
and reached a level of 0.28 ± 0.20mM. Thus, mean cortical
[Lac] in children is lower than the reported [Lac] values in
brain of unanesthetized adults (0.5–1.0mM) (Prichard et al.,
1991; Bednarik et al., 2015; Rowland et al., 2016). Second, to
explore the age-dependent relation with the AG trajectory (Goyal
et al., 2014), we performed a Lowess, non-parametric regression
of [Lac] from children anesthetized with sevoflurane which is
shown in Figure 6A.

Calculation of CMRLac and Quantitative
Evaluation of its Contribution to Elevated
Non-oxidative Metabolism of Glucose
Using the standard reversible Michaelis-Menten model for brain
lactate transport (Simpson et al., 2007; Boumezbeur et al., 2010)
we calculated the magnitude and direction of brain lactate
transport. Table 2 presents the calculated CMRLac for brain [Lac]
for 4 year old children anesthetized with sevoflurane [average
brain [Lac] was 0.28 ± 0.20mM (range: 0.12–0.54mM)]. Using
previously measured plasma lactate concentrations in children of
∼1mM (Agrawal et al., 2004) and the kinetic constants for lactate
transport measured previously in adults the calculated value of
CMRLac was for net entry into the brain at a relatively low rate
(0.04 µmol/g/min). The lactate that entered the brain would be
oxidized, raising CMRO2 and causing errors in calculated OGI
that does not account for lactate oxidation, as does the oxygen-
carbohydrate index (OCI, Figure 2, Table 4). A net efflux of
lactate only occurred if plasma lactate were assumed to be 0mM
and also would be at a very low rate (−0.02µmol/g/min, Table 2)
and much lower than the lactate efflux rate needed to account for

FIGURE 4 | Morphometric brain analysis across childhood. Total brain gray (A) and white (B) matter volumes in male (M, blue circles) and female (F, red circles)

children as a function of age. Linear regression analysis shows significant brain growth in gray matter (GM R2 = 0.147, p < 0.001; WM R2 = 0.385, p < 0.0001). For

GM, 15% of the variability was explained by the two variables, with age being significant (p = 0.003) but not gender (p = 0.082). For WM, 39% of the variability was

explained by the two variables, with age being more influential (p < 0.0001) compared to gender (p < 0.001).
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TABLE 1 | Analysis of energy metabolites by age with gender and anesthesia

regimen as covariates.

[Lac] [tCho] [tNAA] [tCr] [tGlx]

R² 0.021 0.030 0.180 0.061 0.034

F 0.437 0.862 6.066 1.801 0.970

P-value 0.727 0.464 0.001 0.153 0.411

Age F 0.513 0.474 7.459 0.007 2.133

P-value 0.477 0.493 0.008 0.935 0.148

Gender F 0.354 2.311 1.538 0.040 0.657

P-value 0.554 0.132 0.218 0.841 0.420

Anesthesia F 0.122 0.062 10.281 5.355 0.120

P-value 0.728 0.803 0.002 0.023 0.730

ANCOVA (Analysis of COVAriance) was used to analyze interactions between brain

metabolites and age and anesthesia regimen. Given the R2 for [tNAA], 18% of the variability

of the dependent variable—[tNAA]—is explained by the three explanatory variables.

Among the explanatory variables, the anesthesia regimen and age are the most influential.

Bold values are statistically significant.

FIGURE 5 | The concentrations of cerebral cortical lactate in children aged

2–7 years. Concentrations of lactate, [Lac], for each year of children aged 2–7

years, anesthetized with either sevoflurane or propofol are means + SD. For

sevoflurane the ranges of [Lac] are given below: Age 2 years: 0.24–0.35mM;

Age 3 years: 0.13–0.37mM; Age 4 years: 0.12–0.54mM; Age 5 years:

0.15–0.51mM; Age 6 years: 0.16–0.39mM; Age 7 years: 0.11–0.20mM. The

number of subjects in each age group for the two anesthetics are as follows:

Sevoflurane group: Age 2 (N = 5); Age 3 (N = 5); Age 4 (N = 6); Age 5 (N =

5); Age 6 (N = 6); Age 7 (N = 3). Propofol group: Age 2 (N = 5); Age 3 (N =

10); Age 4 (N = 6); Age 5 (N = 7); Age 6 (N = 4); Age 7 (N = 3). Please note

that “Age 2,” children ≥2 yrs, <3 yrs; “Age 3 yrs,” children ≥3 yrs, <4 yrs;

“Age 4 yrs,” children ≥4 yrs, <5 yrs; “Age 5 yrs,” children ≥5 yrs, <6 yrs; “Age

6 yrs,” children ≥6 yrs, <7 yrs; “Age 7 yrs,” children ≥7 yrs, <8 yrs.

the mismatch between glucose uptake and oxygen consumption
derived by Goyal et al. of−0.36 µmol/g/min.

To assess the impact of the kinetic constants used from
adult brain on the calculations we also examined the impact of

increasing the Vmax for lactate transport by a factor of 3, 5, and
10. At typical plasma lactate levels of 1mM the calculated CMRlac

increased but the directionality (into the brain) remained the
same. Based on studies in animal models (Cremer et al., 1979)
themaximum anticipated increase in lactate transport in children
was 3-fold and assuming 0 plasma lactate the efflux of lactate
would only be −0.07 µmol/gm/min which again is well-below
the predicted−0.36 µmol/g/min. Note that, based on Equation 4
lactate efflux can only occur when [Lac]B exceeds [Lac]p.

In order to assess the concentration of brain lactate which
would be required to account for the reported mismatch we
calculated brain lactate concentration [Lac]B for a CMRlac of
−0.36 µmol/g/min (Table 2). Using the VMAX measured in
adults and varying the plasma lactate concentration from 0 to
2mM yielded a predicted brain [Lac] ranging from 46 to 84mM.
Even with a 5-fold increase in VMAX assumed the brain [Lac]
would have to be between 2.6 and 4.0mM which is 8–12 times
higher than the measured value.

Re-calculating CMRglucose and OGI Across
Childhood Using Updated Values for the
Lumped Constant
Because brain lactate levels and calculated lactate efflux rates
based on our data were too low to explain the low OGI reported
in children (Goyal et al., 2014), we considered and evaluated an
alternative explanation for low OGI. The FDG-PET literature has
reported and discussed updated values for the lumped constant
(LC), the factor that accounts for kinetic differences in rates of
transport and phosphorylation between FDG and glucose and is
used to convert [18F]FDG phosphorylation rate to CMRglucose.
Based on our review of the Supplemental Table 1 of Goyal et al.
(2014) the CMRglucose data were taken from Table 1 of Chugani
et al. (1987) in which a LC of 0.42 was used for subjects of all ages
as originally published for adult brain by Phelps and coworkers
(Phelps et al., 1979; Huang et al., 1980). Since that time higher
values for adult brain have been found with recent values close to
0.8–0.85 (Graham et al., 2002; Hyder et al., 2016).

Due to the uncertainty regarding the true value of the LC,
we re-calculated the CMRglucose using LC = 0.65, a value
subsequently determined in the Phelps laboratory for adult brain
(Wu et al., 2003) that also determined LC = 0.42, the value
used by Chugani et al. (1987), as well as LC = 0.80, a value
determined by Hyder et al. (2016) that is within the range of
the higher values noted above. We performed the calculations
based on the peak CMRglucose = 0.58 µmol/g/min and OGI
= 4.1 in the loessR plot in Figure 2A of Goyal et al. (2014).
When LC = 0.80 was used, CMRglucose fell and approached
CMRglucose for normal adults (Table 3). Importantly, the OGI
increased from 4.1 to 6.4 and 7.9 when higher values for the
LC were used, and the magnitude of non-oxidative metabolism
of glucose representing ∼33% CMRglucose in excess of CMRO2

was reversed. When LC was increased by 55% from 0.42 to
0.65, CMRO2 and CMRglucose were nearly stoichiometrically
matched because the calculated CMRglucose was reduced by a
corresponding percentage (Table 3). There was no excess glucose
consumed and the predicted lactate uptake agrees with calculated
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FIGURE 6 | The concentration of cerebral cortical [Lac] and CMRglucose across childhood. (A) Cerebral cortical [Lac] from children anesthetized with sevoflurane is

plotted as a function of age (black circles). A Lowess regression (locally weighted regression and smoothing scatter plot) was fitted to the data using XLSTAT (Version

18.07); and is represented by the red circles. (B) Whole brain CMRglucose data as reported by Goyal et al. (2014) (black triangles) is shown in relation to the Lowess fit

of the [Lac] data (red circles).

CMRLac of +0.04 µmol/g/min based on measured brain [Lac]
(Figures 5, 6; Table 2).

Goyal et al. (2014) strongly emphasized the temporal profile
of enhanced non-oxidative metabolism of glucose (higher
CMRglucose compared with CMRO2) in children 1–10 years of
age, with a peak at about 5 years of age (as illustrated in
Figure 6B). However, due to the uncertainty in the true value
for the LC and its high impact on OGI and therefore on the
magnitude of non-oxidative metabolism of glucose revealed
by calculations as illustrated in Table 3, we recalculated the
CMRglucose trajectories with updated values for the LC along
with CMRO2. Figure 6A shows the age-dependent changes for
the Goyal data for CMRglucose (blue) and CMRO2 (red, expressed
in glucose equivalents as calculated by Goyal et al., CMRO2/6,
a calculation that assumes all oxygen consumed is due to
glucose oxidation), and for re-calculated values with LC = 0.65
(green), and LC = 0.80 (brown). When higher LC values were
used the discrepancy between CMRglucose and CMRO2 was age-
dependent, with CMRO2 exceeding CMRglucose in 1–2 year old
children, and nearly-stoichiometric rates at ages 5–10 years
(Figure 6A).

DISCUSSION

In this study we measured brain [Lac] in 65 children across 2–
7 years and documented that [Lac]B on average was <0.3mM
throughout and below previous MRS measurements in the adult
brain (0.5–0.7mM). In addition, [Lac]B did not peak at 3–5 years
inconsistent with the peak excess CMRglucose over CMRO2 and
low OGI documented at 3–5 years of age (Goyal et al., 2014),
which they ascribed to the needs of increased synaptogenesis.
However, there are other potential reasons for the fall in OGI,
including lactate release from brain. This possibility was ruled

out because the brain [Lac] we measured was many fold below
what is needed to explain the quantitative drop in the OGI
and was consistent with small net brain uptake as opposed
to efflux of lactate. We discuss these findings below in light
of what is known about fuel consumption in the developing
brain and evaluate potential metabolic and methodological
explanations for the discrepancy between the reported low OGI
and the brain [Lac] measured. Previous studies have discussed
the quantitative contribution of lactate uptake into resting
adult brain (Boumezbeur et al., 2010), the oxygen/substrate
stoichiometry in brain of non-stimulated, sedentary human
subjects (Hyder et al., 2016), decreases in the ratio during brain
activation (Dienel and Cruz, 2016), and the contributions of
glucose and lactate during exhaustive exercise (Quistorff et al.,
2008; van Hall et al., 2009). The present study examines the
basis for decreases in this ratio in brains of children during
development.

Enhanced Aerobic Non-oxidative
Metabolism of Glucose in the Developing
Brain and Relation to Brain Lactate
To assess whether lactate efflux could account for the low OGI
reported in early childhood we calculated CMRLac based upon
the measured concentration of brain lactate and literature values
for plasma lactate concentration and transport kinetics. As shown
in Table 2 these calculations indicate that based on the measured
brain [Lac] an inflow of plasma lactate is predicted. In order
to obtain lactate efflux sufficient to account for the reported
elevated non-oxidative metabolism of glucose (and low OGI)
brain [Lac] ranging from 46 to 84mM (with the range based
upon the concentration of plasma lactate and adult brain kinetic
constants) were calculated which is two orders of magnitude
above the measured values.
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TABLE 2 | Calculated values for CMRLac, [Lac]p, and [Lac]B.

Calculated value Fixed values

CMRLac

(µmol/g/min)

[Lac]p
(mM)

[Lac]B
(mM)

VMAX

(µmol/g/min)

KT

(mM)

CMRLac = −0.02 – 0 0.28 0.4 5.1

CMRLac = +0.05 – 1 0.28 0.4 5.1

CMRLac = +0.09 – 2 0.28 0.4 5.1

CMRLac = −0.06 – 0 0.28 1.2 5.1

CMRLac = +0.14 – 1 0.28 1.2 5.1

CMRLac = +0.23 – 1 0.28 2.0 5.1

CMRLac = +0.45 – 1 0.28 4.0 5.1

[Lac]B = 46 −0.36 0 – 0.4 5.1

[Lac]B = 65 −0.36 1 – 0.4 5.1

[Lac]B = 84 −0.36 2 – 0.4 5.1

[Lac]B = 2.6 −0.36 1 – 2 5.1

[Lac]B = 4.0 −0.36 2 – 2 5.1

Values were calculated with Equation 4: CMRLac = VMAX ([Lac]p - [Lac]B )/(KT + [Lac]p

+ [Lac]B ). The present study measured brain lactate concentration ([Lac]B ) = 0.28mM

in 5-year-old sevoflurane anesthetized children (Figure 5), but their plasma lactate

concentrations ([Lac]p ), the kinetic constants for lactate transport across the blood-brain

barrier (VMAX and KT ), and the rate of lactate utilization (CMRLac) are not known. Two

questions were, therefore, posed: (1) What is calculated CMRLac based on measured

brain [Lac] and different values for plasma lactate concentration and VMAX? (2) What is

brain lactate level when CMRLac is fixed and plasma lactate level and VMAX are varied?

Positive or negative values for CMRLac denote net influx or efflux of lactate into or from

brain, respectively. Measured values for VMAX (0.4 µmol/g/min) and KT (5.1mM) in

normal adult human brain are from Boumezbeur et al. (2010) Because VMAX is higher

in developing rodent brain (but not known in human children), values were increased 3,

5, or 10-fold for the calculations. Note: (i) net lactate uptake occurs when plasma lactate

level exceeds that in brain, and lactate efflux occurs when brain lactate level exceeds that

in plasma, and (ii) calculated values for brain lactate levels based on adult kinetic constants

are not realistic.

An alternate possibility to explain our data in relation to
previously-reported data (Goyal et al., 2014) is that children
have several-fold higher lactate transport activity through
the monocarboxylate transporter (MCT) system than adults.
Preclinical data in rodents show that the expression of MCTs is
higher in neonates than in adults (Gerhart et al., 1997). Cremer
et al. measured MCT transport in neonatal and adult rats and
the transport kinetics were found to be ∼3-fold higher in the
neonates (Cremer et al., 1979). Assuming that VMAX is 5-fold
higher we calculated a minimum brain [Lac] needed to account
for elevated non-oxidative metabolism of glucose of 2.6mM
which, is 9-fold greater than the measured values. Using the
measured value of brain [Lac] the impact of a higher VMAX would
be to increase lactate influx (Table 2). We note that a 3-fold
higher value is most likely, well-above the elevation, if any, in the
children studied since it was obtained from rat pups that were not
yet weaned, during which time there is a much higher percentage
of ketones and other monocarboxylic acid substrates consumed
by the brain (Chowdhury et al., 2007).

Overall our 1H MRS data - which were not supportive of
lactate efflux from children’s brain - are in agreement with
previous data reporting a cerebral arterio-venous (AV) difference
for lactate of ∼0 in seven anesthetized children (Persson et al.,

1972). In another study which documented AV-differences of
glucose and oxygen in children, OGI was close to the expected
theoretical value of 6:1 (Settergren et al., 1976) (see ketones as
alternate fuels and Table 4, below).

Alternate Metabolic Pathways to Explain
High Non-oxidative Metabolism of Glucose
in Early Childhood, a Complex
Phenomenon
The concept of enhanced “aerobic glycolysis” (Goyal et al., 2014)
(i.e., enhanced non-oxidative metabolism of glucose) is derived
from consumption of more glucose than oxygen in the presence
of abundant oxygen. The inference is that glycolytic flux is
increased but the downstream fate of the glucose carbon is not
established. Flux of glucose into many pathways could contribute
to the CMRO2-CMRglucose mismatch (Figure 1). We assess below
possible contributions from these pathways.

Pentose Phosphate Pathway
One alternate possibility to explain the elevated non-oxidative
metabolism of glucose is the pentose phosphate pathway. The
use of glucose for biosynthesis involves both energy production,
production of NADPH via the pentose phosphate pathway, and
use of different pathways to incorporate glucose carbon into
macromolecules that might be used for synaptic remodeling
(Figure 1). Studies of the pentose phosphate pathway in adults
(Baquer et al., 1988) suggest that it works primarily in the
direction of NADPH production in which 1 carbon is lost per
glucose that goes through the pathway with the remainder of the
carbons reentering glycolysis and being converted to pyruvate
and lactate. Therefore, even if all the glucose phosphorylated into
glucose-6-phosphate (Glc-6-P) enters the pentose shunt it would
only reduce the rate of glycolysis by 1/6 unless there is a very large
ribose synthesis flux.

However, pentose phosphate pathway activity is higher during
brain development (Baquer et al., 1977, 1988), and a greater
fraction of glucose carbons may not enter glycolysis immediately
[either being removed as riboses or lost through extensive cycling
at the level of fructose-6-phosphate (Fru-6-P) which can be
in relatively fast exchange with Glc-6-P via phosphoglucose
isomerase (Rodriguez-Rodriguez et al., 2013); Figure 1] resulting
in a larger underestimate of the CMRO2-CMRglucose mismatch
based on lactate production and levels. In fact, if recycling
is complete, the shunt could explain most or all of the fall
in OGI. The stoichiometry of the pentose shunt is 3 Glc-6-
P → 3 CO2 + 2 Fru-6-P + 1 glyceraldehyde-3-phosphate
(GAP). If all of the Fru-6-P is recycled by conversion to Glc-
6-P that re-enters the shunt pathway, then one “new” Glc-6-P
from glucose (or glycogen) is required per cycle, with the net
result that for each glucose that enters as Glc-6-P, 3 CO2 + 1
GAP are produced. If the GAP is oxidized, the OGI would be
3 because half of the equivalents of the incoming glucose are
converted to CO2 without oxygen consumption. If the GAP is
converted to lactate and released from brain, OGI = 0. High
activity of the pentose shunt in young children coupled with
complete Fru-6-P recycling could explain both the low OGI and
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TABLE 3 | Estimates of changes in OGI and lactate efflux rates from brain of children when updated values for the lumped constant are used to calculate CMRglucose.

Lumped constant CMRglucose (µmol/g/min) OGI CMRO2/6 (µmol/g/min) CMRO2-CMRglucose stoichiometric mismatch

CMRglucose-(CMRO2/6) (µmol/g/min) Equivalent CMRLac (µmol/g/min)

0.42 0.58 4.1 0.4 0.18 −0.36

0.65 0.37 6.4 0.4 −0.03 +0.06

0.80 0.30 7.9 0.4 −0.10 +0.20

Analysis of the stoichiometric mismatch between oxygen and glucose was evaluated using equation 1b: CMRLac = −2[CMRglucose - (CMRO2/6)] for different values for the lumped

constant that alter calculated CMRglucose. CMRLac is assigned a negative value to denote release of glucose equivalents from brain when CMRglucose exceeds CMRO2; positive values

are obtained when CMRO2 exceeds CMRglucose and indicate oxidation of other substrates (carbohydrate or ketone bodies) that were not taken into account in the OGI calculation.

Maximal values of CMRO2 and CMRglucose in the loessR plots for ∼3–5 year old children in Figure 2A of Goyal et al. (2014) i.e., 2.4 and 0.58 µmol/g/min, respectively, were used to

calculate OGI = CMRO2/ CMRglucose. CMRglucose for updated values of the lumped constant was calculated by multiplying CMRglucose = 0.58 by 0.42/0.65 or 0.42/0.80 and used to

calculate updated OGIs. Stoichiometric balance between CMRglucose and CMRO2 was determined by subtracting the glucose equivalents of maximal CMRO2 (i.e., CMRO2/6 = 2.4/6 =

0.4) from CMRglucose. For comparison to values in brain of normal resting awake adults, OGI determined in 8 independent studies by arteriovenous differences, was 5.95 ± 0.27 (mean

± SD) (Quistorff et al., 2008). This value for OGI was determined by a method independent of the value of the lumped constant. Whole-brain CMRglucose in normal resting awake adult

human brain was 0.26 ± 0.07 µmol/g/min when calculated using the lumped constant = 0.80, whole brain CMRO2 was 1.36 ± 0.37 µmol/g/min, and whole-brain OGI was 5.17 +

0.95 (Hyder et al., 2016).

inability to account for the additional glucose carbon consumed
in excess of oxygen because it is released as CO2. A caveat
is that CO2 production without oxygen consumption via the
pentose shunt would increase the respiratory quotient (RQ—see
legend to Table 4 for definitions and discussion below) above
1.0, the value determined in young children that is indicative of
carbohydrate utilization (Table 4). However, oxidation of ketone
bodies has an RQ of 0.7, and the combination of high pentose
shunt activity plus oxidation of blood-borne ketone bodies in
brain of young children may explain the net RQ = 1. Future
studies in children using 13CMRS technology to directly measure
the pentose phosphate pathway and ketone body utilization
could potentially distinguish these possibilities (Rothman et al.,
2011).

Use of Glucose Carbons as Biosynthesis Precursors
In addition to ribose formation from the pentose phosphate
pathway there are many other pathways by which carbons
derived from glucose can be used for net biosynthesis, such as
for lipids and amino acids. In order to assess this possibility, we
calculated the approximate rate of increase in biomass implied
by the non-oxidative metabolism of glucose mismatch using the
following expression based on the “aerobic glycolysis” data of
Goyal et al. (2014) (see Table 3)

Rate of biomass increase = the rate of “aerobic glycolysis”
(µmol glucose/min/g brain)∗brain weight

For the reported excess of glucose consumption over
oxidation at 5 years old of 0.18 µmol/g/min and an average brain
weight of 1300 g this calculation yields ∼1800 g per month of
additional carbon incorporation. This amount is well-over the
total brain weight (which is∼70%water) and clearly not possible.

An alternate possibility, discussed by Goyal et al. (2014),
is that there is a high level of synaptic turnover so that the
carbon incorporated from glucose into nucleotides, lipids and
proteins in the building of new synapses is largely matched by
synapse breakdown and catabolism of the structural components.
However, if this were the case then the released carbon building
blocks would be oxidized at the same rate as new carbons are
incorporated resulting in a normal OGI value.

Ketones and Lactate as Alternate Fuels in Early

Childhood
A limitation of the OGI is that it only takes into account the
relationship between oxygen and glucose. The oxidation of non-
glucose substrates is assumed to be negligible in adult brain,
which may not be the case in children. Accurate values for the
oxygen-fuel index would require measurement of net uptake
into brain of all alternate substrates (e.g., β-hydroxybutyrate,
acetoacetate, lactate) in plasma plus utilization of brain glycogen.
It is well-known that in the developing brain lactate and
ketones serves as fuel and substrates during the suckling period
and beyond and ketones are essential for brain lipid synthesis
(Settergren et al., 1976). For example, children 2–6 years of
age have been reported to have significantly higher overnight
fasting values of β-hydroxybutyrate and acetoacetate than older
children and adults (Persson et al., 1972). Also, in a study
where children were anesthetized (with N2O) the cerebral uptake
of ketones (acetoacetate and β-hydroxybutyrate) accounted for
∼13% of the measured oxygen uptake, assuming complete
oxidation of the ketones (Settergren et al., 1976). In addition
to ketones our calculations suggest that plasma lactate could
be a net oxidative energy source in the developing brain, albeit
at a low level. The effect of net lactate oxidation would be
to increase the measured OGI due to the increase in oxygen
consumption for the same amount of glucose uptake. As shown
in Figure 2 and Table 4 alternate carbohydrate indicies can be
defined that takes glucose, lactate, and ketone body net uptake
into account (excluding brain glycogen consumption that cannot
be measured in young children and is very difficult to measure in
adults).

Table 4 summarizes results from metabolic studies in awake
and N2O-anesthetized children and reveals the impact of
inclusion of inclusion of lactate and ketone body fluxes on
calculated oxygen/substrate ratios. If lactate efflux is not taken
into account in study 1, OGI is too low compared with OCI
(oxygen-carbohydrate index; see legend to Table 4 for definitions
and equations for calculation). When lactate and ketone bodies
are included in the calculation of OCKI (oxygen-carbohydrate-
ketone index), the general trend is for OCI to exceed OGI due
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TABLE 4 | Blood flow, metabolic rates, and calculated oxygen/substrate utilization ratios and brain lactate concentration in brain of young children.

Reference 1a 2b 3d 4e 5f 6g 7h 8 i

Age range (years) 0.5–3.3 3–11 Adults 0.58–14 0.08–0.58 10–15 1–15 21–24

55–65

0–1 1–2 3–8 9–15 19–30

Mean age (years) 0.92 6.1 24.5 12

Number of subjects 10 9 12 7 17 7 42–65 10 7 4 12 6 7

Duration of fasting (h) 3 9 10 15 4 4 4 4 4

Physiological status

during assay

Awake,

15% N2O

Awake,

15% N2O

Awake,

15% N2O

70%N2O awake 75→ 50%

N2O

75→ 50%

N2O

awake All groups awake

Anesthesia duration

(min)

20–40

CBF (ml/g/min) 0.903 1.064 0.601 0.68 0.64

Arterial conc. (µmol/ml)

Glucose

Lactate

Pyruvate

Acetoacetate

β-hydroxybutyrate

1.80

0.094

4.18

1.52

0.08

0.60

1.75

5.21

1.25

0.12

0.28

5.27

1.13

0.104

0.273

0.890

4.57

0.61

0.065

0.159

0.347

(A-V) (µmol/ml)

O2

Glucose

Lactate

Pyruvate

Acetoacetate

β-hydroxybutyrate

2.87

0.726

−0.507

−0.0085

1.49

0.29

−0.03

−0.01

0.08

0.09

2.23

0.48

−0.27

0.03

0.04

2.08

0.33

0.012

0.014

2.17

0.36

−0.07

−0.01

0.018

0.049

CMR (µmol/g/min)

O2

Glucose

Lactate

Pyruvate

Acetoacetate

β-Hydroxybutyrate

2.59

0.656

−0.458

−0.008

2.31c 1.86 1.35

0.248

−0.048

−0.008

0.012

0.034

1.72

0.248

−0.028

−0.004

0.004

0.006

0.204 0.274 0.481 0.392 0.243

Respiratory quotient 1.00 0.97 0.94

OGI 3.95 5.14 4.65 6.3 6.03 6.94 11.3j

6.62k
8.4j

4.93k
4.8j

2.81k
5.9j

3.44k
7.7j

6.91k

OCI 6.13 5.52 6.46 6.3 6.78 7.41

OCKI 3.81 4.56 4.04 5.88 7.19

Calculated O2 uptake 2.81 2.35 2.37 2.09 2.21 1.44

%O2 from ketone

oxidation

30.9 12.7 5.3 13.2 3.0

Lac+Pyr release (%

Glc)

−35.5 −6.9 −28.1 0 −11.3 −6.5

Calc.[Lac]B: VMAX =

0.4

VMAX = 2.0

VMAX = 4.0

−64.8

4.4

2.9

2.14

1.31

1.22

1.08

0.70

0.65

Values are means; those not included were not determined/reported by the tabulated studies.

CBF, cerebral blood flow; (A-V), arteriovenous difference that is positive when there is net uptake into brain and negative when there is net efflux; Glc, glucose; Lac, lactate; Pyr, pyruvate;

AcAc, acetoacetate; BHB, β-hydroxybutyrate; KB, ketone bodies (AcAc + BHB); CMR, cerebral metabolic rate; OGI, oxygen-glucose index; OCI, oxygen-carbohydrate index; OCKI,

oxygen-carbohydrate-ketone index.

Metabolic rates and oxygen/substrate ratios:

CMRsubstrate = CBF(A-V)substrate.

OGI = CMRO2/CMRglucose = (A-V)O2/(A-V) glucose and assumes no other substrates are oxidized.

OCI = CMRO2/[CMRglucose + 0.5(CMRlac + CMRpyr )] = (A-V)O2/[(A-V) glucose + 0.5((A-V)lac + (A-V)pyr )], where pyruvate and lactate are expressed in glucose equivalents 1 glucose

= 2 pyruvate or 2 lactate. OCI takes into account lactate + pyruvate uptake or efflux from brain and assumes no other substrates are consumed, which is generally valid for normal,

non-fasted adults during rest or graded exercise to exhaustion.

OCKI = CMRO2/[CMRglucose + 0.5(CMRlac + CMRpyr ) + 4/6CMRAcAc + 4.5/6CMRBHB ] = (A-V)O2/[(A-V) glucose + 0.5((A-V)lac + (A-V)pyr ) + 4/6(A-V)AcAc + 4.5/6(A-V)BHB ], where

utilization of other substrates are expressed in glucose equivalents for oxygen utilization. Oxidative metabolism of one glucose, one AcAc, or one BHB molecule consumes 6, 4, or 4.5

molecules of O2 (Hawkins et al., 1971). The OCKI calculation accounts for the major substrates consumed or released from brain relative to oxygen.

(Continued)
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TABLE 4 | Continued

Ketone body (KB) oxidation as percent of calculated O2 utilization: Calculated O2 uptake = 6*[(A-V)glc+0.5((A-V)lac + (A-V)pyr )] + 4(A-V)AcAc + 4.5(A-V)BHB, assuming complete

oxidation of ketone bodies. Calculated %KB oxidation = 100*(4(A-V)AcAc+4.5(A-V)BHB )/calculated (A-V)O2. For adults, CMR values replaced (A-V) in the equations.

Lactate-pyruvate release/glucose uptake: Lactate + pyruvate release/uptake from brain (negative value if release) is expressed in glucose equivalents as % of glucose uptake =

100*0.5[(A-V)lac + (A-V)pyr ]/(A-V)glc.

Respiratory quotient (RQ): RQ = volume of CO2 produced/volume of O2 consumed = (A-V)CO2/(A-V)O2. An RQ of 1.0, 0.8 or 0.7 indicates that carbohydrates, proteins, or

lipids/ketones, respectively, are metabolized, with intermediate values indicating mixed fuel utilization.

Calculated brain lactate concentrations: [Lac]B was calculated (Calc.) with Equation 4: CMRLac = VMAX ([Lac]p - [Lac]B ) /(KT + [Lac]p + [Lac]B ) using measured [Lac]p and CMRlac

and different values for VMAX . Positive or negative values for CMRLac denote net influx into or net efflux of lactate from brain, respectively. Measured values for VMAX (0.4 µmol/g/min)

and KT (5.1mM) for plasma-brain lactate transport in normal adult human brain are from (Boumezbeur et al., 2010). For calculations VMAX values 5 or 10 times higher were also used

because based on rodent studies the developing brain may have a higher VMAX for blood-brain barrier lactate transport (Cremer et al., 1979).
aMost children cried and required some restraint during the procedure, especially at time of needle punctures. PCO2 did not change significantly during the procedures.
bThe authors stated that great pains were taken to minimize anxiety in the children, including having the dim lighting, minimal stimulation, and providing a movie on the ceiling that was

considered to be unlikely to influence the global CBF or CMRO2. Low anxiety is supported by recording of mean pulse rates and mean arterial blood pressures were in the range of

normal, resting 6-year-old children. Also, one child that had 4 repeated determinations with no significant changes due to familiarity with the procedure. The authors’ subjective opinion

was that the children were less anxious than the adults.
cGlobal CMRO2 had no significant correlation, positive or negative, with age between age 3 to 10 years.
dChildren were pre-medicated with morphine and atropine, anesthesia induced with thiopentane, intubated, ventilated with 70% N2O/30%O2. Data for mild hypercapnia were also

reported but not tabulated.
eData for infants <0.15 years old were also reported but not tabulated. If the infants completely oxidized the ketone bodies they would account for 13% of total oxygen consumption,

with glucose corrected for lactate efflux accounting for 87%.
fChildren were pre-medicated with morphine, anesthesia induced with thiopentane, general anesthesia with pancuronium (prior to intubation) and 75% N2O/25%O2 that was abruptly

reduced to 50% N2O during the CBF assay. More detailed data for infants <1 year old were also reported but not tabulated. In these infants, blood ketone body concentrations were

much higher than in 12-year-old children, and (A-V) differences for AcAc and BHB were greater in the infants in whom net ketone body uptake accounted for 13% of measured oxygen

uptake, assuming complete oxidation. However, less oxygen was consumed compared to calculated oxidation of glucose corrected for lactate + pyruvate release and ketone bodies,

and this discordance could not be explained. Infants released lactate + pyruvate from brain to blood, equivalent to 6% of glucose uptake. Equally-detailed assays were not reported for

the children.
gChildren were pre-medicated with morphine and atropine, anesthesia induced with thiopentane, general anesthesia with pancuronium and 75% N2O/25%O2 that was abruptly reduced

to 50% N2O during the CBF assay. (A-V) Differences were measured in 42 children (age range 1–15 years old), whereas CBF and O2 were measured in more children, including those

at younger ages. Uptake of the ketone bodies was positively correlated with arterial concentration. CBF and the metabolic rates for oxygen, glucose, lactate, pyruvate, acetoacetate,

and β-hydroxybutyrate were not correlated with age. However, the relationship between measured oxygen consumption and the amount needed for complete oxidation of glucose,

acetoacetate, and β-hydroxybutyrate minus release of lactate + pyruvate was poor, as reported in Settergren et al. (1976); the basis for this finding is unknown. The authors reported

considerable variability in CBF, so OGI, OCI, OCKI, and %lactate released were calculated from (A-V) differences. To calculate [Lac]B for different VMAX values it was necessary to use

CMRLac.
hSubjects were calm and relaxed after catheter insertion. Data were obtained for two groups of adults (21–24 and 55–65 years old; n = 5/group) that were not significantly different,

and results were pooled.
iCMRglucose is for cerebral hemispheres in children who had transient neurological events that did not significantly affect neurodevelopment and were considered to be reasonably

representative of normal children. Some children had medication on the day of the study. Children that became drowsy during the assay were tapped on the shoulder but other stimuli

were minimized. Regional values for CMRglucose were also reported but are not tabulated.
jGlobal CMRO2 = 2.31 from Kennedy and Sokoloff (1957) was used to calculate OGI in awake children because no correlation with age (3–11 years old) was reported, whereas OGI in

awake adults was based on CMRO2 = 1.86 determined in adults.
kGlobal CMRO2 = 1.35 from Settergren et al. was used to calculate OGI because no correlation with age was reported in anesthetized children (1–15 years old), whereas CMRO2 =

1.68 for awake adults was used to calculate OGI for adults. Settergren et al. also reported no age-related correlation of CMRglucose, CMRLac, CMRpyr , CMRAcAc, or CMRBHB across

age between 1–15 years old in anesthetized children, contrasting the results of Chugani et al. (1987) in awake subjects. Note that global CMRO2 in 1–15-year-old anesthetized children

the study by Settergren et al. (1980) is lower than that of awake adults the Lying-Tunell et al. (1980) and Kennedy and Sokoloff (1957) studies, whereas awake children age 3–11 years

old had higher global CMRO2 than awake adults.

1. Mehta et al. (1977); 2. Kennedy and Sokoloff (1957); 3. Settergren et al. (1973); 4. Kraus et al. (1974); 5. Settergren et al. (1976); 6. Settergren et al. (1980); 7. Lying-Tunell et al.

(1980); 8. Chugani et al. (1987).

to correction of glucose uptake for lactate efflux in all studies
where measured, then OCKI is falls below OCI due to inclusion
of ketone body uptake (Table 4). In most cases, the calculated
oxygen uptake is similar to the measured oxygen uptake value,
and oxidation of ketone bodies accounted for 3–13% of total
oxygen consumption except for study 3 where calculated oxygen
uptake was 59% higher than the measured value and ketones
accounted for 30% of oxygen uptake. Lactate efflux accounted
for 0–11% of glucose uptake in the 0.6–15-year-old N2O-
anesthetized children and 28–36% in children <3.3 years old
when awake, suggesting stress-induced glycolysis/glycogenolysis
and enhanced release. Of interest, OCI in study 1 is 6.1 and the
respiratory quotient (RQ=(A-V)CO2/(A-V)O2) is 1.00 indicating
strictly carbohydrate oxidation, whereas the RQ in older children
was slightly<1, suggesting some ketone body use. (See discussion
above regarding the potential balancing of pentose shunt and
ketone body oxidation to influence the RQ).

Glycogen and the Glycogen Shunt
Little is known about the role of glycogen in energy metabolism
during brain development (Rust, 1994). However, glycogen
turnover with lactate release from brain in conjunction with
synaptic activity would consume glucose without oxygen.
Previous studies have considered the role of the glycogen shunt
(i.e., the cycling of glucose-6-phosphate from the glycolytic
pathway into glycogen and its return upon glycogenolysis) to
explain, in part, the CMRglucose-CMRO2 mismatch observed
during brain activation studies (Shulman et al., 2001). However,
in this case the enhanced glucose uptake relative to oxidation
would result in increased lactate production which would have
been seen in the present study.

Alternatively, net glycogen synthesis could be occurring in
which case there would be an equivalent increase in glucose
uptake resulting in a lower OGI without an increase in lactate
production. In the early preparative aspects of the PET studies of
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awake children, glycogen could have been depleted prior to the
CMRglucose measurement due to stress, sensory stimulation, or
alerting, then re-synthesized during the assay interval. Evidence
exists from animal models supporting enhanced glycogen
breakdown under conditions of stress and increased arousal
(Dienel and Cruz, 2016). In the present study, however, the
children were anesthetized and glycogenolysis is not likely to
contribute to lactate production above the low basal level.

Metabolic Studies in Children Underscore
the Difficulty and Complexity of Accurate,
Fully-Quantitative Determinations of
Non-oxidative Metabolism of Glucose With
Developmental Age
Due to the invasive nature of methods for measuring brain
glucose and oxygen consumption as well as concerns regarding
radiation the number of brain metabolic studies in children is
highly limited. The reports by Kennedy and Sokoloff (1957)
and Mehta et al. (1977) (Table 4) were the only ones (to our
knowledge) to measure CMRO2 in awake children. Kennedy and
Sokoloff stated that there was no correlation of CMRO2 with
age between 3 and 11 years, and dividing the Chugani values
for CMRglucose into the mean CMRO2 gives results (Table 4)
similar to the OGI profile shown for LC = 0.65 in Figure 7B.
In sharp contrast, use of the lower value for CMRO2 from N2O-
anesthesized children resulted in much lower OGI values due to
low CMRO2 in the anesthetized children (Table 4). In both cases,
the OGIs do not reflect the true oxygen/substrate ratio because
the contributions of lactate efflux and ketone body influx are
not included. Notably, CBF in awake children (studies 1 and 2,
Table 4), exceeded that in awake adults, whereas CBF in N2O-
anesthetized children was lower than in awake adults and was
58% that of awake children in the same age range (studies 2, 6,
and 7, Table 4).

Inspection of Figure 2A and Supplemental Table 1 of Goyal
et al. indicates that most of the data for the 3–10-year-old
children came from two studies: Kennedy and Sokoloff (1957)
and Chugani et al. (1987). Kennedy and Sokoloff reported
whole-brain CMRO2, whereas Chugani et al. reported regional
CMRglucose (also see Table 4) so the regional or global metabolic
rates are not congruent, as required for an accurate OGI. Use
of higher cerebral cortical values for CMRglucose compared with
lower whole-brain CMRO2 will artifactually inflate themagnitude
of the CMRO2-CMRglucose mismatch. Regional variations in
CMRglucose and CMRO2 and stability of regional OGI in normal
resting adult brain (Hyder et al., 2016) support the conclusion
that errors will be incurred by combined use of global and
regional data to calculate OGI.

A caveat to the majority of studies looking at metabolic
changes during development is that often sedation or anesthesia
must be used to study young children. Of importance,
N2O stimulates brain norepinephrine release in a time- and
concentration-dependent manner, with 60% N2O increasing
norepinephrine levels by about 3-fold at 50min (Yoshida et al.,
2001, 2010), and may influence brain glucose and glycogen
metabolism and brain metabolite levels (Dienel and Cruz, 2016).

FIGURE 7 | Calculated CMRglucose and OGI as function of age in children.

Values for children from age 1-10 years were taken from Supplementary Table

1 of Goyal et al. (A) Based on the ages of the subjects in the Goyal et al.

(2014) and Chugani et al. (1987) all CMRglucose data for this age group were

assumed to be from the study of Chugani et al. who used a value of the

lumped constant (LC) of 0.42 to calculate CMRglucose in their [18F]FDG-PET

studies (blue symbols and lines). For comparison, values at each age were

recalculated using updated values for the LC, i.e., LC = 0.65 (Wu et al., 2003)

(green) and LC = 0.80 (Wienhard, 2002; Hyder et al., 2016) (brown). To

directly compare the different CMRglucose data sets to the CMRO2 values

reported by Goyal et al. each CMRO2 was converted to glucose equivalents

(red squares) by dividing by 6 (which assumes all oxygen consumed is due to

glucose oxidation–see text), with the caveat that correction for lactate fluxes

and ketone body utilization that were not measured in these studies will alter

these values (see Table 4). (B) OGI values tabulated by Goyal et al. were

similarly corrected using LC = 0.65 or 0.8. The horizontal red line represents

the theoretical maximum of 6.0 (see text). The solid curved lines are quadratic

nonlinear regression lines calculated with GraphPad Prism 5.
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Lumped Constant and Accurate
CMRglucose Values
Calculation of OGI requires accurate and absolute values for both
rates to obtain a valid molar ratio of oxygen to glucose utilization.
However, as previously mentioned, the OGI does not have any
information about the fate of the glucose carbon consumed
in excess of oxygen. During development, there is growth and
remodeling of brain structures such as synapses, and Goyal et al.
emphasized this process as an explanation for excess glucose
consumption (Goyal et al., 2014). However, the studies used in
the meta-analysis did not measure fluxes of metabolic pathways,
and the fate of glucose is unknown and remains speculative.
The results of the present study demonstrate that lactate levels
are far, far lower than expected in developing brain, ruling out
glycolysis with lactate accumulation as a major contributor to a
fall in OGI in children. Re-calculation of CMRglucose and OGI
with updated values for the LC strongly suggests that calculated
CMRglucose is not as accurate as required, causing errors in OGI.
The OGI variability in Figure 7B is probably due, in part, to
the reported CMRO2 values that have fewer data points than
CMRglucose within this age range. These data would be most
accurate if CMRO2 and CMRglucose were sequentially determined
in the same brain regions of the same awake subjects, which
is extremely difficult, if not impossible, to carry out in young
children. In addition, determination of the net utilization of
lactate, ketone bodies, and other potential substrates in blood and
inclusion in the oxygen/substrate indicies is necessary to obtain
accurate measures of brain metabolism during development.

Another caveat is that the LC may change with age and also
depends on the model (Kuwabara et al., 1990). One component
of the LC is the ratio of the distribution space of FDG to that
for glucose. Conceivably, the distribution spaces may change
during maturation as astrocytes, neurons, and oligodendrocytes
increase transporters and metabolic enzymes, but the LC may be
relatively stable because it is a ratio. The LC has been shown to
be similar in fetal and neonatal sheep (Abrams et al., 1984) and
studies in developing brain have assumed that the LC is constant
during development (Kennedy et al., 1978, 1982; Kato et al., 1980;
Nehlig et al., 1988). Re-calculation of CMRglucose with updated
values for the LC does not invalidate the age-dependent changes
in CMRglucose reported by Chugani et al. (1987). In fact our
measured brain [Lac] values, while consistently low at all ages, do
reach a maximum at∼5 years which is the maximum CMRglucose

reported by Chugani et al. (1987).
However, and most importantly, any departure from the

true value of the LC for FDG and from the true absolute
rate of CMRglucose will invalidate the calculated OGI across
all ages, not just in young children. The analyses presented
in Figure 7 and Tables 3, 4 raise serious concerns about the
accuracy of the OGI profiles in developing brain and aging brain
reported by Goyal et al. because they did not take the use of
different LC values and utilization of supplemental substrates
into account in their meta-analysis (Goyal et al., 2014). Note
that if ketone body oxidation were measured and included in
the OGI calculations for the youngest children in Figure 7B, the
values for OGI > 6 would be reduced to close to or below 6

(see Table 4). Furthermore, Goyal et al. divided CMRO2 by 6 to
get glucose equivalents, which assumes no other substrates are
oxidized. If ketones are consumed this calculation introduces
an error into the comparison of CMRglucose and CMRO2 in
their Figure 2A because ketone bodies have different O2 -
substrate stoichiometries than glucose (legend, Table 4). While
recognizing this issue, the same calculation was used in Figure 7

in the present study so the data sets in their and our studies could
be compared. Even if the LC = 0.42 and calculated CMRglucose

are appropriate and valid in the study by Chugani et al., regional
CMRO2 was not measured in the same brain regions in the
same subjects at the same time, seriously weakening conclusions
related to the magnitude of aerobic glycolysis in children.
Moreover, as we show in this study, the commensurate lactate
levels do not match their predictions based on non-oxidative
metabolism of glucose, and thus it is premature to conclude
that 33% of the glucose consumed by 3-8-year old children
is not metabolized via the tricarboxylic acid cycle to consume
proportionate amounts of oxygen.

The brain glucose in children in the present study measured
by the LC model analysis was in the range of about 1.7–2.2mM
(results not shown),∼2 times higher than anticipated in adults at
a similar plasma glucose level based on 13C MRS measurements
and 1HMRSmeasurements at higher fields using pulse sequences
optimized for glucose detection (Gruetter et al., 1992, 1998;
de Graaf et al., 2001; Shestov et al., 2011). From four studies
in normal adults (Gruetter et al., 1992, 1998; de Graaf et al.,
2001; Shestov et al., 2011), the brain/plasma ratio for glucose
is about 0.2, and if this ratio is the same in children and we
use the mean value for brain glucose for children aged 0.5–15
years old (under N2O) of 4.89mM (Table 4), the expected brain
glucose level would be 0.98mM. Plasma glucose levels in adults
in which the LC of 0.42 (Phelps et al., 1979; Huang et al., 1980)
and 0.65 (Wu et al., 2003) were within the range 5.1–5.5mM,
with an anticipated brain concentration range of 1.0–1.1mM.
Due to limitations in the pulse sequence for measuring brain
glucose in our study, the glucose values can be deceptive in that
there can be poor accuracy but good precision (low Cramer Rao
bounds, which in our study was in the range of 10–30% for
glucose), and it is likely that the brain glucose concentrations in
children are not accurate and are overestimated. Nevertheless,
addressing this question in future studies is of importance for
obtaining accurate CMRglucose assays in children. Both brain and
plasma glucose levels will impact the value of LC, with higher
brain levels of glucose leading to somewhat lower LC values
and correspondingly-higher calculated CMRglucose, as shown for

[14C]deoxyglucose in adult animal studies (Schuier et al., 1990;
Suda et al., 1990; Dienel et al., 1991). The relationships between
the LC for FDG and brain and plasma glucose levels need to be
determined in humans across age.

To summarize, the use of supplemental fuel and metabolic
assays in different brain regions in different cohorts in which
nutritional status was not matched will cause errors in calculated
OGI. Higher metabolism of glucose via the pentose shunt
in young children with Fru-6-P recycling and release of
glucose carbon as CO2 is an important potential contributor to
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consumption of glucose in excess of oxygen. These issues must be
evaluated quantitatively before the validity of the DG method is
challenged. In this regard, regional CMRglc reported by Chugani
et al. (1987) for normal adult brain (0.2–0.27 µmol/g/min) with
LC=0.42 determined in adult brain in a separate cohort is similar
to the whole brain CMRglc (0.26 µmol/g/min) reported by Hyder
et al. (2016) using FDT-PET and LC=0.8 determined in the same
subjects, and adult whole brain CMRglc reported by Madsen
et al. (1995) (0.23 µmol/g/min), calculated from measurements
of cerebral blood flow and arteriovenous differences. As discussed
above, the updated values for the LC can arise for various
technical reasons, and their use in the present study illustrates
the effects of uncertainties in the true value of the LC in
young children on the temporal profile of OGI. Changing the
value of the LC increases OGI, which would be too high when
supplemental fuels are used but not taken into account.

Limitations of the Study
The ability to measure resting lactate by 1H MRS has been
criticized based on its low levels and contamination from
brain macromolecules and lipids from the skull (arising
due to incomplete volume localization). However, based
on examination of spectra (Figure 3) the outer volume
lipid contamination was minimal. Furthermore, excellent Bo
homogeneity was achieved so that the lactate methyl group
doublet at 1.33 ppm was well-resolved from the broad
macromolecule peak at 1.3 ppm underlying lactate which would
minimize the possibility of lactate spectral intensity being
assigned to the macromolecule peak in the fitting process.
Furthermore, if all the resonance intensity at 1.3 ppm were due
to lactate, its concentration would be at most∼1mM (Figure 3),
which is still well-below what would be needed to explain the
reported OGI.

The measured values of lactate as a function of age could
potentially be influenced by changes in water and metabolite
relaxation as a result of changes in water content and the cellular
microstructural environment. Due to the challenges of studying
young children there are only a limited number of studies looking
at T2 relaxation. However, an extensive study at 1.5 T by Leppert
and coworkers found that the T2 of water in gray and white
matter rapidly decreased after birth reaching a constant value
between 10 months and 5 years (Leppert et al., 2009) which
encompasses the age range of children in our study (and at values
of T2 similar to those measured in adults). Although there are no
studies of lactate T2 changes with age it is unlikely that it would
be more sensitive than H2Owhich undergoes extensive exchange
with macromolecules and other compounds. Furthermore, the
T2 of lactate in adults at 3T is ∼200 msec (Cady et al., 1996) so
that even if it is higher in children there would be little impact on
the relative quantitation of lactate for a TE of 32 msec. Although
the macromolecule T2 is on the order of the TE (Behar et al.,
1994) there is no evidence of a change in the linewidth or relative
intensity of the 1.3 ppm macromolecule peak with age so that
the effectiveness of the LC model in separating lactate from
macromolecules would not be age dependent.

A possible confound of the present study is that the children
were studied under sevoflurane or propofol anesthesia (Jacob
et al., 2012). However a recent 1H MRS study has shown that

lactate is, in fact, elevated in mice anesthetized with volatile
halogenated anesthetics (Boretius et al., 2013), suggesting that the
awake [Lac]B values may be lower. Thus, the measured [Lac]B in
the current study, and therefore the CMRLac determined from
it, should be considered as maximal estimates. Furthermore, our
results are similar to a 3T study recently published using 1H
MRS to measure brain [Lac] in a smaller group of neonates
and children (Tomiyasu et al., 2016). Another possible confound
could be attributed to the variable anatomical voxel location for
the 1HMRS spectra which was not consistent across subjects.
We therefore acknowledge that there might have been minor
variance in the data due to region dependent differences in
metabolite levels.

Dienel and colleagues (Ball et al., 2010) have shown that
during activation up to 25% of lactate can diffuse out of regions
where it is produced by mechanisms independent of blood flow
and, therefore, lead to an underestimate of regional brain lactate
efflux from lactate levels alone. However, given the non-activated
(anesthetized) conditions such as the present study it is unlikely
that these mechanisms would lead to a significant underestimate
since the entire cerebral cortex of anesthetized children is at
a similar level of activity and presumably lactate production.
Future studies usingMRS imaging could further address the issue
of lactate concentration heterogeneity.

Metabolic studies in children are particularly difficult to
interpret because the duration of fasting influences plasma
ketone body levels (the longer the fast, the higher the plasma
ketone levels), brain ketone body utilization is linearly related
to plasma level, and younger children take up ketones better
than older children or adults at the same plasma level. Notably,
Kennedy and Sokoloff reported no age-dependence of CMRO2

in their awake 3–11-year-old cohort, and Settergren et al. (1980)
also reported no age correlation with CBF, CMRO2, CMRglucose,
CMRlactate, and CMRketones, in 1–15-year-old N2O-anesthetized
children (study 6, Table 4) contrasting the age-dependence of
CMRglucose in the awake children in the Chugani study (study
8). To summarize, the contributions of N2O, alerting, stress,
fear, and other factors on these metabolic differences remain to
be evaluated, underscoring the need for caution in interpreting
results of a meta-analysis in which oxygen and total substrate
utilization were not measured in the same subjects and brain
regions at the same time. Many factors complicate interpretation
of metabolic rates and OGI in children.

CONCLUSIONS

Using 1H MRS we found that [Lac] in cerebral cortex of young
children was very low, and that the maximal calculated efflux
of lactate cannot explain the mismatch between CMRglucose and
CMRO2 previously reported, in agreement with results of the
previousmetabolic studies in 3-15-year-old children summarized
in Table 4. Depending on plasma lactate levels it is possible that
there was a net small influx of lactate. The results of this study rule
out an increase in glycolytic rate and accumulation and release of
lactate as a primary cause of elevated non-oxidative metabolism
of glucose reported in young children. Possible explanations
for utilization of the “missing” glucose in excess of oxygen
are carbon loss as CO2 via the pentose phosphate pathway,
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use of carbon for nucleotide synthesis, protein synthesis, lipid
synthesis, and glycogen turnover with lactate efflux. However,
the most significant sources of disagreement are likely the (i)
validity of assumptions made in PET studies regarding the true
value of the LC, which we believe requires that the present
understanding of how OGI and CMRglucose change with age be
reexamined, (ii) use of fuel in addition to glucose, and (iii) assays
of CMRglucose and CMRO2 in different brain regions of different
subjects. To summarize, enhanced non-oxidative metabolism of
glucose during brain maturation is a complex phenomenon to
which many metabolic pathways, fuel sources, and technical
issues have a strong influence. Brain developmental progress
certainly plays a role in metabolic changes with age, but their
quantitative contributions remain to be established. In spite of
these interpretive limitations, 1H MRS provides a potentially
valuable new biomarker for assessing non-oxidative metabolism
of glucose in infants and children and studying its relationship to
brain development in health and disease.
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The dearth of effective treatments for Alzheimer’s disease (AD) is one of the largest
public health issues worldwide, costing hundreds of billions of dollars per year. From
a therapeutic standpoint, research efforts to date have met with strikingly little clinical
success. One major issue is that trials begin after substantial pathological change has
occurred, and it is increasingly clear that the most effective treatment regimens will need
to be administered earlier in the disease process. In order to identify individuals within
the long preclinical phase of AD who are likely to progress to dementia, improvements
are required in biomarker development. One potential area of research that might prove
fruitful in this regard is the in vivo detection of brainstem pathology. The brainstem
is known to undergo pathological changes very early and progressively in AD. With
an updated and harmonized AD research framework, and emerging advances in
neuroimaging technology, the potential to leverage knowledge of brainstem pathology
into biomarkers for AD will be discussed.

Keywords: Alzheimer’s disease, brainstem, neuroimaging, imaging, in vivo, locus coeruleus, raphe nucleus,
biomarker

INTRODUCTION

Dementia is a global public health crisis, affecting around 47 million people worldwide and
projected to nearly triple by 2050 as the global population increases in average age (World
Health Organization, 2017). Alzheimer’s disease (AD) is the most common cause of aging-related
dementia, accounting for 60–80% of cases (Alzheimer’s Association, 2017). Even a relatively small
reduction or delay in AD incidence therefore has the potential to dramatically reduce dementia
burden (Barnes and Yaffe, 2011). Unfortunately, current AD treatments are only moderately and
transiently effective, and many promising treatments have fallen short in late-stage clinical trials
(Mehta et al., 2017). One major obstacle is the need for refined early-stage biomarkers that can
reliably predict who within the AD spectrum will develop dementia. The brainstem has long been
recognized as a site with early and significant susceptibility to AD-type neuropathological change
(Mann, 1983), but it has been difficult to access this region in vivo. Advances in non-invasive
neuroimaging techniques are beginning to allow antemortem assessment of this crucial region,
thereby opening the possibility of using early brainstem changes as AD biomarkers. This might
extend the window in which preclinical AD is detectable or, in conjunction with other biomarkers,
better define those patients most likely to experience cognitive dysfunction in the future. This
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concept will be discussed in light of the current AD research
framework and recent neuroimaging advances.

ALZHEIMER’S DISEASE PATHOLOGY
AND DIAGNOSTIC CRITERIA

The essential neuropathologic features of AD consist of
extracellular deposits of amyloid beta peptide (Aβ), and
intracellular accumulations of modified tau protein called
neurofibrillary tangles (NFTs). These pathologies are
accompanied by neuronal injury and neurodegeneration,
leading to progressive cognitive impairment and culminating
in dementia. An updated clinical staging of AD was defined
in 2011 by a joint workgroup of the National Institute on
Aging and the Alzheimer’s Association (NIA-AA) (Albert
et al., 2011; McKhann et al., 2011; Sperling et al., 2011;
Montine et al., 2012). Associated with this, the NIA-AA
published neuropathologic guidelines to score AD-associated
neuropathology as well as assess commonly appearing comorbid
pathologies (Montine et al., 2012). Importantly, the 2011
guidelines also formalized the use of imaging and cerebrospinal
fluid (CSF) biomarkers to define “preclinical AD,” wherein an
individual has abnormal AD-type pathological changes and
no or only subtle cognitive/behavioral symptoms. Validated
in vivo markers for AD-type neuropathologic change include
CSF levels of Aβ42 and phosphorylated tau, increased positron
emission tomography (PET) ligand binding for amyloid or
tau within the cortex, glucose hypometabolism as measured
by fluorodeoxyglucose PET (FDG-PET), and brain atrophy as
measured by structural magnetic resonance imaging (MRI) (Tan
et al., 2014). This biomarker-defined preclinical AD framework is
particularly useful as the preclinical phase can extend more than
a decade before the onset of clinically defined symptoms (Quiroz
et al., 2018), and therefore represents a promising window for
therapeutic intervention.

The disparity between reference to AD as a clinical
syndrome versus a neuropathologic phenomenon has led
to some confusion, however. For example, around 30% of
patients clinically diagnosed with AD do not have significant
AD neuropathology at autopsy and a similar proportion
of cognitively unimpaired patients do (Davis et al., 1999;
Neuropathology Group, 2001). In an attempt to harmonize
definitions and clarify research efforts, the NIA-AA recently
released an updated 2018 framework, building upon the 2011
biomarker-based approach in defining preclinical AD (Jack
et al., 2018; Khachaturian et al., 2018; Knopman et al., 2018;
Silverberg et al., 2018). This new system categorizes all patients
by the presence or absence of biomarker-based pathology in
three categories to generate an “ATN” profile: A for amyloid,
T for tau, and N for neurodegeneration. Additionally, there
is a cognitive staging scheme of cognitively unimpaired, mild
cognitive impairment (MCI), or dementia overlaid on the ATN
biomarker profiles (Table 1). An individual must have biomarker
group A pathology (reduced CSF Aβ42, increased amyloid PET,
etc.) to be placed on the AD spectrum, irrespective of cognitive
or other pathological changes. The framework is flexible in that it

can incorporate new ATN biomarkers as they become validated,
or entirely new biomarker categories. As will be discussed below,
neuropathological data indicate that neuroimaging-accessible
changes within the brainstem may be useful additions to the T
or N biomarker groupings.

BRAINSTEM CHANGES IN AD

Although considerable focus in the AD field has been placed
on pathological changes in cortical, hippocampal, and basal
forebrain regions, brainstem pathology has also been described
since at least the 1930s (Hannah, 1936). The brainstem is a
small and complex region, serving as a major relay center
and signal integrator for the central nervous system (CNS).
Rostro-caudally it is comprised of the midbrain, pons, and
medulla, together containing the majority of neurons belonging
to several widely projecting monoaminergic modulatory systems.
These monoamine transmitters include serotonin (5-HT) and
the catecholamines dopamine and noradrenaline (NA), the
dysfunction of which have been well-described in AD (Trillo
et al., 2013; Šimić et al., 2017). Early and severe AD-
associated changes occur in the major brainstem serotonergic
and noradrenergic nuclei, the dorsal raphe nucleus (DRN)
and locus coeruleus (LC), respectively, a brief summary of
which is provided below. For more in depth reading, several
comprehensive reviews have been published (Szabadi, 2013;
Trillo et al., 2013; Giorgi et al., 2017; Šimić et al., 2017).

The Dorsal Raphe Nucleus
The DRN is one of a cluster of serotonergic nuclei, located near
the midline in the dorsal midbrain and pons. It contains the
majority of brainstem serotonergic neurons and is comprised of
about 235,000 neurons in the adult human brain, roughly 70%
of which produce 5-HT. The DRN sends ascending projections
to regions such as the cortex, hippocampus, and striatum, as
well as descending projections to the lower brainstem and
spinal cord (Šimić et al., 2017). The serotonergic neurons
of the DRN undergo substantial cell loss in AD (Lyness
et al., 2003), and tangle pathology occurs early in the disease
process (Rüb et al., 2000; Grinberg et al., 2009; Braak et al.,
2011; Ehrenberg et al., 2017). Dysfunction in the serotonergic
system has been strongly implicated in the behavioral and
psychological symptoms of dementia (BPSD), such as agitation,
aggression, hallucinations, and depression (Lanctôt et al., 2001).
In particular, depressive symptoms later in life appear to be a
feature of preclinical neurodegenerative changes, even before
the onset of cognitive decline (Donovan et al., 2015; Singh-
Manoux et al., 2017). Similarly, the DRN (along with the LC)
is heavily involved in regulation of the sleep/wake cycle and
cognitively normal individuals meeting criteria for preclinical AD
have measurably worse sleep quality versus controls (Ju et al.,
2013).

The Locus Coeruleus
The LC is a long and narrow nucleus in the brainstem pons,
averaging about 14.5 mm long and up to about 2.5 mm
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TABLE 1 | Overview of NIA-AA ATN biomarker scores and cognitive staging.

Cognitive stage A T N Description of ATN profile and cognitive stage

Cognitively unimpaired (CU) − − − Normal AD biomarkers, CU

+ − − Preclinical Alzheimer’s pathologic change, CU

+ + − Preclinical AD

+ + +

+ − + Alzheimer’s and concomitant non-Alzheimer’s pathologic change, CU

− + − Non-Alzheimer’s pathologic change, CU

− − +

− + +

Mild cognitive impairment (MCI) − − − Normal AD biomarkers, MCI

+ − − Alzheimer’s pathologic change with MCI

+ + − AD with MCI (prodromal AD)

+ + +

+ − + Alzheimer’s and concomitant non-Alzheimer’s pathologic change, MCI

− + − Non-Alzheimer’s pathologic change with MCI

− − +

− + +

Dementia (DM) − − − Normal AD biomarkers, MCI

+ − − Alzheimer’s pathologic change with dementia

+ + − AD with dementia

+ + +

+ − + Alzheimer’s and concomitant non-Alzheimer’s pathologic change, DM

− + − Non-Alzheimer’s pathologic change with dementia

− − +

− + +

Only those with A biomarkers (A+) are considered to be on the AD pathological spectrum. Biomarkers for A (amyloid) include CSF Aβ42 and amyloid PET. Biomarkers for
T (tau) include CSF p-tau and tau PET. Biomarkers for N (neurodegeneration) include CSF total tau, structural changes detectable by MRI (i.e., atrophy), and FDG-PET.
Neuroimaging-detectable brainstem changes might inform the T or N categories, or potentially comprise a separate category in future iterations of the NIA-AA research
framework.

thick (Fernandes et al., 2012). It extends caudally along the
cerebral aqueduct from the level of the inferior colliculus,
ending ventrolateral to the floor of the fourth ventricle. It
consists of only about 20 to 30,000 neurons per side in
the healthy adult (German et al., 1988; Baker et al., 1989).
Despite its small size, the LC provides the majority of central
noradrenergic innervation via extensive projections throughout
the CNS and it plays important roles across behavioral, cognitive,
and physiological domains. It has also been implicated in early
BPSD changes (Matthews et al., 2002) and tangle pathology

in the LC occurs early and progressively throughout the
disease process, even prior to tangle pathology within the DRN
(Ehrenberg et al., 2017). Interestingly, the first detectable tau
pathology within the brain is in the LC, appearing even in
cognitively normal young individuals (Braak et al., 2011), and
it has been speculated that LC damage and noradrenergic
dysfunction might potentiate pathology in target regions such
as cortex and hippocampus (Heneka et al., 2010; Braun
et al., 2014; Feinstein et al., 2016). The LC undergoes severe
topographic degeneration in AD, such that areas containing
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neurons reciprocally connected to hippocampal and cortical
forebrain regions are selectively lost (Marcyniuk et al., 1986;
Lyness et al., 2003; Zarow et al., 2003; Theofilas et al., 2017),
and LC degeneration correlates with cognitive dysfunction
(Grudzien et al., 2007). It is important to note here that
the distinct but common condition known as primary age-
related tauopathy (PART) also manifests with early LC tau
pathology (Nelson et al., 2016). AD-related LC tau pathology
by definition refers only to that co-occurring with amyloid
biomarker changes (e.g., reduced CSF Aβ42, increased cortical
amyloid PET).

Although the DRN and LC are quite small, the pathology
within them occurs early, progressively, and severely, increasing
the likelihood of neuroimaging-based detection in the preclinical
phase of disease. How this might practically be achieved is the
topic of the following section.

NEUROIMAGING THE BRAINSTEM

Of the non-invasive imaging modalities available, MRI and
PET are those most commonly used in AD research (Table 2).
MRI is primarily used to rule out other causes of dementia
(e.g., stroke) and assess brain structural alterations informative
of neurodegenerative change (Kehoe et al., 2014). It can
also measure functional parameters relevant to AD pathology
such as tissue perfusion (Wolk and Detre, 2012) or blood
brain barrier (BBB) integrity (Raja et al., 2017); however,
these methods have yet to be validated for biomarker use.
PET in the AD context is employed primarily for assessment
of levels of Aβ or tau, and to measure brain glucose
hypometabolism with FDG-PET (Bao et al., 2017; Rice and
Bisdas, 2017; Villemagne et al., 2018). These measurements
are taken in relevant cortical and hippocampal regions, due
in part to logistical considerations that have limited the use
of these modalities for brainstem evaluation. The brainstem
is a small structure with substantial anatomical complexity,
requiring high resolution to visualize its component structures,
and there is little endogenous contrast to enable the easy
separation of nuclei. Additionally, significant physiological noise
is present from cardiorespiratory systems, making fine-grained
measurements difficult even with higher resolution systems (for
review see Sclocco et al., 2017). Nonetheless, refined techniques
are increasing the sensitivity of brainstem measurement, and
a recent MRI study successfully identified reductions in
dorsal midbrain volume in AD patients, corresponding to
the location of the raphe nuclei (Lee et al., 2015). The
increasing adoption of ultra-high-field (UHF) magnets for
MRI (Deistung et al., 2013) and the High-Resolution Research
Tomograph (HRRT) for PET (Schain et al., 2013), along
with improved analytical methods (Iglesias et al., 2015), are
enhancing the accessibility of these small brainstem regions to
neuroimaging.

Neuroimaging the DRN
The imaging of individual brainstem raphe nuclei poses some
challenges (Kranz et al., 2012). However, it has primarily been

achieved with the use of PET radioligands specific for 5-
HT receptors or the 5-HT transporter (Kranz et al., 2012;
Paterson et al., 2013; Schain et al., 2013; Kumar and Mann,
2014; Zhang et al., 2017). There are only two studies directly
assessing the DRN in vivo in AD spectrum changes, both
using functional MRI (fMRI). In one, reduced default mode
network connectivity of the DRN was found in patients
with AD, distinctive from changes observed in dementia with
Lewy bodies (Zhou et al., 2010). A combined PET and
fMRI study found reduced 5-HT transporter in the DRN of
patients with MCI versus controls, associated with reduced
functional connectivity between the hippocampus and DRN
(Barrett et al., 2017). In addition, neuroimaging alterations in
DRN are observable in patients with anxiety (Lanzenberger
et al., 2007; Lee et al., 2011; Johnston et al., 2015; Pillai
et al., 2018) and major depressive disorder (Lee et al., 2011;
Johnston et al., 2015; Pillai et al., 2018), indicating that
such changes might also be detectable in patients with BPSD
due to AD. Interestingly, one group has successfully used a
fusion PET/MRI system with both HRRT PET and UHF MRI
(7T) for brainstem serotonergic imaging (Cho et al., 2007).
With this system, all 5 individual raphe nuclei have been
visualized using UHF MRI and FDG-PET or 11C-DASB PET
(a radioligand for the 5-HT transporter) (Son et al., 2014).
This raises the immediate possibility of testing the hypothesis
that neurodegenerative biomarker changes may be observable
in the DRN in early stages of AD. Whether such a system
might also be able to detect other pathology (e.g., tau PET)
in the DRN remains to be seen, but such a study would
be well worth the effort. A major caveat is that the current
cost and rarity of such systems limit their use; however,
they are likely to become more common with time (Nensa
et al., 2014), especially in light of demonstrated utility in
dementia research (Dukart et al., 2011). Specific funding to
equip Alzheimer’s Disease Research Centers with such systems
would rapidly expand their use and facilitate research in this
domain.

Neuroimaging the LC
The biosynthesis of catecholamines in humans is associated with
the production of neuromelanin, putatively a mechanism to
reduce oxidative damage (Zecca et al., 2008). The noradrenergic
LC is no exception, with neuromelanin levels increasing with
age and then starting to decline around the seventh decade
of life (Mann and Yates, 1974). Conveniently, neuromelanin
has paramagnetic properties that allow regions with a high
neuromelanin content to be directly imaged with T1-weighted
or magnetization transfer weighted MRI scans on widely used
3T magnets (Sasaki et al., 2006, 2008). This neuromelanin-
sensitive MRI (NM-MRI) allows for reliable mapping of the
human LC (Keren et al., 2009, 2015; Tona et al., 2017).
Although this property is increasingly being exploited, only two
studies have applied this approach to AD patients in vivo. In
one study, a non-significant reduction in neuromelanin signal
versus controls was found, however, only 6 AD patients were
included in the study (Miyoshi et al., 2013). A subsequent
larger study of 22 AD, 38 MCI, and 26 controls reported
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TABLE 2 | Validated and potential neuroimaging-based biomarkers for AD-relevant pathology.

Pathology Imaging technique/sequence

Validated AD neuroimaging biomarkers1 Amyloid (A) Amyloid PET

Tau (T) Tau PET

Hypometabolism (N) FDG-PET

Atrophy (N) Structural MRI

Potential AD neuroimaging biomarkers Perfusion Arterial spin labeling, contrast-enhanced MRI

BBB integrity Contrast-enhanced MRI

Vascular reactivity Blood-oxygen-level-dependent MRI

Functional connectivity Blood-oxygen-level-dependent MRI

Neurotransmitter dysfunction Neuromelanin-sensitive MRI, MRS, PET

White matter disruption Diffusion tensor imaging

Neuroinflammation MRS, translocator protein PET∗

Synaptic dysfunction Synaptic vesicle glycoprotein 2A PET∗

Included are pathologies that have been reported in AD and techniques used to image them in vivo. The techniques listed have also been successfully applied to the
brainstem in the published literature in various contexts, with the exception of the newer PET indicators of neuroinflammation and synaptic dysfunction, marked by ∗.
MRS, magnetic resonance spectroscopy. 1Validated AD neuroimaging biomarkers are those described in the recently updated NIA-AA research framework (Jack et al.,
2018).

significantly reduced LC neuromelanin signal in both MCI and
AD patients as compared with controls, with no difference
between MCI or AD groups (Takahashi et al., 2015). This latter
finding indicates that neuronal loss might occur relatively early
in these patients, even before clinically detectable cognitive
impairment. Interestingly, a study of healthy individuals showed
that the LC neuromelanin signal positively correlates with
established proxies of neural reserve such as years of education
(Clewett et al., 2016), a finding in line with other data that
implicate the LC as a physiological substrate of cognitive
reserve (Robertson, 2013; Wilson et al., 2013). Further, another
recent study found that reduced LC neuromelanin signal
was associated with poorer memory even in healthy older
adults, particularly for emotionally negative events (Hämmerer
et al., 2018). Such findings raise the possibility that LC
neuromelanin signal may have prognostic value for older
individuals in preclinical stages of AD, well before cognitive
impairment.

In addition to NM-MRI, there have been studies examining
LC functional connectivity in healthy and clinical populations.
These studies have primarily focused on psychiatric symptoms,
showing that LC functional connectivity with certain limbic
regions is increased in patients with generalized anxiety
disorder (Meeten et al., 2016), post-traumatic stress disorder
(Steuwe et al., 2015), or those at high risk for schizophrenia
(Anticevic et al., 2014). Whether such changes are also
present in AD patients with BPSD has yet to be determined.
Additionally, PET radioligands have been developed that bind
the noradrenaline transporter (NET) (Stehouwer and Goodman,
2009; Adhikarla et al., 2016) and various adrenoceptor subtypes
(Lehto et al., 2015; Phan et al., 2017). These have even
been combined with NM-MRI, in a study demonstrating
a correlation between LC neuromelanin signal and NET
binding in certain LC projection areas in Parkinson’s disease
(Sommerauer et al., 2018). Although various studies have
found that NET density is decreased within the LC of the
AD brain (Tejani-Butt et al., 1993; Szot et al., 2000; Gulyás

et al., 2010), this has yet to be reported in AD patients
in vivo.

SUMMARY

Thanks to recent advances in neuroimaging technologies,
particularly UHF MRI, HRRT PET, and hybrid PET/MRI
systems, the capacity to measure AD-associated brainstem
pathology in vivo has reached a point where we can begin
to assess its utility. Given the neuropathological findings
described above, it is reasonable to expect alterations in these
regions in at least a subset of patients with preclinical AD
or even preclinical Alzheimer’s pathologic change (Table 1).
One of the first questions to address is whether neuroimaging-
detectable LC or DRN pathology, either alone or in some
combination with other markers, can help predict which
patients on the AD spectrum will go on to develop AD
dementia. The LC in particular seems promising in light of
the aforementioned evidence indicating its early loss in size
(Theofilas et al., 2017) and its potential role as a substrate
of cognitive reserve (Wilson et al., 2013; Clewett et al., 2016;
Hämmerer et al., 2018). Additionally, the technology to assess
its integrity in vivo is already in increasingly widespread use.
Indeed, a recent systematic review of LC NM-MRI studies
by Liu et al. (2017) identified areas where this technique
can be improved, particularly in terms of standardization
of LC signal measurements and methods of sub-regional
analysis. This latter aspect may be especially useful given the
topographic specificity of LC degeneration in AD. Additionally,
the advent of new PET radioligands for synaptic dysfunction
and neuroinflammatory change (Bao et al., 2017; Table 2)
opens new possibilities. Neuroinflammation in particular is
increasingly appreciated for its significant role in the early
etiology of AD, and various MRS-detectable metabolites have
historically been taken as indicators of neuroinflammatory
changes (Quarantelli, 2015). More recently, progress has been
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made in PET imaging of translocator protein (TSPO) as a
biomarker of activated microglia and astrocytes (Kreisl et al.,
2018).

Despite the promise, there is much to be studied before such
strategies might be employed in the clinic. The aforementioned
studies have been small in both size and number, and they
need to be expanded and replicated. A more fundamental
question of whether brainstem neuroimaging is likely to provide
benefit above and beyond other biomarkers remains and,
while it is too early to say, we believe that the potential
is worth investigating as technological advancements allow it.
Finally, whether or not neuroimaging within the LC or DRN
becomes useful clinically, the techniques outlined here afford
an opportunity to advance our understanding not only of AD

pathological progression, but other neurodegenerative diseases as
well.
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Calcineurin (CN) is a Ca2+/calmodulin-dependent protein phosphatase with high
abundance in nervous tissue. Though enriched in neurons, CN can become strongly
induced in subsets of activated astrocytes under different pathological conditions where
it interacts extensively with the nuclear factor of activated T cells (NFATs). Recent work
has shown that regions of small vessel damage are associated with the upregulation of
a proteolized, highly active form of CN in nearby astrocytes, suggesting a link between
the CN/NFAT pathway and chronic cerebrovascular disease. In this Mini Review article,
we discuss CN/NFAT signaling properties in the context of vascular disease and use
previous cell type-specific intervention studies in Alzheimer’s disease and traumatic brain
injury models as a framework to understand how astrocytic CN/NFATs may couple
vascular pathology to neurodegeneration and cognitive loss.

Keywords: vascular contributions to cognitive impairment and dementia, Ca2+, glia, excitotoxicity, Alzheimer’s
disease

INTRODUCTION

Cerebrovascular pathology is one of the leading causes of cognitive loss and mortality. While stroke
is usually the most devastating form of cerebrovascular disease, other forms of vascular damage and
dysfunction including microinfarcts, microhemorrhages, cerebral amyloid angiopathy and cerebral
hypoperfusion are more insidious and can lead to chronic and progressive cognitive loss, especially
in aged individuals. These vascular contributions to cognitive impairment and dementia (VCID)
are the second leading cause of dementia, behind Alzheimer’s disease, and frequently co-exist
with other neurodegenerative conditions (O’Brien et al., 2003). Importantly, VCID comorbidities
appear to interfere with the treatment of Alzheimer’s disease-related functional deficits in animal
models (Weekman et al., 2016), highlighting the need to understand the cellular mechanisms
that link vascular dysfunction to neurodegeneration and impaired cognition (Snyder et al., 2015;
Horsburgh et al., 2018).

Brain ischemia results when stroke or other forms of VCID block the blood supply to parts of
the brain, resulting in depletion of oxygen and glucose. This depletion rapidly exhausts the energy
production of neural cells and their ability to maintain the normal balance of ions across cellular
membranes, thus causing excitotoxicity and Ca2+ overload, among other adverse effects (Choi,
1988; Horst and Postigo, 1996; Szydlowska and Tymianskia, 2010). Ca2+ overload originates from
a variety of sources and directly affects numerous intracellular signaling cascades, many of which
have been explored as potential treatment targets for stroke and other forms of cerebrovascular
disease (Harris et al., 1982; Infeld et al., 1999; Ray, 2006; Mattson, 2007; Rostas et al., 2017; Wu
and Tymianski, 2018). In most cases, Ca2+-signaling pathways have been investigated in neurons,
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which are the primary target of excitotoxic damage. In
the following Mini Review article, we will discuss the
importance of the Ca2+/calmodulin dependent protein
phosphatase, calcineurin (CN) and its dysregulation in
astrocytes as a pathological mechanism and potential target
for neurodegeneration and cognitive loss due to cerebrovascular
damage.

CN DYSREGULATION IN STROKE
MODELS

CN, or protein phosphatase 3, is the only phosphatase in
mammals that is directly activated by Ca2+/calmodulin. CN
consists of a catalytic subunit (PPP3CA) and a Ca2+ binding
regulatory subunit (PPP3R1). When cellular Ca2+ levels are
low, the phosphatase activity of CN is held in check by an
autoinhibitory domain located near the C terminus of the
catalytic subunit. The interaction of Ca2+ with the CN regulatory
subunit and calmodulin leads to a physical interaction between
the CN catalytic subunit and Ca2+/calmodulin, which, in turn,
displaces the AID and frees the catalytic core from inhibition.
When cellular Ca2+ levels fall, calmodulin is released from the
catalytic subunit and AID-mediated inhibition of phosphatase
activity is reinstated (Klee et al., 1998; Aramburu et al., 2000).
In healthy nervous tissue, CN provides an essential mechanism
for bidirectional synaptic plasticity through the induction and
maintenance of activity-dependent synaptic depression (Mansuy,
2003). In this capacity, CN is widely thought to link Ca2+

signaling to several forms of learning and memory, including
extinction learning (Baumgärtel et al., 2008; de la Fuente
et al., 2011; Rivera-Olvera et al., 2018). However, due to its
exquisite sensitivity to Ca2+, CN is also frequently identified
as a central player in numerous deleterious or maladaptive
processes arising from Ca2+ overload and/or dysregulation
(Uchino et al., 2008; Mukherjee and Soto, 2011; Reese and
Taglialatela, 2011; Furman and Norris, 2014; Sompol and Norris,
2018).

Large and/or sustained surges in Ca2+ can lead to calpain or
caspase-mediated proteolytic disruption of the CN AID (Wang
et al., 1989; Wu et al., 2004), which partially and irreversibly
uncouples CN from Ca2+, resulting in constitutive phosphatase
activity. Several acute and chronic neurodegenerative conditions
are associated with the generation of high activity CN proteolytic
fragments (∆CN), thus perpetuating de-phosphorylation of
the myriad of CN targets (Norris, 2014). Hypoxic/ischemic
insults appear to be particularly effective at triggering the
proteolysis of CN from its full length highly-regulated form
(60 kDa), to high activity fragments (∆CN) ranging in size
from 45 to 57 kDa (Shioda et al., 2006, 2007; Rosenkranz
et al., 2012). Conversely, blockade of CN typically provides
considerable neuroprotection during ischemia and other adverse
consequences of cerebrovascular damage. For instance, the CN
inhibiting immunosuppressant drug, tacrolimus (or FK506),
has been shown to reduce infarct size (Sharkey and Butcher,
1994; Butcher et al., 1997), suppress neuroinflammation
(Zawadzka and Kaminska, 2005) and promote recovery of
function (Sharkey et al., 1996) in middle cerebral artery

occlusion models of ischemic stroke. More recently, a CN
modulatory protein, known as regulator of CN (RCAN),
was found to favorably affect the pathogenesis of stroke
in vivo and hypoxia in vitro using both gene overexpression
and knockout approaches (Brait et al., 2012; Sobrado et al.,
2012). Together, these results suggest that CN proteolysis
(hyperactivation) is not only a biomarker, but also an
important mediator, of neurodegeneration resulting from
vascular damage.

NFATs

The exact mechanisms through which CN acts are complex and
multifaceted. CN has a broad and diverse range of substrates,
many of which have been implicated as downstream targets in
CN-mediated cellular dysfunction and neurotoxicity (Uchino
et al., 2008; Mukherjee and Soto, 2011; Reese and Taglialatela,
2011; Furman and Norris, 2014). Perhaps the best characterized
substrate of CN is the nuclear factor of activated T cells
(NFATs), a transcription factor related to NFκB/Rel-family
proteins (Rao et al., 1997). There are four CN-dependent NFAT
family members (NFATs 1–4), all of which are expressed in
nervous tissue (Nguyen and Di Giovanni, 2008; Vihma et al.,
2008). NFATs reside in the cytosol in their resting state, but
upon de-phosphorylation by CN, they translocate to the nucleus
where they can activate or suppress numerous gene expression
programs linked to immune/inflammatory signaling, Ca2+

regulation, and cell survival, among other things (Im and Rao,
2004). NFAT isoforms have different cellular distributions inside
and outside of the nervous system (Horsley and Pavlath, 2002;
Abdul et al., 2010) and appear to engage in both overlapping
and distinct transcriptional programs through interactions with
multiple other transcription factor families (Rao et al., 1997; Im
and Rao, 2004; Wu et al., 2006). Of the four isoforms, NFATs
1 and 4 seem to show a greater bias for glial cells where they
respond to many different kinds of inflammatory factors and
other noxious stimuli, including blood derived factors (Canellada
et al., 2008; Sama et al., 2008; Abdul et al., 2009; Nagamoto-
Combs and Combs, 2010; Serrano-Pérez et al., 2011; Neria et al.,
2013; Furman et al., 2016; Manocha et al., 2017; Sompol et al.,
2017).

HYPERACTIVE ASTROCYTIC CN/NFAT
SIGNALING: BIOMARKER FOR VASCULAR
DAMAGE?

Astrocytic CN/NFAT signaling may provide, and give rise
to, useful biomarkers for cerebrovascular damage. One of the
most striking changes in CN/NFAT expression following CNS
injury and disease is strong and selective expression in subsets
of activated astrocytes (Hashimoto et al., 1998; Norris et al.,
2005; Celsi et al., 2007; Serrano-Pérez et al., 2011; Lim et al.,
2013; Neria et al., 2013; Furman et al., 2016; Pleiss et al.,
2016; Sompol et al., 2017). For instance, the NFAT4 isoform,
which is weakly expressed in healthy nervous tissue, appears
at elevated levels in many activated astrocytes following kainic
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acid lesions, cortical stab wounds and controlled cortical
contusion injuries (Serrano-Pérez et al., 2011; Neria et al., 2013;
Furman et al., 2016). NFAT4 expression in a mouse model
of Alzheimer’s disease also exhibited extensive co-localization
with activated astrocytes, increasing directly in proportion to
the expression of GFAP (Sompol et al., 2017). Using a custom
antibody to CN, based on calpain-dependent cleavage sites,
our lab recently observed intense labeling of a 45–48 kDa
∆CN fragment in activated astrocytes surroundingmicroinfarcts
in human neocortex (Pleiss et al., 2016). Labeling for ∆CN
was very faint throughout most brain areas examined, but
increased dramatically in GFAP-positive astrocytes around the
periphery of the lesion (Figure 1). These observations suggest
considerable molecular heterogeneity in astrocytes depending
on distance from vascular injury, consistent with studies in
other injury/disease models (Zamanian et al., 2012; Itoh et al.,
2018).

Several outstanding issues regarding the relationship
between astrocytic CN/NFAT and microinfarcts require further
clarification. Presently, it is unknown whether CN/NFAT
alterations occur immediately following microinfarct induction,
or are more characteristic of chronic changes that arise with

the formation of glial scars. The molecular phenotype of
∆CN-positive astrocytes has also yet to be elucidated. In primary
neural cultures, forced overexpression of ∆CN in astrocytes
induces the expression of numerous transcripts associated with
morphogenesis and immune response (Norris et al., 2005).
Studies are presently underway in our lab to determine the
time course of ∆CN expression in photothrombosis models
of microinfarct pathology (Risher et al., 2010; Masuda et al.,
2011; Summers et al., 2017; Underly and Shih, 2017) and to
determine if endogenous expression of ∆CN is associated with
transcriptional changes, reminiscent of forced overexpression
studies.

It deserves noting that many of the transcripts induced
by CN/NFAT activity in glial cells, and in other cell types,
encode releasable factors, such as cytokines and chemokines
(Norris et al., 2005; Canellada et al., 2008; Sama et al., 2008;
Nagamoto-Combs and Combs, 2010; Neria et al., 2013). Given
the intimate structural and functional interactions between
astrocytes and cerebral blood vessels, it seems likely that many
CN/NFAT-dependent factors released from activated astrocytes
could find their way into the bloodstreamnear regions of vascular
damage. Presence of these factors (or ∆CN itself) in blood

FIGURE 1 | ∆CN is intensely expressed in activated astrocytes surrounding microinfarcts in human neocortex. (A) Representative low magnification
photomicrograph from superior and middle temporal gyrus (SMTG) of a 90 year old human subject with multiple microinfarcts, but little-to-no Alzheimer’s pathology
(Braak stage II) ∆CN labeling is present around several microinfarcts (arrows and arrowhead). (B) Serial section through STMG stained by H&E to confirm the
presence of microinfarcts. The image shown is a high magnification of the region denoted by the arrowhead in Panel (A). (C) High power photomicrograph of the
region in (A; arrowhead) showing intense ∆CN antibody labeling of astrocytes. Higher magnification of the areas denoted by arrows are shown in panels (D,E).
(F) Merged confocal micrograph showing the colocalization of ∆CN (green) with GFAP around a microinfarct in human SMTG (red). (G–I) High magnification images
of the infarct in Panel (F) shown in individual channels (G,H) and merged (I). Co-localization of ∆CN with GFAP was most extensive in the region immediately
adjacent to the infarct. From Pleiss et al. (2016) used with permission.
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could then be used as potential biomarkers for the presence
of microinfarcts or other forms of vascular pathology. Indeed,
given the insidious nature of microinfarcts, the identification
of peripheral biomarkers would be most helpful for diagnostic
and/or prognostic screening purposes. Of course, additional
research will be necessary to assess these possibilities.

FUNCTIONAL IMPACT OF CN SIGNALING
IN ACTIVATED ASTROCYTES

Astrocyte activation is a complex process associated with both
neuroprotective and deleterious consequences for surrounding
nervous tissue (Khakh and Sofroniew, 2015; Pekny et al.,
2016; Verkhratsky et al., 2016). The increased expression of
CN/NFAT components in astrocytes associated with vascular
pathology may offer important targets that could be exploited for
determining the functional impact of these cells. Overexpression
of ∆CN in hippocampal astrocytes of intact healthy adult
rats causes reduced synaptic strength and hyperexcitability in
nearby neurons, which is consistent with other studies linking
activated astrocytes with impaired neuronal connectivity in
acute injury models (Wilhelmsson et al., 2004). In contrast,
astrocytic expression of ∆CN has also been found to reduce
amyloid pathology and improve cognitive function in mouse
models of Alzhieimer’s disease, consistent with other reports
that have found protective roles of activated astrocytes in
neurodegenerative conditions (Okada et al., 2006; Kraft et al.,
2013; Wanner et al., 2013; Tyzack et al., 2014). Whether CN
gives rise to beneficial or detrimental processes may depend
critically on the presence of different activating factors and/or
the recruitment of different transcription factor families (Furman
and Norris, 2014). For instance, the pro-inflammatory cytokine
TNF was shown to trigger the association of CN with the
transcription factors NFκB and FOXO3, which, in turn, induced
pro-inflammatory responses for promoting neurodegeneration
(Fernandez et al., 2012, 2016). In contrast, CN stimulation
by the insulin-like growth factor (IGF-I), has been proposed
to mediate neuroprotective responses of activated astrocytes
via interactions between NFκB and PPARγ (Fernandez et al.,
2012).

Blockade of CN interactions with NFAT transcription factors,
using the peptide VIVIT, has been associated with many
beneficial effects in cell culture and intact animal models of
neurodegeneration. VIVITmimics the CN-binding PxIxITmotif
found in the regulatory region of NFATs 1–4 (Aramburu
et al., 1999). When delivered to numerous cell types, VIVIT
prevents CN from binding to NFATs and therefore inhibits
NFAT nuclear localization, without inhibiting CN catalytic
activity per se. Expression of VIVIT in hippocampal astrocytes,
using adeno-associated virus (AAV) vectors equipped with the
human GFAP promoter Gfa2 (Lee et al., 2008), improved
synaptic strength and/or normalized synaptic plasticity in animal
models of Alzheimer’s disease and traumatic brain injury
(Furman et al., 2012, 2016; Sompol et al., 2017). Where
tested, AAV-Gfa2-VIVIT delivery to the hippocampus also
improved hippocampal-dependent cognitive function (Furman
et al., 2012; Sompol et al., 2017). In primary neural cultures,

VIVIT prevented the loss of astrocyte-enriched glutamate
transporters, primarily GLT1, in response to pro-inflammatory
cytokines and oligomeric Aβ, leading to reduced extracellular
glutamate levels, reduced neuronal excitability and greater
neuronal survival (Sama et al., 2008; Abdul et al., 2009).
VIVIT similarly restored GLT1 levels in intact 5xFAD mice—an
aggressive mouse model for Alzheimer’s disease (Sompol
et al., 2017). Mice treated with AAV-Gfa2-VIVIT showed
greater GLT1 expression, measured via immunofluorescent
microscopy and Western blot. VIVIT-treated 5xFAD mice also
exhibited fewer and shorter-duration spontaneous glutamate
transients (measured in vivo), healthier neurite morphology,
reduced synaptic hyperexcitability, and normalized NMDA-
to-AMPA receptor activity ratios (Sompol et al., 2017).
Together, these observations suggest that hyperactive CN/NFAT
signaling underlies a neurotoxic activated astrocyte phenotype
characterized by glutamate dysregulation and excitotoxicity.

Interestingly, many of the same telltale signs of glutamate
toxicity, including a loss of GLT1 and neuronal hyperactivity,
have been noted in experimental models of ischemia and
stroke (Maragakis and Rothstein, 2004; Soni et al., 2014).
Moreover, glutamate dysregulation would not only influence
the behavior and viability of surrounding neurons, but may
also be expected to negatively affect the cerebrovascular unit as
well. For instance, functional knockdown of GLT1 in otherwise
healthy animals can lead to reduced cerebral blood flow

FIGURE 2 | Putative role for astrocytic CN/nuclear factor of activated T cell
(NFAT) in vascular dysfunction and neurodegeneration. Ischemia arising from
vascular degeneration or disruption leads to increased expression of ∆CN and
hyperactivation of NFAT4 in astrocytes. The CN/NFAT pathway induces
numerous cytokines and other inflammatory mediators linked to
neuroinflammation. Some of these factors may target blood vessels, leading
to perivascular inflammation. CN/NFAT signaling also leads to the
downregulation of GLT1 glutamate transporters resulting in elevated
extracellular glutamate levels. Glutamate causes excitotoxicity at synaptic
connections and disrupts astrocyte endfeet and/or blood brain barrier (BBB)
integrity, leading to further vascular dysfunction and/or degeneration.
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and/or impaired neurovascular coupling (Petzold et al., 2008).
Other work has shown that hyperexcitable neural networks
and/or excitotoxic insults compromise the structural integrity
of vascular endothelial cells and perivascular astrocyte endfeet,
and precipitate blood brain barrier (BBB) leakage (Bolton and
Perry, 1998; Parathath et al., 2006; Alvestad et al., 2013; Gondo
et al., 2014; Ryu andMcLarnon, 2016) leading to perivascular and
parenchymal neuroinflammation.

SUMMARY AND FUTURE DIRECTIONS

Cerebrovascular pathology is one of the leading causes of
dementia and a frequently identified comorbid factor in many
neurologic diseases, such as Alzheimer’s disease. Numerous
studies have reported a role for CN hyperactivity in the
pathophysiologic sequelae coupling vascular disruption and
damage to neuronal death and cognitive loss. Mounting evidence
suggests that CN/NFAT signaling may play a particularly
important role in neural changes that arise with astrocyte
activation in many different neurodegenerative diseases,
including cerebrovascular disease. However, no studies to date
have tested the specific involvement of astrocytic CN/NFAT
signaling in either global ischemia models, models characterized
by localized damage to microvessels, or in models that develop
chronic vascular inflammation and microhemhorrages. Based

on the observations discussed above, we hypothesize that acutely
and chronically developing vascular damage will lead to the
activation of astrocytes and hyperactivation of CN/NFAT
signaling (Figure 2). In this scenario, increased CN/NFAT
activity would lead to the induction and release of numerous
immune/inflammatory factors and/or to the dysregulation of
astrocytic glutamate uptake, resulting in impaired synaptic
function, excitotoxicity, impaired neuronal viability and
neuroinflammation. These deleterious actions, could, in turn,
promote further vascular damage and inflammation and
hasten neurodegeneration and cognitive loss as part of vicious
positive feedback cycle. Of course, this hypothesis will require
extensive testing using astrocyte-specific targeting strategies in
experimental models of stroke and/or VCID.
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Behind only Alzheimer’s disease, vascular contributions to cognitive impairment and
dementia (VCID) is the second most common cause of dementia, affecting roughly
10–40% of dementia patients. While there is no cure for VCID, several risk factors
for VCID, such as diabetes, hypertension, and stroke, have been identified. Elevated
plasma levels of homocysteine, termed hyperhomocysteinemia (HHcy), are a major, yet
underrecognized, risk factor for VCID. B vitamin deficiency, which is the most common
cause of HHcy, is common in the elderly. With B vitamin supplementation being a
relatively safe and inexpensive therapeutic, the treatment of HHcy-induced VCID would
seem straightforward; however, preclinical and clinical data shows it is not. Clinical trials
using B vitamin supplementation have shown conflicting results about the benefits of
lowering homocysteine and issues have arisen over proper study design within the
trials. Studies using cell culture and animal models have proposed several mechanisms
for homocysteine-induced cognitive decline, providing other targets for therapeutics.
For this review, we will focus on HHcy as a risk factor for VCID, specifically, the different
mechanisms proposed for homocysteine-induced cognitive decline and the clinical trials
aimed at lowering plasma homocysteine.

Keywords: hyperhomocysteinemia, vascular cognitive impairment and dementia, B vitamins, homocysteine,
dementia

INTRODUCTION

Vascular contributions to cognitive impairment and dementia (VCID) are defined as the conditions
arising from vascular brain injuries that induce significant changes to memory, thinking, and
behavior. It is the leading cause of dementia behind only Alzheimer’s disease (AD); however, there
is increasing awareness of the co-morbidity of VCID and AD (Bowler et al., 1998; Zekry et al., 2002;
Langa et al., 2004; Jellinger and Attems, 2010). Roughly 60% of AD patients have VCID, and it is
thought that vascular injuries act as an extra “hit” to the brain that lowers the threshold for cognitive
impairment in persons with AD pathology (Schneider and Bennett, 2010; Vemuri and Knopman,
2016). Also, it is suggested that patients with both AD pathology and VCID have a shorter time
to dementia and their rate of cognitive decline is faster (Schneider and Bennett, 2010; Vemuri and
Knopman, 2016). Recent studies have also shown that vascular injury precedes AD pathologies,
highlighting a role for the vasculature in AD progression (Canobbio et al., 2015; Janota et al., 2016).

While there is no cure for VCID, several studies have identified risk factors that can be modified
to reduce risk of developing VCID. A major, yet underrecognized, modifiable risk factor for VCID
is hyperhomocysteinemia (HHcy). Defined as elevated plasma levels of homocysteine, a non-
protein forming amino acid, HHcy has been identified as a risk factor for cardiovascular disease,
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stroke, VCID, and AD (Graham et al., 1997; Bostom et al., 1999;
Eikelboom et al., 1999; Beydoun et al., 2014). Studies have shown
that serum homocysteine levels are inversely related to cognitive
function in patients with dementia and elevated levels are more
common among VCID patients than among AD patients (Miller
et al., 2002; Clarke et al., 2003). Elevated plasma homocysteine is
also associated with hippocampal atrophy, white matter lesions,
and lacunar infarcts (Vermeer et al., 2002; Firbank et al., 2010).
In the clinic, it is clear that HHcy plays a role in VCID; however,
the mechanisms of homocysteine-induced cognitive impairment
and the clinical implications of reducing homocysteine remain
unclear. This review paper will focus on proposed mechanisms
of homocysteine in the brain, and the clinical trials aimed at
lowering homocysteine levels.

HOMOCYSTEINE METABOLISM

Homocysteine is produced in all cells and involved in the
metabolism of cysteine and methionine (Selhub, 1999). Normal
levels of homocysteine range between 5 and 15 µmol/L. Levels
between 15 and 30 µmol/L are considered mild, levels at
30–100 µmol/L are moderate and levels above 100 µmol/L
are considered severe HHcy. During normal metabolism, ATP
activates methionine to form S-adenosylmethionine (SAM).
SAM is a methyl donor to several different receptors and forms
S-adenosylhomocysteine (SAH) as a by-product of this methyl
reaction. SAH can then be hydrolyzed to form homocysteine.
Homocysteine can also go through two different re-methylation
processes to form methionine again. In one pathway, folate
is reduced to tetrahydrofolate which is then converted to
5, 10-methylenetetrahydrofolate. Methylenetetrahydrofolate
reductase (MTHFR) reduces 5, 10-methylenetetrahydrofate
to 5-methyltetrahydrofolate. Finally, 5-methyltetrahydrofolate
and the essential cofactor vitamin B12 add a methyl group
to homocysteine to form methionine again. In an alternative
pathway, betaine–homocysteine S-methyltransferase (BHMT)
uses betaine synthesized from choline as a methyl group to
convert homocysteine back to methionine.

Homocysteine can also go through a transsulfuration pathway
to form cysteine. Serine can be enzymatically added to
homocysteine by cystathionine beta synthase (CBS) and vitamin
B6 to form cystathionine (Locasale, 2013). Cystathionine can
then be cleaved by cystathionine gamma lyase (CGL) to form
cysteine. While cysteine can be converted back to cystathionine,
cystathionine cannot be converted to homocysteine again. The
homocysteine metabolic pathway is shown in Figure 1.

MECHANISMS OF
HOMOCYSTEINE-INDUCED COGNITIVE
IMPAIRMENT

Posttranslational Modification of
Proteins
As mentioned above, homocysteine is produced in all cells;
however, its conversion to cysteine or back to methionine does

not. The brain lacks both CGL and BHMT, making it dependent
on the folate cycle for re-methylation of homocysteine to
methionine (Sunden et al., 1997). While this makes the brain
especially vulnerable to raised levels of homocysteine, the
mechanisms of homocysteine toxicity in the brain remain
unclear, with several different mechanisms proposed. Some
studies suggest the post-translational modification of proteins
by homocysteine, termed homocysteinylation, contributes to
its toxicity, especially since the degree of homocysteinylation
is proportional to increased level of plasma homocysteine
(Jakubowski, 1999; Jakubowski et al., 2000; Perla-Kajan et al.,
2007). In the presence of adenosine triphosphate, methionyl-
tRNA synthase catalyzes the conversion of homocysteine
to homocysteine-thiolactone, which has been shown to
homocysteinylate proteins and alter their functions. Specifically,
homocysteine thiolactone acts as a Na/K ATPase inhibitor in
the hippocampus and cortex of rat brain cells, thus changing
the membrane potential of neurons (Rasic-Markovic et al.,
2009).

Oxidative Stress
Other studies suggest homocysteine induces cellular damage
via oxidative stress. As mentioned above, during normal
homocysteine metabolism, cysteine is produced. Cysteine is a
precursor for glutathione, which is a tripeptide that ultimately
reduces reactive oxygen species. Without homocysteine
conversion to cysteine, either due to CBS mutations or a diet
lacking in vitamin B6, glutathione levels decrease, leading to
increased reactive oxygen species and ultimately oxidative
stress. Homocysteine metabolism is also regulated by the
redox potential in a cell since several enzymes involved in its
metabolism are regulated by the oxidative status (Zou and
Banerjee, 2005). In one instance, the activity of methionine
synthase is lowered when reactive oxygen species are high
(Zou and Banerjee, 2005). Studies have also shown an
increase in neurodegeneration due to homocysteine-related
oxidative stress. In cultured embryonic cortical neurons and
differentiated SH-SY-5Y human neuroblastoma cells grown in
folate free media, there was an increase in cytosolic calcium,
reactive oxygen species, and apoptosis (Ho et al., 2003).
A significant increase in homocysteine was also found and
inhibiting formation of homocysteine prevented the increase
in reactive oxygen species. The increase in reactive oxygen
species due to HHcy also alters smooth muscle function
and promotes proliferation of smooth muscles cells (Welch
and Loscalzo, 1998). Homocysteine has also been shown to
inhibit endothelial nitric oxide synthase (eNOS) activity in
cultured aortic endothelial cells from adult mice (Jiang et al.,
2005) and humans (Jiang et al., 2005). In a genetic mouse
model of HHcy where the CBS gene is absent, homozygote
knockout mice show reduced eNOS activity compared to
wildtype mice (Jiang et al., 2005). While the decreased
activity of eNOS can affect oxidative stress, it also inhibits
endothelial-dependent vasodilation. Taken together with the
changes in vascular smooth muscle cells, these data provide
further insight into how homocysteine is a risk factor for
VCID.
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FIGURE 1 | Homocysteine metabolism: homocysteine is converted to methionine or cysteine via remethylation or transsulfuration pathways. Dimethylglycine (DMG),
betaine-homocysteine S-methyltransferase (BHMT), methylenetetrahydrofolate reductase (MTHFR).

AMPA and NMDA Receptors
Another proposed mechanism for homocysteine
neurodegeneration involves homocysteine’s role as an
agonist for AMPA (both metabotropic and ionotropic) and
NMDA receptors. Homocysteic acid, an oxidative product
of homocysteine that is released in response to excitatory
stimulation, acts an excitatory neurotransmitter by activating
the NMDA receptor (Cuenod et al., 1990). Activation of both
AMPA and NMDA receptors leads to increased intracellular
calcium, which in turn leads to activation of several kinases
(Robert et al., 2005). Overstimulation of these receptors due
to HHcy can then lead to increased free radicals and caspases,
which leads to apoptosis (Mattson and Shea, 2003) and
neurodegeneration. Using an NMDA antagonist can block the
neurotoxic effects of homocysteic acid in the brain (Olney et al.,
1987).

Cerebrovascular
The study of animal models has also lent insight into the
mechanisms of homocysteine toxicity and its role in VCID.
Several animal models have shown that high plasma levels
of homocysteine are sufficient to cause cognitive deficits and
vascular adverse events in the brain. Induction of HHcy in an
animal model can be achieved via genetic manipulation or diet.
Genetic manipulation of either CBS or MTHFR can produce
mouse models of HHcy. In humans, deficiencies in CBS result in

elevated plasma levels of homocysteine and thrombosis and are
the most common cause of hereditary HHcy. CBS± heterozygote
mice have a 50% lower CBS activity compared to wildtype mice
and develop mild HHcy (Watanabe et al., 1995). These mice show
endothelial damage, thickened cerebral arteriolar walls, mild
hypertension, and blood–brain barrier dysfunction (Baumbach
et al., 2002; Weiss et al., 2003; Kamath et al., 2006). In humans,
there are several polymorphisms in MTHFR that produce HHcy
and neurological conditions such as a progressive demyelinating
neuropathy and cognitive impairment (Clayton et al., 1986;
Hyland et al., 1988; Surtees et al., 1991). Chen et al. (2001)
deleted the MTHFR gene to create a mouse model of HHcy
that exhibits motor and gait abnormalities within 5 weeks after
birth. MTHFR−/− homozygotes also present with some loss of
function in cerebral vessels and abnormal lipid deposition in the
aorta and disruption of the laminar structure of the cerebellum
with no obvious changes in the cortex or cerebrum (Neves et al.,
2004).

Unlike MTHFR and CBS knockout mice, dietary induction
of HHcy allows for age related HHcy to be studied. Dietary
induction of HHcy in mice and rats can be achieved through
a reduction in the essential cofactors needed for homocysteine
conversion (folate, vitamins B6, and B12) or enrichment in
methionine, which increases the conversion of methionine to
homocysteine. A combination of these diets or even a diet of
increased homocysteine can also be used to induce HHcy. Troen
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et al. (2008) showed that feeding mice a B vitamin deficient
diet resulted in cognitive impairment on the Morris water maze
and rarefaction of brain capillaries. In another animal model, 6-
month-old Sprague–Dawley rats were placed on a diet deficient in
folate for 8 weeks. By the end of the 8 weeks, the rats on the folate
deficient diet had increased homocysteine levels, ultrastructural
changes to cerebral capillaries, endothelial damage, swelling of
pericytes, basement membrane thickening, and fibrosis (Kim
et al., 2002). Cognitive impairments, decreased acetylcholine in
the brain and microhemorrhages were seen in rats that were fed
a diet high in homocysteine for 5 or 15 months (Pirchl et al.,
2010).

Our lab has also recently developed a model of VCID
by inducing HHcy in order to investigate the mechanisms
of homocysteine-induced cognitive impairment. We placed
3-month-old C57BL6 mice on a combination diet that is deficient
in folate and vitamins B6 and B12 and enriched in methionine
(Sudduth et al., 2013) for 3 months. At the end of the 3 months,
plasma homocysteine levels reached moderate levels in the mice
on the homocysteine diet (82.93 ± 3.561 µmol/L compared to
5.89 ± 0.385 µmol/L in the control mice). When tested on
the radial arm water maze for behavioral deficits, these mice
exhibited significant cognitive impairments in spatial memory.
Prussian blue staining and magnetic resonance imaging showed
microhemorrhages were the main cerebrovascular pathology
induced by the HHcy diet. The mice on the HHcy diet
also had an increase in several pro-inflammatory cytokines
along with an increase in matrix metalloproteinase 9 (MMP9)
activity. MMP9 has been shown to degrade tight junctions,
leading to microhemorrhages and dystroglycans, and the pro-
inflammatory cytokines, tumor necrosis factor alpha (TNFα),
and interleukin 1 beta (IL-1β), stimulate its transcription (Galis
et al., 1994; Vecil et al., 2000; Michaluk et al., 2007; Candelario-
Jalil et al., 2011; Klein and Bischoff, 2011). Previous studies
have also shown homocysteine can induce MMP9 release from
mouse cerebral microvessel endothelial cells (Shastry and Tyagi,
2004). Based on this data, another possible mechanism for
homocysteine-induced cognitive impairment could be the pro-
inflammatory mediated increase in MMP9 leading to tight
junction degradation, microhemorrhages, and, finally, cognitive
impairment.

Astrocytes
In addition to the pathologies listed above, we have also shown
that astrocytic end-feet are disrupted in the mice on the HHcy
diet (Sudduth et al., 2017). In the brain, astrocytes make up
50% of the cells and their processes, termed astrocytic end-feet,
sheath arterioles, and capillaries. The main function of astrocytic
end-feet is to maintain ionic and osmotic homeostasis in the
brain (Simard and Nedergaard, 2004). To do this, astrocytes
have aquaporin four water channels and several potassium
channels located at their end-feet. In our mice on the HHcy
diet, we found a significant decrease in these channels, as
well as other structural markers located at the end-foot. These
decreases in the end-foot channels occur after 10 weeks on
the HHcy diet. Cognitive deficits and microhemorrhages are
also seen starting at 10 weeks on diet. Interestingly, increases

in the pro-inflammatory cytokines, TNFα, and IL-1 β, occur
after only 6 weeks on diet. We had also previously shown
that MMP9 was significantly increased in mice on the HHcy
diet (Sudduth et al., 2013). Taken together, we hypothesize
that another mechanism of homocysteine-induced cognitive
impairment involves the inflammatory-MMP9 pathway. In our
hypothesis, homocysteine increases TNFα and IL-1β expression,
which in turn activates MMP9, which degrades dystroglycans,
a key structural component that anchors the astrocytic end-
foot to the basal lamina of the vessels. This disruption of the
astrocytic end-foot leads to impaired ionic and osmotic buffering
and eventual cognitive impairment.

While several mechanisms of homocysteine-induced cognitive
impairment and neurodegeneration have been proposed and
discussed here, it is unlikely that homocysteine acts through only
one of these mechanisms. Homocysteine may act through several,
if not all of these mechanisms. It is also unclear whether the high
levels of homocysteine or the lack of B vitamins is the main cause
behind the cognitive impairment seen in hyperhomocysteinemic
patients. Discussed next are the clinical implications of HHcy
and the potential therapeutics tested in clinical trials to lower
homocysteine levels and improve cognition.

HYPERHOMOCYSTEINEMIA IN THE
CLINICAL SETTING

Extensive clinical data support the role of HHcy as a risk
factor for VCID. Given that normal and abnormal values are
set by individual clinical laboratories, mild-moderate HHcy is
loosely defined by clinical standards (Moll and Varga, 2015).
However, plasma homocysteine concentrations ranging from
15 and 100 µmol/L are uniformly considered to be indicative
of clinically relevant HHcy. Gibson et al. (1964) reported
vascular anomalies in patients with homocystinuria (elevated
concentration of homocysteine in both plasma and urine),
and McCully (1969) introduced his homocysteine hypothesis
which connected HHcy with an increased risk of atherosclerosis
(Abraham and Cho, 2010). To date, HHcy continues to serve
as a widely recognized risk factor for coronary artery disease
(CAD), peripheral vascular disease, myocardial infarction (MI),
and cerebrovascular disease (CVD; Maron and Loscalzo, 2009).
Of particular importance here is the association between HHcy
and CVD. CVD can manifest as a stroke, white matter disease,
cerebral large vessel disease (atherosclerosis), and cerebral small
vessel disease (arteriosclerosis), all of which can independently
induce cognitive impairment ranging from subtle deficits to
frank dementia (Troen et al., 2008; Maron and Loscalzo,
2009; Hainsworth et al., 2016). Furthermore, HHcy has been
associated with hippocampal and white matter atrophy in
older subjects with mild hypertension, as well as an increased
rate of hippocampal atrophy and cognitive decline in elderly
patients (Clarke et al., 1998; Firbank et al., 2010). As suggested
by the variety of cellular actions of homocysteine described
above, there is no shortage of candidate mechanisms by
which HHcy induces cognitive impairment despite known
etiologies.
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Hyperhomocysteinemia vs.
Homocystinuria
Both genetic mutations and dietary vitamin deficiencies can affect
homocysteine levels resulting in HHcy. Several polymorphisms
(notably C677T and A1298C) have been identified in the
MTHFR gene in humans, which can induce severe HHcy
(>100 µmol/L, termed homocystinuria) by limiting conversion
of homocysteine back to methionine (Moll and Varga, 2015;
Hainsworth et al., 2016). While rare, these polymorphisms
induce progressive demyelinating neuropathy and cognitive
impairment (Clayton et al., 1986; Hyland et al., 1988; Surtees
et al., 1991). That being said, deficiencies in CBS, the
rate-limiting enzyme of the aforementioned transsulfuration
pathway, are the most common cause of homocystinuria
and may result in thrombosis and low levels of cysteine
(Sacharow et al., 1993). In contrast to HHcy, homocystinuria
is a rare autosomal recessive metabolic disorder characterized
by severely elevated plasma homocysteine and subsequently
elevated urine homocysteine concentrations. Patients suffering
homocystinuria present with developmental delay, osteoporosis,
ocular abnormalities, thromoemobolic disease, and severe
premature atherosclerosis (Poloni et al., 2018). Given that less
marked elevations in plasma homocysteine (i.e., HHcy) are much
more common, homocystinuria will not be further discussed
in this review. Less marked elevations in plasma homocysteine,
referred to as HHcy, may be attributed to factors such as smoking,
aging, renal failure, and low dietary levels of folate and vitamins
B6 and B12 (Hainsworth et al., 2016).

Prevalence of B Vitamin Deficiency
As suggested, clinical mild–moderate HHcy is common,
especially in elderly patients, with the majority of cases resulting
from insufficient B vitamin status (Joosten et al., 1993; Troen
et al., 2008). The association of B vitamin status and normal
central nervous system function dates back to 1849 when
Addison reported on the “wandering mind” of patients with
pernicious anemia (Smith and Refsum, 2016). Reports of
insufficient B vitamin status with concomitant induction of HHcy
trace back to a landmark report by the Framingham Heart Study
in 1993. A cohort of 1041 elderly participants (418 men, 623
women) between the ages of 67 and 96 showed that plasma
homocysteine becomes elevated due to dietary deficiencies in B6
and folic acid and decreased absorption of B12 (Selhub, 2006;
McCully, 2007).

According to the Framingham report, daily intake of 3 mg
vitamin B6 and 400 µg of folic acid are required to prevent
elevations in plasma homocysteine concentration (Selhub, 2006;
McCully, 2007). In support of these amounts of dietary B
vitamins, the Nurses’ Health Study revealed that similar levels
of dietary B6 and folic acid prevent mortality and morbidity
from heart disease (Rimm et al., 1998; McCully, 2007). In the
United States, mandatory fortification of grains with folic acid
was authorized in 1996 and fully implemented in 1998 (Crider
et al., 2011). Prior to fortification of grain products, intakes of
B6 and folic acid were well below the recommended quantities
(McCully, 2007). By contrast, with the exception of those

partaking in a vegan diet, vitamin B12 intake is typically adequate.
However, in those >65 years of age lack of gastric acidity,
decreased intrinsic factor synthesis by gastric mucosal cells, and
history or presence of H. pylori infection may contribute to
inadequate B12 absorption (McCully, 2007). Not to mention,
the aging process itself is associated with decreased ability to
absorb B vitamins, which can lead to a gradually rising plasma
homocysteine concentration (estimated at 1 µmol/L/decade)
(McCully, 2007). Literature now suggests between 5 and 30% of
the general population, and 25% of those with vascular diseases,
to be affected by HHcy (Selhub, 2006; Peng et al., 2015; Yeh
et al., 2016). Granted, because blood homocysteine panels are
generally ordered only when patients experience a MI or stroke
without traditional risk factors, the aforementioned prevalence
of HHcy in the general population is likely skewed and possibly
underestimated.

HHcy, B Vitamin Status, and Cognition
Regardless, public significance of HHcy in the elderly population
should not be ignored given that it is easily treatable with
B vitamin fortification and serves as a modifiable risk factor
for development of cognitive decline, dementia, and AD.
A number of early cross-sectional studies relating HHcy or
insufficient B vitamin status to cognitive impairment led to
generation of the hypotheses suggesting a causal link. In effort
to address whether the hypothesis that HHcy induces cognitive
impairment is correct, a number of clinical trials have assessed
B vitamin refortification with cognitive endpoints. These vitamin
refortification trials are outlined in Table 1. Additionally, several
meta-analyses of these intervention trials have been conducted
(Wald et al., 2010; Ford and Almeida, 2012; Clarke et al., 2014).
Upon review, the general consensus suggests that homocysteine-
lowering by B vitamin refortification has no significant effect
on individual or global cognitive domains despite three trials
(FACIT, WAFACS, VITACOG) supporting a beneficial effect.
However, when interpreting the results of these trials one needs to
consider the fact that many were compromised by the challenges
of performing a cognitive clinical trial (cohort age, B vitamin
status of said cohort, trial duration, statistical power, etc.).

Limitations of Clinical Trials
As suggested, a number of factors related to trial design
and implementation must be considered. First and foremost,
the hypothesis being tested should be considered. Assuming
the hypothesis is that homocysteine-lowering supplementation
with B vitamins slows and/or prevents cognitive decline, those
randomized to the placebo arm of the trial must exhibit cognitive
decline. As reviewed in Table 1, as well as the aforementioned
meta-analyses, the majority of trials conducted fail to report
significant cognitive decline in those randomized to the placebo
arm. Meaning these trials are limited to showing only that B
vitamin treatment does not worsen cognition. Additionally, the
age range of trial participants must be considered. Referring to
the hypothesis above, if cognition is a study measure the age of
the participants should reflect the timeframe in which cognitive
decline and dementia occur. Duration of the intervention must
also be considered given that elderly individuals exhibiting
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normal cognition generally decline only by ∼0.1 points on
MMSE each year (Hainsworth et al., 2016; Smith and Refsum,
2016). Thus, duration of the intervention must be sufficient
to observe cognitive decline, especially if MMSE is to be used
as an assessment tool. Three trials represented in Table 1 and
seven of the nine trials examined by Wald et al. (2010) in
their meta-analysis were of short duration (<12 months) and
therefore too short to identify an effect on cognition. Assessment
tools must also be sensitive enough to detect subtle changes
over the course of the trial. Collectively, age range of the trial
cohort, duration of the intervention, and assessment tools will
dictate whether the trial design is sufficient to detect an effect.
Finally, the appropriateness of the intervention and whether the
chosen cohort is likely to respond to that intervention must
be considered. Supplied daily doses of B vitamins should be
sufficient to lower plasma homocysteine concentrations by at
least 20% (Hainsworth et al., 2016). For example, 1 trial addressed
in Table 1 prescribed doses of folic acid (0.2 mg) and vitamin
B12 (1 µg) that were too low to influence plasma homocysteine
(McMahon et al., 2006; Hainsworth et al., 2016). Furthermore,
the baseline B vitamin status of each potential participant must
be considered at the time of enrollment. This relates back to a
cardinal principle of nutrition in which the relationship between
vitamin status and a given outcome follows a sigmoidal curve.
For example, if a participant exhibited low levels of vitamin B6,
additional B6 intake would likely be beneficial, with the opposite
being true if the participant’s B6 intake were already high.
Additionally, when at the plateau phase (i.e., adequate B6 intake),
additional B6 intake will likely have no effect. Despite having
critical implications for clinical trials, this principle is often
overlooked. Consideration of the participant’s B vitamin status
at the time of enrollment would therefore aid in determining
whether they are likely to respond to intervention. As such, trial
enrollment should only be open to those with insufficient B
vitamin status or elevated plasma homocysteine concentration at
baseline. Together, these considerations suggest the conclusion
that homocysteine-lowering by B vitamin supplementation has
no effect on cognition is premature.

Beneficial Effects of B Vitamin
Supplementation
As previously mentioned, results from three trials (FACIT,
WAFACS, and VITACOG) do support a beneficial effect of B
vitamin supplementation on cognition. The FACIT trial showed
significant effects of B vitamins on cognition in participants
with high plasma homocysteine, while the WAFACS trial showed
similarly significant effects in those with inadequate B vitamin
status (Durga et al., 2007; Kang et al., 2008). Furthermore,
the VITACOG trial revealed strong effects of B vitamins on
both rates of brain atrophy and cognition in individuals with
mild cognitive impairment (MCI; Douaud et al., 2013). Further
data analysis revealed the sevenfold reduction in regional brain
atrophy to be significant only in those with plasma homocysteine
concentrations above the median (>11.3 µmol/L) (Douaud et al.,
2013). Results of the VITACOG trial thereby imply a threshold
effect of plasma homocysteine on measures of brain atrophy

and cognition. A threshold effect of plasma homocysteine is
further supported by results of the OPTIMA study in which
only plasma homocysteine concentrations >11 µmol/L were
associated with an increased rate of atrophy of the medial
temporal lobe (Clarke et al., 1998). The threshold concept is
further supported by a study showing a plasma homocysteine
concentration-dependent increase in the rate of cognitive decline
in AD patients (Oulhaj et al., 2010). Jointly, these studies suggest
the threshold for effect of plasma homocysteine lies between
10 and 11 µM, which may explain why studies conducted in
countries that employ mandatory folic acid fortification do not
find associations between plasma homocysteine and cognition.
Retrospective analysis of the VITACOG data revealed that the
protective effect of B vitamin supplementation on both brain
atrophy and cognition only occurred in those participants with
adequate omega-3 fatty acid status (Jerneren et al., 2015).
Additionally, the beneficial effect of B vitamin supplementation
on brain atrophy was observed only in participants not routinely
taking aspirin (Smith et al., 2010). Omega-3 fatty acid and aspirin
statuses may therefore contribute to the failure of B vitamin trials.

In all, given the challenges faced by previous trials, further
B vitamin supplementation trials are needed. New trials will be
most successful if they prescribe a full combination supplement
(B6, B12, and folic acid) at high dose (i.e., dosage sufficient to
reduce plasma homocysteine by 20%) to at-risk age participants
with elevated plasma homocysteine or inadequate B vitamin
status at baseline, adequate omega-3 fatty acid status at baseline,
and who do not routinely take aspirin.

CONCLUSION

With the number of people aged over 60 expected to increase
worldwide by 1.25 billion by 2050, accounting for 22% of the
world’s population, it is crucial to understand the causes of
dementia and develop treatments (Prince et al., 2015). Current
clinical and preclinical data provide strong evidence that HHcy is
a key risk factor for VCID. With B vitamin supplementation being
an inexpensive and safe therapeutic possibility, it would seem that
treatment of HHcy-induced VCID would allow for some progress
in lowering the number of dementia patients. Unfortunately, the
mechanisms through which HHcy induces cognitive impairment
remain unclear, with several different mechanisms proposed.
In addition, clinical trials aimed at lowering homocysteine
levels via B vitamin supplementation have also been lacking in
their study design and ability to properly test the hypothesis
that lowering homocysteine can slow and/or prevent cognitive
decline. Future studies involving preclinical animal models and
properly designed clinical trials will be necessary in order to
effectively treat HHcy-induced VCID and lower the incidence of
dementia.
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Brain relies on glucose and oxygen metabolisms to generate biochemical energy in
the form of adenosine triphosphate (ATP) for supporting electrophysiological activities
and neural signaling under resting or working state. Aging is associated with declined
mitochondrial functionality and decreased cerebral energy metabolism, and thus, is a
major risk factor in developing neurodegenerative diseases including Alzheimer’s disease
(AD). However, there is an unmet need in the development of novel neuroimaging
tools and sensitive biomarkers for detecting abnormal energy metabolism and impaired
mitochondrial function, especially in an early stage of the neurodegenerative diseases.
Recent advancements in developing multimodal high-field in vivo X-nuclear (e.g., 2H,
17O and 31P) MRS imaging techniques have shown promise for quantitative and
noninvasive measurement of fundamental cerebral metabolic rates of glucose and
oxygen consumption, ATP production as well as nicotinamide adenine dinucleotide
(NAD) redox state in preclinical animal and human brains. These metabolic neuroimaging
measurements could provide new insights and quantitative bioenergetic markers
associated with aging processing and neurodegeneration and can therefore be
employed to monitor disease progression and/or determine effectiveness of therapeutic
intervention.

Keywords: in vivo X-nuclear MRS imaging, brain energy metabolism, neuroenergetics, mitochondrial function,
ultra-high magnetic field (UHF), aging, neurodegeneration

MITOCHONDRIAL DYSFUNCTION AND NEUROENERGETIC
DEFICIENCY AS HALLMARKS OF AGING AND
NEURODEGENERATION

Aging is an inevitable process of life. With the rapid growth of the elderly population, brain diseases
associated with functional decline and neurodegeneration, such as cognitive impairment (CI),
Alzheimer’s disease (AD) and Parkinson’s disease (PD), not only have a huge impact on people’s
quality of life, but also greatly increase the social and economic burdens. As a complex biological
process, aging (defined as an age-progressive decline in intrinsic physiological function) can be
influenced by many factors other than the actual age, such as heredity, lifestyle, income and living
environment.
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Mitochondria are organelles found in the cells of complex
organism and they produce >90% of the adenosine triphosphate
(ATP) energy molecules in the brain via the oxidative
phosphorylation of adenosine diphosphate (ADP). In addition
to supporting unceasing neuronal activity, neurotransmission,
cellular signaling and other functions under different brain states,
approximately one-quarter of total ATP energy expenditure in
the human brain is used for biosynthesis and ‘‘housekeeping’’
functions to maintain cellular integrity (Siesjo, 1978; Ereci ńska
and Silver, 1989; Barinaga, 1997; Rolfe and Brown, 1997;
Boyer, 1999; Attwell and Laughlin, 2001; Shulman et al., 2004;
Hyder et al., 2006; Du et al., 2008; Zhu et al., 2015a). A
coupling relationship between the neuronal activity and ATP
energy consumption of the brain tissue holds for a wide range
of physiological conditions and brain relies on an effective
metabolic regulation to balance the ATP supply and demand
through key biochemical reactions associated with energy
metabolism (Du et al., 2008; Zhu et al., 2012, 2018). Under
normal circumstances, the mitochondrial ATP production rate
in the brain is indirectly but closely coupled with the cerebral
metabolic rates of glucose (CMRGlc) and oxygen (CMRO2)
and tightly regulated by the nicotinamide adenine dinucleotide
(NAD) redox state, which can be determined by the intracellular
concentration ratio of the oxidized (NAD+) and reduced
(NADH) NAD molecules (i.e., NAD redox ratio: RXNAD).

As depicted in Figure 1, the circulating blood flow constantly
supplies oxygen and glucose to the brain tissue, where the
glucose is transported into the brain cells and converted
to pyruvate via glycolysis and produces two ATP and two
NADH molecules from each glucose molecule consumed in
the cytosol. Most pyruvate molecules enter the mitochondria
to form acetyl Co-A, its oxidation via the tricarboxylic acid
(TCA) cycle produces eight NADH molecules that can be
converted to NAD+ molecules through oxygen metabolism
(Stryer, 1988). The electron transport chain reactions extrude
H+ ions from mitochondria to generate an electrochemical
potential gradient across the mitochondrial inner membrane,
which is the driving force for the mitochondrial F1F0-
ATPase mediated enzyme reaction that synthesizes ATP from
ADP and inorganic phosphate (Pi; producing >30 ATPs
per consumed glucose under physiological condition) and
transports the H+ ions back into mitochondria (Siesjo, 1978;
Hyder et al., 2006). The ATP utilization occurs in the
cytosol via the ATP hydrolysis reaction. The majority of
the ATP energy are used to maintain the Na+/K+ ion
gradients across the cell membrane for supporting action
potential propagation, neuronal firing and neurotransmitter
cycling (Siesjo, 1978; Stryer, 1988; Shulman et al., 1999).
The rapid ATP turnover requires efficient transportation of
the ATP molecules between the cytosolic and mitochondrial
compartments to maintain the intracellular ATP homeostasis.
This is accomplished partly by a creatine kinase (CK) catalyzed
near-equilibrium chemical exchange between ATP + Creatine
(Cr) and phosphocreatine (PCr) + ADP (Kemp, 2000; Du et al.,
2008).

Although it only accounts for 2% of the total body weight, the
human brain has enormous energy needs. The resting adult brain

receives approximately 15% of the cardiac output and uses most
(∼20%) of systemic oxygen and glucose consumptions (Raichle,
1987; Shulman et al., 2004; Hyder et al., 2006). It is worth noting
that the intracellular ATP concentration in the brain is very low
(∼3 mM); the entire human brain only contains approximately
2 g of ATP (assuming an average adult brain weight of 1.4 kg). In
contrast, the rate of ATP synthesis by the F1F0-ATPase reaction
is very high (8–9 µmole/g/min) in the human brain (Lei et al.,
2003a; Du et al., 2007; Zhu et al., 2012), indicating that a human
brain produces 7–8 kg of ATP molecules (about 5–6 times of
the human brain weight) in 1 day. The extreme high turnover
between the ATP production and utilization is critical in fulfilling
the high energy demand of the neuronal cells and maintaining
the intracellular ATP homeostasis.

The conversion between NAD+ and NADH through the
NAD redox reaction determines the intracellular NAD redox
state, which controls the balance of cytosolic glycolysis and
mitochondrial oxidative phosphorylation to produce adequate
ATP molecules (Chance et al., 1962; Lu et al., 2014b; Zhu
et al., 2015b). Mitochondrial dysfunction and energy deficiency
are the key cellular hallmarks of aging and neurodegeneration,
suggesting that mitochondria can serve as therapeutic targets
for various neurodegenerative diseases or for monitoring the
aging processes (Creasey and Rapoport, 1985; Rapoport, 1999;
Balaban et al., 2005; Guarente, 2008; Yap et al., 2009; Reddy
and Reddy, 2011; Nunnari and Suomalainen, 2012; López-
Otín et al., 2013; Pathak et al., 2013; Lin et al., 2014;
Yin et al., 2014). Therefore, the development of quantitative,
reliable and sensitive neuroimaging tools or biomarkers capable
of assessing mitochondrial function and cerebral energy
metabolism is essential for studying the underlying mechanisms
of human brain aging and monitoring the progression of
aging-related brain disorders. Furthermore, biomarkers with
improved specificity and sensitivity can be potentially used to
distinguish normal aging from neurodegeneration, provide early
diagnoses, identify therapeutic targets and evaluate treatment
efficacy.

DEVELOPMENT OF NEUROIMAGING
BIOMARKERS FOR STUDYING AGING
AND UNDERLYING MECHANISM IN
HUMAN BRAIN

Modern neuroimaging techniques have played important roles in
study of human brain aging and diagnosis of neurodegenerative
diseases; in particular, Positron Emission Tomography (PET)
has been well established to evaluate regional brain glucose
and oxygen utilization, neurochemical and neurotransmitter
changes, and inflammation in AD and PD brains (Borghammer
et al., 2010; Brooks and Pavese, 2011; Niccolini et al., 2014;
Varley et al., 2015). For instance, the PET imaging based
on radioactive fludeoxyglucose (18FDG) is used to measure
the glucose uptake rate that thought to reflect CMRGlc. The
18FDG-PET has been extensively employed to study human
brain aging; however, contradictory findings with either negative
(Duara et al., 1983, 1984) or positive (Pantano et al., 1984;
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FIGURE 1 | Schematic illustration of major brain hemodynamic and metabolic processes occur in capillary, cytosol and mitochondrial sub-cellular compartments.
The feeding arteries supply oxygen and glucose to the cell; glucose is converted to pyruvate, which enters mitochondrial tricarboxylic acid (TCA) cycle and oxidative
metabolism pathways. The oxygen utilization is generally coupled with the adenosine triphosphate (ATP) production via the oxidative phosphorylation of adenosine
diphosphate (ADP). The ATP is utilized in cytosol to support electrophysiological activities and brain functions at resting and/or working state. The NAD redox
reactions are essential in regulating the ATP energy production. The cerebral metabolic rates of glucose (CMRGlc), oxygen (CMRO2) and ATP production (CMRATP),
TCA cycle rate (VTAC) and nicotinamide adenine dinucleotide (NAD) redox ratio (RXNAD) representing the metabolic activities of the brain tissue can be noninvasively
measured or imaged using the advanced in vivo X-nuclear 2H, 17O and 31P MRS approaches as depicted in the shadowed texts with orange background. CI-CV

represent five enzyme complexes involving in the cellular respiration chain reactions.

Yamaguchi et al., 1986; Leenders et al., 1990; Marchal et al.,
1992; De Santi et al., 1995; Goyal et al., 2017) correlation
between actual age and CMRGlc in healthy human have been
reported. Note that 18FDG-PET based CMRGlc image reflects
the total glucose metabolism through both mitochondrial
oxidative phosphorylation and aerobic glycolysis pathways
including the conversion of pyruvates (products of glycolysis)
into lactates; therefore, it does not directly represent the
actual mitochondrial neuroenergetics, which can be determined
by CMRO2. Significant CMRO2 reductions in elderly people
have been reported, indicating a tight correlation between
the mitochondrial energy metabolism and aging (Yamaguchi
et al., 1986; Leenders et al., 1990). The CMRO2 decline is
consistent with significant decreases in respiratory enzyme

(Complexes I–V) activities observed in aging mice brain
(Ferrándiz et al., 1994; Navarro and Boveris, 2007), and is in
line with a human brain study showing an approximately 30%
reduction in both neuronal oxidative glucose metabolism and
neurotransmission cycling rates in elderly people (Boumezbeur
et al., 2010).

However, there is a lack of sophisticated neuroimaging
methods that can quantitatively and noninvasively assess brain
mitochondrial enzymatic activities and ATP bioenergetics,
even though they play a central role in human aging
and neurodegeneration. Most predictive biomarkers offered
by neuroimaging are neither sufficiently nor proximal to
sub-cellular mechanisms of aging to link mitochondrial and
ATP bioenergetic functions. In this article, we will provide
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a brief review of several advanced metabolic neuroimaging
methods that are based on in vivo X-nuclear magnetic
resonance (MR) spectroscopic (MRS) imaging (MRSI) at
ultra-high magnetic field (UHF) for noninvasive imaging
and quantitative assessment of human brain mitochondrial
functions and associated bioenergetic biomarkers, which could
be highly sensitive to aging without using radioactive tracers.
Three in vivo X-nuclear MRS methods for imaging cerebral
energy metabolisms following specific metabolic pathways are
discussed:

1. In vivo deuterium-2 (2H) MRSI method for simultaneously
measuring CMRGlc and the TCA cycle rate (VTCA),

2. In vivo oxygen-17 (17O) MRSI method for quantitatively
imaging three physiological parameters: CMRO2, cerebral
blood flow (CBF) and oxygen extraction fraction (OEF),

3. In vivo phosphorus-31 (31P) MRSI method for simultaneous
measurement of cerebral metabolic rates of ATP synthesis via
the ATPase reaction (CMRATP) and CK reaction (CMRCK), as
well as for measuring intracellular NAD+ and NADH, thus,
the NAD redox ratio (RXNAD).

These X-nuclear MRSI methods provide complementary
measurements of brain energy metabolisms and ATP
bioenergetics following the metabolic roadmap as shown in
Figure 1.

In vivo carbon-13 (13C) MRS is another X-nuclear MRS
method that has been used to study energy metabolism and
neurotransmission in animal and human brains. By combining
dynamic 13C MRS with 13C-labeled substrates administration
and compartmentalized quantification model, the metabolic
fluxes of various pathways involving glucose metabolism and
neuronal-astrocyte compartmental exchange can be assessed via
monitoring the 13C-label incorporation to the major metabolites
along these pathways. The strength and limitations of the
13C MRS technique and its applications have been extensively
reviewed (e.g., Rothman et al., 2011 #1543; Rodrigues et al., 2013
#1544; Sonnay et al., 2017 #1542), and thus, is covered in this
article.

LIMITATIONS OF IN VIVO X-NUCLEAR
MRSI AND ADVANTAGES OF ULTRA-HIGH
FIELD

To apply the in vivo X-nuclear MRS or MRSI in biomedical
research, we face many challenges, in particular, owing to the
very low concentration of detectable metabolites (in the range of
few or sub-millimolar (mM)) that is several to tens of thousands
of times lower than the tissue water content detected by 1H
MRI. Additionally, since the gyromagnetic ratios of the X-nuclei
(e.g., 2H, 13C, 17O and 31P) are several times lower than that
of 1H, the intrinsic detection sensitivity and signal-to-noise
ratio (SNR) of the X-nuclear MRS are further reduced, thus,
extensive signal averaging is required to achieve reasonable SNR
and spatial resolution. These factors have limited the reliability,
applicability and spatiotemporal resolution of the in vivo MRSI
measurements. To address these limitations, it has been shown
that UHF scanners can provide a significant SNR gain and

improve spectral and spatial resolutions. The advantages of
the UHF for in vivo 31P and 17O MRS brain applications are
described below.

The 31P nuclide has been studied extensively since the
inception of in vivo MRS (Shulman et al., 1979; Ackerman
et al., 1980; Shoubridge et al., 1982). Besides high energy
phosphate compounds (ATP and PCr) and Pi, other phosphorus
metabolites such as NAD+ and NADH that are actively involved
in the NAD redox reaction, glycerophosphoethanolamine
(GPE), glycerophosphocholine (GPC), phosphoethanolamine
(PE) and phosphocholine (PC) which are essential to membrane
phospholipid metabolism could also be detected by in vivo 31P
MRS. The reduced resonance linewidths (in the ppm unit) at
higher field will significantly improve the 31P spectral resolution,
which makes it possible to resolve adjacent or overlapped
phosphate resonances, determine the redox ratio of NAD
(Lu et al., 2014b, 2016a; Zhu et al., 2015b), and distinguish
intracellular and extracellular Pi in vivo. Interestingly, the T1
values of most phosphorus metabolites decrease at higher fields,
presumably the chemical shift anisotropy (CSA) dominates the
longitudinal relaxation mechanism at UHF. The shortened T1
allows more signal averaging per unit sampling time, thus,
further improves the SNR and leads to a super linear dependence
of the 31P MRS sensitivity on the magnetic field strength (B0)
after considering the B0 dependences of T1 and resonance
linewidth (Qiao et al., 2006; Lu et al., 2014a).

17O is a stable and NMR detectable isotope of oxygen; it
has a very low natural abundance (0.037%) and one-seventh
gyromagnetic ratio of the 1H. The 17O isotope with a
quantum number of 5/2 obeys the quadrupolar relaxation
mechanism, thus, the 17O nuclide in water (H2

17O) has
very short longitudinal (T1) and transverse (T2, or apparent
T2: T∗2) relaxation times (<7 ms) that are insensitive to the B0
inhomogeneity (Zhu et al., 2001, 2005; Lu et al., 2013). The
SNR of the 17O brain water signal has an approximate quadratic
field dependence on the static magnetic field strength (i.e., SNR
∝ B0

2; Zhu et al., 2001; Lu et al., 2013), while the 1H MRI
has an approximate linear field dependence (Vaughan et al.,
2001). The field dependence of the brain H2

17O signal across
a wide range of B0 indicates an over 120 times SNR gain at
16.4T as compared to a 1.5T clinical MRI scanner. Therefore,
it is possible to obtain three-dimensional (3D) 17O MRSI of
the animal or human brain with adequate SNR and reasonable
spatiotemporal resolution at ultrahigh fields. Furthermore, the
sensitivity gain at UHF is essential for the development of the
in vivo 17O MR-based neuroimaging methodology in assessing
cerebral oxygen metabolism and perfusion. The UHF advantages
are also expected in in vivo 2H MRSI applications owing to a
similar quadrupolar relaxation mechanism.

SIMULTANEOUS ASSESSMENT OF CMRGlc
and VTCA USING IN VIVO 2H MRS
TECHNIQUE

CMRGlc and VTCA are key parameters presenting the rates of
glucose metabolism in brain tissue. Ability to quantify their
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values in vivo is crucial for assessing the metabolic and energetic
states of the brain. As shown in Figure 1, the stoichiometric ratio
of the CMRGlc and VTCA in normal brain is approximately two
to one since one glucose can produce two pyruvates in cytosol
before entering the mitochondrial TCA cycle; such coupling
relationship can change under pathological condition, e.g., in
brain tumor or stroke. Even though it is challenging, quantitative
and simultaneous imaging of both CMRGlc and VTCA is desired
for studying the complex glucose metabolic pathways and their
contributions to the ATP production under normal and diseased
states. Recently, we have developed an in vivo 2H MRS technique
for simultaneous CMRGlc and VTCAmeasurement; this technique
has been validated at 16.4T using a preclinical rat model (Lu et al.,
2017).

2H nuclide is a stable isotope of hydrogen with a quantum
number of 1 and has an extremely low natural abundance
(0.0156%). Like 17O nuclide, molecules containing 2H obey
quadrupolar relaxation mechanism and have short T1 and T2
values that enables rapid signal averaging for gaining the SNR.
Thus, the in vivo 2H MRS or MRSI becomes attractive at
UHF when combining with 2H-isotope (deuterium) labeled
glucose infusion (Mateescu et al., 2011; Lu et al., 2017). After
infusion, several deuterium labeled compounds, including the
glycolysis and TCA cycle intermediates of the brain tissue,
e.g., glutamate/glutamine (Glx), lactate (Lac) and water, can be
detected using the UHF 2H MRS with excellent sensitivity and
temporal resolution and identified based on their well-resolved
2H resonances and chemical shifts. The robust 2H MRS signal
detection, spectral analysis and kinetic modeling eventually allow
for quantification of CMRGlc and VTCA in live brains.

Figure 2A displays the 2H-isotope labeling scheme, labeled
metabolites and associated metabolic pathways following an
intravenous D-Glucose-6,6-d2 (d66) infusion (Mateescu et al.,
2011; Lu et al., 2017), where d66 glucose and non-labeled glucose
are transported together into the brain and metabolized via
glycolysis and oxidative phosphorylation. Along the metabolic
pathways, the deuterium label on d66 can incorporate into
the Lac, Glx and water pools, which can then be monitored
through dynamic 2H MRS acquisitions. Excellent spectral
quality and spectral fittings can be obtained not only from
d66 phantom solution (with water resonance set at 4.8 ppm
as a chemical shift reference) but also from living rat brain;
for instance, well-resolved deuterated resonances of glucose
(3.8 ppm), Glx (2.4 ppm) and lactate (1.4 ppm) were
detected following a brief (2 min) d66 infusion (Figure 2B).
Their dynamic signal changes (15 s temporal resolution)
were used to determine the CMRGlc and VTCA values
based on a simplified kinetic model (Lu et al., 2017).
The in vivo 2H MRS approach has been applied to rat
brains under isoflurane anesthesia and morphine analgesic
condition; significant reduction of CMRGlc and VTCA in rat
brains under 2% isoflurane (CMRGlc = 0.28 ± 0.13 and
VTCA = 0.6± 0.2 µmol/g/min) as compared to that of morphine
(CMRGlc = 0.46 ± 0.06 and VTCA = 0.96 ± 0.4 µmol/g/min)
were found (Lu et al., 2017), suggesting that the in vivo 2H MRS
technique is highly sensitive in detecting the cerebral metabolic
rate changes.

Compared with the in vivo 13C MRS (Gruetter et al., 2003),
several merits of the in vivo 2H MRS technology are worth
mentioning: (i) the short T1 relaxation time of the quadrupolar
2H nuclide (e.g., ∼50 ms for d66 in rat brain at 16.4T; Lu
et al., 2017) enables rapid sampling to significantly increase the
SNR for in vivo 2H MRS or MRSI application (see an example
in Figure 2B); (ii) the chemical shift assignments (in ppm)
and spectral patterns of the deuterated metabolites are almost
identical to that of in vivo 1H MRS, while the chemical shift
range (in Hz) of the 2H spectrum is ∼7 times narrower than
that of 1H MRS due to a much lower 2H gyromagnetic ratio
(6.5 MHz/T for 2H vs. 42.6 MHz/T for 1H), thus, the chemical
shift displacement artifacts should be significantly reduced for
2H MRS localization, especially at UHF (Chen and Zhu, 2005;
Lu et al., 2017); on the other hand, it is challenging to study the
neurotransmission cycling between neuron and glia cells using
the 2H MRS method due to the inability of resolving 2H-labeled
glutamate from glutamine (Sibson et al., 2001; Hyder et al., 2006);
(iii) in an in vivo 2H MRS spectrum, the natural abundant water
signal of the brain tissue can serve as an internal reference for
quantifying cerebral metabolites labeled with deuterium, which
makes metabolites quantification easier and more reliable; and
(iv) there is no background contamination in the 2H spectrum
of living brain because no natural abundance metabolite signal
other than water is detectable in vivo, therefore, technique
commonly applied in 13C and 1H MRS to suppress intense water
or lipid signal is no longer needed.

The in vivo 2H MRS approach could be highly valuable
for studying the decoupled relationship between glycolysis and
oxidative metabolism and image the Warburg effect in brain
tumor. This can be achieved through directly measuring the
metabolic rates of CMRGlc and VTCA using the 2H MRSI
approach or by simply mapping the Glx/Lac ratio (ideally
measured when Glx and Lac signals reaching a plateau after
the introduction of d66), which could provide a sensitive index
of the Warburg effect in brain tumor (Lu et al., 2016b). To
establish a completely noninvasive metabolic imaging based on
the in vivo 2H MRSI measurement, the intravenous infusion of
the d66 tracer can be replaced by an oral delivery of d66. The
feasibility of introducing d66 via oral intake for CMRGlc and
VTCA measurement has been recently demonstrated (Lu et al.,
2018), which paves the way for translational application.

NON-INVASIVE IMAGING OF CMRO2, CBF
AND OEF USING IN VIVO 17O MR
TECHNIQUE

The motivation of developing in vivo 17O MR imaging techniques
is to measure CMRO2 via monitoring the dynamic change of
the H2

17O water that is metabolized from 17O-labeled O2 gas
(Mateescu et al., 1989; Pekar et al., 1991; Fiat and Kang, 1992,
1993; Reddy et al., 1996; Arai et al., 1998; Ronen et al., 1998;
Zhu et al., 2002; Zhang et al., 2004; Atkinson and Thulborn,
2010; Kurzhunov et al., 2017; Niesporek et al., 2018). Generally,
in vivo 17O-MR imaging method shares a similar principle
as the well-established 15O-PET technique (Lenzi et al., 1981;
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FIGURE 2 | (A) The 2H-labeling scheme following the metabolic pathways of isotope-labeled glucose D-Glucose-6,6-d2 (d66). The 2H-labeled glucose first
incorporates into pyruvate pool through glycolysis to form [3,3-d2] pyruvate, some of which can be converted to [3,3-d2] lactate by lactate dehydrogenase (LDH).
[3,3-d2] Pyruvate can also be transported into the mitochondria to form [2,2-d2] Acetyl-CoA catalyzed by pyruvate dehydrogenase (PDH). After entering the TCA
cycle, intermediates (4-d) or [4,4-d2] citrate and (4-d) or [4,4-d2] α-ketoglutarate could exchange with glutamate to generate (4-d) or [4,4-d2] glutamate. In this
process, the 2H-labels may exchange with the proton(s) in water molecule to form deuterated water and depart from the cycle. “∗”: Pools labeled with 2H; square
boxes: highlighting the metabolites detectable by in vivo 2H MRS. (B) Representative original (upper rows black traces and bottom row gray traces) and fitted (red
traces in bottom row) 2H spectra obtained from deuterated glucose (d66) phantom solution (top panel), and in rat brain pre- (left column) and 5 or 30 min
post-deuterated glucose (d66) infusion. 2H resonance assignments: water at 4.8 ppm (use as a chemical shift reference); glucose at 3.8 ppm; mixed glutamate and
glutamine (Glx) at 2.4 ppm; and lactate at 1.4 ppm. Figure adapted from Lu et al. (2017).

Mintun et al., 1984) for imaging CMRO2. Both modalities apply
isotope-labeled oxygen gas inhalation in the measurement: 17O2
for 17O-MR and 15O2 for 15O-PET. After the inhalation, the
isotope-labeled O2 molecules bind to hemoglobin during the gas
exchange in the lung and are subsequently delivered to the brain
cells through blood circulation, perfusion and diffusion, and
reduced by the cytochrome oxidase in the mitochondria to form
the isotope-labeled water. One labeled oxygen molecule produces
two labeled water molecules in the mitochondria, which can be

washed out from the brain cells, enter the venous system and
back to the heart via blood circulation.

Despite the common principle, there are fundamental
differences between the 17O-MR and 15O-PET techniques in
imaging CMRO2. 15O-PET cannot distinguish the radioactive
signals attributed from the metabolic substrate (15O2) and the
metabolic product (H2

15O). Therefore, a standard PET-based
CMRO2 imaging method requires a complicate CMRO2
quantification model plus multiple measurement procedures
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with: (i) inhalation of 15O2 gas; (ii) injection of H2
15O tracer;

and (iii) inhalation of C15O gas (Mintun et al., 1984), which
substantially increase the total scanning time, radioactive dose
and the measurement cost. The in vivo 17O MR imaging method,
on the other hand, only detects the metabolically generated and
isotope-labeled H2

17O. 17O2 molecules, either freely dissolved or
bound to hemoglobin are ‘‘invisible’’ to the in vivo 17O detection
(Figure 3) owing to the extremely broad 17O resonance linewidth
(Zhu et al., 2005; Zhu and Chen, 2011). This feature greatly
simplifies the 17O-MR based CMRO2 imaging measurement that
uses a non-radioactive and stable isotope, and thus, is more
safer for human application (Zhang et al., 2004; Zhu et al., 2005;
Atkinson and Thulborn, 2010).

The dynamics of the 17O MR signal from the brain
tissue H2

17O measured during and after an 17O2 inhalation
reflects an interplay of three physiological processes: (i) oxygen
consumption to produce labeled H2

17O in the mitochondria,
(ii) washout of labeled H2

17O from the brain cells via blood
circulation, and (iii) ‘‘recirculation’’ of labeled H2

17O generated
in the body re-entering the brain. The mass balance equation
accounted the contributions from all three processes can be used
for CMRO2 quantification (Pekar et al., 1991; Zhu et al., 2002,
2005; Zhang et al., 2004; Atkinson and Thulborn, 2010):

dCb (t)
dt

= 2 · α (t) CMRO2 + CBF ·
[
Ca (t)−

Cb (t)
λ

]
(1)

where Ca(t), and Cb(t) are the time-dependent and 17O-isotope
labeled H2

17O concentration in the arterial blood and brain
tissue, respectively; α(t) is the 17O enrichment fraction of the
blood-contained 17O2; λ is the brain/blood partition coefficient;
the factor of 2 in Equation 1 accounts for the production of
two H2

17O molecules from one 17O2 molecule (Zhu et al., 2002;
Zhang et al., 2004).

As demonstrated in Figure 3, there are three distinct phases
in the brain H2

17O time course covering the baseline, inhalation

and post-inhalation periods (Zhu et al., 2002). The signals in
the first phase representing the natural abundance H2

17O in the
brain tissue can serve as an internal reference for quantifying
the brain H2

17O concentration and its change during the second
and third phases. Equation 1 can be employed to calculate
the CMRO2 and CBF values, and estimate OEF (detailed
quantification modeling and simplified approaches can be found
in the literature (Zhu et al., 2002, 2013a,b).

One attractive feature of the 17O-MR based CMRO2 imaging
approach is it enables repeated CMRO2 measurements since
the metabolized H2

17O signal in the brain can reach a new
steady-state within a short time (e.g., <10 min in rodents, see
Figure 3) at the end of the 17O2 inhalation, so subsequent
CMRO2 measurements can be performed in the same subject
within the same imaging session (Zhu et al., 2007). This
capability is important for studying CMRO2, CBF and OEF
and their changes due to physiopathological perturbations
where multiple measurements under different conditions are
required.

For example, Figure 4A illustrates a functional study of blood
oxygenation level dependent (BOLD) contrast and CMRO2
changes in cat brain during visual stimulation (Zhu et al., 2009).
Two 3D 17O CMRO2 imaging measurements, with and without
visual stimulation, were performed on each animal. A significant
increase in CMRO2 (∼30%) was detected in the activated
visual cortical regions (Figures 4A,B); and interestingly, a
strong inverse relation between the baseline CMRO2 level
and stimuli-induced CMRO2 relative change across different
subjects (Figure 4C) was observed (Zhu et al., 2009). Figure 4D
demonstrates a preclinical application of the quantitative 17O-
MR imaging methodology for simultaneous and completely
noninvasive mapping of CMRO2, CBF and OEF in mouse brain
using a brief 17O2 inhalation (2–3 min), showing impaired
CMRO2 and CBF and elevated OEF in the ischemic brain
region as compared to the intact brain tissue in the contralateral
hemisphere (Zhu et al., 2013a).

FIGURE 3 | Stack plots of rat brain tissue H2
17O spectra obtained from a single voxel selected from the 3D 17O MRSI datasets with two consecutive 17O2

inhalations (∼2 min each) for repeated CMRO2 and cerebral blood flow (CBF) imaging measurements. 17O2 in either blood or brain tissue is NMR invisible. Figure
adapted from Zhu et al. (2007).
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FIGURE 4 | (A) Anatomic brain images (left), fMRI blood oxygenation level dependent (BOLD) maps (right) and corresponding 3D functional CMRO2 activation maps
(middle) obtained from three representative image slices in a cat visual cortex, showing a significant CMRO2 increase during visual stimulation. (B) Individual CMRO2

values measured from the activated cat visual cortex region during visual stimulation as well as at control condition (baseline). Two functional studies conducted at
different days in Cat 5, showing excellent CMRO2 imaging reproducibility. (C) A strong correlation of baseline CMRO2 level and activated CMRO2 change among
individual animals. Figure adapted from Zhu et al. (2009). (D) In vivo 17O MRS imaging from a representative image slice in a mouse with middle cerebral artery
occlusion (MCAO) preparation, showing significant reductions of CMRO2 and CBF, and an elevated oxygen extraction fraction (OEF) in the ischemic brain region
(cycled) affected by MCAO as compared to the intact tissue in the contralateral hemisphere. Figure adapted from Zhu et al. (2013a) with permission of Elsevier Inc.

For human brain application, due to the large body size,
slow blood circulation and exchange of 17O labeled and
non-labeled oxygen gas in human lung, it is more challenging
to reliably quantify CMRO2, and a more sophisticated CMRO2
quantification model is required (Atkinson and Thulborn, 2010;
Zhu et al., 2014). Recently, we have demonstrated the feasibility
for noninvasively imaging all three parameters of CMRO2, CBF
and OEF using a brief (2–3 min) 17O2 inhalation in human visual
cortex under resting condition and their changes in response to
visual stimulation (Zhu et al., 2014).

STUDYING CEREBRAL ATP ENERGY
METABOLISM AND NAD REDOX USING
IN VIVO 31P MRS TECHNIQUE

In vivo 31P MRS is a powerful tool for studying cerebral
phosphorus metabolism and neuroenergetics without the need
for any isotopically labeled substrate. It not only detects various
phosphorus metabolites, but also determines intracellular pH
and free Mg2+ concentration of the brain tissue (Ackerman
et al., 1980; Hetherington et al., 2002; Lei et al., 2003b; Du et al.,
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FIGURE 5 | In vivo 31P spectra obtained from a representative healthy human brain in the absence (control) and presence of γ-ATP resonance saturation at 7T, and
their difference spectrum. The signal reductions in the Pi and Phosphocreatine (PCr) resonances can be used to calculate the values of CMRATP and CMRCK,
respectively. Figure adapted from Lei et al. (2003a).

FIGURE 6 | Relationship of the rat brain electroencephalogram (EEG) activity level (top tracers) and normalized CMRATP or cerebral ATP concentration determined
under different brain states. The EEG signal was quantified by the spectral entropy index (SEI). The CMRATP value correlates strongly with SEI, while intracellular ATP
concentration remains constant even at the iso-electric state. Figure adapted from Du et al. (2008).
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FIGURE 7 | (A) A strong and negative correlation between the stimulus-evoked CMRCK and CMRATP changes among individual subjects; and (B) increased
intracellular pH and decreased intracellular free Mg2+ level in human visual cortex during visual stimulation. (C) Schematic illustration of complex and coherent
changes in ATPase activity, ATP production rate (CMRATP), intracellular pH and free (Mg2+) in response to brain stimulation (Zhu et al., 2018). Two-tailed paired t-test
indicating significant differences detected comparing the two conditions with ∗p < 0.05 and ∗∗∗p < 0.001.

2007, 2008; Zhu et al., 2012). Furthermore, when it combines
with the magnetization transfer (MT) preparation (31P MRS-
MT), the enzyme activities and metabolic fluxes via the F1F0-
ATPase and CK reactions can be measured and quantified
(Frosén and Hoffman, 1963; Shoubridge et al., 1982; Uǧurbil,
1985; Lei et al., 2003a; Du et al., 2007; Ren et al., 2017).
Therefore, the in vivo 31P MRS-MT technique can be used to
noninvasively study abnormal mitochondrial function associated
with energetic impairment in neurodegenerative diseases such
as AD (Schägger and Ohm, 1995). Figure 5 displays a typical
31P MRS-MT dataset obtained in human brain at 7T. The
signal reductions of the PCr and Pi resonances in the presence
of γ-ATP saturation as compared to that of control can be

used to calculate the ‘‘forward’’ metabolic fluxes for the CK
reaction (i.e., PCr→ATP) and ATPase reaction (i.e., Pi→ATP),
i.e., CMRCK and CMRATP, respectively (Lei et al., 2003a; Du et al.,
2007).

As shown in Figure 6, the in vivo 31P MRS-MT method
can be used to investigate the relation between the neuronal
activity level and the ATP production rates at different brain
states (Du et al., 2008). In this study, a strong positive correlation
between the spontaneous brain electroencephalogram (EEG)
activity and CMRATP was reported (Du et al., 2008); it
was also found that when all electrophysiological signals are
stopped (i.e., in an isoelectric state), the brain still consumes
a significant portion of ATP energy for ‘‘house-keeping’’
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FIGURE 8 | (A) Two invasive methods are available for assessing intracellular NAD contents based on biochemical assay (top) or auto-fluorescence technique.
(B) Molecular structures of NAD+ and NADH and their distinct 31P spectral patterns (singlet for NADH and quartet for NAD+). (C) A representative 31P spectrum
obtained from the occipital lobe of a healthy subject at 7T. The expanded spectra in the inserts display a chemical shift range of −9.0 to −11.5 ppm with original 31P
signal (gray trace) and model fitted spectrum (red trace) of α-ATP and NAD. The individual fitting components of γ-ATP (blue), NAD+ (black) and NADH (green) are
also showed in the top-right panel. Figure adapted from Zhu et al. (2015b).

and maintaining the cellular integrity; and the brain ATP
concentration remains constant while CMRATP could vary
∼50% over a wide range of neuronal activity levels (see
Figure 6). These findings suggest that under physiological
conditions, the cerebral energy metabolism is effectively
regulated to maintain the intracellular ATP homeostasis; and
the metabolic rate of CMRATP should be a better biomarker
for assessing energetic state of healthy brains (Du et al.,
2008).

With improved sensitivity and spectral resolution at ultrahigh
field of 7T and advancement in developing UHF radiofrequency
(RF) coils, in vivo 31P MRS-MT approach can be combined with
3D chemical shift imaging (CSI) to map the ATP metabolic rates
in human brain with whole-head coverage. This makes it possible
to differentiate CMRATP and CMRCK between the human brain
gray matter (GM) and white matter (WM), which led to the
finding of three times higher CMRATP and CMRCK in GM than
WM. Also, it has been found that on average, a single neuron
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FIGURE 9 | Age dependences of intracellular NAD+, NADH, total NAD
concentrations (A), the NAD redox potential (B) or redox ratio (C) observed in
healthy human brains. The open symbols represent data of individual subjects
and the filled symbols are the average data from three age groups of young
(21–26 year, n = 7), middle (33–36 year, n = 4) and old (59–68 year, n = 6)
subjects. Figure adapted from Zhu et al. (2015b).

consumes ∼4.7 billion ATP molecules per second in human
cortex at resting condition based on the direct CMRATP imaging
measurement (Zhu et al., 2012).

Given the high ATP expenditure in a resting human brain,
how a brain at working-state fulfills its energetic requirement is
an important question for understanding the fundamental role
of cerebral energetics in brain function and health. By applying
the 3D 31P CSI-MT imaging technique in human visual cortex
at 7T, the regional CMRATP and CMRCK at rest and during
visual stimulation were directly measured; and a significant
stimulus-induced and highly correlated neuroenergetic changes
was detected, indicating that the ATPase and CK reactions
play distinctive and complementary roles in supporting evoked
neuronal activity and maintaining the intracellular ATP
homeostasis (Zhu et al., 2018). Figure 7 summarizes the results
of this study showing a strong and negative correlation between
the task-evoked CMRATP and CMRCK changes in the activated

human visual cortex among individual subjects (Figure 7A), and
a significant increase in the intracellular pH accompanied by
a reduction in the intracellular free [Mg2+] during the visual
stimulation (Figure 7B). The findings of this original study
provide interesting new insights into the mechanism of brain
ATP energy metabolism and regulation in supporting evoked
neuronal activity (Figure 7C), and demonstrate that the in vivo
31P-MT imaging technique is a sensitive and highly valuable
neuroimaging tool for quantitatively studying energy metabolism
in human brain.

Brain energy metabolism and regulation are controlled by the
metabolic coenzyme NAD and its redox state presented by the
parameter of RXNAD (= [NAD+]/[NADH]). Extensive biological
and cellular studies indicate that NAD+ also functions as a
co-substrate for several important enzymes including Sirtuins,
poly-ADP-ribose polymerases (PARPs) and CD38/157 that play
critical roles in cellular signaling, cell death, aging and longevity.
Intracellular NAD+ depletion has emerged as an indicator
of aging and neurodegeneration, and thus, it is considered
as a new therapeutic target for aging-related disorders and
neurodegenerative diseases (Ying, 2007; Mouchiroud et al., 2013;
Imai and Guarente, 2014; Verdin, 2015; Guarente, 2016; Mills
et al., 2016; Schultz and Sinclair, 2016; Fang et al., 2017).

Despite the crucial roles of NAD in cellular energy
metabolism and signaling, determining intracellular NAD
contents and redox state is difficult, especially in live brains.
Only two invasive methods are available: one is the biochemical
assay (Zhang et al., 2006; Yang et al., 2007; Xie et al., 2009) and
the other relies on the auto-fluorescence signal of the NADH
but not NAD+ (Chance et al., 1962; see Figure 8A). Few years
ago, an in vivo 31P MRS-based NAD assay was developed in our
laboratory that enables noninvasive assessment of NAD+ and
NADH contents and RXNAD in animal and human brains (Lu
et al., 2014b, 2016a; Zhu et al., 2015b). This new method utilizes
a theoretical NMR spectral model to describe the 31P resonances
of NAD+ and NADH and their spectral patterns at a given
magnetic field strength. As shown in Figure 8B, the molecular
structure of NAD+ only differs from NADH by one H+ and two
electrons. This subtle structural difference makes the shielding
environment of the phosphorus spins in the NAD+ molecule
(two different 31P spins) substantially different from that of
NADH (two identical 31P spins). Based on the NMR theory, the
second-order coupling effect applies to the two-spin system of
NAD+, leading to a well-defined quartet of resonances with the
signal intensity ratios and chemical shifts varying with the field
strength; conversely, the NADH displays a single resonance with
doubled intensity. The spectral patterns of NAD+ quartet and
NADH singlet, therefore, can be precisely predicted at any given
field strength using a quantification model that describes all 31P
signals of NAD+, NADH and α-ATP. After least-square fitting
of the in vivo 31P spectrum, the values of [NAD+], [NADH] and
RXNAD can be calculated using the α-ATP signal as an internal
concentration reference (Lu et al., 2014b). The newly developed
in vivo NAD assay has been applied to the healthy human at 7T.
Excellent SNR and spectral quality as shown in Figure 8C ensures
the reliable fitting of NAD+, NADH and α-ATP resonances and
the quantification of [NAD+] (≈0.30 ± 0.02 mM), [NADH]
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FIGURE 10 | In vivo 31P brain spectrum collected in the absence (A) and presence (B) of 1H decoupling on the water resonance from a representative healthy
subject at 4T. The 1H decoupling significantly reduces the linewidth of γ-ATP, NAD+ and NADH resonances owing to the close proximity between their phosphorus
spins to the protons as shown in (C). (D) Fitting results showing individual components of γ-ATP (blue), NAD+ (black) and NADH (green) signals and a small residue.
Figure adapted from Lu et al. (2016a).

(≈0.06 ± 0.01 mM) and RXNAD (= 4.8 ± 0.9) in the healthy
human brain (Zhu et al., 2015b).

A growing number of evidence suggests a close link between
the abnormal brain NAD+ and amyloid beta-peptide in AD
(Wu et al., 2014), and therapies that aim to restore intracellular
NAD+ level have shown promise for repairing the DNA damage
or protecting against age-related cellular damage (Braidy et al.,
2008, 2011). The 31P MRS-based in vivo NAD assay provides
an ideal tool to monitor the NAD changes in the human
brain. Figure 9 shows an application of the NAD assay in
healthy subjects, which detected strong age-dependent changes
in [NAD+], [NADH], [NAD]total (=[NAD+]+[NADH]) and
RXNAD (Zhu et al., 2015b). A decrease in the NAD+/NADH
redox ratio in normal human brain indicates that the
glucose-oxygen metabolic balance is shifted toward a slower
mitochondrial oxidative phosphorylation, leading to a lack of
ATP production capacity in the aging brain.

Interestingly, we have reported that the in vivo 31P MRS NAD
assay could also be employed at relatively lower field. Similar

performance at 7T can be achieved at 4T with incorporation
of 1H decoupling into the 31P NAD assay (Zhu et al., 2015b;
Lu et al., 2016a). The advanced NAD assay approach at 4T
significantly improves the spectral resolution and the SNR of
the NAD+, NADH and α-ATP (Figures 10A,B) owing to the
proximity of the nearby protons (Figure 10C); excellent model
fittings (Figure 10D) and identical RXNAD value (5.3± 0.4,N = 7,
age: 23± 4 years) as that of 7T (5.4± 0.8, N = 7, age 23± 2 years)
were obtained (Zhu et al., 2015b; Lu et al., 2016a). This result
confirms the potential of in vivo NAD assay for translational
applications at the field strength of clinical scanners, for instance,
at 3T.

In summary, the advanced in vivo X-nuclear MRS imaging
techniques as reviewed in this article can provide quantitative
measures of key physiological parameters representing
metabolite contents, tissue properties and metabolic rates
involving major energetic pathways in live brains. The multi-
nuclear MRS imaging measurements can benefit substantially
from the high/ultrahigh magnetic field for improving sensitivity
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and reliability, and thus, these valuable metabolic imaging
tools can be used to noninvasively assess the brain energetic
changes in aging and neurodegenerative diseases. Although
the neuroenergetic measurements and the quantitative markers
described herein have shown feasibility and great potential in
early detection of abnormal cerebral metabolism related to aging
and neurodegeneration, their use in clinical practice still requires
time and more efforts; nevertheless, the FDA approval of the 7T
human scanner for clinical diagnosis of brain diseases will speed
up the process. The same imaging methods are also suitable for
studying the physiological functions and aging dependence of
other organs such as the heart and skeletal muscle.
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In vivo 17O NMR approaches for brain study at high field. NMR Biomed. 18,
83–103. doi: 10.1002/nbm.930

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 © 2018 Zhu and Chen. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 16 November 2018 | Volume 10 | Article 394202

https://doi.org/10.1073/pnas.95.22.12934
https://doi.org/10.1073/pnas.95.22.12934
https://doi.org/10.1002/nbm.1772
https://doi.org/10.1111/j.1432-1033.1995.tb20219.x
https://doi.org/10.1016/j.cmet.2016.05.022
https://doi.org/10.1016/0014-5793(82)80916-2
https://doi.org/10.1016/0014-5793(82)80916-2
https://doi.org/10.1126/science.36664
https://doi.org/10.1016/j.tins.2004.06.005
https://doi.org/10.1073/pnas.96.6.3245
https://doi.org/10.1046/j.1471-4159.2001.00074.x
https://doi.org/10.3389/fnins.2017.00288
https://doi.org/10.1016/0022-2364(85)90345-2
https://doi.org/10.1016/j.jalz.2014.08.105
https://doi.org/10.1002/mrm.1156
https://doi.org/10.1002/mrm.1156
https://doi.org/10.1126/science.aac4854
https://doi.org/10.3109/10715762.2014.907889
https://doi.org/10.3109/10715762.2014.907889
https://doi.org/10.1021/ac802249m
https://doi.org/10.1161/01.str.17.6.1220
https://doi.org/10.1016/j.cell.2007.07.035
https://doi.org/10.1016/j.addr.2009.07.015
https://doi.org/10.1089/ars.2012.4774
https://doi.org/10.2741/2194
https://doi.org/10.1073/pnas.0603269103
https://doi.org/10.1073/pnas.0603269103
https://doi.org/10.1097/01.WCB.0000125885.54676.82
https://doi.org/10.1097/01.WCB.0000125885.54676.82
https://doi.org/10.1016/j.pnmrs.2011.04.002
https://doi.org/10.1016/j.neuroimage.2012.09.028
https://doi.org/10.1002/mrm.24469
https://doi.org/10.1002/mrm.24469
https://doi.org/10.1073/pnas.1417921112
https://doi.org/10.1177/0271678x18769039
https://doi.org/10.1002/mrm.1073
https://doi.org/10.1016/j.neuroimage.2012.02.013
https://doi.org/10.1073/pnas.202471399
https://doi.org/10.1038/sj.jcbfm.9600421
https://doi.org/10.1038/jcbfm.2008.97
https://doi.org/10.1038/jcbfm.2008.97
https://doi.org/10.1002/nbm.930
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


REVIEW
published: 13 December 2018

doi: 10.3389/fnagi.2018.00403

Manganese-Enhanced Magnetic
Resonance Imaging: Overview and
Central Nervous System Applications
With a Focus on Neurodegeneration
Ryan A. Cloyd 1,2,3, Shon A. Koren 1,3,4 and Jose F. Abisambra 1,3,4,5*

1Department of Physiology, University of Kentucky, Lexington, KY, United States, 2College of Medicine, University of
Kentucky, Lexington, KY, United States, 3Sanders-Brown Center on Aging, University of Kentucky, Lexington, KY,
United States, 4Department of Neuroscience & Center for Translational Research in Neurodegenerative Disease, University of
Florida, Gainesville, FL, United States, 5Spinal Cord and Brain Injury Research Center, University of Kentucky, Lexington, KY,
United States

Edited by:
Ai-Ling Lin,

University of Kentucky,
United States

Reviewed by:
Bruce Berkowitz,

Wayne State University School of
Medicine, United States

Robia Pautler,
Baylor College of Medicine,

United States

*Correspondence:
Jose F. Abisambra

joe.abisambra@uky.edu;
j.abisambra@ufl.edu

Received: 28 April 2018
Accepted: 23 November 2018
Published: 13 December 2018

Citation:
Cloyd RA, Koren SA and

Abisambra JF
(2018) Manganese-Enhanced

Magnetic Resonance Imaging:
Overview and Central Nervous

System Applications With a Focus on
Neurodegeneration.

Front. Aging Neurosci. 10:403.
doi: 10.3389/fnagi.2018.00403

Manganese-enhanced magnetic resonance imaging (MEMRI) rose to prominence in
the 1990s as a sensitive approach to high contrast imaging. Following the discovery
of manganese conductance through calcium-permeable channels, MEMRI applications
expanded to include functional imaging in the central nervous system (CNS) and other
body systems. MEMRI has since been employed in the investigation of physiology in
many animal models and in humans. Here, we review historical perspectives that follow
the evolution of applied MRI research into MEMRI with particular focus on its potential
toxicity. Furthermore, we discuss the more current in vivo investigative uses of MEMRI
in CNS investigations and the brief but decorated clinical usage of chelated manganese
compound mangafodipir in humans.

Keywords: manganese, MEMRI, MRI, mangafodipir, CNS imaging

INTRODUCTION

The use of manganese and similar paramagnetic contrast agents began shortly after the
development of magnetic resonance imaging (MRI). Manganese (II) chloride is the most
commonly utilized manganese species for manganese-enhanced MRI (MEMRI). Though MEMRI
has been widely employed in imaging studies of various investigative directions, the primary focus
of this review will be the role of functional MEMRI in the nervous system beginning with a brief
historical introduction.

History
Some of the earliest work into MRI was performed by Paul Lauterbur in 1973 (Lauterbur, 1973).
This work contributed to the basis of nuclear magnetic resonance (NMR) and MRI studies as
they exist today and resulted in Lauterbur receiving the 2003 Nobel Prize in Physiology and
Medicine with Peter Mansfield. Lauterbur et al. (1980) showed that manganese enhanced magnetic
images by shortening proton relaxation time, and soon manganese contrast grew into a common
imaging staple in living systems. Early uses of manganese contrast were aimed at delineating
normal and abnormal tissue. For example, early studies used manganese MRI to study ischemic
myocardium in dogs (Brady et al., 1982; Goldman et al., 1982), cerebral edema in cats (Shirakuni
et al., 1985) and human tumor xenografts inmice (Ogan et al., 1987). The discovery of paramagnetic
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enhancement in MRI also lead to research into other
paramagnetic contrast agents including gadolinium (Couet
et al., 1984; Runge et al., 1984; Fornasiero et al., 1987).

Lin and Koretsky (1997) first demonstrated manganese
contrast can be used as a noninvasive, direct measurement
of neuronal function. Lin and Koretsky (1997) administered
manganese chloride via a peripheral intravenous injection and
reported imaging enhancement in stimulated brain regions
not affected by changes in blood flow, strongly supporting
MEMRI as a direct functional imaging measure. The major
advantage of Lin and Koretsky’s (1997) novel application
of manganese enhancement was the ability to measure
neuronal function in vivo. However, this initial application of
MEMRI was limited by the need to co-administer mannitol
to disrupt the blood-brain barrier. Subsequent studies have
refined MEMRI to visualize neuronal activity. A recent study
demonstrated that with a sufficiently strong magnetic field
(17.1T), MEMRI can be used to visualize action potentials
in individual Aplysia buccal neurons (Svehla et al., 2018).
Following the discovery that radioactive manganese transports
along neural tracts in a microtubule-dependent fashion (Sloot
and Gramsbergen, 1994), Koretsky’s group used manganese
as a non-radioactive neuronal connection tracer (Pautler
et al., 1998). Manganese-enhanced tract tracing has since
been used in conjunction with techniques such as diffusion
tensor imaging (DTI) to study brain region connectivity and
validate tractography studies (Lin et al., 2001; Knosche et al.,
2015).

Today, MEMRI is used in three major types of MRI protocols:
anatomic studies, functional studies and tractography studies.
In the case of anatomic studies, manganese functions much
like gadolinium or other paramagnetic contrast agents, and
such studies will not be a major focus of this review. In
contrast, unique properties of manganese compared to other
paramagnetic agents (which will be discussed in more detail
in section ‘‘Pharmacodynamics’’ of this review) allow MEMRI
to provide information about the function and connectivity
of brain regions. Specific instances of these studies will be
discussed in regard to specific fields of study in section
‘‘MEMRI in CNS imaging’’ of this review. The ability to perform
anatomical, functional and connectivity studies with a single
technique has allowed MEMRI to be used to describe dynamic
systems in vivo. A series of studies from the Van der Linden
group used several different types of manganese enhanced
MRI protocols to describe the song generation and control
in songbirds (Van der Linden et al., 2002; Tindemans et al.,
2003, 2006; Van Meir et al., 2004). This demonstrates how all
three major types of MEMRI applications can be used to study
a single topic. Van der Linden et al. (2004) group developed a
technique to allow long term study of a single anatomical region
(repeated dynamic MEMRI) through the use of a permanent
cannula.

These types of studies can be performed via other types of
MRI experiments such as blood-oxygen level dependent (BOLD)
contrast or DTI/diffusion kurtosis imaging (DKI). While these
types of studies are more widely used, they are less direct
measurements of activity/connectivity in the brain thanMEMRI.

MEMRI should not be seen as a replacement for other types
of MRI studies but rather as another tool to provide a more
complete understanding of in vivo brain function. One study that
compared functional measurements obtained via BOLD imaging
and MEMRI found that the techniques produce consistent
results, demonstrating the potential for them to be used in
conjunction (Duong et al., 2000).

MRI Background
A basic understanding of the principles underlying manganese
and other paramagnetic contrast agents aids in understanding
their enhancement ofmagnetic images.MRI depends on the spin,
charge and magnetism of specific atomic nuclei, particularly 1H
but also 31P, 23Na, 19F and 13C (Jackson et al., 2005). Application
of an external magnetic field reorients these species’ axes of
spin approximately with the axis of the field. Each species has
a unique frequency of rotation around the magnetic field, termed
precession (Figure 1). Since precession is linearly proportional
to the strength of the magnetic field, stronger applied magnetic
fields produce greater precession, resulting in higher signal-to-
noise ratios (SNR). For this reason, the strength of the magnetic
field defines the resolution of MR imaging.

Under the main magnetic field force (B0) and a secondary
set of field gradients, each nucleus rotates so it reorients itself
with the field, adopting either an aligned or anti-aligned state
(Jackson et al., 2005). Most nuclei reside in the lower energy
aligned state with a smaller proportion populating the high
energy anti-aligned state. The difference in these populations
is the basis of NMR. These aligned and anti-aligned systems
absorb electromagnetic energy from a third magnetic force

FIGURE 1 | Visual demonstration of precession. Redrawn from Figure 2 of
Jackson et al. (2005). The nucleus’s axis of rotation (dotted line) does not
exactly align with the magnetic field B0 (solid line). As the nucleus rotates
around the B0, it also spins on its own axis. The frequency with which the
nucleus rotates around B0, termed the precession, is inherent to each species
and scales linearly with the strength of the magnetic field.
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(the radiofrequency (RF) pulse), which briefly equalizes the
two nuclear alignment states. As the applied perturbation
resolves, the energy emitted is detected by a receiver coil and
interpreted to generate the MRI. The gradient fields and RF
pulse can be altered to suit the needs of the current experiment.
A single scan protocol includes repeated RF pulses in rapid
succession.

A major variable measured in MR experiments is relaxation
time, defined as the time required to reestablish equilibrium
between alignment states. Relaxation time is divided into the
spin-lattice (T1) relaxation time and the spin-spin (T2) relaxation
time. T1 represents the time required for the axis of the nucleus
to realign with the main field in the z-direction. A sample
with a longer T1 time requires a slower rate of RF pulses to
allow for recovery between pulses. T2 is based on changes in
the rates of rotation that occur following termination of the
RF pulse. When nuclei are aligned in the same plane, they
initially rotate in phase with each other. After the pulse is
removed, the nuclei begin rotating at different rates and the
amount of time required for the nuclei to lose phase is the T2
relaxation time (Jackson et al., 2005). A single scan protocol
measures either T1 or T2. In either case, the signal intensity
of the final image is determined by the relaxation time. Both
relaxation times are determined by a number of intrinsic and
environmental factors, and of particular note, the T1 is influenced
by the presence of paramagnetic species as discovered by Paul
Lauterbur’s group in 1980. Paramagnetic agents cause the nuclei
to realign more rapidly resulting in shortening of the T1 time,
which increases the signal intensity on MR images (Mendonça-
Dias et al., 1983).

MEMRI vs. BOLD
Currently, the most common method used for function MR
imaging is BOLD. BOLD uses paramagnetic deoxygenated
hemoglobin as a natural contrast agent to measure changes in
cerebral blood oxygenation (Ogawa et al., 1990). Oxygenated
hemoglobin is non-paramagnetic; therefore, under normoxic
conditions, the arterial flow does not contribute to the MR
signal acquired by BOLD imaging. Under normal conditions,
essentially all of the deoxyhemoglobin in the venous circulation
is generated by local tissue metabolism. As a result, BOLD signal
provides a measure of total metabolism of brain regions.

While both BOLD and MEMRI allow functional MRI, each
technique has strengths and weaknesses that must be considered
when designing experiments. One major advantage of BOLD
over other types of contrast-enhanced MRI protocols is that it
does not require administration of exogenous contrast agents
(Ogawa et al., 1990). It provides a rapid assessment of regional
and global brain metabolism without exposing the patient or
animal to potentially harmful contrast agents. Given concerns
over the potential toxicity of chronic manganese exposure
(discussed more in section ‘‘Toxicity’’), BOLD may be preferable
for long-term studies requiring repeated exposure to manganese.

The BOLD signal is an aggregate of the metabolism of all
the cells in the region and therefore the relative contributions
of neurons cannot be distinguished from that of glia or other
cells. Furthermore, BOLD implementation is complicated during

conditions of generalized hypoxia in the area of interest because
of the presence of paramagnetic deoxyhemoglobin in the arterial
blood supply (Michaely et al., 2012; Taylor et al., 2015; Wang
et al., 2017). Similarly, disruptions in regional hemodynamics
caused by tumors or arteriovenous malformations can produce
artifacts on BOLD (Zaca et al., 2014). In contrast, manganese
enhancement is much more specific for neuronal activity and the
signal is less susceptible to contributions from non-neuron cells
(discussed in section ‘‘Mechanism of Entry and Dispersion of
Manganese’’). Whereas BOLD indirectly measures brain activity
through changes in metabolism, MEMRI directly measures
activity through changes in calcium dynamics.

PHARMACODYNAMICS

As with any contrast agent, manganese is influenced and
limited by how the body alters it (pharmacokinetics) and how
it alters the body (pharmacodynamics). The pharmacokinetic
properties of manganese were recently reviewed elsewhere (Chen
et al., 2018). To understand the toxic limitations of manganese,
potential administration routes into the body, and downstream
applications, it is critical to first understand the biological
mechanism of action and transport of manganese.

Mechanism of Entry and Dispersion of
Manganese
Out of all paramagnetic contrast agents used as MRI contrasts,
manganese has unique application capabilities based on its ability
to form a divalent cation with an ionic radius similar to that
of calcium. The ability of manganese ions to impede calcium
transportation has been recognized since the 1960s (Hubbard
et al., 1968), although the precise mechanism (now known to be
due to competition for transport) would not be recognized until
later. Understanding of the biological mechanisms of manganese
developed in conjunction with advances in its uses for imaging
purposes, beginning in the early 1980s when its accumulation
(Hunter et al., 1980), permeability (Ribalet and Beigelman, 1980)
and calcium channel competition (in cardiac tissue; Payet et al.,
1980), in nerve terminals (Kita et al., 1981) was discovered.
The passage of manganese ions through calcium channels was
further supported by the prevention of Mn2+-induced changes
in nerve terminal activity caused by administration of the
calcium channel blockers verapamil (Narita et al., 1990) and
later diltiazem, which was found to suppress MEMRI changes
following forepaw stimulation in rats (Lu et al., 2007). These
studies by Narita et al. (1990) and Lu et al. (2007) as well as
others (Carlson et al., 1994) support the hypothesis that the
primary entry point for manganese into neurons is through
L-type calcium channels; though other studies from as early as
1987 (Mayer and Westbrook, 1987) show evidence manganese
may also transverse through other channel types such as NMDA
and AMPA receptors.

For example, Itoh et al. (2008) studied the effects of
NMDA modulation on MEMRI signal and found drug-induced
activation of NMDA receptors increased signal intensity while
non-competitive antagonism of the receptors reduced signal
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intensity, suggesting NMDA receptors play a role in facilitating
manganese transport. They found no changes associated with
AMPA modulation. A later study by Hankir et al. (2012) further
supported the hypothesis that manganese can pass through
NMDA receptors, with contrasting evidence suggesting that
AMPA receptors mediate manganese enhancement in certain
brain structures. However, the two studies used substantially
different dosages of AMPA receptor antagonist NBQX (Hankir
et al., 2012 used a dose of approximately 40 mg/kg compared
to the 10 mg/kg dose used by Itoh et al., 2008), possibly
accounting for differences between the two studies. Given
this difference, it seems plausible that AMPA receptors do
contribute to the transport of manganese through the blood
brain barrier, but the role is smaller than that of the NMDARs.
Recent work has supported the role of NMDARs in controlling
blood brain barrier permeability (Vazana et al., 2016), however
the reliance on NMDA of manganese penetrance into the
brain was not studied. Though the exact mechanism of
calcium channel entry of manganese into the brain is not
understood, it is this capacity that facilitates the usage of
manganese as a more direct functional imaging method in
MEMRI.

Recently, the Turnbull group showed that manganese uptake
is also mediated by the divalent metal transporter, DMT1
(Bartelle et al., 2013). By inducing DMT1 expression, Bartelle
et al. (2013) achieved MEMRI signal in cell populations (human
embryonic kidney, glioma and melanoma) that would not
normally be susceptible to manganese enhancement. After this
finding, Turnbull’s group induced expression of the bacterial
manganese-binding protein MntR in mammalian cells to
increase signal enhancement (Bartelle et al., 2015). Expression
of MntR, which can be targeted to the Golgi apparatus,
endoplasmic reticulum, or cytosol, increases intracellular
manganese concentration by preventing efflux of manganese
from cells. This paradigm allows for any tissue type to potentially
be specifically enhanced via MEMRI. For example, transplanted
cells expressing DMT1 can be effectively tracked via MEMRI
(Lewis et al., 2015). Future development of the DMT1 MRI
reporter system will likely lead to more widespread use.
While the role of DMT1 presents potential new avenues
for MEMRI, it also adds additional variables to the system
that must be studied further to clearly understand the extent
to which MEMRI measures calcium dynamics from L-type
calcium channels separate from other types of ion channels and
transporters.

Nearly 30 years following the discovery that manganese
impedes calcium dynamics, evidence of intracellular manganese
trafficking in vesicles by a microtubule-dependent mechanism
was reported in a series of studies (Sloot and Gramsbergen,
1994; Pautler et al., 1998; Takeda et al., 1998). Functionally,
this mechanism allows the usage of MEMRI for neuronal tract
tracing, a crucial investigative method when considering the
methods of manganese administration (discussed later in this
section). By nature of being packaged into vesicles similar
to neurotransmitters, manganese transports trans-synaptically
following fusion of its carrier vesicle with the axon terminal
membrane (Serrano et al., 2008). Synaptic manganese is then

taken up by the post-synaptic neuron as discussed previously
through any of a number of potential calcium-permeable
channels or receptors and is then repackaged for further
transport propagation. For these mechanistic similarities of
manganese and calcium, manganese provides valuable tools for
imaging applications but may be limited by substantial toxicity.

Toxicity
Along with other organ system toxicity, excessive manganese
exposure is particularly neurotoxic. These neurotoxic effects
include dystonia, impaired speech and poor cognition, and they
have been shown to be a particular threat to the developing
central nervous system (CNS) throughout childhood (Zoni and
Lucchini, 2013; Bjørklund et al., 2017; Lao et al., 2017). Adults are
less susceptible to manganese toxicity than children1, although
neurotoxic (Olanow, 2004; Bowler et al., 2016; Schuh, 2016) and
carcinogenic/teratogenic (Gerber et al., 2002) effects have been
documented following moderate chronic exposure in adults.
Manganism, the classic picture of chronic manganese toxicity in
humans, is characterized by motor deficits that closely resemble
Parkinson’s disease (PD) in the early stages (Andruska and
Racette, 2015). Animal studies have supported the adverse effect
findings of chronic manganese exposure. Further neurotoxic
potential of manganese is extensively reviewed elsewhere (Chen
et al., 2015).

Systemic Administration of Manganese
For imaging studies, manganese solutions are most commonly
administered via injections. Koretsky’s early experiments used
25% D-mannitol to break the blood-brain barrier and increase
penetration of manganese into the brain (Lin and Koretsky,
1997). Later studies by Koretsky and others determined that
MEMRI can be performed in animals with an intact blood-
brain barrier, although generally more time and a larger dose
of manganese is required to achieve similar enhancement, as
demonstrated in Figure 2 (Watanabe et al., 2002; Aoki et al.,
2004; Lee et al., 2005; Yu et al., 2005; Kuo et al., 2006).
These initial experiments advanced the usage of manganese
as a systemically-injected contrast agent for widespread use in
imaging.

In the context of MEMRI, the toxicity threshold of
manganese remains contested. Since MEMRI studies typically
involve a single exposure of moderate to high doses of
manganese, these differ from previously described reports on
chronic or repeated exposures (Takács et al., 2012; Okada
et al., 2016). A study by Eschenko et al. (2010a) looked
for signs of toxicity following a single low (0.1 mmol/kg,
16 mg/kg) or high (0.5 mmol/kg, 80 mg/kg) dosage subcutaneous
injection of manganese chloride. While the group found no
histopathologic differences at either dose, moderate synaptic
and motor behavior deficits were observed in rats at the
higher dose. Another study by the same group found the
synaptic and motor deficits persisted through 1 week following
exposure (Eschenko et al., 2010b). These and other studies

1Agency for Toxic Substances and Disease Registry, Manganese,
https://www.atsdr.cdc.gov/toxprofiles/tp151-c2.pdf
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FIGURE 2 | Signal intensity depends on dose and time. Adapted with
permission from Lee et al. (2005). Scans performed in mice with intact
blood-brain barrier showing the dependence of signal enhancement on
(A) dose and (B) time. (A) Manganese produces global enhancement that
scales with dose. Enhancement is most significant in the hippocampus,
interpeduncular nucleus, pituitary, and olfactory bulb. (B) Enhancement of
signal increases over time as demonstrated in the olfactory bulb (ONL,
olfactory nerve layer; GL, glomerular layer; ML, mitral cell layer).

(Liu et al., 2004; Alaverdashvili et al., 2017) use ranges
at or lower than doses typically used for MEMRI, raising
concern over potential toxicity and confounding effects of
MEMRI.

Other studies found little to no neurotoxicity in mice after
single intraperitoneal (IP) doses of manganese chloride at
66 mg/kg (Fontaine et al., 2017), or short-term repeated IP
injection in rats reaching final doses of 60 mg/kg (Galosi
et al., 2017). To date, many studies have investigated
alternative administration paradigms (see next section),
alternative manganese-containing compounds (discussed
in section ‘‘Mangafodipir’’) and co-administration of
additional compounds (Alahmari et al., 2015; Johnson
et al., 2018) to mitigate any potential toxic effects of
manganese in MEMRI and still retain useful imaging
enhancement.

Fractionated and continuous infusion doses of manganese
have been investigated as systemic administration routes that
limit toxic effects and exposure for imaging studies. Many studies
have noted sufficient manganese enhancement of imaging from
fractionated doses, often with no to mild and reversible side
effects identified (Bock et al., 2008b; Grünecker et al., 2010;

Galosi et al., 2017). One study by Bock et al. (2008a) found
fractionated doses of manganese in a non-human primate model
has increased longevity of manganese in the brain, notably in
the visual cortex and basal ganglia, compared to the rat brain
following a similar administration. The authors suggest this
species difference may be similar across all mammals, suggesting
fractionated dosages may be a viable method in humans
using similar manganese-based agents. Similarly, continuous IP
infusion of manganese was also found to reduce toxicity relative
to a single dose while retaining imaging enhancement (Eschenko
et al., 2010a).

Sepúlveda et al. (2012) reported pumps implanted
subcutaneously achieve comparable results to fractionated
dosing, which allows less invasive implementation of continuous
manganese delivery. A more recent study by Vousden et al.
(2018) has shown that continuous infusion of manganese via
subcutaneous pumps achieves image enhancement without
affecting spatial learning or memory. However, this study
reported severe and dose-dependent skin ulcerations at the
site of implantation in most of the manganese treated mice,
whereas control IP injected and saline treated mice did not
develop such adverse effects. The authors suggest ulceration
may develop due to manganese-induced itching, but this does
not sufficiently explain why ulceration has not occurred in
more studies investigating subcutaneous manganese pumps.
Poole et al. (2017) compared the two methods and found that
continuous infusion produced less toxic effects than fractionated
injections. However, as this study was published prior to the
Vousden et al. (2018) study, it does not consider skin ulcerations.
To date, no study has systematically compared fractionated
or continuous injection administration of manganese which
considers all currently known adverse effects.

The contention on the toxicity threshold and systemic
injection method of manganese highlights the importance in
considering previous studies along with the chosen animal
model, administration route and dose in determining
experimental parameters of manganese for MRI studies. A
review from Koretsky’s group demonstrates the variability in
dosing and routes of administration used in the first years of
modern MEMRI research as summarized in Figure 3 (Silva
et al., 2004). If possible, piloting toxicity studies on a per-study
basis may provide the only truly sufficient data on toxicity until
further investigations reveal consistent thresholds.

Localized Administration and Applications
As a viable alternative to systemic routes of manganese
administration, a variety of non-systemic administration
methods are also successfully used to limit any potential toxic
effects. Perhaps the most common non-injection route for
manganese exposure is through oral administration. Early
studies of oral administration showed sufficient bioavailability
of manganese for imaging studies in livers of rats following
manganese chloride feeding (Cory et al., 1987). Digested
manganese is circulated through and filtered out by the hepatic
portal system (i.e., the first past effect), severely reducing
systemic distribution of manganese and limiting potential
toxicity (Hauser et al., 1994). More recently, oral administration
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FIGURE 3 | Toxicity data and common doses used in early manganese-enhanced magnetic resonance imaging (MEMRI) experiments. Adapted with permission from
Silva et al. (2004). (A) Summary of toxic manganese doses and associated effects as reported on the MSDS. (B) Manganese doses used in several early MEMRI
studies in rats and mice. With some exceptions, the dose of manganese used in imaging studies is much lower than the accepted toxic level.

of manganese chloride has been used as an effective and
well-tolerated agent for hepatic and hepatobiliary imaging
(Leander et al., 2010; Albiin et al., 2012; Marugami et al.,
2013). Although manganese removal from the blood is highly
efficient, its sensitivity as a contrast agent still facilitates
imaging studies in non-privileged body compartments following
oral administration (Jacobs et al., 2012). To date, no studies
recorded successful MEMRI of CNS structures after oral
manganese administration, although manganese reportedly
accumulates to levels sufficient to enhance T1 weighted
images in patients with cholestatic disease (Ikeda et al.,
2000). Given the importance of manganese penetration
into the CNS for proper imaging described by Lee et al.
(2005), it is still unknown whether oral administration of
manganese produces sufficient, safe exposure for clinical
MEMRI studies.

One potential method for CNS MEMRI is intranasal
administration, which was first reported to deliver manganese to
the brains of pike (Tjälve et al., 1995) and rats (Tjälve et al., 1996)
sufficient for enhanced imaging. More commonly used today

for olfactory imaging studies (Cross et al., 2006; Lehallier
et al., 2012b), nasal instillation of manganese reportedly also
sufficiently enhances visual cortex imaging in rats (Fa et al.,
2010). Though nasal instillation of manganese bypasses the
need for systemic administration and may reduce the risk of
toxicity, an unintended byproduct is significant nonspecific
enhancement (Pautler et al., 1998; Cross et al., 2004).
However, later reports suggest this nonspecific enhancement
may be reduced with experimental tradeoffs (Chuang and
Koretsky, 2009). Additionally, olfactory impairment may occur
at doses higher than typically required for imaging (Lehallier
et al., 2012a) and moderate inflammation was reported
following nasal instillation of manganese solutions (Foster et al.,
2018), highlighting potential limitations for its use in CNS
MEMRI.

As in the olfactory system, the visual system lends itself to
relatively non-invasive methods of manganese administration.
Intravitreal injections enhance the retina and visual pathways
without the need for systemic administration of manganese.
Although intravitreal injection of manganese may result in loss of
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retinal ganglion cell density at relatively low doses (Thuen et al.,
2008), smaller doses provide good enhancement without major
signs of damage to retina or other ocular structures (Lindsey
et al., 2013).

Topical application of manganese has been investigated as an
alternative to intravitreal injection. Topically applied manganese
resulted in strong enhancement of ocular structures and the
superior colliculus without diffusing into the vitreous space
(Sun et al., 2011). The authors posit that the manganese
may absorb into the iris and enter the capillary circulation
to reach the retina. This hypothesis is supported by the
fact that the enhancement was attenuated when retinal
ischemia was induced by increasing the intraocular pressure.
No adverse changes were observed in the mice 1 week
after topical administration of manganese. Similarly, in Sun
et al. (2012) the authors administered topical manganese
biweekly or monthly in groups of mice. While they found
significant retinal ganglion loss and corneal thickening in
the biweekly treatment paradigm, no adverse effects were
observedwhenmanganese was appliedmonthly. This was further

supported by a later study (Liang et al., 2015) and suggests
long-term MEMRI is possible with topical administration of
manganese.

Other methods of administration of manganese by bypassing
the blood brain barrier into the CNS have been investigated,
stemming from early experiments of injections directly into
cerebrospinal fluid (CSF). The earliest application of direct
CSF injections involved stereotaxic injection of manganese
chloride into the lateral ventricles of rats (Wan et al.,
1991). Later, a similar experiment by Liu et al. (2004)
achieved measurable enhancement of brain parenchyma 24–96 h
following injection of manganese chloride into the cisterna
magna (Figure 4). Liu et al. (2004) injected mice with
the analogous paramagnetic contrast agent GdDTPA and
found no parenchymal enhancement suggesting that the
described effect was dependent on cellular uptake of manganese
(described in section ‘‘Mechanism of Entry and Dispersion of
Manganese’’). Remarkably, transcranial injection of manganese
chloride showed detectable manganese signal in the brain
parenchyma within 2 h of administration (Roth et al.,

FIGURE 4 | Intrathecal injection of manganese chloride. Adapted with permission from Liu et al. (2004). (A) Injection scheme for intrathecal manganese injection.
(B) Serial images show the spread of enhancement from the ventricles throughout the cortex, subcortex, and cerebellum.
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2014). More recently, the Koretsky group expanded upon
this technique by showing that manganese penetrates into
underlying brain structures when applied transcranially by
passing through brain suture lines (Atanasijevic et al., 2017).
While transcranial application of manganese for MEMRI
requires further optimization before widespread use, its potential
in relatively noninvasiveMEMRI studies are becoming extremely
valuable.

Effect of Blood Brain Barrier Permeability
Poor blood-brain barrier permeability has been a major obstacle
in MEMRI studies of the CNS. Several MEMRI protocols
call for chemical (Lin and Koretsky, 1997; Lu et al., 2010)
or mechanical (Howles et al., 2012) disruption of the blood-
brain barrier to improve penetration of manganese into the
CNS. The integrity of the blood-brain barrier has a significant
effect on the penetrance of manganese into the CNS, and
because of this several studies have used manganese to evaluate
changes in blood-brain barrier permeability (Fitsanakis et al.,
2006; Grillon et al., 2008; Nischwitz et al., 2008). It may be
advisable to evaluate animals for blood-brain barrier damage to
eliminate potential confounding variables that could arise from
differential penetrance of manganese into the CNS as this could
result in apparent differences in MEMRI signal. Furthermore,
animals with possible blood-brain barrier dysfunction should be
monitored more closely for signs of manganese-related injury as
they are more likely to reach toxic accumulation of manganese in
the brain.

MEMRI IN CNS IMAGING

One major application of MEMRI is functional imaging of
the CNS. The technique has been applied to a variety of
CNS pathologies including traumatic brain injury, epilepsy,
neurodegeneration and pain. Additionally, MEMRI has been
used heavily in studies of the olfactory and visual systems. These
areas of study are by no means mutually exclusive, and recurrent
patterns will emerge between areas of MEMRI implementation
that may suggest future avenues for investigation.

Traumatic Brain Injury
Traumatic brain injury (TBI) is a serious threat to health,
contributing to 30% of all injury related deaths in the
United States according to the CDC2. Glutamate increases
sharply in animal models following acute TBI (Palmer et al.,
1993), a finding that’s been supported in human studies
(Brown et al., 1998; Yamamoto et al., 1999; Ruppel et al.,
2001). Excitotoxicity leads to activation of voltage-gated
calcium channels, increasing intracellular calcium concentration
(Young, 1992). High intracellular calcium concentrations play a
significant role in cell injury and death (Trump and Berezesky,
1995). As discussed previously, manganese influx can occur

2Centers for Disease Control and Prevention, TBI: Get the Stats on Traumatic
Brain Injury in the United States, https://www.cdc.gov/traumaticbraininjury/get
_the_facts.html [Accessed March 12, 2018].

concurrently with calcium influx, which allows MEMRI to
monitor changes in calcium dynamics after TBI.

The first study to apply MEMRI to TBI measured changes
after diffuse TBI in rats (Cernak et al., 2004). Subsequent studies
found varying patterns of signal enhancement following TBI,
which is potentially due to disturbances in the blood-brain
barrier (Bouilleret et al., 2009; Rodriguez et al., 2016). Talley
Watts et al. (2015) found that manganese-enhanced images
showed crescent-shaped areas of hyperintensity at the impact
site corresponding to areas of reactive gliosis, a finding that
was further supported by positive GFAP staining. Comparisons
between these studies are difficult due to inherent differences
in the particular models of TBI employed, but despite these
differences, MEMRI is effective to measure changes in brain
function after injury. Of particular note, one study by Tang et al.
(2011) usedMEMRI to successfully track migration and function
of human neural stem cells implanted in rats after TBI. They went
on to show that this activity was attenuated by treatment with the
calcium channel blocker diltiazem, which supports the findings
of Lu et al. (2007) discussed previously.

Epilepsy
Epilepsy is a neurological condition characterized by recurrent
seizures. It is estimated to affect 50 million people worldwide3.
In humans, temporal lobe epilepsy (TLE) is the most common
type of focal epilepsy (Asadi-Pooya et al., 2017). Status epilepticus
(SE), defined as a seizure lasting more than 30 min, is a medical
emergency that can result in significant morbidity and mortality
(Cherian and Thomas, 2009). Currently, electroencephalogram
(EEG) is the most commonly used modality for monitoring
epilepsy, and MRI plays a crucial role during diagnosis (Rüber
et al., 2018).

One of the most consistent features of TLE and SE in
human and animal models is mossy fiber sprouting in the
dentate gyrus of the hippocampus beginning in the first week
following epileptogenesis and continuing to develop for months
after (Mathern et al., 1995; Smith and Dudek, 2001; Scharfman
et al., 2003; Shetty et al., 2003). Nairismägi et al. (2006)
showed in vivo MEMRI evidence of mossy fiber sprouting
following drug-induced SE in rats, which was later confirmed
via histopathology. This finding has since been replicated in
multiple models of TLE and SE (Immonen et al., 2008; Malheiros
et al., 2012) and studies have used MEMRI to detect focal edema,
neuronal death and astrocyte proliferation in the hippocampus
of rats as a result of sustained seizure activity (Hsu et al.,
2007; Malheiros et al., 2014). One study found a negative
correlation between hippocampus signal intensity and seizure
frequency, suggesting a role forMEMRI in preclinical assessment
of epileptogenesis severity in future studies (Dedeurwaerdere
et al., 2013).

Sudden unexplained death in epilepsy (SUDEP) is a
major concern for people with epilepsy, and it accounts
for approximately 15% of epilepsy related deaths (Tomson
et al., 2016). As the name suggests, SUDEP is difficult to

3World Health Organization, Epilepsy Fact Sheet. http://www.who.int/news-
room/fact-sheets/detail/epilepsy [Accessed March 12, 2018].
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predict although seizure frequency is positively correlated
to risk. Recently, MEMRI was used to show changes in an
audiogenic seizure mouse model consistent with human
SUDEP (Kommajosyula et al., 2017). This model develops
tonic seizures leading to respiratory arrest that is fatal
without resuscitation. MEMRI performed during seizure-
induced respiratory arrest showed increased signal intensity
in regions of the superior colliculus, periaqueductal gray
and amygdala, brain regions previously implicated in
SUDEP in humans (Mueller et al., 2014; Tang et al., 2014;
Wandschneider et al., 2015). Future studies will be needed to
better adapt MEMRI to the study of SUDEP, but continued
efforts may provide better risk stratification and preventative
measures.

Neurodegeneration
Neurodegenerative diseases are a debilitating class of conditions
involving progressive brain atrophy and loss of cognitive and/or
motor function. This class comprises tauopathies (including
Alzheimer’s disease (AD) and frontotemporal dementia), PD,
Lewy body disease, amyotrophic lateral sclerosis (ALS) and
Huntington’s disease. Despite years of ongoing research, the
prognosis for patients diagnosed with these conditions is
generally poor. To date, studies have explored the role of
MEMRI in context of tauopathies, PD and ALS. No studies are
currently available describing the use of MEMRI to investigate
Huntington’s disease or Lewy body disease; however, given the
relative youth of the field and the rapid expansion over the
past two decades, future research may find utility of MEMRI in
studying these conditions.

Alzheimer’s Disease and Other Tauopathies
AD, the most common cause of dementia, is part of the class
of related diseases termed tauopathies (Bertram and Tanzi,
2005). These diseases vary widely in geographic involvement
and symptomatic presentation, but all share underlying tau
pathology as a basis for neurodegeneration. Tau protein is
classically involved with stabilizing microtubules and loss of
tau function mediates axonal degeneration in many tauopathy
cases (Kneynsberg et al., 2017). Confirmed diagnoses for
tauopathies cannot be made until post-mortem examination
confirms histopathology. This major obstacle in the diagnosis
of tauopathies compounds with the problem that appropriate
therapies for one type of tauopathy likely will not be effective for
another (Coughlin and Irwin, 2017), establishing the importance
of identifying the tauopathy as early as possible.

The first application of MEMRI for research into tauopathies
quantified differences in axonal transport (Smith et al., 2007).
In this study, it was shown that MEMRI could detect decreased
rates of axonal transport in the Swedish mutant APP mouse, a
model of AD characterized by secondary tau pathology. Many
other studies have since used MEMRI to show impairments
or therapy-related improvements in axonal transport in mouse
models of AD or tauopathies (Massaad et al., 2010; Smith
et al., 2010, 2011; Gallagher et al., 2012; Wang et al., 2012;
Majid et al., 2015; Saar et al., 2015). MEMRI has also been
used to demonstrate axonal deficits in the olfactory pathways of

tau-transgenic JNPL3 (Bertrand et al., 2013) and rTg4510 (Majid
et al., 2014) mouse models. Further supporting these findings,
Fontaine et al. (2017) showed broad changes in neuronal function
in preclinical rTg4510 mice following systemic administration of
manganese. With detectable changes in the asymptomatic stage
of the disease, these studies highlight the potential application of
MEMRI in preclinical identification of tau pathology in vivo.

Parkinson’s Disease
PD is the second most common neurodegenerative condition
(Bertram and Tanzi, 2005) and involves the progressive loss
of dopaminergic neurons in the substantia nigra leading to a
characteristic pattern of impaired movement (Hughes et al.,
1992). Neurological manifestations of PD include cognitive
impairment, impulse control disorders and circadian rhythm
dysfunction (Mantovani et al., 2018; Marques et al., 2018; Weil
et al., 2018; Weintraub et al., 2018).

Initiation and control of movement relies on close
communication between the basal ganglia and substantia
nigra (Lanciego et al., 2012). Manganese deposits in the basal
ganglia (Nelson et al., 1993; Fredstrom et al., 1995; Nagatomo
et al., 1999), and this is the basis for motor deficits associated
with manganese toxicity as previously discussed and may explain
the relative paucity of studies employing MEMRI to investigate
PD.

The earliest study to use MEMRI in the context of PD
supported previous observations that interhemispheric cortical
connectivity observed in humans and rats is mediated through
the basal ganglia (Pelled et al., 2007). Direct injection of
manganese chloride into the subthalamic nucleus in rat of the
6-hydroxydopmaine model of PD reveals impaired transport of
manganese throughout the basal ganglia-substantia nigra circuit
indicating impaired axonal transport (Soria et al., 2011). In
addition to establishing connectivity between brain regions in
PD, two recent studies highlighted the potential for MEMRI in
monitoring response to novel therapeutics (Olson et al., 2016;
Weng et al., 2016).

Amyotrophic Lateral Sclerosis
ALS is characterized by progressive degeneration of upper
(cortical) and lower (spinal) motor neurons leading to
generalized weakness (Peters and Brown, 2015). Patients
gradually become weaker and succumb to respiratory failure.
The current standard therapy for ALS is riluzole, which appears
to slow progression of the disease, as well as physical and speech
therapy and respiratory support4. While the exact etiology of
ALS is currently unknown, deficits in axonal transport have been
identified (Collard et al., 1995).

To date, only one study could be found which applied
MEMRI to ALS (Jouroukhin et al., 2013). In this study,
davunetide was shown to slow disease progression in a mouse
model of ALS, thereby increasing the speed of axonal transport
and protecting against neuronal loss. Davunetide functions

4National Institute of Neurological Disorders and Stroke, Amyotrophic Lateral
Sclerosis (ALS) Fact Sheet. https://www.ninds.nih.gov/Disorders/Patient-
Caregiver-Education/Fact-Sheets/Amyotrophic-Lateral-Sclerosis-ALS-Fact-Sheet
[Accessed March 13, 2018].
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by stabilizing microtubules, thereby preventing colchicine-
mediated degradation (Jouroukhin et al., 2013; Magen and
Gozes, 2013). Interestingly, davunetide was previously evaluated
for therapeutic effects in the tauopathy progressive supranacular
palsy, although it ultimately proved to be ineffective for this
use. Given the common involvement of axonal deficits and the
overlap between therapeutic approaches, one could expect more
studies to employ MEMRI in the context of ALS in the future.

Pain
Chronic pain is a complex condition that causes significant
loss of quality of life in approximately 7%–8% of adults
worldwide5. Neuropathic pain, which arises from damage to
the somatosensory system, takes many forms including central
neuropathic pain, polyneuropathy, post-amputation pain and
HIV-associated neuropathy. For many years, opioid analgesics
have been the standard therapy for chronic pain. Given the
current rates of opioid abuse facing the United States, there
is a significant effort to develop alternate approaches to treat
chronic pain (Downes et al., 2018; Morad et al., 2018).
Furthermore, pain is known to adversely affect the mental
health of affected patients (Goesling et al., 2018). One aspect of
chronic pain that complicates development of a comprehensive
therapeutic approach is thatmany of the pathways underlying the
development and maintenance of pain are not well understood.

The earliest studies to use MEMRI in a pain-related
setting examined the use of acupuncture for analgesia (Chiu
et al., 2001). After showing changes in brain activity after
acupuncture via MEMRI, Chiu et al. (2001) compared activation
patterns between electroacupuncture at points associated with
analgesic or non-analgesic properties (Chiu et al., 2003). While
acupuncture at either site was associated with activity in the
somatosensory cortex and hypothalamus, acupuncture at the
analgesic site also increased activation in the periaqueductal
gray and median raphe nucleus; these regions specifically
involved in the processing of pain. This study was the
first to demonstrate the use of MEMRI in identifying pain
pathways.

Later, Yang et al. (2011) published the first report to use
MEMRI to study pain specifically. After injecting manganese
chloride into the thalamus, electrical current was applied to the
forepaw of a rat to induce pain. Subsequent imaging showed
the strong activation in the anterior cingulate and midcingulate
cortex, areas that were previously well-established in pain
processing. This study also identified the ventral medial caudate-
putamen and nucleus accumbens as possible components of
pain processing circuitry. Pain-induced activation in each of
these areas was attenuated by pretreatment with morphine.
Recently, Sperry et al. (2017) performed similar imaging in
perfused brains, allowing much longer scan times to improve
resolution.

Since Yang et al. (2011) first used MEMRI to map pain
circuits, the technique has been used in several studies of pain.
MEMRI has proved effective for studying irritant injection

5International Association for the Study of Pain. Fact Sheets. https://www.iasp-
pain.org/Advocacy/Content.aspx?ItemNumber=3934 [Accessed March 14, 2018].

(Devonshire et al., 2017; Sperry et al., 2017), nerve injury
(Behera et al., 2013; Jeong and Kang, 2018) and thermal (Lei
et al., 2014) models of pain. Interestingly, in an investigation
into the difference between processing of neuropathic pain and
pathological itching using MEMRI, Jeong et al. (2016) found
differences in processing for each stimulus in the limbic systems.
However, further studies are needed to better describe this
process.

Olfactory System
MEMRI studies have long been employed for use in studying
the olfactory system, owing largely to the ease with which
manganese can be applied via the nasal mucosa. The first study
to demonstrate tract tracing via MEMRI were performed in
the olfactory bulb after nasal instillation of manganese (Pautler
et al., 1998). As previously described, tract tracing requires
introduction of manganese solutions to specific regions of the
CNS, typically via intracranial or intravitreal injection. The
olfactory receptors in the nasal mucosa project directly to the
olfactory bulb, allowing tract tracing in this region with a less
invasive route of administration. Pautler and Koretsky (2002)
later showed region specific activation in the mouse olfactory
bulb in response to aerosolized urine odorants. Subsequent work
used the rodent olfactory system to refine the process of tract
tracing (Lehallier et al., 2011).

Since these early reports many additional reports have used
MEMRI to map circuits in rodent olfactory systems. Chen
et al. (2007) observed differences in activation patterns between
unconditioned arousal (lemon) and fear (fox) odorant stimuli.
Work from the Koretsky lab found specific activation patterns in
the olfactory bulb corresponding to different odorants achieving
resolution of individual glomerular cells (Chuang et al., 2009,
2010). Gutman et al. (2013) combined MEMRI with DTI and
found the imagingmodalities compatible and complementary for
the purpose of tracing neural circuits.

MEMRI studies of the olfactory system have also been used in
disease-specific context. Several studies showed deficits in axonal
transport in the olfactory bulb of neurodegenerative mice, as
previously described in the context of tauopathy (Smith et al.,
2007, 2010, 2011; Wang et al., 2012; Bertrand et al., 2013; Majid
et al., 2014; Saar et al., 2015) and ALS (Jouroukhin et al., 2013).
MEMRI has similarly shown changes in olfactory function in
animal models of cerebral palsy (Drobyshevsky et al., 2006,
2012), neuropsychiatric lupus (Kivity et al., 2010) and diabetes
(Sharma et al., 2010). Gobbo et al. (2012) used MEMRI to
study the effects of glutamate excitotoxicity in the olfactory
bulb, modeling a possible mechanism of atrophy associated with
diseases such as AD or stroke. These studies demonstrate the
utility ofMEMRI to detect neuronal changes in the olfactory bulb
that may represent disease specific processes or broader changes
in neuronal function.

Visual System
As discussed previously (section ‘‘Localized Administration
and Applications’’), the visual system lends itself to relatively
noninvasive methods of manganese administration. Historically,
MEMRI was first used to study the mapping of the visual
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pathway from retina to superior colliculus (Watanabe et al., 2001;
Figure 5). With this study supporting the theoretical role of
MEMRI in visual system further investigations have delved into
the structure, function and tractographical details and diseases in
a variety of animal models.

Mapping the Visual System
Following successful mapping of the visual system by Watanabe
et al. (2001), studies used manganese to show finely-tuned
changes in functional differences of the visual system. For
example, Bissig and Berkowitz (2009) showed systemic
manganese administration and visual stimulation revealed
discrete layer-specific changes in function in the visual cortex of
rats.

Subsequent research by Chan et al. (2011b, 2014) and Chan
and Wu (2012) expanded these previous studies to assess
neuroarchitecture and functional relationships in the rat visual
system using a variety of manganese injection techniques. They
first investigated visual system development and found faster
axonal transport of manganese in the developing rats, attributed
to higher permeability of the blood-ocular and blood-brain
barriers in the immature rat (Chan et al., 2011a).With an increase
in detectable projections from both the retina and visual cortex
following enucleation, this study demonstrates the ability of
MEMRI to not onlymap the visual system, but also to detect finer
neuroplastic changes. Other studies have since demonstrated the
ability of MEMRI to detect sensory system-wide neuroplastic
changes (Tang et al., 2017a,b).

Chan et al. (2014) conducted additional experiments to
more fully characterize the normally functioning rat visual
system. They partially transected the optic nerve near the optic

FIGURE 5 | Manganese enhanced tracing of the rat visual system. Adapted
with permission from Watanabe et al. (2001). Enhancement of the visual
pathway 24 h after intravitreal injection of manganese. Images were collected
in the (A) horizontal and (B) coronal planes. 1 = left retina, 2 = left optic nerve,
3 = optic chiasm, 4 = right optic tract, 5 = right lateral geniculate nucleus,
6 = right brachium of the superior colliculus, 7 = right pretectal region,
8 = right superior colliculus, 9 = right suprachiasmatic nucleus, 10 = left
suprachiasmatic nucleus, 11 = right dorsal geniculate nucleus, 12 = right
ventral lateral geniculate nucleus, 13 = right olivary pretectal nucleus,
14 = right nucleus of the optic tract, 15 = superficial part of the superficial gray
layer of the left superior colliculus.

head to show retinotopic attenuation of signal in the superior
colliculus. Later studies further expanded the connectivity
work previously performed, using varied injection techniques
(intravitreal, intracortical, subcortical) to provide more detailed
descriptions of the connections between parts of the visual system
(Chan and Wu, 2012).

Retinal Structure and Function
Another area of vision-related research that has benefitted greatly
from application of MEMRI is the study of retinal function. The
first application of MEMRI to the retina measured differences
in ion demand between light- and dark-adapted rats (Berkowitz
et al., 2006), an application which has since been replicated
(De La Garza et al., 2012). Subsequent studies from Berkowitz
and colleagues provided in vivo descriptions of ion regulation
through the visual cycle (Berkowitz et al., 2009b), activity of
channelrhodopsin-2 (Ivanova et al., 2010) and horizontal cell
inhibitory signaling (Berkowitz et al., 2015b). These experiments
establishedMEMRI as a sensitive technique capable of producing
in vivo resolution of retinal layers to establish biochemical
understandings.

Additional studies have demonstrated that MEMRI can be
used to study degenerative pathology associated with the retina.
Berkowitz and colleagues used MEMRI to show changes in
retinal ion demand in models of ocular injury (Berkowitz
et al., 2007a), retinopathy of prematurity (Berkowitz et al.,
2007b) and retinal thinning (Berkowitz et al., 2008). Nair et al.
(2011) showed layer resolution and lamina-specific structures
in degenerating rat retina, which highlighted the potential for
disease monitoring via MEMRI. This potential was further
expanded when another group used MEMRI to show the effects
of prophylactic retinylamine therapy in a mouse model of retinal
degeneration (Schur et al., 2015).

Optic Nerve Injury and Regeneration
In addition to investigating the retina, MEMRI can be applied
to study injury and regeneration of the optic nerve. The
capacity for MEMRI studies to detect injury-related changes
in optic nerve function has been well-established (Ryu et al.,
2002; Thuen et al., 2005) and MEMRI can be used in
conjunction with DTI to provide more detailed evaluation
(Thuen et al., 2009). Work from Sandvig et al. (2011) used
MEMRI to monitor optic nerve regeneration in four different
animal models longitudinally. Shortly after, they showed
evidence that transplanted olfactory ensheathing cells mediate
repair and remyelination in damaged optic nerves (Sandvig
et al., 2012). Additional studies have further demonstrated
the use of MEMRI in assessing optic nerve injury and repair
(Haenold et al., 2012; Fischer et al., 2014; Yang et al.,
2016).

Diabetic Retinopathy
Diabetes is a chronic, systemic condition characterized by
persistent high blood sugar associated with a variety of negative
conditions including heart disease, stroke, kidney failure,
peripheral neuropathy and impaired vision or blindness6. Ocular

6Centers for Disease Control and Preventions, At a Glance 2016: Diabetes.
https://www.cdc.gov/diabetes/library/factsheets.html [Accessed March 15, 2018].
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manifestations of diabetes, particularly diabetic retinopathy, are
a leading cause of visual impairment and preventable blindness
worldwide (Lee et al., 2015). Diabetic retinopathy can be
detected reliably via fundoscopic examination; however, due
to the asymptomatic early stages and limited ophthalmologic
care in developing nations, many cases remain undiagnosed
until permanent damage has occurred (Viswanath andMcGavin,
2003).

MEMRI has been suggested as a viable method to study
the processes associated with the development of diabetic
retinopathy and to monitor therapeutic responses. For example,
manganese-enhanced imaging shows in vivo ion dysregulation
(Berkowitz et al., 2009a) and oxidative stress (Berkowitz et al.,
2015a) in diabetic mice, providing potential mechanistic insight
into the disease. Furthermore, MEMRI detects changes in retinal
function 14 days after induction of hyperglycemia, earlier than
any previous time point in literature (Muir et al., 2015). In
addition to studying disease progression, MEMRI has been used
to assess several potential therapeutic approaches for diabetic
retinopathy (Berkowitz et al., 2007c, 2012; Giordano et al., 2015).

Glaucoma
Glaucoma is a group of related diseases that result in abnormally
high intraocular pressure. Left untreated, the high pressure can
damage the optic nerve, leading to permanent impairment or loss
of vision7. Like diabetic retinopathy, glaucoma is a major cause
of vision loss worldwide (Tham et al., 2014). The prevalence of
glaucoma increases with age and the number of people affected
by glaucoma is projected to double by 2040. Therefore, continued
research is necessary to adapt to the increasing health challenges
faced by an increasingly aged population.

Though limited in number, the studies employing MEMRI
nevertheless demonstrate a role for MEMRI in assessing
glaucoma pathology. Studies using MEMRI identified impaired
axonal transport in glaucomatous eyes of rats compared to
normal prior to the development of changes in retinal thickness
(Chan et al., 2007, 2008; Calkins et al., 2008). Data collected
via MEMRI suggest the development of glaucoma may be more
complicated than previously thought (Fiedorowicz et al., 2018).
Therefore, more research in this field will be required to better
understand progression of the disease as well as the optimal
methods to study it in vivo.

Auditory System
The first studies to use MEMRI in the study of the auditory
system came from the Turnbull group. They generated the first
tonotopic map of the inferior colliculus, showing functional
changes associated with varying degrees of hearing loss (Yu
et al., 2005). Subsequent studies applied MEMRI to describe
development and plasticity of the auditory system (Yu et al.,
2007) and to examine the effect of frequency and amplitude on
auditory processing in the inferior colliculus (Yu et al., 2008). In
these studies, manganese was administered to mice immediately
before a sound exposure experiment. Because neuronal activity

7National Eye Institute, Facts About Glaucoma. https://nei.nih.gov/health/
glaucoma/glaucoma_facts [Accessed March 16, 2018].

correlates with manganese uptake, this paradigm allows for brain
responses to be encoded away from the noisy environment of
theMRI scanner. Manganese in the stimulated brainstem regions
persisted long enough to allow the activation pattern to be
measured 24 h later.

MEMRI studies of the auditory system can be performed
following intratympanic injection of manganese chloride.
Analogous to the tracing of the visual pathways performed by
Thuen et al. (2005), intratympanic administration of manganese
produces sequential enhancement of the auditory system from
cochlea to inferior colliculus (Lee et al., 2012). Subsequent work
found that auditory pathway tracing is sensitive to changes in the
frequency and amplitude of the sound stimulus (Jin et al., 2013)
and this mapping technique had been applied to disease models
(Jung et al., 2014).

In addition to mapping the auditory system, MEMRI has
been used to study auditory disorders including hearing loss and
tinnitus. Using MEMRI, Gröschel et al. (2011) identified changes
in calcium-dependent activity in the central auditory system
associated with noise-induced, age-related (Gröschel et al., 2014)
and drug-induced hearing loss (Gröschel et al., 2016), thereby
providing novel insights into these conditions and suggesting
that multiple mechanisms may produce similar symptoms across
different modalities of hearing loss. MEMRI studies have also
demonstrated abnormal neuronal function in animal models
of tinnitus. Brozoski et al. (2007) measured hyperactivity in
brain regions including the cochlear nucleus, inferior colliculus,
cerebellar paraflocculus and amygdala. This study was the first
to identify abnormal cerebellar function associated with tinnitus.
A follow-up study attributed the tinnitus-related hyperactivity to
abnormal NMDA activity, demonstrating the NMDA blockade
improves symptoms (Brozoski et al., 2013). These studies from
Brozoski et al. (2007, 2013) described a previously unidentified
interaction between the paraflocculus and cochlear nucleus as
a necessary component of noise-induced tinnitus. Subsequent
work has expanded these findings to include drug induced
models of tinnitus and implicated additional brain regions in
the pathology (Holt et al., 2010; Muca et al., 2018). Consistent
with previous work, these studies strongly implicate brain
stem structures (particularly the inferior colliculus) in the
development of tinnitus and found no tinnitus-related changes
in function in the auditory cortex.

MANGAFODIPIR

Chelated manganese compounds such as mangafodipir
(MnDPDP, Teslascan) provide an alternative to potentially toxic
manganese chloride solutions for use in clinical applications
of MEMRI. Mangafodipir is prepared by chelating ionic
manganese with the organic ligand fodipir (Rocklage et al.,
1989) producing a complex metabolized in humans to release
manganese ions for enhancement in MR imaging studies (Toft
et al., 1997a,b). Mangafodipir was first used to show ischemia
associated with myocardial infarctions (Pomeroy et al., 1989;
Saeed et al., 1989), but its primary usage has been as a contrast
for hepatobiliary imaging (Rofsky and Weinreb, 1992). Its use
expanded considerably since FDA approval in 1997.
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Animal Studies With Mangafodipir
Quickly following its original intended use, mangafodipir
substantially enhanced hepatobiliary imaging without significant
toxicity. Studies in rats evaluating its toxicity for MEMRI
reported toxicity at high doses but with a high therapeutic
index (Elizondo et al., 1991). A later study showed that
mangafodipir was not associated with injection site or dermal
hypersensitivity reactions (Larsen and Grant, 1997), which
is in contrast to later studies of manganese injections. The
potential negative ionotropic effects of manganese in the heart
were balanced by a release of catecholamines triggered by
MnDPDP in vivo (Jynge et al., 1997). Furthermore, unlike
manganese chloride, mangafodipir does not cause higher levels
of manganese accumulation in the brain in animals with
biliary obstruction compared to control (Grant et al., 1997b). It
should be noted, however, that mangafodipir induced skeletal
abnormalities in fetal rats, suggesting teratogenicity (Grant et al.,
1997a).

For the purposes of imaging, the major differences observed
between MEMRI studies with manganese chloride and
mangafodipir is the time to maximal enhancement. The
slow release of manganese during mangafodipir metabolism
compared to solutions of manganese chloride produces a more
gradual rise in manganese concentration (Ni et al., 1997) with
no loss of enhancement (Southon et al., 2016). A later study of
retinal function after systemic mangafodipir administration and
MEMRI detected changes in retinal function consistent with
previous studies done with manganese chloride (Tofts et al.,
2010).

Human Studies With Mangafodipir
The use of mangafodipir in human MRI studies began
shortly following successful animal imaging studies
and focused on tumor and lesion identification in the
hepatobiliary system. The first use of mangafodipir MEMRI
in human subjects demonstrated enhancement of the
liver parenchyma within 15 min of intravenous injection
without major adverse effects (Lim et al., 1991). The most
commonly reported effect of mangafodipir injection is
facial flushing and warmth and minor adverse events
including nausea, headache, elevated blood pressure and
accelerated heart rate (Lim et al., 1991; Wang et al.,
1997b).

Several stage II clinical trials and other studies have shown
mangafodipir-enhanced MRI to be effective for identifying
tumors and metastases in the human hepatobiliary system
(Bernardino et al., 1991, 1992; Rummeny et al., 1991, 1997;
Hamm et al., 1992; Wang et al., 1997a). The sensitivity
of mangafodipir enhanced MRI is highest for tumors or
hepatocellular origin (Aicher et al., 1993; Rofsky et al., 1993; Vogl
et al., 1993).

Following these successful studies, several stage III
clinical trials compared mangafodipir enhanced MRI with
human-approved contrast agents and found that it improved
identification of hepatocellular carcinoma (Kettritz et al., 1996)
and detection of focal lesions (Diehl et al., 1999) over gadolinium
based contrasts, but no difference was found in the ability to

detect liver metastases or other masses (Kettritz et al., 1996;
Schima et al., 1997).

Other studies have compared mangafodipir-enhanced MRI
with other methods of clinical imaging modalities such as
computed tomography (CT). Several have reported greater
efficacy of mangafodipir enhanced MRI to contrast enhanced
CT imaging for detection of hepatocellular lesions (Bartolozzi
et al., 2000; Federle et al., 2000; Oudkerk et al., 2002).
Mangafodipir-enhanced MRI has additionally shown similar
accuracy for diagnosis and staging of pancreatic cancer
compared to contrast enhanced CT, but neither modality
demonstrated a clear advantage (Rieber et al., 2000; Romijn et al.,
2000).

Non-imaging Uses of Mangafodipir
Despite these promising clinical trials, mangafodipir was
removed from the European market in 20128 due to poor sales
and is similarly listed as discontinued by the FDA9. We found
limited evidence of non-marketing related reasons behind these
regulatory decisions. However, research using mangafodipir has
been ongoing. Two metabolites of mangafodipir, MnPLED and
ZnPLED, have exhibit antioxidant properties through actions
mimicking superoxide dismutase (SOD) in rats (Brurok et al.,
1999). When donor rats were pretreated with MnDPDP before
liver transplant, the recipient experienced reduced ischemic
injury after transplantation (Ben Mosbah et al., 2012). Later
studies in humans reportedmangafodipir administration reduces
cardiac injury associated with chemotherapy (Yri et al., 2009)
and post-myocardial infarction reperfusion (Karlsson et al.,
2015).

Recently, the efficacy of mangafodipir as an adjunct
to chemotherapy has been established. In culture,
co-administration of mangafodipir with the anti-cancer
drugs oxaliplatin or 5-fluorouracil resulted in increased killing
of mouse colon cancer cells and improved survival of human
leukocytes ex vivo (Alexandre et al., 2006). The mechanisms of
this differential targeting are unclear, but the authors speculate
that the increased oxidative stress at baseline in the cancer cells
compared to normal is a contributing factor. A preliminary
trial in human subjects similarly preserved leukocyte counts
during treatment with oxaliplatin and 5-fluorouracil (Karlsson
et al., 2012a). Calmangafodipir, a derivative complex of
mangafodipir in which some of the manganese is replaced
by calcium, exhibits a greater degree of myelo-preservation
while still enhancing antitumor effects (Karlsson et al., 2012b).
Two additional studies show that mangafodipir reduces the
occurrence of oxaliplatin-induced peripheral neuropathy in
human patients (Coriat et al., 2014; Karlsson et al., 2017)
and is an active area of interest. Future studies are needed to
better characterize how mangafodipir and related compounds
interact with anti-cancer therapies, but current research shows
promise.

8European Medicines Agency, Public statement on Mangafodipir, EMA/486286/
2012 (London, UK, 2012)
9U.S. Food and Drug Administration, FDA approved drug products: Teslascan.
https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm?event=overview.
process&ApplNo=020652. [Accessed March 22, 2018].
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CONCLUSION

Manganese provides useful enhancement of MR images
by nature of its paramagnetic properties. Augmented by
having cell permeability like that of calcium, manganese
application for MRI provides unique functional imaging
capacities. Over the last 40 years, research using applied
MEMRI has delved into the structure, function and
tractography in a wide variety of investigative areas. In
the CNS, the functional component of MEMRI provides
unique insight into the cellular mechanisms of brain disorders
and neurodegenerative diseases like AD. Concerns over
the toxicity and administrative methods of manganese
in vivo have spurred the use of manganese-chelated
compounds such as mangafodipir for MEMRI clinically,
though no recorded studies have reported uses in human
CNS imaging. Current applications show renewed promise
of manganese- and chelated MEMRI usage for research
questions.
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Enhances Gray-White Matter
Contrast in Blood Flow
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The goal of the study was to develop a novel, rapid Calibrated Short TR Recovery
(CaSTRR) method to measure the brain-blood partition coefficient (BBPC) in mice.
The BBPC is necessary for quantifying cerebral blood flow (CBF) using tracer-based
techniques like arterial spin labeling (ASL), but previous techniques required prohibitively
long acquisition times so a constant BBPC equal to 0.9 mL/g is typically used
regardless of studied species, condition, or disease. An accelerated method of BBPC
correction could improve regional specificity in CBF maps particularly in white matter.
Male C57Bl/6N mice (n = 8) were scanned at 7T using CaSTRR to measure BBPC
determine regional variability. This technique employs phase-spoiled gradient echo
acquisitions with varying repetition times (TRs) to estimate proton density in the brain
and a blood sample. Proton density weighted images are then calibrated to a series
of phantoms with known concentrations of deuterium to determine BBPC. Pseudo-
continuous ASL was also acquired to quantify CBF with and without empirical BBPC
correction. Using the CaSTRR technique we demonstrate that, in mice, white matter
has a significantly lower BBPC (BBPCwhite = 0.93± 0.05 mL/g) than cortical gray matter
(BBPCgray = 0.99 ± 0.04 mL/g, p = 0.03), and that when voxel-wise BBPC correction is
performed on CBF maps the observed difference in perfusion between gray and white
matter is improved by as much as 14%. Our results suggest that BBPC correction
is feasible and could be particularly important in future studies of perfusion in white
matter pathologies.

Keywords: arterial spin labeling, brain-blood partition coefficient, cerebral blood flow, gray-white matter contrast,
magnetic resonance imaging
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INTRODUCTION

Arterial spin labeling (ASL) is a non-invasive, quantitative
magnetic resonance imaging (MRI) technique used to measure
cerebral blood flow (CBF) in a wide variety of human conditions.
A growing number of studies are using ASL to measure perfusion
in a variety of preclinical murine models including, aging
(Parikh et al., 2016; Hoffman et al., 2017), Alzheimer’s disease
(Abrahamson et al., 2013; Lin et al., 2013, 2015), ischemic injury
(Pham et al., 2010; Struys et al., 2016; Liu et al., 2017), traumatic
brain injury (Foley et al., 2013), and vascular dementia (Hattori
et al., 2016). This technique is based on using magnetically labeled
protons on water molecules in the blood as a tracer substance
to measure perfusion. As in other tracer-based techniques, in
order to accurately quantify perfusion it is necessary to determine
the partition coefficient of the tracer, which is in this case the
relative solubility of water in the brain tissue vs. the blood.
The brain-blood partition coefficient (BBPC) is tissue-specific
and varies with age, species, pathology, and particularly with
brain region (Herscovitch and Raichle, 1985; Kudomi et al.,
2005; Leithner et al., 2010; Hirata et al., 2011). Thus the BBPC
must be measured directly, and while MRI is well suited to
measure water content in the brain, the current techniques to
do so have prohibitively long acquisition times (Roberts et al.,
1996; Leithner et al., 2010). Because of this, it is standard
practice in ASL quantification to assume a BBPC value of
0.9 mL/g based on desiccation experiments performed on ex vivo
human brain tissue (Herscovitch and Raichle, 1985; Alsop et al.,
2015). This global average value is used for all regions of the
brain, all ages and pathologies, and is even adopted when
performing ASL in mice (Muir et al., 2008; Lei et al., 2011;
Chugh et al., 2012; Gao et al., 2014).

Previous studies have determined a wide range of BBPC
values in the human brain, particularly between relatively
lipophilic white matter (0.82 mL/g) and hydrophilic gray matter
(0.99 mL/g) (Bothe et al., 1984; Herscovitch and Raichle, 1985;
Iida et al., 1989). Yet even among gray matter regions the BBPC
can vary as much as 20% (Iida et al., 1989). Measurements in
non-human primates have demonstrated lower BBPC values than
humans with an even greater regional variability (Kudomi et al.,
2005). An MRI study of BBPC in mice reported an average
BBPC of 0.89 mL/g with little regional variability among gray
matter regions of interest, but no white matter BBPC values
were reported (Leithner et al., 2010). Because ASL has inherently
low signal-to-noise ratio and the resolution requirements of
scanning mouse brains are particularly high, it is necessary that
the quantification methods introduce as little error as possible.
Failure to correct for intra-subject regional variability as well as
inter-subject variability in BBPC may result in a loss of sensitivity
to perfusion deficits when using ASL. This is especially true
when studying white matter regions which have both lower
perfusion and lower BBPC.

In this study, we used a calibrated short TR recovery
(CaSTRR) MRI sequence to measure proton density. This
protocol is similar to one used previously by Leithner et al. (2010)
to measure BBPC in mice, but has been modified to greatly
reduce the acquisition time. Proton density was determined

for the brain tissue as well as a fresh sample of each mouse’s
blood placed adjacent to the animal’s head in order to calculate
BBPC. Then cerebral perfusion was measured using a pseudo-
continuous ASL (pCASL) technique to compare CBF maps that
were uncorrected to maps that were corrected for regional BBPC.
Particular attention was given to the white matter region of
interest in the corpus callosum.

MATERIALS AND METHODS

All animal experiments were performed in accordance with
NIH guidelines and approved by the University of Kentucky
Institutional Animal Care and Use Committee (Approval
number #2014-1264). Male C57Bl/6N mice aged 12 months
(n = 8) were acquired from the National Institute of Aging
colony. MRI experiments were performed using a 7T MR
scanner (Clinscan, Brüker BioSpin, Germany) at the MRI and
Spectroscopy Center at the University of Kentucky. Mice were
anesthetized using a 4% mixture of isoflurane with air for
induction and then maintained using 1.2% isoflurane such that
the respiration rate was kept within 50–80 breaths/min. Rectal
temperature was also monitored continually and maintained at
37± 1◦C using a water-heated bed.

While under anesthesia a fresh blood sample was taken
from the facial vein and sealed in a glass capillary tube with
ethylenediaminetetraactetate (EDTA) as an anticoagulant. This
sample was then placed adjacent to the head of the mouse in order
to measure the proton density of the blood (Figure 1A).

Both CaSTRR and pCASL images were acquired consecutively
in a single imaging session. Because the CaSTRR acquisitions and
the pCASL acquisitions require different receiver coils, a custom
3-D printed nose was developed to accommodate both a birdcage
style volume coil and a phased-array surface coil so that the
coils could be changed without disturbing the orientation of the
mouse. This nose cone also facilitated the placement of phantoms
adjacent to the head of the mouse.

Mice were scanned with a series of five phantoms placed
alongside their head in the scanner (Figure 1A). The phantoms
contained a mixture of deuterium oxide with distilled water such
that the water contents of the phantoms were 60, 70, 80, 90, and
100% distilled water (Leithner et al., 2010). The phantoms were
also doped with 0.07 mM gadobutrol (Gadavist, Bayer Healthcare
Pharmaceuticals, Whippany NJ, United States) such that the
longitudinal relaxation rate (T1) was similar to the T1 of brain
tissue (∼1.6 s at 7T) (Rohrer et al., 2005).

The CaSTRR proton density measurements were acquired
using a 39 mm birdcage transmit/receive coil to ensure the
most uniform coil sensitivity profile possible. To measure the
proton density a series of image stacks was acquired using a
phase-spoiled, fast low-angle shot gradient echo (FLASH-GRE)
sequence with varying repetition times (TR = 125, 187, 250, 500,
1000, 2000 ms) (Figure 1B). The shortest possible echo time
(TE = 3.2 ms) was used to minimize T2

∗ decay. In order to
improve signal to noise, multiple averages were taken for the
images with TR = 125 ms (4 averages), 187 ms (4 averages) and
250 ms (2 averages). Image matrix parameters were as follows:
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FIGURE 1 | Explanation of the calibrated short repetition time recovery (CaSTRR) imaging protocol to measure BBPC. (A) One CaSTRR acquisition showing the
placement of blood and gadolinium doped phantoms in relation to the head of the mouse. (B) A representative series of FLASH-GRE images used for the CaSTRR
method. (C) A representative signal recovery curve from a single voxel of brain tissue located in the cortex region of interest (circles) along with the exponential
regression used to estimate the relative proton density of the voxel (line). (D) A representative map of relative proton density derived from the voxel-wise signal
recovery curves. (E) The final BBPC map calculated as the ratio of proton density in the brain to the average proton density of the blood phantom and corrected for
the density of brain tissue.

field of view = 2.8 cm × 2.8 cm, matrix = 256 × 256, in-plane
resolution = 0.11 mm × 0.11 mm, slice thickness = 1 mm,
number of slices = 10, flip angle = 90◦, acquisition time = 17 min
(Leithner et al., 2010).

Brain-blood partition coefficient maps were calculated in a
voxel-wise manner by first fitting the signal recovery curve
(Figure 1C) to the mono-exponential equation S = M0

∗[1 –
e∧(TR/T1)] to yield a map of M0 (Figure 1D). Next the M0 map
was normalized to the respective phantom series by fitting a linear
regression to the average M0 value in each phantom. Finally,
the proton density in each voxel of the brain was compared to
the average proton density of the blood ROI using the equation
BBPC = M0,brain/(M0,blood

∗ 1.04 g/mL) (Figure 1E; Roberts et al.,
1996; Leithner et al., 2010).

For pCASL acquisitions, paired control and label images
were acquired using a four-channel phased-array surface
receive coil for increased signal to noise, and a whole body
volume transmit coil to improve the tagging efficiency of the
blood (Lin et al., 2013). Image pairs were acquired in an
interleaved fashion with a train of Hanning window-shaped
radiofrequency pulses of duration/spacing = 200/200 µs, flip
angle = 25◦ and slice-selective gradient = 9 mT/m, and a
labeling duration = 2100 ms. The images were acquired by
2D multi-slice spin-echo single shot echo planar imaging with
FOV = 1.8 cm × 1.3 cm, matrix = 128 × 96, in-plane
resolution = 0.14 mm × 0.14 mm, slice thickness = 1 mm, 6
slices, TE/TR = 20/4000 ms, label duration = 1600 ms, post-
label delay = 0 s, and averages = 120. A separate, unlabeled
acquisition with TR = 10 s and averages = 6 was used to

normalize for the receiver coil profile. Total acquisition time for
pCASL was 9 min.

When analyzing the CBF maps, the two centermost slices
containing the hippocampus were selected for analysis. The
brain regions of the CaSTRR and pCASL images were isolated
independently using an automated skull-stripping algorithm
and then co-registered using an intensity based registration
algorithm. The quantitative CBF maps were calculated from the
pCASL images according to the equation (Alsop et al., 2015):

CBF(mL/g/min) =
60 ∗ BBPC ∗ e(PLD/T1,blood)

2 ∗ α ∗
(

1− e(LD/T1,blood)
) ∗ Ctl− Lbl

M0

where PLD is post-label delay, LD is label duration,
T1,blood is the longitudinal relaxation of blood (2.2 s at
7T), and α is label efficiency (0.85) (Alsop et al., 2015).
For standard CBF maps the BBPC was assumed to be a
constant 0.9 mL/g. Then a corrected CBF map was calculated
by using the CaSTRR derived BBPC maps in place of the
assumed constant.

Regions of interest encompassing the superior neocortex,
corpus callosum, and hippocampus were drawn manually on
each analyzed slice. BBPC, uncorrected CBF, and corrected CBF
values were averaged for each region of interest. Gray-white
contrast was determined for each slice as the absolute difference
of average CBF values in gray and white matter regions of
interest. All analysis was performed with in-house written scripts
in Matlab (Mathworks, Natick, MA, United States).
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TABLE 1 | Mean partition coefficient and perfusion values by region.

Regional Values Neocortex Hippocampus Corpus Callosum

BBPC (mL/g) 0.99 ± 0.04 0.95 ± 0.04 0.93 ± 0.05

CBF, uncorrected
(mL/g/min)

2.81 ± 0.4 2.90 ± 0.6 1.44 ± 0.3

CBF, corrected
(mL/g/min)

3.09 ± 0.5 3.07 ± 0.7 1.51 ± 0.4

Gray-White Perfusion
Contrast

Neocortex vs. Corpus Hippocampus vs. Corpus

1CBFUncorrected

(mL/g/min)
1.39 ± 0.4 1.46 ± 0.4

1CBFCorrected

(mL/g/min)
1.59 ± 0.5 1.54 ± 0.4

Contrast improvement
(%, 95% CI)

14.2%, 9.6–18.8% 5.8%, 1.4–10.1%

Statistical analysis was performed using SPSS (IBM, Armonk,
NY, United States). All data are expressed as mean ± standard
deviation. Group comparisons were assessed using one- and two-
way analysis of variance with Tukey’s post hoc test. Values of
p< 0.05 were considered statistically significant.

RESULTS

Corpus Callosum Demonstrates
Reduced BBPC Compared to Neocortex
The average BBPC values in the neocortex, corpus callosum,
and the hippocampus were determined for each mouse and the
average of all mice is reported in Table 1. The highest BBPC
value was observed in the neocortex (µCtx = 0.99 ± 0.04 mL/g)
which was significantly higher than the corpus callosum
(µCC = 0.93 ± 0.05 mL/g, p = 0.035), and also higher than the
hippocampus, though not significantly (µHC = 0.95 ± 0.4 mL/g,
p = 0.17) (Figures 2, 3).

Corpus Callosum Also Demonstrates
Lower Perfusion Than Surrounding Gray
Matter
Elevated perfusion in gray matter regions was observed relative
to the corpus callosum in both uncorrected CBF maps and

maps with voxel-wise BBPC correction (Figure 4). In the
uncorrected maps the hippocampus demonstrated the greatest
perfusion (2.90 ± 0.6 mL/g/min) followed by the neocortex
(2.81 ± 0.4 mL/g/min) with significantly less perfusion in the
corpus callosum (1.44 ± 0.3 mL/g/min, p < 0.001). However,
when the maps were corrected for BBPC the perfusion in the
neocortex was highest (3.09 ± 0.5 mL/g/min) followed by the
hippocampus (3.07 ± 0.7 mL/g/min) with significantly less
perfusion again in the corpus callosum (1.51 ± 0.4 mL/g/min,
p< 0.001). None of the regions demonstrated significant changes
in average CBF values due to BBPC correction (corrected vs.
uncorrected CBF, pCtx = 0.31, pCC = 0.66, pHC = 0.61).

The Difference in Perfusion Between
Gray and White Matter Is Greater in
Corrected CBF Maps Than Uncorrected
Maps
When perfusion in gray matter regions is compared to the
white matter of the corpus callosum for each mouse, the average
difference in perfusion for the neocortex is 1.39 ± 0.4 mL/g/min
in the uncorrected maps, but it is 1.59 ± 0.5 mL/g/min in
the BBPC corrected maps, this constitutes a 14.2% increase in
contrast between these regions (95% CI = 9.6–18.8%). For the
hippocampus the difference in perfusion is 1.46 ± 0.4 mL/g/min
in the uncorrected maps and 1.54 ± 0.4 mL/g/min in the
corrected maps, or a 5.8% improvement (95% CI = 1.4–10.1%)
(Figure 5 and Table 1).

DISCUSSION

Using CaSTRR imaging we were able to produce high quality
BBPC maps suitable for voxel-wise correction of perfusion
measurements much faster than previous demonstrated. We
determined that the average BBPC in the neocortex was
0.99 ± 0.04 mL/g and in the hippocampus the BBPC was
0.95 ± 0.4 mL/g. We also determined the BBPC in the white
matter structure of the corpus callosum to be 0.93 ± 0.05 mL/g
which has not previously been reported in mice. We also found
significantly lower CBF in the corpus callosum than the neocortex
and the hippocampus. Finally, when CBF maps were corrected
for regional variability in BBPC the gray-white matter contrast
was improved by as much as 14%.

FIGURE 2 | A representative map of blood-brain partition coefficient (A) demonstrates elevated BBPC in the neocortex relative to the corpus callosum and
hippocampus (µCtx = 0.99 ± 0.04 mL/g, µCC = 0.93 ± 0.05 mL/g, µHc = 0.95 ± 0.04 mL/g). Maps of the uncorrected (B) and BBPC-corrected (C) cerebral blood
flow (CBF) demonstrate the improved contrast between gray matter in the neocortex (top) and hippocampus (bottom) and the white matter in the corpus callosum
(middle). While only one side is shown, regions of interest were drawn bilaterally and applied equally to all three maps.
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FIGURE 3 | Quantitative analysis of BBPC demonstrates significantly higher
BBPC in the neocortex relative to the corpus callosum (µCtx = 0.99 ±
0.04 mL/g, µCC = 0.93 ± 0.05 mL/g, p = 0.035), while the hippocampus had
a BBPC of µHc = 0.95 ± 0.04 mL/g (∗ indicates p < 0.05).

FIGURE 4 | The gray matter regions of the neocortex
(µuncorrected = 2.81 ± 0.4 mL/g/min, µcorrected = 3.09 ± 0.5 mL/g/min) and
hippocampus (µuncorrected = 2.90 ± 0.6 mL/g/min, µcorrected = 3.07 ± 0.7
mL/g/min) demonstrate significantly higher CBF than the white matter corpus
callosum (µuncorrected = 1.44 ± 0.3 mL/g/min, µcorrected = 1.51 ± 0.4
mL/g/min) in both the uncorrected and BBPC-corrected CBF maps
(∗∗∗ indicates p < 0.001).

The significant reduction in the acquisition time of BBPC
maps to only 17 min increases the feasibility of including such
a scan during an ASL protocol. We were also able to perform
a voxel-wise correction due in part to the custom nose cone
designed to immobilize the mouse’s head while receiver coils are
changed. The result of this correction is improved sensitivity to
regional perfusion differences in CBF. This study acquired high
resolution BBPC maps as was done in previous studies, but those
maps had to be down-sampled by 22% to match the resolution
of the pCASL acquisition when calculating CBF. This means
that further gains could be made in either acquisition time or
signal to noise ratio by acquiring CaSTRR images at the same
resolution as the ASL image. Furthermore, since the original
BBPC mapping technique was adapted to use in mice from a

FIGURE 5 | BBPC correction increased the degree of contrast between gray
matter regions and the corpus callosum as measured by the absolute
difference in CBF between the two regions. Contrast between the neocortex
and corpus callosum was improved by 14.2% (95% CI = 9.6–18.8%,
1CBFuncorrected = 1.39 ± 0.4 mL/g/min, 1CBFcorrected = 1.59 ± 0.5
mL/g/min) and between the hippocampus and corpus callosum by 5.8%
(95% CI = 1.4–10.1%, 1CBFuncorrected = 1.46 ± 0.4 mL/g/min,
1CBFcorrected = 1.54 ± 0.4 mL/g/min) (∗ indicates p < 0.05, ∗∗ indicates
p < 0.01).

previously established technique in humans, CaSTRR imaging
should be rapidly translatable back to the clinical setting (Roberts
et al., 1996). In fact, a recently published study on healthy human
volunteers demonstrated that an alternative method of correcting
CBF maps for BBPC variability also resulted in increased contrast
between gray and white matter (Ahlgren et al., 2018). This is
consistent with our study and highlights the potential benefit of
BBPC correction.

The improved regional specificity of CBF maps that are
corrected for BBPC variability will be particularly relevant in the
study of white matter pathologies (Mutsaerts et al., 2014). There
is growing interest in vascular dysfunctions that accompany
commonly observed white matter pathologies like multiple
sclerosis (Bester et al., 2015; Sowa et al., 2015), white matter
hyperintensities (van Dalen et al., 2016), and schizophrenia
(Wright et al., 2014). The inherently low signal to noise of ASL
is exacerbated in white matter where there is far less perfusion
than gray matter. This means differences in perfusion will be even
more subtle and could be confounded by changes in BBPC. While
adding a second measurement to the CBF calculation with its
inherent noise may introduce more variability in the CBF maps,
the ability to account for significant differences in BBPC may
increase sensitivity when comparing groups or regions with small
perfusion differences.

It should be noted that the CaSTRR technique differs from the
one described by Leithner et al. (2010) in a few key aspects. The
primary difference is the choice to use logarithmically spaced TRs
and omit TRs longer than 2 s. This change reduced the acquisition
time by 87% from∼130 to 17 min. In previously published BBPC
results, phantoms consisted of pure H2O/D2O solutions with
very long T1 recovery times which necessitated long TRs (Roberts
et al., 1996; Leithner et al., 2010). By adding gadolinium to the
water phantoms we were able to reduce the T1 of the phantoms
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to approximately match the tissue thereby obviating the long TR
scans that accounted for the vast majority of scan time. It should
also be noted that Leithner et al. used 8–16 week old 129S6/SvEv
mice. We would expect younger mice to have a higher BBPC
than the 12 month-old mice used in our experiment, however, we
observed higher BBPC values in our C57Bl/6N mice than were
reported by Leithner et al. (2010). Future studies will need to
consider the possibility that BBPC could vary with genetic strain.

There are several limitations to this study. While previous
studies have used a uniform phantom to try and correct for the
field inhomogeneity, variations were typically less than 5% and
it is unlikely that the B1 field will be the same in a uniform
phantom as it is while scanning a mouse (Roberts et al., 1996;
Leithner et al., 2010). For this reason we chose not to perform
any post hoc field correction and instead assumed a uniform field
and receiver profile. More advanced field correction techniques
may be useful. Also this study did not include a comparison
to a post-mortem desiccation experiment. The standard BBPC
mapping technique has been shown to underestimate the BBPC
when compared to desiccation because a small fraction of water
in the brain tissue does not contribute to the MRI signal (Leithner
et al., 2010). Thus the overestimation of BBPC by CaSTRR
may compensate for this effect, though not because it is more
sensitive to this hidden water. Furthermore, regional analysis is
not possible with desiccation, so desiccation could not confirm
the regional differences observed by CaSTRR imaging. Finally the
gradient echo readout used to acquire CaSTRR images is sensitive
to susceptibility artifacts at air-tissue interfaces. This can be seen
as a signal loss adjacent to the ear canals, and in this study we
were forced to examine only those superior regions of the brain
that were not affected by this artifact. For studies involving deep
brain structures it may be necessary to separately acquire a B1
field map to correct for susceptibility variation.

In conclusion, the CaSTRR method produced maps of BBPC
in mice with quality comparable to the current standard method

while requiring far less acquisition time. This enables voxel-wise,
empirical correction of CBF maps for regional and inter-subject
variability in BBPC. These corrected CBF maps demonstrate
improved contrast between gray and white matter regions. With
growing interest in using ASL to measure white matter perfusion,
this technique may have considerable value in studying pre-
clinical models of white matter pathologies as well as potential
for rapid translation to use in human studies.
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The brain–blood partition coefficient (BBPC) is necessary for quantifying cerebral blood
flow (CBF) when using tracer based techniques like arterial spin labeling (ASL). A recent
improvement to traditional MRI measurements of BBPC, called calibrated short TR
recovery (CaSTRR), has demonstrated a significant reduction in acquisition time for
BBPC maps in mice. In this study CaSTRR is applied to a cohort of healthy canines
(n = 17, age = 5.0 – 8.0 years) using a protocol suited for application in humans at 3T.
The imaging protocol included CaSTRR for BBPC maps, pseudo-continuous ASL for
CBF maps, and high resolution anatomical images. The standard CaSTRR method of
normalizing BBPC to gadolinium-doped deuterium oxide phantoms was also compared
to normalization using hematocrit (Hct) as a proxy value for blood water content. The
results show that CaSTRR is able to produce high quality BBPC maps with a 4 min
acquisition time. The BBPC maps demonstrate significantly higher BBPC in gray matter
(0.83 ± 0.05 mL/g) than in white matter (0.78 ± 0.04 mL/g, p = 0.006). Maps of CBF
acquired with pCASL demonstrate a negative correlation between gray matter perfusion
and age (p = 0.003). Voxel-wise correction for BBPC is also shown to improve contrast
to noise ratio between gray and white matter in CBF maps. A novel aspect of the study
was to show that that BBPC measurements can be calculated based on the known
Hct of the blood sample placed in scanner. We found a strong correlation (R2 = 0.81
in gray matter, R2 = 0.59 in white matter) established between BBPC maps normalized
to the doped phantoms and BBPC maps normalized using Hct. This obviates the need
for doped water phantoms which simplifies both the acquisition protocol and the post-
processing methods. Together this suggests that CaSTRR represents a feasible, rapid
method to account for BBPC variability when quantifying CBF. As canines have been
used widely for aging and Alzheimer’s disease studies, the CaSTRR method established
in the animals may further improve CBF measurements and advance our understanding
of cerebrovascular changes in aging and neurodegeneration.

Keywords: cerebral blood flow, brain–blood partition coefficient, calibrated short TR recovery, arterial spin
labeling, perfusion, magnetic resonance imaging, canines
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INTRODUCTION

When using tracer-based techniques like arterial spin labeling
(ASL) to quantify cerebral blood flow (CBF), it is necessary
to determine the partition coefficient of the tracer between the
perfused tissue and the arterial blood. ASL is a non-invasive,
quantitative magnetic resonance imaging (MRI) technique that
uses magnetically labeled protons in the water molecules of the
blood as the tracer (Williams et al., 1992; Petcharunpaisan et al.,
2010; Alsop et al., 2015). So in the case of ASL, the relevant
partition coefficient is the brain–blood partition coefficient of
water (BBPC) which is the ratio of the solubility of water in brain
tissue to the solubility of water in the blood. The BBPC is tissue
specific and varies with age, species, pathology, and brain region
(Herscovitch and Raichle, 1985; Kudomi et al., 2005; Leithner
et al., 2010; Hirata et al., 2011). This means that BBPC should
be determined experimentally for each subject.

However, the standard practice in ASL studies is to assume
a constant BBPC value of 0.9 mL/g for all regions of the brain
regardless of the known variability of this parameter (Herscovitch
and Raichle, 1985; Alsop et al., 2015). This assumption is made
because the previously published MRI methods to experimentally
determine BBPC required prohibitively long acquisition times
and ASL studies were generally focused on gray matter perfusion
where BBPC variability was assumed to be small (Roberts
et al., 1996; Leithner et al., 2010). A recent study in mice
at 7T reported an 87% reduction in the acquisition time for
BBPC maps using an MRI technique called calibrated short
TR recovery (CaSTRR) (Thalman et al., 2019). Like previous
methods, CaSTRR determines relative proton density using a
series of gradient echo acquisitions with varying repetition
times (TR) and then calibrates the proton density map using
a set of deuterium doped phantoms which provide an absolute
scale of water content. The method is accelerated in CaSTRR
by using shorter TR values and using gadolinium doped
water phantoms to acquire similar quality BBPC maps in a
fraction of the time.

The goal of this study is to apply the CaSTRR technique to a
cohort of healthy canines using a protocol suited for application
in humans at 3T. To do so we acquired BBPC images using
a CaSTRR protocol adapted for use on a 3T human scanner.
We then acquired CBF maps using pseudo-continuous ASL
(pCASL) to assess the effect of BBPC correction on CBF maps,
and high resolution anatomical images using magnetization
prepared rapid acquisition gradient echo (MPRAGE) to facilitate
segmentation and coregistration. Finally, we compare two
methods of normalizing the proton density maps using the
doped water phantoms and using blood water content derived
from Hct values.

MATERIALS AND METHODS

Animals
All animal experiments were performed in accordance with
NIH guidelines and approved by the University of Kentucky
Institutional Animal Care and Use Committee (approval number

#2017–2680). Middle aged beagles (n = 17, age = 5.0–
8.0 years, male = 24%) were acquired as part of a longitudinal
study on aging and Alzheimer’s disease. The scans in this
report represent pretreatment observations, and all animals
were healthy at the time of their scans. The animals were
anesthetized during the MRI procedure using 3–4 mg/Kg
propofol for induction and 1–4% isoflurane mixed with air for
maintenance. Respiratory rate, heart rate, body temperature,
and blood pressure were monitored and maintained throughout
the procedure. Two 5 mL vials of blood were drawn from the
jugular vein using ethylenediaminetetraacetate (EDTA) treated
vials. One of these was placed in the scanner with the animal
according to the CaSTRR protocol, and the other was sent
for laboratory analysis including Hct (ANTECH Diagnostics,
Louisville, KY, United States).

Scanning Procedure
Magnetic resonance imaging experiments were performed using
a 3T Siemens Prisma scanner (Siemens, Erlangen, Germany) at
the MRI and Spectroscopy Center at the University of Kentucky.
The animal was placed prone with their head resting in a
155 mm diameter, 15 channel transmit/receive birdcage coil
commonly used for scanning human knees. The doped water
phantoms along with blood sample were centered on the top of
the head. The CaSTRR, pCASL, and MPRAGE acquisitions were
all acquired in a single scanning session.

Calibrated Short TR Recovery Imaging
For the CaSTRR proton density measurements a series of
2-D image stacks were acquired using a phase-spoiled, fast
low-angle shot gradient echo (FLASH-GRE) sequence with
varying repetition times (TR = 125, 250, 500, 1000, and
2000 ms) (Thalman et al., 2019). The shortest possible echo
time (TE = 1.9 ms) was used to minimize T2∗ decay. Image
matrix parameters were: field of view = 135 × 124 mm,
matrix = 96 × 88, in-plane resolution = 1.4 × 1.4 mm, slice
thickness = 3 mm, number of slices = 30, flip angle = 90◦,
acquisition time = 4 min, labeling offset = 12 mm (see Figure 1A).
A B1 mapping was done to confirm accuracy and homogeneity
of the B1 field. A simulation with a saline phantom was used to
simulate the gradient echo signal over a range of flip angles (see
Supplementary Figure S1).

A Qualitative proton density map was calculated for each
subject in a voxel-wise manner by fitting the signal recovery
curve to the mono-exponential equation S = M0

∗[1-eˆ(-TR/T1)]
to yield a map of M0 in arbitrary units. Next a Bayesian bias field
correction (Figure 2) was applied to the M0 maps to account for
inhomogeneity in the receiver coil profile (Iglesiast et al., 2016).
The low spatial frequency bias field was calculated using 4th order
polynomials and six Gaussian components. To avoid artificially
attenuating the higher signal water phantoms, the blood and
water phantoms were excluded when calculating the smooth bias
field, and the correction was then applied to the entire volume
(see Figures 1B,C).

The calculation of M0 values by voxel-wise exponential
regression on the signal recovery curves resulted in a range of
M0 values on an arbitrary scale. Due to the qualitative nature
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FIGURE 1 | An explanation of CaSTRR and pCASL methods used in this study. CaSTRR utilizes a series of FLASH-GRE acquisitions with varying TR which include
a blood sample and gadolinium-doped deuterium samples placed on the head (A). An exponential regression is fit to the signal recovery curve for each voxel (B)
yielding a map of relative proton density values (C). The relative proton density values are calibrated using either water content estimated from hematocrit (Hct) (D) or
the scale of water content present in the phantoms (E). Uncorrected CBF maps are derived from pCASL acquisitions (F) and are corrected on a voxel-wise basis
using the BBPC map normalized to the phantoms to create a corrected map of CBF (G).

FIGURE 2 | A representative images of M0 as calculated by exponential regression (A), signal inhomogeneity determined by Bayesian bias field correction (B), and
corrected M0 (C).
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of MRI signal measurement, the average value of M0 in brain
tissue varied from subject to subject on this arbitrary scale.
Therefore, the M0 maps were calibrated to absolute water content
in two ways. The first follows the previously published CaSTRR
technique which uses a series of five phantoms containing
mixtures of deuterium oxide and distilled water at 40, 30, 20,
10, and 0% (Thalman et al., 2019). These phantoms were also
doped with 0.18 mM gadobutrol (Gadavist, Bayer Healthcare
Pharmaceuticals, Whippany, NJ, United States) to reduce the
longitudinal relaxation rate (T1) to be similar to the T1 of brain
tissue (≈ 1.2 s). Because the deuterium oxide does not produce
signal in MRI this creates a scale of known water concentration
from 60–100% water. Each voxel in the image can then be
normalized to this internal scale to yield a measure of absolute
water content. It was noted, however, that in subjects where the
arbitrary M0 values of brain tissue were high, the M0 values of
the doped water phantoms tended to be higher than expected.
This meant that while the M0 value of tissues increased linearly
with the overall image intensity, the M0 values of the phantoms
exhibited a quadratic increase over the range of arbitrary M0
values measured. The result was that the ratio of average M0,tissue
to average M0,phantoms used in image normalization was not
constant from subject to subject but had a strong negative
linear relationship to the phantom signal intensity. To correct
for the relationship, linear regression of this ratio against the
average M0 value of the phantoms was used to quantify the
quadratic error term for each subject. This negative error term
was then subtracted from the blood and tissue M0 values prior
to normalization. Finally, a linear regression was calculated based
on the average M0 value in each phantom and its known water
content, and every voxel in the image was normalized to the
resultant equation (see Figure 1E).

The second method of calibrating M0 maps utilized the arterial
Hct value to determine the absolute water content of the blood
sample. Water content was determined according to the equation
WCblood = −0.271∗Hct + 0.912 (Lijnema et al., 1993). The
M0 image was then normalized such that the average water
content in the blood sample matched the average value calculated
according to hematocrit.

Brain–blood partition coefficient maps were generated
for both normalization methods by comparing the
measured water content of each voxel in the brain to
the average water content of the blood using the equation
BBPC = WCbrain/(WCblood

∗1.04 g/mL) (see Figure 1D).

Cerebral Blood Flow and Anatomical
Imaging
The CBF maps were acquired using a pCASL sequence
with a three-dimensional gradient and spin echo (GRASE)
readout (Alsop et al., 2015). The acquisition parameters
were as follows: TR/TE/TI = 3200/16/1400 ms, field
of view = 270 × 250 × 90 mm, matrix = 96 × 88,
resolution = 3 × 3 × 3 mm, acquisition time = 6:15 min
(see Figure 1F).

Because the original CBF maps were created with an assumed
BBPC value of 0.9 mL/g, corrected maps were generated by

dividing the entire map by this value and then multiplying by
the BBPC map in a voxel-wise manner. BBPC correction was
performed using the BBPC maps generated using the gadolinium
doped water phantoms (see Figure 1G).

Contrast to noise ratio (CNR) was calculated according to
the equation CNR = (Meangray – Meanwhite)/Pooled Standard
Deviation (Cohen, 1988).

Anatomical images were acquired using a high resolution
T1 weighted magnetization prepared rapid acquisition
gradient echo (MPRAGE) sequence as recommended for
optimal use with FreeSurfer (MGH, 2009). Scan parameters
were: TR/TE = 1690/2.56 ms, flip angle = 12◦, field of
view = 320 × 320 × 160 mm, matrix = 256 × 256 × 128,
resolution = 0.8× 0.8× 0.8 mm, acquisition time = 10:49 min.

Image Analysis
All images were coregistered by first resampling the anatomical
volumes to match the slice thickness of the CaSTRR and
pCASL acquisitions. The CaSTRR and pCASL volumes were then
registered to the anatomical using an intensity-based registration
algorithm in Matlab (Mathworks, Natick, MA, United States)
(Styner et al., 2000). The brain region of interest was extracted
manually, and then segmented into gray and white regions
of interest using an expectation maximization algorithm with
classes for gray matter, white matter, and cerebrospinal fluid
(Wells et al., 1996). To avoid partial volume effects, the gray
and white matter regions of interest in each slice were eroded
by two pixels. Due to image inhomogeneities in the MPRAGE
acquisitions in some animals, the segmentation algorithm often
failed to adequately segment gray and white matter regions in
the most rostral and caudal sections of the brain. While the
BBPC maps did not display these inhomogeneities, the regions
of interest were not reliable for analysis. For this reason, we chose
to include only the centermost 10 slices in our analysis. These
regions of interest were then applied to the BBPC and CBF maps.
All image analysis was performed in Matlab (Mathworks, Natick,
MA, United States).

Statistical Analysis
All statistical analysis was performed in Matlab. Data is
expressed as mean ± standard deviation. Gray and white matter
comparisons were assessed using three-way analysis of covariance
with age, sex, and tissue type as independent variables. Linear
regressions against age were also controlled for sex. Values of
p < 0.05 were considered statistically significant.

RESULTS

BBPC Is Higher in Gray Matter Than in
White Matter
The first comparison was drawn on BBPC maps generated using
the previously published CaSTRR method of normalizing to the
gadolinium doped water phantoms (see Figure 1E). The average
BBPC in gray matter was 0.83 ± 0.05 mL/g which is 5.6% higher
than the BBPC in white matter (0.78 ± 0.04 mL/g, p = 0.007)
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(see Figure 3B). When plotted against age, neither the gray nor
the white matter regions of interest demonstrated a significant
correlation over the age range studied (gray matter: p = 0.645,
white matter: p = 0.483 (see Figure 3A).

Gray Matter CBF Is Negatively
Correlated With Age
Next, gray and white matter perfusion were compared in
uncorrected CBF maps (see Figure 1F) and again in corrected
CBF maps (see Figure 1G) which used the standard CaSTRR
derived BBPC maps for correction (see Figure 1E). Gray
matter has 45% higher CBF than white matter in the
uncorrected CBF maps (CBFgray = 81 ± 12 mL/100g/min,
CBFwhite = 56 ± 12 mL/100 g/min, p < 0.001)
and 53% higher CBF in the maps corrected
for BBPC (cCBFgray = 73 ± 13 mL/100 g/min,
cCBFwhite = 49 ± 11 mL/100 g/min, p < 0.01) (see Figure 4B).
Gray matter demonstrated a significant negative correlation
with age with a reduction of 7.5 ± 2.1 mL/100 g/min each
year or 9% of the average perfusion (CBFgray = 128 – 7.5 ∗ Age
mL/100 g/min, p = 0.003). The corrected CBF maps also revealed
a reduction of 6.6 ± 2.6 mL/100 g/min/year (cCBFgray = 117 –
6.6 ∗ Age mL/100 g/min, p = 0.02), but this relationship was not
significantly different in the corrected maps than the uncorrected
(p = 0.81). While there appears to be a downward trend in white
matter perfusion with age, this correlation was not statistically

significant in the uncorrected CBF maps (p = 0.20) or the
corrected maps (p = 0.33) (see Figure 4A).

BBPC Correction Improved Contrast to
Noise Ratio in CBF Maps
Next, the CNR of corrected CBF maps (see Figure 1G) was
compared to uncorrected CBF maps (see Figure 1F). On average
BBPC correction improved CNR between gray and white matter
regions of the CBF maps by 3.6% (95% confidence interval = 0.6 –
6.5%). The average uncorrected CNR was 0.81 and the average
corrected CNR was 0.84.

BBPC Values Generated Using
Hematocrit to Estimate Water Content
Agree With Those Generated Using
Water Phantoms
The final comparison was between maps normalized using the
doped water phantoms (see Figure 1E) to ones normalized
using Hct derived blood water content (see Figure 1D),
we observed positive correlations between the BBPC values
generated using these two methods. The Pearson correlation
was R2 = 0.81 for gray matter indicating strong correlation
between these measures in this region (see Figure 5A). Due to
higher variability in the white matter regions the correlation
was moderate in white matter (R2 = 0.59) (see Figure 5C).

FIGURE 3 | Average BBPC in gray matter (blue) and white matter (red) regions of interest plotted against age (A) and as group averages (B). Regions corresponding
to the same animal are connected with a vertical dotted line. No significant linear correlation to age was found in either region. Average BBPC in gray matter was
which is 5.6% higher than in white matter (BBPCgray = 0.83 ± 0.05 mL/g, BBPCwhite 0.78 ± 0.04 mL/g, ∗∗ indicates p < 0.01, error bars represent 1 standard
deviation).
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FIGURE 4 | Gray and white matter perfusion plotted against age (A). Plotted points represent uncorrected average CBF for each animal. Gray matter CBF
demonstrates a negative linear correlation with age in both uncorrected CBF maps (CBFgray = 128 – 7.5 ∗ Age mL/100 g/min) and maps corrected using measured
BBPC (cCBFgray = 117 – 6.6 ∗ Age mL/100 g/min). Linear regression was not significant in the white matter region in either case. When considered as group
averages (B), the gray matter has significantly higher CBF in both uncorrected (CBFgray = 81 ± 12 mL/100 g/min, CBFwhite = 56 ± 12 mL/100 g/min), and corrected
maps (cCBFgray = 73 ± 13 mL/100 g/min, cCBFwhite = 49 ± 11 mL/100 g/min). ∗ indicates p < 0.05, ∗∗ indicates p < 0.01, ∗∗∗ indicates p < 0.001, error bars
represent 1 standard deviation.

The measured BBPC values were slightly lower in maps
normalized to hematocrit, though not statistically different,
and Bland-Altman analysis demonstrates no significant bias
in either region of interest (see Figures 5B,D). Again the
BBPC in gray matter was 5.9% higher than in white matter
when using Hct to normalize (BBPCgray = 0.81 ± 0.06 mL/g,
BBPCwhite = 0.77± 0.05 mL/g, p = 0.02).

DISCUSSION

The CaSTRR technique represents a significant improvement in
the acquisition speed of BBPC maps. A previously published
report measuring BBPC using a 1.5T human scanner acquired a
single slice of the BBPC map in approximately 30 min (Roberts
et al., 1996). In this study we were able to produce BBPC maps of
sufficient quality to perform voxel-wise correction of CBF maps
with coverage of the entire brain using a CaSTRR acquisition
protocol that only required 4 min of scan time. This is an
improvement over the reported CaSTRR technique in mice which
required 17 min of scan time due to the much higher resolution
requirement of scanning small animals at 7T (Thalman et al.,
2019). A 4 min scan time is comparable to the acquisition time
of the pCASL technique for CBF. The experiment was also done
with commercially available equipment and pulse sequences that
are directly applicable for use with a human subject. Furthermore,
the CaSTRR scans were performed with the same birdcage receive

coil that was used for the pCASL acquisitions. This was not
possible when scanning mice at 7T and represents a significant
advantage of scanning at lower fields. The greatly reduced scan
time and ready availability of equipment and pulse sequences
demonstrate that CaSTRR is a feasible approach to correct
CBF maps using empirically measured BBPC values instead of
assuming a constant value for all tissue types, pathologies, ages,
and species. This technique has the potential for rapid translation
to use in human studies.

While BBPC has not been previously reported in canines,
our reported values of 0.83 ± 0.05 mL/g in gray matter and
0.78 ± 0.04 mL/g in white matter are lower than published
reports in humans, non-human primates, and mice (Herscovitch
and Raichle, 1985; Kudomi et al., 2005; Leithner et al., 2010).
One possible reason for this is the temperature discrepancy
between the blood sample and the brain tissue. When measured
at room temperature instead of physiologic temperature, the
proton density of the blood could be overestimated by as much
as 5% causing BBPC to be underestimated by the same amount
(Tofts, 2003). The amount of inter-species variability in BBPC
values is further evidence for the importance of empirical BBPC
correction when quantifying CBF.

The correlation between the two methods of normalization
represents a distinct advantage of this study. Our results suggest
that the CaSTRR technique can be further simplified by omitting
the gadolinium doped water phantoms. One of the difficulties
of this study was the non-linear signal increase observed in
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FIGURE 5 | Correlation of BBPC values in maps normalized according to hematocrit (Hct) with values in maps normalized to the gadolinium-doped phantoms.
Correlation is very strong for the gray matter BBPC values (R2 = 0.81) (A) and moderately strong for white matter (R2 = 0.59) (C). Bland-Altman analysis
demonstrates no significant bias in either gray (B) or white matter values (D).

the water phantoms. This is possibly due to the pre-scan
normalization algorithm of the scanner used for this study
and/or reduced T2∗ decay in the water phantoms. These effects
would likely be specific to a given scanner and would need to
be determined empirically. However, the correlation between
BBPC values derived using the water phantoms with those
derived using Hct indicate that future studies using CaSTRR
could rely solely on the water content determined by the
hematocrit. This would also obviate the need for correcting the
non-linear signal increases observed in the water phantoms as
done in this study.

Another significant advantage of this study is the use of
Bayesian bias field correction to account for inhomogeneities
in the receiver coil sensitivity profile. The CaSTRR method
described in mice assumed a sufficiently homogenous profile
in the birdcage receive coil, but observed significant signal loss
near the large ear canals of the mouse (Thalman et al., 2019).
Other BBPC studies attempted to correct for bias field using a
separate measurement on a uniform phantom (Roberts et al.,
1996; Leithner et al., 2010), but it is unlikely that the receiver
profile would be the same when measuring the non-uniform
tissue of a live subject.

Arterial spin labeling has an inherently low signal to noise
ratio because it is a subtractive technique. Including an empirical
measurement of BBPC to the quantification of CBF will increase
noise, as we observed in the greater variance of CBF values in the
corrected maps. However, there was an improvement in contrast
to noise between areas with significantly different BBPC values
despite this addition of noise. This could become important
when studying perfusion in models of pathology where the tissue
composition is likely to change.

Canines have been widely used for aging and
neurodegeneration studies (Martin et al., 2011; Vite and
Head, 2014; Triani et al., 2018). There are many examples
of pathologies that could affect water balance in the brain.
Brain edema caused by ischemia (Rosenberg, 1999), infection
(Niemoller and Tauber, 1989), or trauma (Winkler et al., 2016)
can cause localized increases in free water and potentially
affect the BBPC. Another important field of interest where ASL
is commonly used is the study of Alzheimer’s disease (AD).
The deposition of hydrophobic amyloid-β protein, which is a
hallmark of AD pathology, may reduce the BBPC in regions
of plaque development (Aleksis et al., 2017). AD occurs in the
context of aging and typically causes pronounced brain atrophy
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(Bobinski et al., 1999). Both of these could result in reduced
brain water content and therefore reduced BBPC. Both brain
volume (Duning et al., 2005) and Hct (Jimenez et al., 1999) can
also change significantly with a subject’s level of hydration. So
while our result showed that BBPC correction did not affect
the observed relationship between CBF and age between the
ages of 5–8 year, it is possible that BBPC correction could
improve sensitivity in studies where BBPC is expected to change
significantly. In future studies, CaSTRR imaging could be used
to study how BBPC changes in canines with pathology and
could also be used to account for water balance effects when
measuring perfusion.

We acknowledge that in addition to CaSTRR, other efforts
have also been made to improve the BBPC measurement, CBF
quantification, and gray-white CBF contrast. It has been reported
that a uniform, brain-tissue-type-dependent magnetization
image could be generated using a sensitivity calibration (Dai et al.,
2011). Another study showed that BBPC can be improved by
exploiting the partial-volume data to adjust the ratio between
BBPC and the proton density-weighted image (Ahlgren et al.,
2018). Furthermore, gray-white matter CBF can be enhanced
with background suppression methods (van Osch et al., 2009).
Here we provide another approach that can quantify BBPC
rapidly, and improve CBF quantification and gray-white CBF
contrast using Hct calibration.

CONCLUSION

In conclusion, this study demonstrates the feasibility of CaSTRR
as a method to correct CBF measurements for regional and
inter-subject variability in BBPC. Further, we demonstrated
that the correction can be achieved using Hct calibration. The
developed CaSTRR method has potential contribution for future
translational studies in aging and neurodegeneration.
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FIGURE S1 | B1 mapping. The B1 mapping was aquired using a Tfl_b1map
sequence with a saline phantom (salinity is the same as mammalian extracellular
space). Right image proportional to flip angle, showing maximum flip angle
variation of 4% over a 10 cm phantom. The FOV is comparible to beagle’s brain,
which is approximately 4 cm × 5 cm × 7 cm. (Left) The magnitude image.
(Right) A flip angle map where the intensity is linearly proportional to the flip angle.
The examples are shown in two ROIs: 83.8 and 89.5 degrees, respectively.
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