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Abstract

Objective—This review focuses on the relationship between obesity and aging and how these
interact together to affect cognitive function. The topics covered are guided by the Scaffolding
Theory of Aging and Cognition (STAC; Park & Reuter-Lorenz, 2009—a conceptual model
designed to relate brain structure and function to one’s level of cognitive ability.

Methods—The initial literature search was focused on normal aging and was guided by the key
words, “aging, cognition, and obesity” in “PUBMED”. In a second search we added key words
related to neuropathology including words “Alzheimer’s Disease”, “Vascular dementia” (VaD) and
“Mild Cognitive Impairment” (MCI).

Results—The data suggest that being overweight or obese in midlife may be more detrimental to
subsequent age-related cognitive decline than being overweight or obese at later stages of the
lifespan. These effects are likely mediated by the accelerated effects obesity has on the integrity of
neural structures, including both gray and white matter. Further epidemiological studies have
provided evidence that obesity in mid-life is linked to an increased risk for AD and VaD, most
likely via an increased accumulation of AD pathology.

Conclusion—While it is clear that obesity negatively affects cognition, more work is needed to
better understand how aging plays a role and how brain structure and brain function might mediate
the relationship of obesity and age on cognition. Guided by the STAC and the STAC-R models, we
provide a roadmap for future investigations of the role of obesity on cognition across the lifespan.

Keywords
Obesity; aging; adult lifespan; cognitive and brain function; Alzheimer’s Disease

Introduction

Obesity is a growing global health issue with an increasing prevalence in both children (1)
and adult populations. There are more than 1.4 billion overweight adults and an additional
500 million adults classified as obese world-wide (2). The World Health Organization
distinguishes between overweight and obese individuals. Individuals with a BMI index of >
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30 kg/m? are defined as obese, whereas individuals with a BMI index of 25 to 29 kg/m? are
considered overweight. In addition to BMI, these weight classifications can also be
measured by waist circumference. Obesity is important to study because it is associated with
a risk to develop a number of medical conditions. For instance, obesity is a major risk factor
for type 2 diabetes which is linked to metabolic syndrome, an even more complex disorder
that includes a constellation of symptoms such as hypertension and dyslipidemia (3).
Additionally, prospective cohort studies have reliably linked overweight status and obesity to
coronary artery disease, congestive heart failure, and gallbladder disease using waist
circumference (WS) to determine overweight and obese status (4).

Besides increasing the risk for a number of concomitant medical conditions, obesity and
type 2 diabetes are also associated with cognitive decline (5-9), and even with a diagnosis of
dementia in later life (10). These findings are of considerable concern, as it is well-
documented that even the healthiest adults show age-related declines in basic cognitive
operations, including speed of processing, working memory, reasoning, and episodic
memory, as shown in Figure 1. If obesity status incurs additional decline in cognition, the
effects of obesity should have the greatest impact in old age, when cognitive resources have
dwindled. Figure 1 also displays a reliable age-related increase in world knowledge,
suggesting that increased experience and knowledge accrue with age and might confer some
support for preserving the ability to function in everyday life (11-15).

Although obesity and aging are both associated with cognitive decline, very little is
understood about how they interact together to affect cognitive function across the lifespan.
Of particular concern is whether there is a synergistic effect of obesity and older age that
could accelerate normal aging processes or even increase the risk for pathological aging
processes such as dementia. In the current review, we consider the limited literature
addressing the joint effects of obesity and age on cognitive function, as well as the effect of
obesity and age on underlying neural structures and functional brain activity. This review is
guided by the Scaffolding Theory of Aging and Cognition (STAC)—a conceptual model that
relates structural and functional age-related changes to the ability of the brain to respond to
these biological aging processes through compensatory scaffolding (e.g., additional bilateral
recruitment, increased recruitment of frontal-parietal areas, neurogenesis) (16, 17).

We then consider whether obesity increases the risk for neurodegenerative disease such as
Alzheimer’s Disease (AD) and vascular dementia (VaD) in late adulthood and examine
different approaches that have been taken in an effort to understand the impact of obesity
and related comorbidities on disease progression to AD. It is critical to understand who may
be most at risk for AD as that understanding will ultimately shape and improve the design
and effectiveness of intervention strategies. We close this review by providing a roadmap for
future investigations of the role of obesity on cognition across the adult lifespan.

1. The Scaffolding Theory of Aging and Cognition (STAC)

The last decade has been one of remarkable discovery of how the structure and function of
the brain changes in response to aging, and how these changes affect humans’ ability to
process information and maintain cognitive function as they age. Early neuroimaging tools
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initially permitted scientists to see the structure of the human brain and relate it to cognitive
function. Structural studies demonstrated that many structures of the brain decreased in
volume with age, particularly the frontal cortex, and that these volumetric changes affected
cognition (18).

Eventually, in the 1990’s, the ability to see functional activity in the brain became available.
Pioneering studies that examined neural circuitry with age demonstrated that older adults
showed greater neural activity in frontal cortex than young, and in particular, that older
adults tended to activate prefrontal regions bilaterally for verbal encoding and working
memory tasks, compared to young adults who showed activation primarily in left prefrontal
regions (19-21). At the same time that functional work on the aging brain was developing,
there was also a focus on white matter structure and integrity in the aging brain. This
research demonstrated that small white matter lesions or hyperintensities that occurred with
age negatively affected cognitive function (22). More recently, diffusion tensor imaging
techniques have become available that allow for even more microscopic measurement of
white matter integrity (23). In addition, molecular imaging was making strides to allow
scientists to measure amyloid protein deposition (the plaques associated with Alzheimer’s
disease) (24) on the brain.

The initial work in the field of cognitive neuroscience of aging was focused on separately
investigating different aspects of neural structure and function that contributed to age-related
differences in cognitive performance in older adults. As the field matured, in order to
develop a better understanding of both neural degradation and plasticity with age, it became
increasingly important to begin to integrate and understand how measures from these
imaging modalities interact together to produce cognitive behaviors.

STAC was developed by Park and Reuter-Lorenz (2009) and was aimed to integrate
measures of both brain structure and function to understand how these factors might operate
in concert to control the expression of cognitive aging in older adults. STAC posits that even
in healthy adults, there is some degradation of both neural structure and function with age
(see Figure 2). Structural declines include volumetric reductions of brain tissue, particularly
in frontal regions (18), decreases in dopamine receptors(25, 26), and increases in amyloid
deposition(27). Declines in neural function are evidenced by dedifferentiation (a decreased
specialization of neural tissue to visual categories such as faces, and houses (28)), decreased
control of brain networks, particularly the default network(29), and decreased hippocampal
activity (30). The scaffolding model suggests that individuals who have accrued multiple
neural insults will perform most poorly. Thus one would predict that with frail older adults
are likely to have accumulated multiple neural insults thus would show steeper cognitive
decline, than those with a lower neural burden.

A key element of the model is that the aging brain has the capacity to adapt to brain
degradation by developing neural scaffolds (i.e., supportive neural structures and neural
activity) that minimize or compensate for some aspects of neural degradation and in turn
minimizes the impact of this degradation on cognition. Of particular importance in this
model is the compensatory role of enhanced frontal activation, particularly bilateral activity
in older adults when younger counterparts show more focal unilateral activations (19, 31).
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Finally, the model suggests that it may be possible through behavioral interventions such as
exercise, cognitive engagement, new learning, or cognitive training, to enhance the
development of neural scaffolds and support cognitive function.

2. The Impact of Obesity on Cognition across the Adult Lifespan

The major outcome variable of the STAC model is an individual’s level of cognitive
function, which is determined by a host of influences including structural and functional
markers of brain aging as well as the ability to adapt to these changes utilizing compensatory
scaffolding. Individual differences such as obesity appears to be one of many factors that
influences one’s level of cognitive function, thus it is important to examine if evidence exists
that shows direct effects of obesity on cognitive function and whether these relationships are
differentially expressed across the adult lifespan.

There are a handful of cross-sectional lifespan studies (e.g.. studies that included individuals
ranging in age from about 20 to 90 years old) that examine the effect of obesity on cognition
and these report overall negative effects of being overweight, or obese, on both global
cognitive functions and specific domains of cognition, including attention, executive
function, speed of processing and verbal memory (e.g., (32, 33)). In a community-based
sample of older adults (Mage = 65.7), obese adults showed lower global cognitive
performance after controlling for other risk factors such as hypertension, total cholesterol
and cigarette smoking (6). These associations were more pronounced in men than in women.
In another study, overweight status was negatively associated with executive function, but
not with attention (32), even after controlling for demographic variables such as education,
sex, depression and anxiety (N = 408; M,ge = 48.67; Age Range: 20-82). In a large
population-based study (N = 1959; Median,ge = 74), the investigators reported that obesity
negatively affected attention, verbal fluency, verbal memory, pre-morbid intelligence, and
logical memory even when controlling for comorbidities such as type 2 diabetes,
hypertension, dementia, as well as smoking, drinking behavior, and medication intake, and
nevertheless (33). Although the effect sizes are moderate, lifespan and population-based
studies suggest a general negative effect of obesity on cognitive function.

In the aforementioned studies, the most negative impact occurred in mid-life compared to
late life (age > 65). More evidence of this trend comes from a study in which long-term
obesity that existed from early middle-adulthood (Mage =41) to late midlife (Mage= 61) was
linked to lower scores on the Mini-Mental State Examination Test (MMSE) and to poorer
performance on memory and executive functioning tasks (34). Interestingly, adjusting for
cardiovascular risk factors (e.g., health behaviors, blood pressure, and cholesterol) in early
mid-life attenuated, but did not entirely eliminate, the effect of obesity on lower cognitive
performance (34). Thus, the strongest negative effect on cognition in this sample was related
to obesity in early midlife.

Some data even suggest that being obese, or overweight, in late life has positive effects on
cognition. For example, for individuals at later ages of the lifespan (age 65-94), there is
some evidence that being overweight was positively related to reasoning, visuo-spatial
abilities and speed of processing. Moreover, individuals classified as obese in late life
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(Mediangge = 73.8) showed superior visuo-spatial abilities and speed of processing
performance compared to normal-weight individuals, even after controlling for sex, blood
pressure and Type 2 diabetes (35). Other results demonstrated that being overweight and
obese in late life (Mediangge = 75.4) was associated with less impairment in instrumental
activities of daily living and a slower reduction of MMSE scores over 5 years, findings
congruent with evidence that there may be some beneficial effects of being overweight or
obese in old age (36).

Non-linear and age-dependent effects of obesity on cognition are further confirmed by short-
term longitudinal data that studied four cohorts of adults beginning at age 32, 42, 52, and 62,
with a second wave of data collected five years later. Results showed that increased BMI at
baseline was indicative of cognitive decline in domains of verbal memory and speed of
processing, but also provided evidence that change in BMI over the five-year period was not
predictive of change in cognitive function over time (5). Midlife obesity (i.e., indivduals
aged 40-69) was negatively correlated with visuo-spatial performance and executive
function but not memory over a time span of 8 to12 years (8).

The paradoxical finding that greater BMI has a more deleterious effect on cognitive
outcomes in late life, when measured in middle age as compared to measurements taking in
old age that can be explained via several hypotheses: (1) Advanced age (> 65) has been
shown to be particularly vulnerable to loss of skeletal mass which in turn has been
associated with lower cognitive functioning (37). Further, loss of skeletal mass has been
shown to be negatively associated with BMI (38). These data suggests that specifically in
older adults the maintenance of skeletal mass via higher BMI may be protective of cognitive
function. (2) Another possibility is that some middle-aged obese adults experience mortality,
leaving a healthier sample of obese adults in old age as assessed in cross-sectional studies.
(3) Finally, some researchers have argued that BMI measurement neglects the original
distribution of lean and fat tissue masses in evaluating adiposity and suggested that central
adiposity (i.e., hip-waist ratio or waist circumference) is a better suited measure to assess
obesity (39). Interestingly, central adiposity is closely related to cardio-metabolic risk (40)
and may be more consistently associated with the negative effects of cognitive function in
older age (41). The true nature of this relationship can only be ascertained with careful
longitudinal study designs.

We note there are some methodological issues that limit the interpretation of the effects of
obesity on cognition. Some studies control for comorbidites of obesity (e.g., blood pressures,
vascular disease, Type 2 diabetes, metabolic syndrome) while others prioritize the
importance of psycho-social and demograhic variables (e.g., stress, anxiety, depression,
perceived health, age, sex, education).

A recent study attempted to disentangle the effect of differential metabolic phenotypes (high
triglycerides, high blood pressure, and elevated cholesterol levels) on cognition in
participants (Age range: 39-63 years) classified as normal weight, overweight, or obese
(42). Similar to other findings, they reported that obesity and abnormal metabolic
phenotypes at baseline were negatively associated with cognition. Moreover, mid-life
obesity and metabolic abnormalities were associated with cognitive decline over a
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subsequent period of ten years. These important findings suggest that the effects of BMI and
metabolic abnormalities on cognition persist over time and the investigators conclude that it
may amplify cognitive decline. Similar synergistic effects of obesity on cognitive function
and related metabolic factors were observed for hypertension and obesity on visuo-spatial
task and verbal memory tasks (43).

Overall the current data suggest that being overweight or obese at midlife may be more
detrimental to subsequent cognitive decline than the same status at later ages of the lifespan.
Also, differential cognitive effects associated with obesity are more apparent for executive
functioning tasks and neuropsychological tests of speed of processing , which are sensitive
to vascular compromise (44) compared to episodic memory tasks (45), which tend to be
more sensitive to Alzheimer’s disease. This task-disease correspondence is consistent with
the notion that obesity and its accompanying conditions are related specifically to vascular
cognitive impairments (8). Lastly, directly assessing the effect of overweight status and
obesity on age-related differences in cognitive function warrants the inclusion of covariates
(i.e., hypertension, type 2 diabetes, cerebral vascular disease, metabolic abnormalities) that
may modify or mediate the relationship of obesity on age-related cognitive differences,
either idependently (8) or additively (42).

2a) Aging, Obesity, and Brain Structure

The STAC model proposes that structural brain aging directly affects age-related cognitive
functions through neural challenges including volumetric reductions, changes to the macro-
and microstructure of the white matter, elevated amyloid burden, cortical thinning and
dopamine depletion (17). Obesity and its associated cardio-vascular risk factors may directly
increase the amount of neural challenges a person has to sustain. Therefore the relationship
of overweight and obesity affect the burden of neural challenges and in turn affect cognitive
function.

Initial work on obesity and brain structure examined the association between BMI and
global brain volume in cross-sectional study designs (N = 114, Age Range = 40-66 years,
Mage = 54.2), and found that higher levels of BMI were associated with lower global brain
volume, even after controlling for age, hypertension and cholesterol levels (46). A
longitudinal study over six years in older adults (Mage = 59.8) examined predictors of brain
atrophy (e.g., age, cholesterol level, hypertension, BMI, fasting glucose) and reported that
BMI was the strongest predictor of gray matter volume decline (47). Regional effects of
BMI on gray matter differences have been reported recently in a group of older adults
(N=94; Mage =75.3) that included regions in the frontal lobes (e.g., the anterior cingulate)
and in subcortical regions (e.g., the hippocampus and thalamus) (48). Other regional effects
of obesity on brain volume were observed in individuals who maintained obesity status over
a five-year period. Specifically, dorsolateral prefrontal cortex (DLPFC) was preferentially
vulnerable to atrophy in obese individuals (Mage =75) when compared to individuals who
maintained a normal weight (49). Although, only a few studies have examined the
relationship of obesity on gray matter differences thus far, it is noteworthy that medial
temporal (i.e., hippocampus) and frontal regions (particularly, anterior cingulate, DLPFC)
appear to be particularly vulnerable to obesity.
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Additionally obesity effects on frontal white matter have been reported in a study of healthy
middle-aged adults (N = 50; Mage = 41.7 +/- 8.5 years) using spectroscopy with N-
acetyalsparate, a microstructural marker of neural viability (50). High levels of BMI were
associated with low neural viability , particularly in frontal and parietal cortex (50).
Additional negative effects of BMI were observed in older adults (N =138; Mgge = 71.3) for
white matter fiber integrity in the genu and the cingulate, as measured by fractional
anisotropy, even after controlling for other potential vascular and inflammatory conditions
(51). In addition to microstructural changes of the white matter, macrostructural differences,
as indexed by white matter hyperintensities, have been linked to increased BMI in the
elderly (N=122; Mage = 69.7; Range: 60-83) (52).

We also note that the data reviewed here on the association of obesity to brain structure
provide initial evidence that areas most vulnerable to the aging process (i.e., frontal and
anterior brain regions) seem to be particularly sensitive to obesity as well, reflecting Ribot’s
law: “last in — first out” first introduced by Théodule Ribot, a French philosopher. The
theory postulates that brain regions that phylogentically and ontogenetically emerge first are
most resistant to the aging process whereas regions that emerge late in the adult
development, are more vulnerable to aging.

Thus far, we have provided clear evidence that obesity negatively affects neural structures in
both the middle-aged and the elderly. Quite interestingly, a very recent study extended these
negative obesity effects to young adults (Mage = 27) when comparing volume differences
between obese and normal weighted women (53). Furthermore, a meta-analysis of 67
studies examining the relationship of obesity and neurocognitive function in children
indicated that even obese school-aged children exhibit diminished executive functions
compared to normal weight children (54). These results indicate obesity exerts a negative
effect on brain structure across the lifespan, beginning in childhood, and is associated with
both gray and white matter changes.

The mechanisms by which obesity results in differences in brain structure are not well
understood. However some hypotheses that have been proposed as follows: 1)
Hyperglycemia (higher blood glucose levels) is associated with a high fat diet and has been
shown to damage to the vascular system and may indirectly affect brain shrinkage through
decreases in neurons or impaired neurogenesis (55). 2) Recent evidence suggests that the
increased production of triglycerides and fatty free acids associated with obesity may cause
a chronic inflammatory response in the central nervous system which also affects the brain
(56). 3) Finally, a reduction of dopamine-related pathway activities has been proposed to
underlie patterns of increased activation in reward-related areas during food processing in
obese individuals, as well as a lack of inhibitory responses to food in the DLPFC. The
consequences of this would be increased consumption of food resulting in obesity (57).

In summary, global and regional age-related gray matter changes as well as microstructural
and macrostructural differences in the white matter of the brain are associated with obesity
and increased BMI.
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The data reviewed thus far suggest that structural effects mediate the relationship between
obesity and cognition. However, it is also possible that age interacts with obesity such that a
life history of obesity combined with age results in accelerated brain shrinkage and
accelerated age-related cognitive decline. Although little work has been done examining this
question, initial research suggests that obese older adults show accelerated gray matter
shrinkage in DLPFC and decreased performance on the trail-making tasks relative to normal
weight controls (50). However, others failed to find a moderating effect of structural gray
matter differences on the relationship between obesity and cognitive function, including
episodic memory, working memory or processing speed (46). At this point, there is simply
insufficient data to draw conclusions about the interactive effects of obesity and age on brain
structure and cognition. Important work remains to be done in this domain.

With the advent of functional magnetic resonance imaging (fMRI) great progress has been
made in advancing our understanding about the neural function of the aging brain (17, 58).
In the next section we will briefly review the general pattern of functional brain aging and
will further examine the idea that obesity may alter functional activation patterns across the
lifespan.

2b) Aging, Obesity, and Brain Function

Aging is accompanied by differences in brain function across a range of different tasks (59).
Neuroimaging studies examining patterns of activation during perception of different object
categories (e.g., faces, chairs, houses, etc.) found that young adults showed distinct neural
responses to each category in specific areas of the brain. For example, young adults
selectively activated the fusiform gyrus to faces, the lateral occipital cortex to objects, and
the parahippocampal region to houses (60-63). However, with advanced age (e.g., Age
Range = 64-79), these activation patterns become less selective to each category across
multiple regions (17, 28, 64, 65). This dedifferentiation of brain activity indicates that, even
at the level of perception, age exerts an effect on the brain’s ability to respond to objects
early in the processing stream (66). In addition to perceptual processes, memory has been
the focus of many research studies designed to understand the neural basis of age-related
differences in memory performance, with a focus on the hippocampus and other medial
temporal regions (31, 67-74). Studies have revealed that with normal aging, medial temporal
recruitment is diminished and may be compensated for by additional recruitment of frontal
cortex areas (30).

One of the most intriguing results from functional neuroimaging studies in younger and
older adults is evidence of increased frontal activation in older adults compared to young.
Young adults typically show primarily left frontal activity to verbal encoding tasks, but older
adults show a bilateral activation pattern in homologous frontal regions for the same task
(19, 75-78). Researchers have speculated this increased pattern of activity is evidence of a
compensatory mechanism for the compromised aging brain structure and that the additional
neural activity facilitates task performance (17, 76, 78), although there is still some debate
on this issue(79).

In addition to understanding age-related differences in neural function during various
cognitive processes, researchers have also mapped the fundamental properties of brain
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activity in young and old during quiet states (or resting states) when no cognitive task was
presented (80-83). Initial studies of young adults showed that activation patterns during
resting state resulted in a network of activation that spanned the precuneus, anterior and
posterior cingulate, medial prefrontal cortex, lateral temporal, parietal cortex and the
hippocampus (84-86). Because of the coherent pattern of activation observed in these
regions during a resting state, researchers termed this set of regions the “default mode
network” (84). Studies have consistently shown that with advanced age, coordinated activity
between the areas of the default mode network decreases, suggesting a disruption of the
endogenously evoked brain signal with aging (80, 82, 83). Furthermore, studies have shown
that under cognitive challenge, older adults have more difficulty switching out of the default
state, resulting in default mode activity that is more active and less suppressed during a task
in older adults compared to younger adults (81, 87).

In summary, aging is associated with fundamental changes in brain function including
dedifferentiation of the ventral visual cortex to categories, decreased activity in the medial
temporal lobe during episodic memory tasks, and increased recruitment of frontal and
parietal regions, which may compensate for deficiencies in brain structure and function.
Moreover, there is a reliable pattern of age-related difficulties in suppressing the activity of
the default mode network during cognitive task performance and less coherence among the
regions of the network during resting state.

What is known about the relationship of obesity to these patterns of age-related differences
in neural activity? The answer is “very little,” as most neuroimaging studies of obese adults
have focused on younger individuals. The majority of neuroimaging studies with obese
subjects have focused on comparing their neural activation pattern to food images to that of
normal weight individuals (53, 88). A recent meta-analysis on neuroimaging findings during
food-related-processing in obese individuals, found robust increased activity predominantly
in the right hemisphere relative to individuals of normal weight, including the anterior
cingulate, parahippocampal gyrus, inferior frontal gyrus, and precentral gyrus (88),
combined with a pattern of reduced activation for the left DLPFC and insular cortex. These
different neural activity patterns in obese subjects to food images have been interpreted to be
related to a reduction of cognitive control in anticipation of food, and a heightened
motivational response to food images associated with an increased activity in reward related
areas (88). It is well-recognized that that the cognitive control network is less efficient with
age, and it is certainly possible that poor cognitive control associated with obesity to food
could generalized to other domains (88). Supporting this speculation, there is evidence that
obese children show reduced executive function (cognitive control) compared to normal
weight children (54).

Further research should examine the vulnerability of different brain networks to the
combined effects of obesity and age and determine if there are additive effects of these
variables or whether they operate in a synergistic manner, particularly for executive function.
Given evidence that obesity is associated with degraded gray and white matter, as discussed
previously, it seems quite important to understand whether obese adults show added
functional deterioration, or show it earlier in the lifespan than normal weight adults.
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Bilateral activation and additional recruitment of cortex areas during cognitive tasks have
been identified as a characteristic feature of advanced aging. As suggested by the STAC
model, this bilateral activation may be indicative of reorganization or a compensatory
response of the brain to biological aging process, and it is important to understand whether
obesity may directly or indirectly alter reorganization processes in the brain. Recently,
researchers investigated hippocampal and cerebellar gray matter density and neuron-specific
enolase (NSE) serum level, a blood biomarker of neural injury, in obese and normal
weighted young adults (89). The authors reported increased serum NSE levels and reduced
gray matter density in both hippocampus and cerebellum in young obese individuals. They
suggested that declines in hippocampal plasticity due to both impaired structural integrity
and increased neurodegenerative markers may be an underlying mechanism to explain the
accelerated cognitive decline in obese individuals (89). Thus, it is possible that neural
plasticity and the brain’s ability to reorganize in response to structural deterioration or
cognitive challenge may be impaired with obesity. It is possible that across the lifespan,
efficient adaptive neural mechanisms may fail due to fundamental, obesity-related changes
in the neural system. An argument against this hypothesis, are the data presented earlier that
suggested that obesity in middle age (Age Range = 30-59) was particularly detrimental to
cognition in old age, but could be facilitative of cognition in older age (Age Range = 65-80).
The behavioral data suggested that short-term obesity, particularly later in the lifespan, was
less detrimental to cognition compared to mid-life or life-long obesity. In sum,
neuroimaging studies of obesity have found a dynamic shift of increases and decreases of
brain networks associated with reward processing and cognitive control, but more
longitudinal and lifespan research is essential to understand the broad influence of obesity
on structural and functional brain aging and how the brain may respond to the interactive
effect of biological aging and obesity to maintain cognitive functioning.

Concluding this section on functional brain activity, we should note that one of the most
urgent issues driving the need to understand the normal aging process is the increasing
prevalence of AD in the older population. Age as well as obesity, are both risk factors for
AD (90-92), therefore an understanding about how these two factors may enhance the
likelihood for disease is important. In this next section, we will review the current state of
the relationship of obesity on the differential phases of AD.

3. Impact of Obesity on different phases of AD

More than 35 million individuals in the world are affected by dementia due to Alzheimer’s
disease (93). The most predictive factors of the disease are advanced age, carrying the
apolipoprotein e4 (APOE) allele, and family history of AD (94). Whereas AD is the most
common form of dementia (i.e., 50-70% of the dementia cases), vascular cognitive
impairment associated with VaD and cerebral vascular disease (CVD) is the second most
common form of dementia (95). Obesity during mid-life has been shown to be associated
with an increased risk for dementia due to AD as well as an increased number of vascular
risk factors and diagnosis of vascular dementia (92, 96-100).

A recent meta-analysis on the relationship of obesity to risk for AD suggested a complex
relationship between body weight and AD (101). The authors reported that underweight
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BMI, overweight BMI and obesity are all associated with an increased risk for dementia
compared to normal weight individuals. The nonlinear relationship of body weight to
dementia risk has also been reported previously (102, 103). There is also some evidence for
a significant effect of obesity during early adulthood and mid-life on the likelihood of future
diagnosis of vascular dementia (104), although others have not found a significant
association in individuals with obesity (101). Given that obesity is associated with an
increase in vascular risk factors, including diabetes Type 2, hypertension, and metabolic
syndrome, it is not surprising that a relationship between obesity and vascular dementia
would exist. Despite the collinearity among diabetes, hypertension, and metabolic syndrome,
there is clear evidence for an independent effect of obesity on dementia. A meta-analysis
that included only studies that controlled for comorbidities such as hypertension,
dyslipidemia, CVD and genetic predispositions (APOE e4), found that obesity played an
independent role in the etiology of AD with some studies showing, as well, an enhanced risk
for vascular dementia (102).

Further investigations that assessed whether there was a relationship of very low and high
body weight to AD reported a 5-fold (CI 0.9-33.7, p=.001) and a 9-fold (CI 2.4-37.3, p=.
001) increased risk, respectively, for AD with odds-ratios of 7.9 (CI 1.0-66.3, p=.056)
(underweight) and 12. 6 (CI 2.8-56.5, p=.001) (obese) after controlling for metabolic risk
factors (105). In addition to an increased prevalence of obesity in AD, a recent longitudinal
study explored the relationship of obesity and metabolic syndromes to prodromal stages of
AD (i.e., amnestic mild cognitive impairment; aMCI) (106). The researchers reported that
metabolic syndrome increased the likelihood for a diagnosis of aMCI, and among the factors
tested, central obesity was the major factor driving this relationship (106). Taken together
these findings emphasize an independent role for both obese and underweight status on the
prevalence of AD. These findings suggest that a much better understanding is needed of
whether the joint effects of obesity and age may result in an accelerated risk of dementia
diagnosis as well as cognitive decline accompanied by patterns of brain atrophy.

One dominant pathophysiological view of AD suggests that it results from an imbalance
between the production and clearance of amyloid-beta peptides in the initial phase of the
disease, which is then followed by multiple neuroinflammatory changes that lead to synaptic
loss, tau phosphorylation, and ultimately neural degeneration and cell death (107). A recent
autopsy study investigated the neuropathological changes in obese patients (N=12) and non-
obese controls (N=10) and reported increased AD pathology in obese patients that included
hippocampal amyloid-beta peptides, amyloid precursor proteins, and tau pathology (108).
One hypothesis regarding obesity and AD is that the increased risk of AD is a result of
chronic inflammation, which leads to increased pro-inflammatory cytokines that contribute
to systemic insulin resistance, and also penetrates the cerebral vasculature, impairing
synaptic function (95, 109, 110). In support of this hypothesis, an animal model involving
obese mice indicated that pro-inflammatory changes associated with a high-fat diet led to an
increased level of amyloid precursor protein (111). A review of animal models of Type 1 and
Type 2 diabetes suggested a relationship of insulin dysfunction and tau
hyperphosphorylation, with increased tau pathology in the diabetic animals (112).
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With respect to human studies, correlational evidence for a relationship of aggregates of
amyloid precursor protein (i.e., Abeta 40) to body fat in a group of healthy adults was
recently reported (113). Our own laboratory reported increased levels of beta-amyloid
deposition in hypertensive individuals compared to normotensive participants in a large
sample of otherwise healthy older adults (Age Range = 47-89) (114). These relationships
were modified by APOE e4 genotype, where in a dose-response fashion, both risk factors
(hypertension and APOE &4 genotype) were associated with elevated levels of beta-amyloid
burden measured /7 vivo (114). In sum, evidence is rapidly accumulating that relates obesity
and its comorbidities (i.e., diabetes, hypertension) to an increased risk for AD pathology
(112, 114).

To summarize, epidemiological studies have provided evidence that obesity in mid-life is
linked to an increased risk for AD and VaD. An underweight BMI in mid-life also appears to
be associated with AD in late life, underscoring the need for further research relating body
weight to pathological aging processes. The role of obesity in developing AD pathology has
only recently been studied, and animal models and post mortem studies both suggest that
obesity enhances the expression of the pathophysiological changes associated with disease
progression. Interestingly, comorbidities of obesity (i.e., hypertension or diabetes) have been
shown to be associated with increased level of pathology in preclinical stages of the disease.
Thus, the current evidence suggests that obesity may enhance the likelihood of AD across
the spectrum of the disease from preclinical to advance AD stages. More research is needed
to fully elucidate the contributing factors of obesity (e.g., enhanced beta-amyloid pathology,
tau pathology, cortical changes) to disease progression.

5. Summary and Future Directions

Obesity is a multi-factorial health condition that has widespread consequences on major
organs including the heart, liver, and the brain. Less well-recognized, but highlighted in the
present paper, is that obesity negatively affects cognitive function from childhood to late-life
adulthood. The main conclusions about obesity across the lifespan and cognition are as
follows: Whereas midlife overweight status and obesity may be more detrimental to
cognitive decline, overweight status and obesity in late life may be neutral with respect to
cognitive decline, or possibly even protective. From the perspective of the STAC model it
can be concluded, that obesity exacerbates the relationship of age on cognition, however this
association is not uniformly negative across all ages, as reviewed here. Importantly, since
STAC was published in 2009, Reuter-Lorenz and Park developed an extension of their
model termed ‘STAC-R’ (16). The revised version of the model (see Figure 3) adds to the
original model the following: 1) Life-course experience are integrated into the model. Life-
course variables can be important modifications that are either depleting or enriching of
neural resources. Neural enrichments results from intellectual engagement, higher education,
cognitive ability, as well as physical fitness and multilingualism. Life-course factors that
deplete neural resources include environmental factors such as APOE or Stress respectively.
Further, lower socioeconomic status, depression, and neuroticism may also deplete neural
resources. 2) Life-course factors are now understood within the context of the rate of
cognitive change over time, rather than an individual’s level of cognitive function. The
present review suggest that obesity, particularly in middle-aged can be understood as a factor
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that contributes to neural resource depletion, with negative effects on brain structure and
brain function and vitality on cognition. Other factors such as ‘lower SES’ or lower
education is associated with obesity and may magnify the depletion effect on cof obesity on
cognition (115, 116). Others have reported that education level may exert the effect of SES
on increased prevalence of BMI (117). Psychological variables that could lead to neural
enrichment have not explicitly modeled in the studies reported here and future studies may
isolate resilience factors that may moderate the relationship of obesity on cognition in
advanced age.

Lifestyle factors such as physical activity should be considered as an intervening factor that
alters the relationship of obesity on cognition. A recent comprehensive model on the
interaction of physical activity and eating behavior on neurocognitive function, suggests that
physical activity may improve executive function through increased efficient processing of
information in the prefrontal cortex, which in turn may improve inhibitory control over
eating behavior (118). This model suggests that interventions that modify some cognitive
deficits associated with obesity may also result in better control over obesity and other
negative obesity-related consequences.

It is critical to begin investigating the relationships among aging, obesity, cognition, and the
brain to establish a basic understanding of these complex associations. The revised version
of the STAC model provide a guide for how obesity may serve as a factor of neural depletion
factor and how it affects the differential trajectories on an individual’s rate of cognitive
change.

Our review also reported that obesity has been shown to be associated with an increased risk
for AD dementia and vascular dementia. Future research should focus on studies designed to
disentangle the factors that may influence both protective and risk factors associated with
obesity on cognitive decline in older age. In general, this review suggests that obesity and
age are additive factors for cognitive decline in midlife, with little evidence for an interactive
effect, although larger and more focused studies could amend this view. Structural changes
to both gray and white matter of the brain have been reported with obesity and increased
BMI. These structural changes begin to appear in young adulthood, suggesting that obesity
may have a sustained negative effect on brain structure across the lifespan. The data are not
clear as to whether obesity and age synergistically or additively exacerbate structural brain
aging. With respect to brain function, very little research has been done targeting how
obesity affects markers of functional brain aging. We have speculated that obesity may
amplify age-related differences in brain function due to evidence suggesting that, even in
younger adults, obesity is associated with different patterns of neural activation in cognitive
control, reward, and attentional networks. Finally the study of obesity within the framework
of STAC and STAC-R may be a helpful guide to gain further insights in the complex nature
between obesity, aging, and cognition.
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Speed of Processing
— Digit Symbol
Letter Comparison
— Pattern Comparison

Working Memory
— Letter Rotation
— Line Span
Computation Span
Reading Span

Long-Term Memory
Benton
-Rey
Cued Recall
— Free Recall

World Knowledge
Shipley Vocabulary
Antonym Vocabulary

— Synonym Vocabulary

Cross-sectional aging data adapted from Park et al. (2002) showing behavioral performance
on measures of processing speed (i.e., Digit Symbol, Letter Comparison, Pattern
Comparison), working memory (i.e., Letter Rotation, Line span, Computation Span,
Reading Span), Long-Term Memory (i.e., Benton, Rey, Cued Recall, Free Recall), and
world knowledge (i.e., Shipley Vocabulary, Antonym Vocabulary, Synonym Vocabulary).
Almost all measures of cognitive function showed declines with age, except world

knowledge, which showed slight improvements.
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Figure 2.
A conceptual model of the scaffolding theory of aging and cognition (STAC).
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A Life Course Model of The Scaffolding Theory of Aging and Cognition (STAC-R)
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Figure 3.

A revision of the scaffolding theory of aging and cognition (STAC-R)
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