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Abstract

Obesity and metabolic dysfunction are both correlated with increased rates of cognitive decline.
However, because these two conditions often co-occur, it remains unclear whether their cognitive
consequences are independent. In this review, we carefully consider literature examining the
effects of metabolic dysfunction and increased adiposity on cognition across the lifespan,
including only well-controlled studies that attempt to dissociate their effects. We found a total of
36 studies, 17 examining metabolic dysfunction and 19 examining the effects of adiposity. We
found evidence from the literature suggesting that increased adiposity and metabolic dysfunction
may contribute to deficits in executive function, memory, and medial temporal lobe structures
largely independent of one another. These deficits are thought to arise principally from
physiological changes associated with inflammation, vascularization, and oxidative stress, among
others. Such processes may result from excess adipose tissue and insulin resistance that occur
independently and can further exacerbate when the two conditions co-occur. However, we also
find it likely that impaired cognition plays a role in behavioral and lifestyle choices that lead to
increased adiposity and metabolic dysfunction, which can then perpetuate and augment cognitive
decline. We recommend additional prospective and longitudinal studies to examine whether
impaired cognition is a cause and/or consequence of these factors.
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INTRODUCTION

Human obesity and type 2 diabetes (T2D) are associated with impaired cognition and
dementia (van den Berg et al., 2009; Profenno et al., 2010). Rates of cognitive decline in
individuals with T2D are increased by approximately 1.5-fold to 2.0-fold compared to those
without diabetes (Jan Biessels et al., 2008). These changes principally manifest as
psychomotor, executive function, and learning and memory deficits (Jan Biessels et al.,
2008). Recent estimates suggest that the combined overall relative risk for Alzheimer’s
disease is 46% higher in those with T2D compared to those without (Cheng et al., 2012).
Individuals with Alzheimer’s disease and T2D furthermore show similar pathogenic
mechanisms including inflammation, insulin resistance, and mitochondrial dysfunction
(Pugazhenthi et al., 2017). Likewise, obesity is associated with similar decrements in
cognition. Meta-analyses conclude that obesity results in a 42% increase in the risk for
dementia in adults (Beydoun et al., 2008). Children and adolescents with obesity are
similarly at increased risk for deficits in executive function, including poorer performance
on inhibitory control tasks and decreased reward sensitivity (Reinert et al., 2013; Gunstad et
al., 2007). Epidemiological studies suggest that these same individuals may have a
predisposition to developing a diagnosis of ADHD due to the two conditions’ shared genetic
and neurobiological dysfunctions (Cortese and Vincensi, 2011). Obesity and T2D are highly
comorbid conditions and their association has been shown consistently and is pervasive even
among diverse populations with high and low rates of diabetes (Khaodiar et al., 1999).
Therefore, they are difficult to dissociate with few studies examining effects of metabolic
dysfunction while controlling for adiposity or examining effects of adiposity while
controlling for metabolic health. Whether there are independent effects of metabolic
dysfunction and adiposity on human cognition is unknown and is an important avenue for
future research.

In contrast, in animal studies, where it is possible to manipulate adiposity and metabolism
independently, there are a variety of results that support independent effects of adiposity and
metabolic disease on cognition. Adiposity can alter brain structure and function in rodents
even when metabolic function is uncompromised, leading to loss of synapses, reduced
number of dendritic spines, altered microglia morphology, and poor performance on
cognitive tasks (Bocarsly et al., 2015). Before the onset of diabetes, dietary-induced obesity
can further impair hippocampal-dependent memory and long-term potentiation (LTP)
primarily through increased synaptic stripping by microglia (Hao et al., 2016). In parallel,
insulin resistance in the rodent hypothalamus can result from acute exposure to high fat diet
before changes in adiposity are observed (Clegg et al., 2011). Brief exposure to high fat/
sugar diets are also associated with impaired performance on hippocampal-dependent tasks,
such as the radial arm maze (Kanoski and Davidson, 2010).
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Whether such effects occur directly as a result of nutrition or indirectly from acute metabolic
dysfunction is unclear. A recent study found that mice fed a high fat diet exhibited glucose
intolerance, impairments in working memory, and increased anxiety and depressive-like
behaviors (Almeida-Suhett et al., 2017). Importantly, these effects were unmitigated in mice
that did not gain excessive weight indicating that diet and/or metabolic dysfunction can
impact cognition independent of obesity.

Published studies in humans have historically failed to consider these separable effects. A
prospective study examining the impact of obesity on cognition found that a variety of
obesity indices were associated with poorer performance on tests of memory and verbal
fluency (Gunstad et al., 2010). However, this study did not consider the potential influence
of diabetes and furthermore did not exclude participants for this disease. A separate analysis
of the effects of glucose intolerance in this dataset found a negative impact of this variable
on memory function. In a resting state fMRI study, experimenters concluded that individuals
with T2D exhibit reduced functional connectivity compared to controls within the default
mode network, a group of brain regions that are more active at rest than during cognitive
tasks (Musen et al., 2012). They conclude that this disruption in functional connectivity
could result from insulin resistance, but did not control for BMI, which was 4 kg/m? higher
on average in T2D patients than controls. Finally, another fMRI study found that individuals
with obesity exhibit reduced responses in medial frontal, middle cingulate, and dorsal
caudate nuclei during appetite control compared to healthy weight individuals (Tuulari et al.,
2015). However, blood glucose and insulin levels were not measured in these individuals,
and it is unclear whether metabolic dysfunction drives these findings.

In summary, animal studies suggest independent effects of adiposity and metabolic
impairment on cognition, while findings in humans are often unclear. The aim of this review
is to consider the literature surrounding the effects of metabolic dysfunction and adiposity
on cognition to provide exposition and summary of studies that attempt to dissociate their
effects. Finally, we structure this review based on studies with participants along various
points of the developmental trajectory, from children and adolescents to adults and the
elderly. Not only is this a self-organizing principle of the literature, but in doing so we hope
to elucidate the complex roles of obesity and T2D in potential changes in cognition during
the vulnerable period of adolescence and in the onset of cognitive decline and dementia.

METHODS

We considered both PubMed and Google Scholar to identify studies relevant to this review.
All publications included human subjects and had, at a minimum, to control for the effects
of adiposity or metabolic dysfunction. For instance, studies examining the effects of
adiposity on cognition had to either exclude patients with a diagnosis of T2D or had to
control for the effects of blood glucose, insulin, or HOMA-IR. Publications examining the
effects of metabolic dysfunction on cognition had to either exclude participants with obesity
or control for one of the many anthropometric features of adiposity, including body weight,
BMI, body fat %, waist/hip ratio, and waist circumference. We define ‘metabolic
dysfunction’ in this review as, at a minimum, evidence of impaired glucose tolerance or
insulin resistance. The term “diabetes’” as commonly used reflects a diagnosis of diabetes
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mellitus type 2, rather than type 1, gestational or insipidus diabetes. Our search included the
initial terms “cognition and obesity,” and “cognition and glycemia (or diabetes)” on both
Google Scholar and PubMed. After identifying five studies meeting inclusion criteria for
each type, metabolism and adiposity, we expanded our search terms using the Yale MeSH
Analyzer (Grossetta Nardini and Wang, 2018). In brief, the Yale MeSH Analyzer takes
PubMed identifiers (PMIDs) as an input and creates a list of medical subject headings
(MeSH) that allow users to enhance their search strategies by identifying new and relevant
keywords (Hocking 2017). The Yale MeSH Analyzer allowed us to use the ten studies
previously mentioned to identify new keywords, including “body mass index,” “adolescent,”
“child,” “elderly,” “executive function,” “insulin resistance,” “MRI,” “NGT,” and “IGT.” We
used these new terms in various combinations to identify an additional 14 articles for
adiposity and 12 articles for diabetes, for a total of 36 articles (Table 1). Using packages in
RStudio (v.1.0.153) we also summarize the cognitive constructs and brain regions most often
mentioned as being affected by metabolic dysfunction and increased adiposity (Fig. S1-2).

RESULTS
ADIPOSITY — Children

Approximately one third of U.S. children are classified as overweight or obese, weighing on
average 5 kg more than they did three decades ago (Lobstein et al., 2015). While childhood
obesity was considered a disease of wealthy nations, rates have risen rapidly in low and
middle-income countries, particularly in Latin America and the Caribbean (Jaacks et al.,
2015; Lobstein et al., 2015). Today, the rise in obesity persists in children worldwide and is
part of the reason it has become a pandemic (Frank, 2016; Wallace et al., 2016; Meldrum et
al., 2017; Regestein, 2018). The relative contribution of adiposity to changes in cognition in
children has been explored, but these results have not been reviewed to yield a coherent
narrative.

Analysis of approximately 12,000 children 3-5 years of age from the Millennium Cohort
Study (MCS) determined the extent to which weight status affects visuospatial, expressive
language, and reasoning skills (Martin et al., 2016). These tests were acquired from the
British Ability Scales Il battery and comprised pattern construction, vocabulary, and picture
similarity subtests, respectively. Though prevalence is increasing, T2D is rarer in children
this young. Therefore the effects of adiposity on cognition could be studied with less
concern for the confounding effects of metabolic disease. In boys, obesity at 3 years of age
was associated with worse performance on the pattern construction subtest at age 5. Girls
with obesity performed worse on both pattern construction and vocabulary compared to
those with healthy weight, but these effects were not significant when adjusting for general
cognitive ability at 3 years. From 3 to 5 years of age, transitioning from obesity to a healthy
weight was associated with higher scores on the picture similarity test but only explained
approximately 6.6% of the variance in improvement. These findings on the whole reflect a
rather modest association between increased adiposity and lower cognitive abilities. This
study did not include any markers of metabolic function (e.g. fasting glucose/insulin,
HOMA-IR, HbA1C) as covariates, which is an inherent weakness; however, given the very
young age of these children, severe metabolic dysfunction is not as likely.
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ADIPOSITY - Children and Adolescents

A similar study examined the effects of BMI on cognition in children, but included
adolescent participants as well (Bozkurt et al., 2016). Cognitive function is thought to
operate suboptimally during adolescence, a period marked by increased incidence of
sexually transmitted disease, unintended pregnancy, substance abuse, and violence, among
others (Casey et al., 2008). If adiposity impairs cognition during such a critical period of
development, it may compound already poor health outcomes. Bozkurt et al. are the only
group included to endeavor to examine the effects of adiposity on cognition in both children
and adolescents, while also adequately controlling for metabolic dysfunction. 92 participants
from 8 to 16 years of age with overweight and obesity were recruited from a Turkish
hospital and assessed on a neurocognitive test battery, the Central Nervous System Vital
Signs (CNSVS). This test generates seven domain scores that reflect abilities of memory,
psychomotor speed, processing speed, reaction time, complex attention, executive function,
and cognitive flexibility. To reduce the potential for a confounding effect of metabolic
dysfunction on cognition, all participants were free from a diagnosis of T2D, metabolic
syndrome, hypertension, and nonalcoholic fatty liver disease. Strikingly, children and
adolescents with obesity demonstrated poorer performance on all seven cognitive domains
of the CNSVS compared to age and gender-matched controls, a result characterized by a
very large effect size (Cohen’s d'= 1.29-1.63) (Sawilowsky, 2009). While a large effect size
is rather impactful, this study notably did not control for an effect of socioeconomic status or
education, which may impact cognition independent of adiposity. Furthermore, while
participants did not have metabolic syndrome, it is unclear whether this was simply a
diagnosis of metabolic syndrome or whether markers of metabolic function were actually
assessed. If the former is the case, it is possible that some participants were in fact insulin
resistant, which could confound these results. The authors note that sleep apnea may play a
role in the observed effects, though it is a matter of debate whether or not sleep apnea
directly results from increased adiposity and is thus part of the overweight and obese
phenotype.

ADIPOSITY —Adolescents

Directly assessing metabolic function is possibly the best method to differentiate the effects
of adiposity on cognition from those of metabolic disease. A study of 63 Spanish
adolescents from 12-17 did exactly this, obtaining measurements of fasting insulin, basal
glucose, triglycerides, HDL, and total cholesterol (Delgado-Rico et al., 2012). Participants
with overweight, obesity, and healthy weight were only included in this study if these
measures were within-normal levels. Metabolic variables were not included as subsequent
covariates in their analyses, however, which constitutes a major weakness of this study as
those with excess weight had significantly higher fasting insulin, triglyceride, and HDL
levels. Neurocognitive indices derived from tests of impulsivity (UPPS-P), response
inhibition, and switching (Color Word Interference Test). These indices did not significantly
correlate with any of the aforementioned metabolic measures, suggesting a lack of an effect
of fasting insulin on cognition in this sample, though HOMA-IR was not assessed. Increases
in BMI were found to positively predict emotion-driven impulsivity and cognitive
inflexibility associated with response switching, but were not significantly correlated with
response inhibition.
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ADIPOSITY —Adolescents and Adults

To better determine the effects of adiposity on cognition, Maayan et al. assessed 37 healthy
weight and 54 individuals with obesity from 14-21 years of age, examining fasting glucose,
insulin, lipid, and inflammatory markers before performing neurocognitive testing (2011).
Participants were thoroughly matched on variables that could influence cognition, including
age, education, gender, socioeconomic status, and 1Q. Diagnoses of T2D or evidence of
insulin resistance were included as exclusion criteria, making this one of the most well-
controlled studies to include adolescents to date. Neurocognitive assessments were thorough,
including measures of response inhibition (Stroop), attention (Trail Making Task A: TMT-
A), cognitive flexibility (Trail Making Task B: TMT-B), verbal fluency (Controlled Oral
Word Association Test: COWAT), working memory (Wide Range Assessment of Memory
and Learning: WRAML), and attention and concentration (WRAML). Structural MRI
analyses were then implemented to determine the effect of adiposity on grey matter volume
within frontal lobe regions of the brain. While adolescents with obesity performed worse on
all cognitive tests compared to healthy controls, these results did not control for the
aforementioned metabolic markers. However, this study excluded individuals who were
insulin resistant, and therefore it is likely that much of the variance in cognitive performance
could result from increased adiposity. With regard to brain measures, adolescents with
obesity had lower grey matter volume in orbitofrontal cortex compared to lean adolescents
after covarying for age, systolic blood pressure, and insulin resistance. These results suggest
that adiposity may be a cause or consequence of reduced grey matter volume in a region of
the brain that plays a pivotal role in executive function (Elliott et al., 2000).

Similar to Maayan et al. (2011), a more recent study (Sweat et al., 2017) sought to examine
the relationship between obesity and potential cognitive and structural deficits associated
with frontal lobe function. In this study, 162 adolescents and young adults (mean age: 19.39,
SD: 1.52) were assessed on an array of neurocognitive tests. Tests assessed frontal lobe
function, (COWAT, Stroop, TMT, Digit Symbol Substitution Test: DSST, and the Letter
Number Sequencing subtest from the Wechsler Memory Scale-111), executive function
(Tower of London, Category Test), sustained attention (Digit Vigilance Test: DVT) and
effort (Medical Symptom Validity Test, Non-Verbal Medical Symptom Validity Test).
Compared to participants with normal weight, those with obesity performed worse on single
components of the DSST, Stroop, COWAT, and DVT, all of which reflected measures of
processing speed. The authors hypothesize that, because processing speed reflects
interhemispheric communication within the brain, obesity may compromise corpus collosum
integrity. Indeed, the rostrum of the corpus callosum was significantly smaller in participants
with obesity compared to healthy controls. Finally, while 32.4% of participants with obesity
met criteria for metabolic syndrome, none of the metabolic measures collected were
associated with either cognitive function or structural MR measures. While the
experimenters did not explicitly control for metabolic measures, the inability of metabolic
dysfunction to predict cognition in this sample suggests that adiposity contributes to the bulk
of the variance in cognition.

The only publication included that found no relationship between BMI and cognition came
from Gunstad et al. (2008), who examined a large cohort of 478 children and adolescents
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ages 6-19 without a diagnosis of T2D. Participants completed measures of attention (digit
span), executive function (switching of attention), memory (verbal recall), and language
(animal fluency), and motor ability (finger tapping). In no instance did this study find
evidence for an effect of increased adiposity on cognition, though lower BMI was predictive
of poorer memory in females. The discrepancy between this publication and the bulk of
studies conducted on the association between adiposity and cognition in this population may
arise from the neurocognitive battery administered, which was initially designed for use in
EEG and ERP experiments.

ADIPOSITY — Adults

While increased adiposity in children and adolescents may predispose them to health issues,
excess adipose tissue in adults is likely to result in more proximal health incidents, including
increased risk for heart attack, stroke, and dementia (Wilson et al., 2002; Fitzpatrick et al.,
2009; Lavie et al., 2009). Like children and adolescents, however, increased adiposity in
adults has been associated with changes in cognition. For example, a study of 50 total adults
with healthy weight, overweight, and obesity from 18-35 years of age examined the
relationship between BMI and performance on a what-where-when (WWW) episodic
memory task (Cheke et al., 2016). Individuals with higher BMI performed worse on the
WWW task, with higher total errors compared to leaner participants. Individuals with T2D
were excluded from participation, but it is possible that changes in metabolic function
contributed to these behavioral deficits as metabolic markers were not measured.

A study conducted in a slightly older age group (19-40) of adults with healthy weight and
obesity assessed the relationship between BMI and cognition and its interaction with both
DRD2/ANKK1-TaglA and DRD4 VNTR 7R polymorphism carrier status. (Ariza et al.,
2012). Carriers of the Al allele of the Tag1A polymorphism have reduced D2 receptor
density in the striatum (Jonsson et al., 1999), which has been correlated with addictive
behaviors such as alcoholism and cannabinoid dependence (Munafo et al., 2007; Nacak et
al., 2012). The 7R variant of the DRD4 gene reduces dopamine receptor binding and
similarly plays a role in the pathophysiology of diseases characterized by impulsive
behavior, such as pathological gambling and ADHD (Ashgari et al., 1995; Comings et al.,
1999). Participants were assessed on neurocognitive tests of processing speed and working
memory (Letters and Numbers: LN), visual scanning, tracking, and motor speed (Symbol
Digit Modalities Test), attention and mental flexibility (TMT), verbal fluency (COWAT), and
cognitive flexibility and set shifting (Wisconsin Card Sorting Test: WCST). There was a
significant group x carrier status interaction such that Al allele carriers with obesity
performed worse on the LN than both controls and non-carriers with obesity. A comparable
interaction exists for the DRD4 allele such that carriers of the 7R polymorphism with
obesity performed worse on the TMT than both non-carriers with obesity and carriers with
healthy weight. This evidence suggests that excess adiposity interacts with dopamine
polymorphism status to negatively impact cognition. However, similar to the previous study,
participants were only excluded for a diagnosis of T2D or hypertension and thus there is no
way to confirm that metabolic dysfunction did not influence these findings.
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Boeka et al. (2008) specifically assessed whether cognitive performance differed between
adults with obesity that were with or without diabetes, hypertension, and sleep apnea.
Participants consisted of 68 patients with extreme obesity (BMI = 40) ages 20-57 who were
seeking surgical treatment for their condition. Neurocognitive assessments were included to
measure reading ability (Wide Range Achievement Test: WRAT-3), general intelligence
(Wechsler Adult Intelligence Scale: WAIS-II11), perceptual and organizational skills (Rey
Complex Figure Test: CFT), processing speed and cognitive flexibility (TMT), problem-
solving and set shifting (WCST), verbal fluency (COWAT), and verbal learning and memory
(California Verbal Learning Test: CVLT-I1 and Logical Memory). Participants performed
worse on the CFT and WCST, but better on the COWAT. Analyses demonstrated no
significant differences in performance on these cognitive tasks between individuals with and
without the aforementioned comorbidities. Individuals with extreme obesity that were with
or without comorbid conditions also did not differ on any demographic variables. This study
is unique in its comparison of individuals with obesity that are with or without metabolic
dysfunction and in its finding that adiposity is associated with improved performance on the
TMT. A particular weakness of this publication is the self-reported nature of the medical
comorbidities, though the authors note that participants had recent medical examinations at
the time of assessment.

In contrast to Boeka et al. (2008), a study conducted in a Canadian First Nations population
of 190 adults (age = 18) ranging in BMI from underweight to obese found the opposite
association between adiposity and TMT performance (Fergenbaum et al., 2009). In this case,
however, TMT-A and TMT-B were combined into a total score, TMT-exec, to capture
general executive function. Participants with a TMT-exec score indicating lowered cognitive
performance were classified as cases, while those with no evidence of impaired performance
were classified as controls. TMT cases were more likely to have higher BMI, increased waist
circumference, and higher systolic blood pressure than controls. Among participants without
diabetes in this sample, obesity was associated with a significantly increased risk of lowered
cognition, but insulin resistance, dyslipidemia, cardiovascular disease, and hypertension
were not. Metabolic syndrome in these participants was defined as having elevated waist
circumference, triglycerides, hypertension, and fasting blood glucose as well as lower high-
density lipoprotein. While having more than one symptom of metabolic syndrome was
associated with significantly increased risk for lowered cognition, it is unclear which of the
aforementioned measures were principally driving this effect. This study demonstrates that
adiposity independent of multiple metabolic markers can contribute to deficits in executive
function, though it is possible that elevated fasting blood glucose or lowered high density
lipoprotein were contributing the most variance in TMT-exec scores.

A robust study of approximately 2,000 middle-aged (32-62) French participants of the
VISAT cohort examined the association between adiposity across the BMI spectrum and
cognition (Cournot et al., 2006). Participants were free of dementia at the time of
participation, but included individuals with a diagnosis of diabetes, coronary artery disease,
hypertriglyceridemia, thyroid disease, and prior history of stroke. Participants were
administered neurocognitive tests to determine age-related learning differences (word-list
learning test), information processing speed (WAIS-DSST), and selective attention
(Selective attention test). BMI at baseline and scores on word-list learning and WAIS-DSST
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at a 5-year follow-up were significantly associated, such that higher BMI predicted lower
cognitive scores. This association persisted after correcting for diabetes, systolic blood
pressure, perceived health, age, sex, and education level. Like previous studies, this
publication demonstrates that adiposity independent of diabetes is associated with cognitive
decline. However, it remains unclear whether this relationship would change if specific
metabolic measures, such as insulin resistance (e.g. HOMA-IR), were included as covariates
in their analysis.

ADIPOSITY — Adults and Elderly

The relationship between adiposity and the onset of cognitive decline and dementia in the
elderly is poorly understood. Epidemiological evidence suggests that obesity in mid to late
life may predispose an individual to cognitive decline and dementia, while being
underweight preceding a diagnosis may hasten the onset of dementia (Gustafson, 2012;
Whitmer, 2007). To better understand this relationship, a prospective examination of
approximately 1,400 men and women ages 55-88 examined how various risk factors,
including BMI, were associated with cognition assessed 4—-24 years later (Elias et al., 2005).
Potential participants were excluded for a diagnosis of dementia, stroke, and cardiovascular
disease. Neurocognitive assessments included various subtests taken from the WAIS, the
Wechsler memory scale, and the multilingual aphasia examination and included logical
memory-immediate recall, visual reproductions, paired associate learning, word fluency,
similarities, digit span, and delayed recall. For men and women, obesity was predictive of
poorer cognitive performance after covarying for age, although this association was not
significant on the paired associate learning task in men. After including education,
occupation, English as a native language, age, and risk factors (hypertension, diabetes, BMI,
total cholesterol, and cigarette smoking) to their statistical model, the association between
obesity and lower cognition in females became non-significant. In males, this association
remained for visual reproductions and digit span backward. These results demonstrate that
obesity, independent of diabetes, is associated with poor cognition on tests of visual and
short-term memory in an elderly cohort.

Examining a broad range of ages allows for a better understanding of how cognition changes
across the lifespan, not just at a single time point or range of points. A study of 408 adults
from the Brain Resource International Database ranging in age from 20-82 years
accomplished exactly this, examining how cognition interacts with adiposity from early to
late adulthood (Gunstad et al., 2007). Potential participants were excluded for a history of
psychiatric diagnoses that may affect cognition as well as for several medical conditions,
including hypertension, diabetes, cardiac disease, thyroid disease, and sleep apnea. Eligible
participants were administered tests designed to gauge intellectual functioning (spot-the-
word), attention (digit span forward; choice reaction time; modified TMT-A; modified
spatial span), and executive function (modified Stroop test; modified TMT-B; Austin Maze).
Across the lifespan, BMI was associated with poorer performance on all cognitive variables
assessed, though BMI could only maximally account for about 4% of the variance in
performance on any given test. While increases in age were also associated with poorer
cognitive performance, there were no BMI x Age interactions on any tests. Finally, a main

Physiol Behav. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Farruggia and Small

Page 10

effect of BMI on performance was only evident for tests of executive function after adjusting
for confounds.

Another publication examining the effect of BMI on cognition in younger versus older
adults also sought to determine whether cognitive reserve exerts a protective effect on this
relationship (Kirton and Dotson, 2016). Cognitive reserve refers to a feature of an individual
that allows them to sustain more brain damage before exhibiting functional deficits. The idea
is that individuals with more cognitive reserve are able to process tasks in a more efficient
manner, and thus have brains that require fewer resources to operate effectively (Stern,
2002). Participants in this study were younger (mean age 21.10) and older (mean age 65.72)
community-dwelling volunteers 18-81 years of age and free of neurological conditions,
MRI contraindications, narcotic use, and comorbid medical conditions. Neurocognitive
measures included tests of processing speed (Stroop — Word Reading, Color Naming),
executive function (Stroop — Interference, TMT-B), and working memory (WAIS-111 — Letter
Number Sequencing, Digit Backwards). Years of education was used as a proxy for
cognitive reserve. A vascular risk score, created to capture diagnosis of diabetes,
hypertension, and hypercholesterolemia, was initially used as a covariate but was later
dropped after failing to account for significant variance in any analysis. Executive function
varied significantly as a function of age, with older adults performing worse than their
younger counterparts. In older adults, cognitive reserve, as quantified by years of education,
was not protective of BMI-related deficits in executive function. However, only younger
adults with low levels of education were susceptible to BMI-related deficits in cognition.
These findings demonstrate that adiposity, independent of diabetes, hypertension and
hypercholesterolemia, contributes to age-related cognitive decline and that cognitive reserve
(or education) is particularly protective of adiposity’s effects in younger adults.

ADIPOSITY — Elderly

Benito-Leon et al. were among the first and only to examine the relationship between
adiposity and cognition in a wholly elderly sample while also controlling for metabolic
deficits (2013). Their analyses of a central Spanish population of approximately 2,000
community-dwelling elderly participants ages = 65 again found a negative association
between BMI and cognition. Neurocognitive tests included assessments of global cognitive
performance, psychomotor speed, verbal fluency, and memory. Covariates included
demographic variables (including age) as well as medications with CNS effects, diabetes,
heart disease, hypertension, dementia, stroke, smoking/drinking, depressive symptoms/
antidepressant use, and waist circumference. Participants with a normal-range BMI
performed significantly better than participants with overweight and obesity on all tests.
However, after adjusting for the aforementioned covariates, obesity was significantly
associated with the lower quartiles of cognitive performance on 6 of 11 tests, namely
immediate logical memory, delayed free recall, TMT-A, verbal fluency, 37-Mini Mental
State Examination (MMSE), and pre-morbid intelligence. Overweight exhibited a similar
relationship but in only 4 of 11 tests, excluding verbal fluency and TMT-A. Strengths of this
investigation include adjustment for a multitude of variables that may indirectly impact
cognitive function such as antidepressants and other medications with effects on the CNS.
Furthermore, in adjusting for waist circumference, the authors argue they are accounting for
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the increase in adipose tissue without subsequent weight gain that often accompanies the
ageing process.

An assessment of approximately 2,700 elderly participants ages 65-94 participating in the
ACTIVE trial, in contrast, found the opposite association between obesity and cognitive
performance (Kuo et al., 2006). Here, participants were assessed on four cognitive domains
that included global cognition, memory, reasoning, and processing speed. On the Useful
Field of View task, designed to assess visual attention and processing speed, participants
with overweight and obesity performed better than their healthy weight counterparts after
correcting for demographic variables as well as smoking status, blood pressure, history of
diabetes, heart attack, stroke, and hypercholesterolemia (Ball and Owsley, 1993). Effect
sizes, however, were small (Cohen’s d= 0.13) and there were no other significant
differences in cognitive performance after adjusting for the aforementioned variables.

ADIPOSITY — Evidence from Magnetic Resonance Imaging

MRI has yielded unique insights into the relationship between changes in brain structure and
increased adiposity. For example, Pannacciuli et al. (2006) recruited 34 participants with
obesity and 36 participants with healthy weight that were free of T2D, hypertension, and
cardiovascular disease. Then, they used structural MRI to examine their brain anatomy.
Participants with obesity relative to their healthy-weight counterparts exhibited lower grey
matter density in a variety of brain regions, including cerebellum, motor cortex, frontal
operculum, putamen, and bilateral middle frontal gyrus. Increased grey matter volume,
however, was also found in multiple regions of occipital cortex and inferior frontal gyri.
White matter volume was notably increased in the striatum of participants with obesity.
While this study did exclude for a diagnosis of T2D, it is notable that participants with
obesity had significantly higher fasting insulin and fasting glucose levels compared to those
with healthy weight, which were not controlled for in these analyses. It is therefore likely
that metabolic dysfunction confounds these results to some extent. A subsequent
investigation of a cohort of 1,428 healthy Japanese subjects from the Aoba Brain Imaging
Project used volumetric and voxel-based morphometric analyses and related these measures
to BMI (Taki et al., 2008). These analyses included covariates for age, diagnosis of T2D,
and hypertension. There was a significant correlation between BMI and grey matter ratio in
men, but not in women, which manifested in multiple brain regions. These regions,
including medial temporal lobe, frontal lobe, and striatum, decreased in grey matter volume
as BMI increased. The opposite pattern was found in regions such as cerebellum, inferior
frontal gyrus, thalamus, and caudate. Such results demonstrate that BMI independent of a
diagnosis of diabetes may predict decrements in core regions responsible for executive
function (frontal lobe) and memory (medial temporal lobe). Increased grey matter volume as
a function of BMI could comprise a marker of resiliency. Last, a more recent diffusion
tensor imaging analysis of 103 adults varying in BMI found a negative correlation between
BMI and fractional anisotropy (FA) of the corpus callosum, an indicator of white matter
health in this region (Stanek et al., 2011). FA in the corpus callosum was also significantly
lower in subjects with obesity compared to those with healthy weight. These results were
obtained in a cohort free from a diagnosis of T2D, which suggests that these changes occur
independent of metabolic dysfunction. However, a significant weakness is that none of the

Physiol Behav. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Farruggia and Small Page 12

aforementioned MRI studies explicitly rule out an effect of prediabetes on these brain
indices.

METABOLISM - Children and Adolescents

While diabetes is typically thought to affect adults, T2D rates are increasing rapidly within
the child and adolescent population (Mayer-Davis et al., 2017). Strikingly, before the
mid-1990°s T2D diagnoses comprised only 1-2% of all diabetes diagnoses but now
comprises about 25-45% of all cases (Pulgaron and Delamater, 2014). Estimates suggest
that the incidence of T2D in children and adolescents currently ranges from 1-51/1000
(Pulgaron and Delamater, 2014). Comorbid with T2D are retinopathy, neuropathy,
nephropathy, and cardiovascular disease. This not only contributes to an increased risk for
mortality and additional morbidity, but also increases the economic burden of diabetes which
was approximated at $327 billion in 2017 (American Diabetes Association, 2018). T2D is
known to negatively impact cognitive function; however, whether these deficits emerge
independent of increased adiposity is unclear. Even less clear is whether these deficits
emerge in children and adolescents who are now at increased risk for developing T2D.

A study examining whether cognitive dysfunction is a cause or consequence of T2D did so
in a large cohort of 9,000 British children born in the late 1950’s (National Child
Development Study; Olsson et al., 2008). BMI was measured at 7 years of age and cognitive
assessments of general intellectual ability and reading comprehension were obtained at 11
years. Diagnosis of T2D was assessed at multiple time points after 16 years of age. Poorer
test scores at 11 years old were significantly associated with the development of T2D after
age 16, even after adjusting for BMI. The authors argue that cognitive deficits that emerge
early in life may play a large role in poor lifestyle choices that lead to T2D. A subsequent
publication demonstrates a similar relationship between impaired cognition and future
metabolic dysfunction in approximately 17,000 Israeli adolescents participating in the
Metabolic, Lifestyle and Nutrition Assessment (MELANY) cohort (Cukierman-Yaffe et al.,
2015). Participants were assessed for their General Intelligence Score (GIS) at 17 years of
age and were brought back about 7 years later to determine whether or not they had impaired
fasting glucose (IFG), a form of prediabetes. Those with higher GIS scores had a lower
incidence of IFG, even after adjusting for demographic variables and BMI. Analyses
covarying for the same variables determined that, for every one point lost in GIS, a
participant was 11% more likely to develop IFG. In total, these results suggest that
metabolic dysfunction in the form of T2D and IFG, independent of adiposity, may result
from impaired cognition in childhood and adolescence.

A third publication in children and adolescents examined the relationship between metabolic
syndrome and performance on various neurocognitive assessments in approximately 2,000
individuals ages 12-16 participating in the U.S. National Health and Nutrition Examination
Survey (NHANES-I111) (Rubens et al., 2016). Metabolic syndrome in these participants was
defined as having low HDL-C as well as high waist circumference, triglycerides, systolic
blood pressure, and fasting glucose. Neurocognitive assessments included the WRAT-R,
which comprised mathematics and reading tests, and the Revised Wechsler Intelligence
Scale for Children, which included the block design and digit-span subtests. After adjusting
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for BMI, individuals diagnosed with metabolic syndrome performed worse than their
healthy counterparts on both digit span and reading examination tests. Of note is the
definition of metabolic syndrome used in this publication, which includes waist
circumference, a measure of adiposity. However, when specifically examining metabolic
markers of systolic blood pressure and fasting glucose, participants with elevated levels of
these variables performed worse on digit span and reading examination tests, respectively.
This investigation provided the first evidence that specific components of metabolic
dysfunction in children and adolescents could correlate with specific negative changes in
cognition.

METABOLISM —Adolescents

If the aforementioned decrements in cognition associated with metabolic dysfunction do
indeed exist, it follows that these changes should manifest in the brain at a structural and/or
functional level. Yau et al. (2010) offered the first report demonstrating changes in brain
structure as a function of metabolic disease in adolescents. Here, 18 adolescents with obesity
and T2D and 18 controls with obesity only matched for demographic variables, BMI, and
waist circumference performed several neurocognitive assessments and underwent structural
MRI. Adolescents with obesity and T2D performed worse on all cognitive tests, which
included measures of intellectual capacity and academic achievement (Wechsler
Abbreviated Scale for Intelligence FSIQ, WRAT), memory (WRAML), attention and
psychomotor efficiency (DSST, Digit vigilance, WRAML), and executive function (WCST,
Tower of London, COWAT). Notably, these differences were associated with an average
medium to large effect size (mean Cohen’s o= 0.48). Because participants were matched on
both BMI and waist circumference and because sleep apnea did not correlate with cognition
in this sample, it is likely that a decline in cognition was influenced by metabolic
dysfunction rather than adiposity. Structural MRI demonstrated that, compared to controls
with obesity, the brains of adolescents with T2D and obesity had significantly smaller white
matter volume and significantly larger CSF volume. White matter diffusion abnormalities
were observed in right cingulate, left cerebral peduncle, and left temporal stem of
adolescents with T2D, while grey matter abnormalities were found in right superior
temporal gyrus, left prefrontal cortex, and right prefrontal cortex.

A study similar in design to that of Yau et al. (2010) found further alterations in structure in
particular regions of the brain responsible for executive function and memory, the frontal
lobe and hippocampus, respectively (Bruehl et al., 2011). 18 participants with concurrent
T2D and obesity and 18 controls with obesity only were matched on BMI, waist
circumference, self-reported sleep apnea, and demographic variables. While neurocognitive
tests were not administered, participants underwent structural MRI to determine whether
deficits emerge in the brains of those diagnosed with T2D. Indeed, hippocampal and
prefrontal volumes in those with T2D were significantly smaller when compared to
individuals with obesity but not T2D. HbAlc, a measure of the average level of blood sugar
in the past 2-3 months, was negatively correlated with prefrontal volume and positively
correlated with global cerebral atrophy in those with T2D. In total, these investigations of
adolescent populations suggest that, not only are changes in metabolic function associated
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with declines in cognition, but they also correlate with atrophy of brain regions that are
principally responsible for important cognitive functions, such as learning and memory.

METABOLISM — Adolescents and Adults

The prevalence of diabetes among U.S. adults has increased from 5.1% some thirty years
ago to approximately 14% today (Harris et al., 1998; Menke et al., 2015). Rates of metabolic
dysfunction are even higher, with an estimated 38% of adults classified as prediabetic
(Menke et al., 2015). An increased incidence of metabolic dysfunction in the form of
diabetes and prediabetes has consequences for the cognitive abilities of those diagnosed.
Indeed, meta-analyses suggest that adults with T2D have clear negative changes in motor
function, executive function, processing speed, verbal memory, and visual memory (Palta et
al., 2014). Similar to children and adolescents, it is unknown to what extent metabolic
dysfunction in adults contributes to cognitive deficits independent of the effects of increased
adiposity. The first and only study to examine effects of metabolic dysfunction in young
adulthood did so in a large cohort of 111 individuals from the New York City metropolitan
area. Yau et al. (2012) found that those participants with metabolic syndrome had poorer
spelling and arithmetic performance, as well as lower measures of attention and mental
flexibility than healthy controls. These findings again manifested as differences in brain
structure, as insulin resistance among participants with metabolic syndrome was
significantly associated with smaller hippocampal volumes after adjusting for BMI, age, and
gender. This result suggests that metabolic dysfunction independent of adiposity correlates
with lower hippocampal volumes even in young adulthood, a particularly vulnerable period
during development. Such changes in brain structure may predispose affected these
individuals to even more adverse outcomes later in life.

METABOLISM - Adults

Structural MRI methods have thus far been used to successfully demonstrate relationships
among adiposity, metabolism, and neural architecture. In contrast to structural MRI,
functional MRI (or fMRI) studies typically use cognitive tasks within the MR environment
to correlate the blood-oxygen-level-dependent (or BOLD) response of the brain with overt
behavior. In adults, these studies have successfully examined whether metabolic dysfunction
can impact brain activity. For instance, a study conducted on 32 participants ages 40-60
examined brain response to an n-back working memory paradigm as a function of insulin
sensitivity (Gonzales et al., 2010). While performance among participants with normal
weight, overweight, and obesity did not differ in terms of reaction time or accuracy, there
was a difference in brain response among BMI groups. Participants with obesity had
significantly lower activation in right parietal cortex compared to normal weight and
overweight participants in response to increased working memory load. Furthermore, higher
accuracy in this region of right parietal cortex was associated with greater task accuracy.
Insulin sensitivity fully mediated the relationship between BMI and right parietal cortex
activation, suggesting that insulin insensitivity is detrimental to the proper function of a
working memory-related region of the brain.

While imaging studies clearly demonstrate a relationship between metabolic dysfunction
and poorer structural and functional integrity of the brain, this does not provide definitive
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evidence of a relationship between metabolism and behavior. To examine this, cognitive
ability was assessed in a group of 70 young adults (Mean Age = 20.8 + 2.4) and related to
fasting blood glucose (Hawkins et al., 2016). Cognitive function was measured using the
Automated Neuropsychological Assessment Metrics-4, which consists of tests designed to
ascertain inhibitory control, working memory, and sustained attention. While none of the
participants had a diagnosis of T2D, higher fasting glucose in this sample was predictive of
poorer inhibitory control as evidenced by more commission errors on a Go-No-Go task.
When directly comparing participants with prediabetes to healthy participants, this effect
was both statistically significant and characterized by a large effect size (Cohen’s d=1.22).
A trend existed for a relationship between sustained attention and metabolic dysfunction, as
more errors of omission were committed on a Standard Continuous Performance Task the
higher a participants’ fasting blood glucose. All analyses in this study were adjusted for BMI
along with several demographic variables.

METABOLISM — Adults and Elderly

The transition from early to late adulthood is associated with an increase in glucose
intolerance and insulin resistance. Indeed, elderly individuals are more likely to experience
loss of mobility, physical inactivity, changes in body fat distribution, and poor dietary
choices that may all contribute to these changes (Schleen, 2005). Including elderly
individuals therefore can inform us on how such deleterious metabolic changes, independent
of adiposity, affect brain architecture and cognition as we age. Notably, a publication
examining approximately 1,300 German adults from early to late adulthood (i.e. ages 21-81)
found a significant negative relationship between whole-brain grey matter volume and both
fasting glucose and 2-hour post-load glucose after adjusting for several potential confounds,
including weight (Markus et al., 2017). Each Immol/l increase in fasting glucose and 2-hour
post-load glucose was associated with grey matter volume reductions of 7.02ml and 1.97ml,
respectively. Further, individuals classified as either having isolated impaired fasting glucose
and unknown T2D exhibited significantly lower mean grey matter volume compared to
those with normal glucose tolerance. The cross-sectional nature of this study makes it
impossible to determine whether these features are a cause or consequence of prediabetes.
However, these findings do lend strong evidence to the notion that metabolic dysfunction
independent of adiposity in these adults is associated with changes in brain architecture that
may in turn affect cognition. Additional evidence for a deleterious effect of metabolic
dysfunction is replicated in a cohort of approximately 3,000 Swedish adults ages 60 years
and older (SNAC-C cohort) (Marseglia et al., 2018). After controlling for BMI and
demographic variables, prediabetes compared to diabetes-free status was associated with
lower white matter volume and higher white matter hyperintensity volume in a subsample of
455 participants. Over a nine-year period, diabetes was significantly associated with a faster
increase in volume of white matter hyperintensities as well as with qualitatively lower white
matter volume. General cognition, as assessed using the MMSE, was also significantly
associated with metabolic dysfunction. After adjusting for covariates, both prediabetes and
diabetes status were associated with cognitive decline, with affected participants losing up to
a maximum of three points on the MMSE over the nine-year period. Hyperglycemia and
higher HbA1C levels were similarly associated with cognitive decline over this time period.
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Additional evidence for an effect of insulin resistance on brain atrophy is supported by a
study conducted on 372 individuals from 40-65 years of age participating in the Wisconsin
Registry for Alzheimer’s Prevention (WRAP) cohort (Willette et al., 2013). Participants
were given structural MRI scans, genotyped for APOE, assessed for fasting glucose and
insulin levels (HOMA-IR was then calculated), and administered the Rey Auditory Verbal
Learning Test (RAVLT) at baseline. Approximately four years later, 121 of these participants
were scanned again with structural MRI. Increased baseline HOMA-IR was significantly
associated with baseline grey matter deficits in medial temporal lobe structures such as the
hippocampus, parahippocampus, and amygdala. Only hippocampal and parahippocampal
deficits emerged as significant after covarying for BMI, though these were not correlated
with RAVLT scores. Further analyses determined that higher baseline HOMA-IR predicted
reduced grey matter volume in prefrontal gyri, hippocampus and parahippocampus, and
much of the cingulate cortex in the follow-up cohort four years later. An ROI analysis of
hippocampus and parahippocampus determined that atrophy in these regions correlated with
HOMA-IR and that this in turn mediated lower RAVLT scores after adjusting for covariates.
These results provide evidence that insulin resistance predicts reduced volume of brain
structures responsible for the formation and retrieval of memory that in turn mediates poorer
performance on tasks designed to ascertain these abilities. Of note, morphological changes
in medial temporal lobe structures often accompany dementia and Alzheimer’s disease.
Thus, the development of insulin resistance independent of increased adiposity may
represent a risk factor for these illnesses.

A subsequent study by the same research group examined the relationship between insulin
resistance and amyloid deposition in 186 members of the WRAP cohort with either a
positive or negative family history of Alzheimer’s disease. Amyloid plaques are formed by
B-amyloid, a 39 to 43 amino acid peptide that is neurotoxic and whose deposition has
previously been associated with aberrant medial temporal lobe function (Hensley et al.,
1994; Marks et al., 2017). Here, higher insulin resistance in normoglycemic participants
after adjusting for BMI was associated with greater amyloid deposition in frontal and
temporal ROIs as measured by PET. These results demonstrate that insulin resistance,
independent of adiposity, predicts amyloid deposition in key regions of the brain that
mediate executive function and memory. Notably, the authors caution against inferring
directionality or causality with regard to these findings, especially since these participants
are not cognitively impaired. Further, a general weakness of this study is the failure to
determine whether amyloid deposition and insulin resistance interact to predict
neurocognitive outcomes.

In contrast to cross-sectional studies, longitudinal studies allow researchers to determine
how changes in metabolic function affect cognition over time. Cognitive ability, assessed
using the CVLT, the Spot-the-Word test, Symbol-Digit Modalities test, and MMSE, was
measured longitudinally in a group of approximately 4,500 adult (ages 25-85) Australians of
the AusDiab cohort and related to metabolic markers (Anstey et al., 2015). A diagnosis of
diabetes at baseline and at a 5-year follow-up period across all participants was predictive of
slower processing speed 12 years after baseline. Younger males (ages 25-59) with higher
HbA1c at the 5-year follow-up time point were significantly more likely to have poor
memory, with a trend existing between high blood glucose in this group and worse memory,
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verbal ability, and processing speed. Over the course of the 12-year period, high, stable
patterns of HbA1c levels in males younger than 60 predicted significantly worse verbal
ability than those with normal, stable HbA1c levels. In females younger than 60, a similar
relationship existed between high, stable fasting plasma glucose and lower episodic memory
over the 12-year period. Additional latent class analyses demonstrate that increasing HbAlc
levels relative to normal, stable HbAlc predict lower scores on measures of global cognitive
function. All results were adjusted for BMI and several demographic variables, suggesting
that these relationships exist independent of adiposity.

A comparable longitudinal study of the Finnish Diabetes Prevention Study (DPS) examined
the relationship between impaired glucose tolerance, subsequent development of T2D, and a
variety of cognitive outcomes (Lehtisalo et al., 2016). Participants consisted of 364
individuals ages 45-65 with impaired glucose tolerance at baseline. These participants were
randomized into two intervention groups, individualized dietary and exercise counseling or
general health advice, which lasted for a mean duration of 4 years. At a 9-year time point,
participants were given neurocognitive assessments which included the Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD-TS) battery and the TMT-A. These
assessments were administered twice within a 2-year period, though only 282 participants
had both CERAD time points and 277 had both TMT-A time points. While mean CERAD-
TS scores improved over time in non-diabetics and short-term diabetics, performance
declined in long-term diabetes (duration > 7.5 years). After adjusting for BMI, individuals
with diabetic glucose concentrations performed significantly worse on the TMT-A with a
trend toward worse performance on the CERAD-TS compared to those with normal glucose
levels. Further, increases in HbALc over the course of the study were associated with lower
CERAD-TS scores, but not TMT-A scores, after adjusting for BMI. A trend existed for the
same relationship between increases in fasting glucose and 2-h glucose and cognition.

Finally, evidence suggests that insulin resistance itself, even in the absence of a diagnosis of
T2D, may correlate with lower cognitive functioning independent of increased adiposity.
Bruehl et al. (2010) compared cognitive function in 92 middle-aged and older volunteers
who were either healthy or insulin resistant without a diagnosis of T2D (i.e. fasting glucose
< 126 mg/dl). Participants were assessed on measures of declarative memory, working
memory, executive function, attention, and general intellectual functioning. Participants with
insulin resistance performed worse on all measures of cognitive functioning in comparison
to healthy controls, with a significant effect in the domains of executive function and
declarative memory. After adjusting for BMI, however, only the effect on declarative
memory remained significant. In parallel to Anstey et al. (2015), this study found that
HbAXc levels predicted poorer cognition, but this effect was specific to the domain of
executive function.

METABOLISM - Evidence from Hispanic and Latino Americans

Previous studies have found that diabetes prevalence is much higher in Hispanic-Americans
than among white non-Hispanics (Schneiderman et al., 2014). A study of incidence rates in
four major U.S. metropolitan areas found that approximately 18.3% of Mexican Americans
ages 18-74 had diabetes, compared to 11.3% for adult non-Hispanic whites (Menke et al.,
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2015). It is therefore particularly important to examine the influence of metabolic
dysfunction on cognition in these populations, as they share a disproportionate amount of
the burden. To accomplish this, a study examined the relationship between cognitive
function and glycemic control among participants of the Hispanic Community Health Study
(HCHS), a cohort comprised ultimately of 1794 Hispanic adults 45-76 years of age
following subject exclusion (Strizich et al., 2016). Neurocognitive tests included the
previously-described DSST, Spanish English Verbal Learning Test, and word fluency test. A
global cognitive measure was created out of the sum of each test score. Analyses were
adjusted for demographic variables as well as history of cardiovascular disease and BMI.
Experimenters found that the odds of uncontrolled diabetes (i.e. HbAlc = 7%) were higher
for individuals with lower DSST scores. No such relationship was found with the other tests.
A similar study of a larger, slightly older cohort of Hispanic participants found additional
correlations between metabolic dysfunction and cognitive outcomes independent of
adiposity. Here, 600 participants ages 55 to 64 from the Northern Manhattan Study of
Metabolism and Mind were assessed for metabolic measures and administered a
neurocognitive battery (Luchsinger et al., 2015). This battery consisted of tests of memory
and executive function, and included the Color Trails Test (memory), verbal fluency
(memory), and the Selective Reminding Test (SRT) (executive function). After covarying for
BMI, demographic variables, and vascular risk factors, experimenters found that individuals
with high HbA1c had lower SRT total recall and delayed recall scores, but no effect was
observed on recognition scores. Diabetes status was significantly associated with lower
scores in total recall, but not for delayed recall or recognition. Further, prediabetes status
was associated with lower performance on both Color Trails 1 and 2, but no effect was found
for verbal fluency. Finally, experimenters related composite Z-scores of executive function,
memory, and global cognition to their metabolic parameters of interest. A trend existed for
an anticorrelated relationship between executive function z-scores and HbAlc, as well as for
global cognition z-scores and diabetes status. A significant association after adjusting for
covariates was only found between executive function z-scores and prediabetes status. These
results demonstrate a clear relationship between metabolic dysfunction and cognitive decline
in an adult Hispanic population independent of adiposity.

DISCUSSION

Evidence from the literature suggests that both adiposity independent of metabolic
dysfunction and metabolic dysfunction independent of adiposity can adversely impact
cognition throughout the lifespan. In this review we have found consistent evidence for these
effects on performance on tasks of attention, intelligence, memory, cognitive flexibility,
processing speed, and general executive function, as well as structural brain abnormalities in
frontal and medial temporal lobe regions (see Table 1 and Fig. S1-2). The biological bases
of these effects are likely bidirectional and certainly reflect multiple pathophysiological
mechanisms.

Adiposity can have dramatic consequences on body physiology, including systemic
inflammation, reduced cardiac fitness, and vascular changes, which can impact cognition
(Gunstad et al., 2007). Evidence suggests that obesity can induce chronic low-grade
inflammation that directly harms neurons independent of its effects on metabolism
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(Spyridaki et al., 2016). This process occurs as adipocytes increase in size leading to a
systemic pro-inflammatory response that causes adverse changes to neuronal circuitry,
metabolism, endocrine response, and can even harm hippocampal neurogenesis (Spyridaki et
al., 2016). Recent evidence has found that inflammation in humans predicts poorer
performance on tests of memory and executive function as well as reduced brain grey matter
and white matter volume, which is directly correlated with BMI (Marsland et al., 2015).
Additional analyses found that associations between BMI, cognitive function, white matter
volume, and grey matter volume were directly mediated by a composite of inflammatory
markers plasma interleukin-6 (IL-6) and C-reactive protein (CRP) (Marsland et al., 2015).

Adiposity may directly impact cognition through its effects on cardiovascular fitness.
Hypertension resulting from increased peripheral adipose tissue can harm the integrity of
cerebral vasculature, leading to ischemic damage of brain white matter (ladecola et al.,
2016). Further, hypertension and cardiovascular disease predict increased incidences of
silent infarcts that in turn predict significantly poorer performance on tests of memory and
attention (Fanning et al., 2014; Squarzoni et al., 2017). Increased fat deposition in the tongue
and increased tongue volume has been found in sleep apneics with obesity compared to
controls (Kim et al., 2010; Chi et al., 2011). Sleep apnea’s deleterious effects on cognitive
function are extensive, and have been observed in the domains of memory, executive
function, and psychomotor speed (Gagnon et al., 2014). Increased body fat, even in the
tongue, can cause downstream effects on cognition that exist independent of any relationship
between body fat and metabolism.

Metabolic dysfunction and insulin resistance in particular are known to have, among other
effects, damaging impacts on brain vasculature, inflammatory processes, and mitochondrial
function, which can alter cognition. In the brain, mitochondrial dysfunction leading to
elevated Reactive Oxidative Species (ROS) has been linked to early brain ageing (De Felice
and Ferreira, 2014). Insulin is known to exert protective effects against oxidative stress in the
brain, and thus central insulin resistance can act in concert with mitochondrial dysfunction
to promote cognitive decline (De Felice and Ferreira, 2014; Ramalingayya et al., 2017).
Hyperglycemia itself can alter polylol and hexosamine pathways and increase glycation end
products, which could alter cognition via enhanced oxidative stress, tissue damage, and
cellular dysfunction (Pennathur and Heinecke, 2007; Kodl and Seaquist, 2008; Yaffe et al.,
2012).

Insulin resistance also plays a role in the pathophysiology of neurodegenerative diseases,
such as Alzheimer’s disease (AD) and vascular dementia (Craft and Watson, 2004). In
particular, insulin resistance in AD potentiates brain amyloidosis and alters clearance of
amyloid beta, which can have direct effects on memory (Craft and Watson, 2004). Animal
models demonstrate that insulin binding sites are highly concentrated in hippocampus, and
thus impaired insulin signaling in this region may directly affect learning and memory
separate from its role in AD pathology (Dore et al., 1997; Bruehl et al., 2009). Similarly,
elevated blood glucose has been found to predict hippocampal and amygdalar atrophy,
accounting for 6-10% of volume change in these brain regions (Cherbuin et al., 2012).
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Insulin plays additional roles in altering brain structure and function. In the periphery,
insulin signaling in endothelial cells plays a pivotal role in glucose uptake and vasodilation
within muscle, which can be negatively impacted by insulin resistance (Kubota et al., 2011,
Steinberg et al., 1996). Similar dysfunction in endothelial cells comprising the blood brain
barrier could theoretically impair cognitive processes as well. While adipose tissue can
induce a systemic inflammatory response leading to poorer cognition, insulin resistance
itself can also lead to inflammation. For example, evidence suggests that increased mean
fasting insulin and HOMA-IR significantly predicts elevated serum CRP, a marker of
systemic inflammation, independent of BMI (Gelaye et al., 2010). Higher IL-6 has also been
found to correlate with IFG/IGT status independent of adiposity (de Rekeneire et al., 2006).
Again, both of these markers are inversely correlated with cognition (Wright et al., 2006;
Sweat et al., 2008).

Evidence suggests that metabolic dysfunction and adiposity may both affect cognition
independent of one another. However, obesity-related cognitive decline is likely not just a
consequence of the downstream effects of excess adipose tissue and insulin resistance, but a
cause as well. Lower childhood 1Q is predictive of adult BMI, suggesting that individuals of
lower 1Q may make poorer food choices and engage in a less healthy lifestyle that ultimately
leads to obesity (Chandola et al., 2006). This results in a “vicious cycle” where lower
cognitive abilities perpetuate obesity and insulin resistance, which in turn perpetuate
cognitive decline through the lifespan. This cycle is best evidenced by rodent models, in
which excessive intake of a western diet directly causes hippocampal dysfunction and
subsequent impaired memory inhibition, which leads to increased responding to appetitive
food cues (Kanoski and Davidson, 2011). If an organism is ‘pushed’ into this cycle by a
predilection to make poorer food choices due to lower 1Q or pre-existing impairment in
executive function, they will be stuck in this cycle.

CONCLUSIONS

In conclusion, we have found evidence from the literature suggesting that increased
adiposity and metabolic dysfunction associated with obesity may affect cognition
independent of one another. Memory, executive function, and medial temporal lobe
structures seem particularly affected by these processes. These changes may likely occur due
to both distinct and overlapping physiological changes, such as increased central
inflammation, oxidative stress, sleep apnea, decreased neurogenesis, and silent infarcts,
which can directly impact brain function. We recommend more prospective and longitudinal
studies, particularly ones that seek to determine whether potential deficits in cognition are a
cause or consequence (or both) of insulin resistance and adiposity.
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Highlights

. Adiposity and metabolic dysfunction may independently and adversely alter
cognition

. Effects have been found on attention, memory, and executive function, among
others

. Structural and functional changes occur in frontal and medial temporal brain
regions

. Additional longitudinal studies are needed to resolve cause versus
consequence
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