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Abstract.
Background: Excess weight in adulthood leads to health complications such as diabetes, hypertension, or dyslipidemia.
Recently, excess weight has also been related to brain atrophy and cognitive decline. Reports show that obesity is linked with
Alzheimer’s disease (AD)-related changes, such as cerebrovascular damage or amyloid-� accumulation. However, to date
no research has conducted a direct comparison between brain atrophy patterns in AD and obesity.
Objective: Here, we compared patterns of brain atrophy and amyloid-�/tau protein accumulation in obesity and AD using a
sample of over 1,300 individuals from four groups: AD patients, healthy controls, obese otherwise healthy individuals, and
lean individuals.
Methods: We age- and sex-matched all groups to the AD-patients group and created cortical thickness maps of AD and
obesity. This was done by comparing AD patients with healthy controls, and obese individuals with lean individuals. We
then compared the AD and obesity maps using correlation analyses and permutation-based tests that account for spatial
autocorrelation. Similarly, we compared obesity brain maps with amyloid-� and tau protein maps from other studies.
Results: Obesity maps were highly correlated with AD maps but were not correlated with amyloid-�/tau protein maps. This
effect was not accounted for by the presence of obesity in the AD group.
Conclusion: Our research confirms that obesity-related grey matter atrophy resembles that of AD. Excess weight management
could lead to improved health outcomes, slow down cognitive decline in aging, and lower the risk for AD.
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INTRODUCTION

Obesity is increasingly recognized as a multisys-
tem disease affecting respiratory, gastrointestinal, or
cardiovascular systems, among others [1]. Excess
weight has been directly linked to a number of
metabolic changes, such as type 2 diabetes, hyperten-
sion, or dyslipidemia [2]. Only relatively recently has
it been shown that, besides these metabolic changes,
obesity is also related to changes in the central ner-

ISSN 1387-2877 © 2023 – The authors. Published by IOS Press. This is an Open Access article distributed under the terms
of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0).

mailto:filip.morys@mcgill.ca
http://adni.loni.usc.edu
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf
https://creativecommons.org/licenses/by-nc/4.0/


1060 F. Morys et al. / Obesity and Alzheimer’s Disease

vous system, themselves associated to poor cognition
[3]. Our recent study of over 20,000 participants from
the UK Biobank showed that increased body mass
index, body fat percentage, and waist-to-hip ratio
were related to worse fluid intelligence and working
memory [4], domains also affected in preclinical and
clinical Alzheimer’s disease (AD) [5, 6]. This adds to
previous findings that identify obesity as a risk factor
for AD [7–11].

We postulate that neurodegeneration (as evidenced
by cortical thinning) is the main mechanistic pathway
subtending these cognitive changes. Consequently,
we wanted to investigate our first hypothesis, namely
that obese but otherwise healthy individuals tend to
show weight-related neurodegeneration, over and
above age-related losses. In fact, animal studies
provide some evidence, albeit limited, that obesity
and type 2 diabetes lead to neuronal death, oxidative
stress, and cytoskeleton degradation [12]. Excess
weight is also related to cerebrovascular disease
and a decrease in cerebral perfusion [13], which,
in animals, affect predominantly the hippocampus,
caudate, putamen, and the precentral and inferior
frontal gyri [14].

These phenomena resemble AD. In fact, the same
brain regions seem affected by both AD and obe-
sity in humans [4, 15, 16]. As mentioned, obesity
and AD also share several neurocognitive changes,
although their severity is much greater in AD. Our
second hypothesis is therefore that cortical atrophy
patterns in obesity and AD will be spatially similar.

The specific pathologies in the brain that under-
lie any similarities between AD and obesity are
not clear. These could entail white matter integrity
changes, cerebrovascular disease and ischemia, grey
matter degeneration, or increased accumulation of
amyloid-� and tau proteins [12, 17]. In the case of
amyloid-� and tau, assessing overlap with adiposity-
related brain changes could help determine whether
the latter represent a risk factor for AD versus actual
prodromal AD. Therefore, a further question to be
addressed is whether the pattern of cortical thinning
in obesity also resembles distribution of abnormal
proteins in AD.

In this study, we focus on cortical thickness
from magnetic resonance imaging (MRI) scans,
and explore first whether grey matter atrophy in
obesity has a distinct pattern; then if that pattern
resembles the one displayed in AD. We then inves-
tigate the correspondence between obesity-related
neurodegeneration and amyloid-� and tau protein
accumulation in grey matter of people with AD. If

there is an overlap with AD-related atrophy patterns,
it could explain the risk for the development of AD
in obese individuals. We focus on cortical grey mat-
ter because it is an important endpoint of AD-related
brain changes [18, 19].

We conducted this study using two large cohorts,
the UK Biobank and the Alzheimer’s Disease Neu-
roimaging Initiative (ADNI), with additional data
from a previous study on tau protein imaging in
AD [20] and used measures of cortical thickness
and amyloid-�/tau protein accumulation to test our
hypotheses. First, we investigated a pooled sample
of all available AD participants and their age- and
sex-matched cognitively healthy controls, as well as
obese and lean participants from the UK Biobank.
We then followed-up this analysis by dividing AD
participants into lean and obese groups to investigate
whether the similarities between brain patterns in AD
and obesity are influenced by weight status of the AD
group. Finally, to investigate specific mechanisms
that might drive the similarities between obesity- and
AD-related brain atrophy we tested for spatial over-
lap between obesity and amyloid-� and tau positron
emission tomography (PET) brain maps [21, 22]. Our
results shed light on neural changes that can drive the
risk for AD in obese individuals.

MATERIALS AND METHODS

Participants

Main AD sample
To investigate AD-related brain changes, we

obtained data from the ADNI database (http://adni.
loni.usc.edu). ADNI was launched in 2003 as a
public-private partnership, led by Principal Investi-
gator Michael W. Weiner, MD. The primary goal
of ADNI has been to test whether serial MRI, PET,
other biological markers, and clinical and neuropsy-
chological assessment can be combined to measure
the progression of mild cognitive impairment and
early AD. The ADNI study was approved by the
institutional review board of all participating sites
and written informed consent was obtained from all
participants before inclusion in the study.

The ADNI database contains multiple brain imag-
ing data collected at longitudinal time points. We
only used MRI collected at entry. Therefore, partici-
pants were included in our study provided they had a
T1-weighted MRI from timepoint 1 that passed post-
processing quality control. We selected two groups
of participants:

http://adni.loni.usc.edu
http://adni.loni.usc.edu
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– The AD group was composed of participants
with a diagnosis of mild AD dementia at entry
into the study, subjective memory complaints,
a Mini-Mental Status Exam score of 20 to 26,
evidence of deficits on the Wechsler memory
scale (for complete clinical criteria see Petersen
et al. [23]), and positive amyloid-�-PET (see:
Data processing).

– The cognitively healthy control (HC) group was
composed of participants who had no diagnosis
of AD, other type of dementia, or any evidence
of mild cognitive impairment at any timepoint
in the longitudinal ADNI study.

Since the HC group was larger than the AD group,
we matched HC participants based on body mass
index (BMI), age, and sex to AD participants (see:
Matching algorithm).

Follow-up AD samples
For follow-up analyses investigating how weight

status of AD individuals influences the correspon-
dence between AD and obesity maps, both AD and
HC participants were divided into lean, overweight,
and obese sub-groups based on their BMI val-
ues (lean 18.5 kg/m2 < BMI <25 kg/m2, overweight
25 kg/m2 ≤ BMI ≤30 kg/m2, obese BMI >30 kg/m2

[24]). The overweight AD group was only included in
the main AD sample, and not in follow-up analyses.

Body weight samples
To investigate obesity-related brain changes, we

used the UK Biobank dataset, a large scale study
with extensive phenotyping and brain imaging
data [25, 26]. Details of recruitment, measurement
methodologies, and quality control are available at
https://www.ukbiobank.ac.uk and in the cited publi-
cations. Our study was performed under UK Biobank
application ID 35605.

All participants signed informed consent forms
prior to participating in the study, which was
approved by the North-West Multi-centre Research
Ethics Committee. All UK Biobank actions are over-
seen by the UK Biobank Ethics Advisory Committee.

Our initial sample was composed of all cognitively
healthy UK Biobank participants without a diagnosis
of neurological illness (see Supplementary Tables 1
and 2) with available MR imaging data that passed
post-processing quality control. Because this initial
sample was larger than the AD group, we age- and
sex-matched UK Biobank individuals to AD partic-
ipants from ADNI to form our final Obesity sample

(see: Matching algorithm). Obesity sample partici-
pants were divided into lean, overweight, and obese
sub-groups based on BMI (lean 18.5 kg/m2 < BMI
<25 kg/m2, overweight 25 kg/m2 ≤ BMI ≤30 kg/m2,
obese BMI >30 kg/m2 [24]). The overweight group
was not included in any analysis as we created the
obesity brain maps by comparing lean and obese
individuals. Subsequently, body weight samples were
matched to the main AD sample and follow-up AD
samples (see: Matching algorithm).

Amyloid-β sample
To investigate similarities between the obesity

atrophy brain maps and amyloid-� distribution, we
used data from all individuals in the ADNI database
with available PET data reflecting amyloid-� con-
centrations derived using the tracer [18F]florbetapir
[27]. The sample consisted of 764 amyloid-positive
and 576 amyloid-negative individuals, irrespective of
diagnosis [28] and was derived independently of the
cortical thickness sample.

Tau sample
To investigate how tau protein accumulation is

related to obesity, we obtained PET maps with the
tracer [18F]flortaucipir of 447 tau-positive individuals
from a previous study [20]. This sample included both
cognitively healthy individuals as well as AD and
mild cognitive impairment patients. Characteristics
of this sample can be found in [20].

Matching algorithm

We used the MatchIt package in R [29] with the
‘nearest’ method to derive four equally sized sam-
ples of n = 341 participants, namely AD and HC from
ADNI, and Obese and Lean from the UK Biobank.
Nearest neighbor matching used here is the most pop-
ular form of propensity score matching and involves
matching based on distance of propensity scores cal-
culated for treatment and control groups [30]. The
algorithm chooses the control unit that is closest to
the treatment unit in the value of propensity scores.

Even after matching, the standardized mean
difference—a coefficient assessing quality of
matching—was larger than 0.1 for age and sex,
therefore, we included both as covariates in linear
regression analyses when deriving AD and obesity
brain maps [31].

https://www.ukbiobank.ac.uk
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Fig. 1. Matching algorithm for a) full sample; b) sample of lean patients with Alzheimer’s disease (AD); c) sample of obese patients with
AD. HC, healthy controls; BMI, body mass index

Main samples
Our main analysis pooled all AD participants and

their BMI-, sex-, and age-matched controls from the
ADNI database. This way, by comparing AD par-
ticipants and HC, we were able to obtain AD brain
maps that were not confounded by BMI (Fig. 1a).
We also age- and sex-matched lean and obese partic-
ipants from the UK Biobank to AD participants. In
this step we did not use BMI to match participants as
we wanted to include the full BMI spectrum in the
AD sample.

Follow-up samples
For our follow-up analyses, we divided the AD

and HC groups from ADNI into lean and obese
sub-groups to investigate how weight status in AD
affects similarity between AD and obesity brain pat-
terns. In these secondary analyses we did not include
overweight AD individuals as the goal here was
to investigate whether lean or obese status of AD
patients is differently related to brain changes linked
with obesity.

The lean HC groups from ADNI and from the UK
Biobank were BMI-, age-, and sex-matched to the
lean AD group (n = 165 for each group), while the
obese group from the UK Biobank was only age- and
sex-matched to the lean AD group (n = 165; Fig. 1b).
The obese HC group from ADNI and obese group
from the UK Biobank were BMI-, age-, and sex-
matched to the obese AD group (n = 41 for each
group), while the lean group from the UK Biobank
was only age- and sex-matched to the obese AD group
(n = 41; Fig. 1c).

Creating AD and obesity brain maps

Data processing
AD sample Detailed imaging data collection proto-
cols for the ADNI study can be found at http://ad-
ni.loni.usc.edu/methods/documents/mri-protocols/.
Imaging protocols have been developed specifically
to account for differences in MRI hardware and
software across study sites [32]. We processed
T1 images with FreeSurfer [33] (v. 6.0) using the
“recon-all -all” command with the fully-automated

http://adni.loni.usc.edu/methods/documents/mri-protocols/
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directive parameters (no manual intervention or
expert flag options) and the longitudinal pipeline to
derive cortical thickness measures for each parcel
of the Desikan-Killiany-Tourville (DKT) atlas [34].
Segmentations were visually inspected through at
least 20 evenly distributed coronal sections and
images with segmentation problems were excluded
from our study before matching.

PET data collection and quality control protocols
can be found at https://adni.loni.usc.edu/methods/
pet-analysis-method/pet-analysis/. Scanner-specific
preprocessing steps were applied to each dataset to
harmonize data analysis between study sites [27].
PET-amyloid-� positivity in AD participants was
determined using data provided by ADNI on an
average standard uptake value ratio (SUVR) of the
florbetapir amyloid-� tracer [27]. The SUVR was
calculated using a weighted average of the frontal,
temporal, parietal, and cingulate grey matter regions
and normalized by the whole cerebellum region [27].
We used an ADNI-recommended threshold of 1.11
to determine amyloid-� positivity and excluded all
ADNI participants who were below this threshold
from further analyses [28].

Obesity sample
For analyses in the UK Biobank sample, we used

imaging derived phenotypes available from the UK
Biobank. Imaging pipeline details can be found in
Alfaro-Almagro et al. [35]. We used quality-
controlled cortical thickness data derived from
FreeSurfer [33] (v.6.0) for each parcel of the DKT
atlas [34].

Obesity and AD brain maps
We used general linear models (GLM) to create AD

and obesity cortical thickness maps to later compare
them with each other. To calculate AD brain maps, we
input cortical thickness values for each parcel of the
DKT atlas in separate GLMs as outcome variables,
and group (AD versus HC), age, sex, scanner field
strength, and scanning site as explanatory variables.
Each parcel of the DKT atlas was assigned a value of a
beta estimate of the grouping variable. In other words,
we obtained maps of cortical thickness differences
between AD and HC groups that should be indicative
of the effect of this neurodegenerative pathology.

To calculate obesity cortical thickness maps, we
used a similar procedure this time with group (obese
versus lean), age, sex, and scanning site as explana-
tory variables, and UK Biobank Freesurfer data as
outcome variables.

All the above procedures were repeated for the
lean AD and obese AD samples and their matched
counterparts from the HC, obese and lean groups.

Analyses were performed using R (v. 3.6.1).
Scripts for all analyses can be found at https://github.
com/FilipMorys/AD-Obesity.

Amyloid-β brain maps
Amyloid-� maps were created by averaging ADNI

preprocessed florbetapir PET data separately for
amyloid-positive and amyloid-negative individuals.
Data were available in regions defined using the DKT
atlas [27, 34]. We calculated amyloid-� values by
subtracting average PET signal of amyloid-negative
individuals from that of amyloid-positive individu-
als for each parcel of the DKT atlas (Supplementary
Figure 1).

Tau brain maps
Tau brain maps were obtained from https://

neurovault.org/collections/12296/. This dataset rep-
resents average tau across 447 individuals determined
to be tau-positive based on mixture modeling, where
processing details can be found in [20]. Similarly
to amyloid-� maps, preprocessed PET images were
pooled to create an average tau brain map. SUVR
was then calculated for each parcel of the DKT atlas
(Supplementary Figure 2).

Spin tests

To test for spatial correspondence (correlation)
between AD, obesity, tau, and amyloid-� maps, we
used Spearman correlations. Because of a high degree
of autocorrelation between neighboring DKT parcels
of the brain, classically derived p-values from corre-
lations of two brain maps are not reliable and spatial
permutation tests are recommended [36, 37]. These
tests are called spin tests because a spherical pro-
jection of the brain surface of one of the two brain
maps is spun, back-projected onto the brain surface
and compared to the other brain map at hand. Such
permutation strategy generates null models that pre-
serve spatial relationships between brain parcels. It is
repeated n times and each time a new correlation coef-
ficient is calculated, thus creating a null-distribution
of said coefficients. This allows the derivation of a
permutation-based p-value that takes into account
spatial autocorrelation. Here, for all tests, we used
n = 10,000 permutations. Functions used to perform
spin tests for parcellated brain data can be found at
https://github.com/frantisekvasa/rotate parcellation.

https://adni.loni.usc.edu/methods/pet-analysis-method/pet-analysis/
https://adni.loni.usc.edu/methods/pet-analysis-method/pet-analysis/
https://github.com/FilipMorys/AD-Obesity
https://github.com/FilipMorys/AD-Obesity
https://neurovault.org/collections/12296/
https://neurovault.org/collections/12296/
https://github.com/frantisekvasa/rotate_parcellation
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Table 1
Age, body mass index, and sex distribution of all samples used in the study. AD, Alzheimer’s disease;

HC, healthy control

Sample Characteristic AD HC Obese Lean
group group group group

Full sample Age [y] 75.0 75.0 74.0 73.0
Body mass index [kg/m2] 25.51 25.24 33.04 22.98
Number of women 158 119 158 158

Lean-AD sample Age [y] 72.0 74.0 74.0 73.0
Body mass index [kg/m2] 22.24 22.89 32.84 21.87
Number of women 91 128 97 97

Obese-AD sample Age [y] 74.0 71.0 71.0 72.0
Body mass index [kg/m2] 33.70 34.07 33.73 23.04
Number of women 15 9 16 15

RESULTS

Groups

The initial ADNI sample consisted of 380 AD
participants and 597 HC participants. We excluded
22 AD and 17 HC participants with images with
segmentation problems before matching. Addition-
ally, 17 AD participants were PET-amyloid-negative
and were removed from further analyses. The final
AD group was composed of 341 participants, with
165 and 41 in the lean and obese sub-groups,
respectively. Remaining participants belonged to
the overweight group. After matching, there were
equal numbers of HC participants in each group or
sub-group.

The final number of participants with available
Imaging data in the UK Biobank was 34,110. UK
Biobank field IDs used in this study can be found
in Supplementary Table 2. Due to matching, there
was an equal number of participants from the UK
Biobank in the Obese and Lean groups as in the AD
group.

Ethnicity distribution was significantly different
between AD and UK Biobank samples (601 white
individuals in the ADNI sample, 668 in the UK
Biobank sample; χ2 = 77.251, p < 0.001). Remaining
group characteristics can be found in Table 1.

Full sample obesity brain maps and correlations
with AD brain maps

In line with previous findings, we identified
widespread reduced cortical thickness in individu-
als with obesity, primarily affecting frontal, parietal,
and temporal brain areas (Fig. 2). This pattern was
only obvious in the full sample and not the reduced

lean- or obese-AD-matched samples, which is likely
a function of lower size of the latter samples.

Using Spearman’s correlation and spin tests we
established the degree of spatial correspondence
between AD and obesity maps for the full sam-
ple (n = 341/group; Supplementary Tables 3 and
4). We found a correlation coefficient ρ = 0.363
(pspin = 0.0103) pointing to a positive correlation
between cortical thickness patterns in AD and obe-
sity (Fig. 2a). Figure 3 shows a map of absolute
values of rank differences between obesity and AD
brain maps – it represents which brain regions are
most similar and dissimilar between the two full
samples in terms of their ranks within each sam-
ple. Regions with lowest rank differences were the
right inferior parietal cortex, left pars opercularis,
right supramarginal gyrus, left precentral gyrus,
right rostral anterior cingulate cortex, and the right
fusiform gyrus. The right temporo-parietal cortex
thickness was overall strongly correlated between AD
and obesity, similarly to the left prefrontal cortex.
We observed a notable left-right asymmetry in the
similarities between AD and obesity cortical thick-
ness maps, where correspondence patterns between
hemispheres were different. This is likely driven
by asymmetry patterns observed in obesity maps
alone; in the full sample for obesity, we found left-
right asymmetry, with higher differences between
obese and lean participants in the left hemisphere
(Fig. 2a).

Correlation between AD and obesity brain maps
in lean AD patients

Here, we used a subsample of lean AD partici-
pants and their BMI-, sex-, and age-matched HC, and
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Fig. 2. Brain maps of a) Alzheimer’s disease (AD) and obesity in the full sample; b) AD and obesity in the sample of lean AD patients and
other matched samples; c) AD and obesity in the sample of obese AD patients and other matched samples. Color bars depict � estimates.

compared them to obese and lean samples from the
UK Biobank matched to the lean ADNI sample (n =
165/group; Supplementary Tables 5 and 6; Fig. 1b).
We found significant correlations between the lean-
AD and obesity maps (ρ = 0.308, pspin = 0.0402;
Fig. 2b).

Correlation between AD and obesity brain maps
in obese AD patients

Here, we only used a subsample of obese AD
participants and their BMI-, age-, and sex-matched
HC, but also obese and lean individuals from the
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Fig. 3. Brain map of absolute values of rank differences between AD and obesity cortical-thickness maps. Lower values represent higher
rank similarity of the parcels, depicting regions of highest similarity between AD and obesity.

UK Biobank matched to the obese ADNI sam-
ple (n = 41/group; Supplementary Tables 7 and
8; Fig. 1c). We found no spatial correspondence
between the obese-AD and obesity maps (ρ = 0.003,
pspin = 0.5797; Fig. 2c).

Correlation between obesity and amyloid-β/tau
brain maps

We found no significant correlation between the
obesity brain map and either the amyloid-� or tau
brain maps (amyloid-�:ρ = 0.079, pspin = 0.3128, tau:
ρ = 0.170, pspin = 0.1595).

DISCUSSION

This cross-sectional study was designed to inves-
tigate the degree of similarity between brain atrophy
patterns in obesity and AD. Using a sample of over
1,300 participants, we showed that patterns of corti-
cal thinning related to obesity (’obesity brain maps’),
corrected for the effects of age and sex, correlated
with similar patterns from AD brain maps. We also

showed that this correlation was present when the
AD sample was restricted to lean participants. Brain
regions whose similarity between AD and obesity
was the highest were located predominantly in the
right temporal and left prefrontal cortex. Finally,
we show that obesity-related atrophy patterns did
not overlap with amyloid-� or tau protein distri-
bution in the brain of people with AD. Note that
individuals with obesity in this study were cogni-
tively healthy and had no diagnosis of a neurological
disorder.

These results are consistent with our hypotheses
and support an extensive literature that identifies mid-
life obesity as a risk factor for AD [8–10, 38–41]. For
example, a study by Hayes and colleagues showed
that high BMI was associated with higher cere-
brospinal fluid biomarkers of AD independent of
genetic risk for AD [42]. In a large prospective study
with autopsy data, mid-life obesity was associated
with earlier onset of AD and increased AD neu-
ropathology [43]. Those findings are supported by
a meta-analysis and review, which also shows that
mid-life obesity is related to late-life dementia [44].
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It is important to note that not all areas affected
by obesity overlap with areas affected by AD, as evi-
denced by our correlation analyses. AD-vulnerable
brain regions which tend to show the first signs
of neurodegeneration and cortical thinning are the
temporoparietal and frontal lobes [15, 16, 45, 46].
Obesity-related neurodegeneration found in this and
other studies also tends to follow this pattern [4, 47].
Of note here is the fact that we observed a left-right
hemispheric asymmetry in obesity brain maps when
investigating the full sample of 682 individuals. This
phenomenon has been described in previous studies
[47], albeit with opposite asymmetry patterns. How-
ever, findings on the topic are mixed [48]. Given that
the asymmetry was not observed in all our samples
used to derive obesity brain maps, we believe that it
might be an artifact of low sample sizes that may not
reflect true asymmetries. This will need to be tested
in studies using larger sample sizes.

Some studies show causal associations between
obesity and AD. A study in mice showed that high fat
diet-induced obesity led to accumulation of amyloid-
� in the cortex, which could be reversed with a
low-fat diet [49]. This effect was also paralleled by
upregulation of receptor for advanced glycation end
products (RAGE), a receptor that mediates transport
of amyloid-� into the brain [50].

In this context, there are different mechanisms that
could link brain changes in obesity and AD. Our anal-
ysis utilizing amyloid-� and tau brain maps allows
us to speculate on some of them. Although mid-
life obesity is a risk factor for AD and dementia,
the participants in the UK Biobank study were with-
out a neurological diagnosis. We found that cortical
thinning in obesity overlaps with cortical thinning
in AD, but not with amyloid-� or tau distribution.
Thus, adiposity-related cortical atrophy may, in vul-
nerable individuals, precede the development of the
amyloid–tau cascade before leading to an eventual
AD phenotype. Neuronal injury in obesity can occur
because of cerebrovascular disease or be directly
related to other factors such as inflammation, hyper-
tension, or diabetes, all of which have been linked
to AD-related pathology, e.g., increased amyloid-�
accumulation, impaired amyloid-� clearance, or tau
protein overexpression [51–55]. Other mechanisms
of neuronal injury could involve insulin and leptin
resistance [4, 51, 53, 55–59]. Normally, insulin and
leptin protect neurons from synaptotoxicity caused by
amyloid-� and help with its clearance [56, 57]. This
function is impaired in individuals with obesity, thus
possibly promoting the formation and accumulation

of abnormal protein isoforms [7, 56, 57, 60, 61]. The
eventual spatial distribution of these isoforms will
depend on connectomics and local factors, as shown
previously [20, 62, 63]. Thus, the final distribution of
phosphorylated tau extends beyond the initial site(s)
of origin of the disease process.

It is also possible that neurodegeneration in adipos-
ity and AD are independent processes. An obesity
pattern of cortical thinning in AD could merely
represent the higher occurrence of obesity and its
cerebrovascular complications in AD populations.
In favor of this interpretation is the fact that,
although significant, the correlation between AD and
adiposity-related atrophy patterns was small. Against
it, however, is the fact that lean AD patients also
displayed the adiposity-related pattern of cortical
thinning. This latter finding may suggest another
interpretation, namely that certain brain regions are
more vulnerable to atrophy from any cause, for exam-
ple due to local factors such as energy usage. Indeed,
regions affected in AD tend to be high degree nodes
(with multiple connections) that display high glu-
cose utilization, synaptic remodeling, and aerobic
glycolysis [64]. Regions with high energy needs may
also exhibit vulnerability to vascular compromise or
insulin resistance seen in the metabolic syndrome.
We have no way based on the data presented here
of ruling out the occurrence of independent atrophy
mechanisms in AD and adiposity.

The cross-sectional, correlational, and between-
subject design of this study is a major limitation
in the interpretation of our findings. A longitudinal
and within-subject design would allow us to infer
causality in terms of obesity and related dementia.
Also, we only investigated whether lean or obese,
but not overweight, status of AD patients affects the
relationship between AD- and obesity-related brain
atrophy patterns. This is because we were not able to
match overweight AD patients with individuals from
the body weight sample as we generated the obesity
brain maps by comparing obese versus lean individ-
uals. However, in our main analyses we have also
included overweight AD patients and showed that
AD-related brain changes over the entire spectrum
of BMI are similar to obesity-related brain changes.
Another limitation is the relatively small sample size,
so that a replication in larger cohorts is warranted.
Relatedly, we did not find a spatial correspondence
between obese AD sample brain maps and obesity
maps, which could be due to a low sample size
in this analysis (n = 41/group). Further, we did not
obtain information on participants’ diet, which could
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help address the role of specific dietary components,
such as higher fat intake, in obesity-related brain
atrophy. We also did not obtain information on the
Apolipoprotein E (APOE) allele status of our partic-
ipants. It is conceivable that the groups were alike
in terms of APOE allele distribution which could
account for similarities between obesity- and AD-
related brain maps [65]. In the same vein, we found
that our groups differed in terms of racial composi-
tion, with the ADNI group including more non-white
individuals. This could be a potential confounding
factor given that genetic distribution of APOE alle-
les and their influence on cognition differs between
white and black individuals [66, 67]. This fact should
be accounted for and tested in future studies on the
topic. Nevertheless, racial composition of both sam-
ples was predominantly white, and it should therefore
be noted that our results might not generalize to
other populations that often have a different risk
factor profile for cerebrovascular disease [68]. Fur-
ther, in the comparison between cortical thickness
maps and amyloid-�/tau brain maps, our samples
only partially overlapped with the ADNI sample used
for cortical thickness analyses, which could have
influenced our results. Finally, our study focused pre-
dominantly on cortical thickness. Other measures
of brain structure, such as subcortical volumes or
deformation-based morphometry would allow inves-
tigation of changes in subcortical structures and white
matter, which are also known to be affected by AD
[63, 69].

In sum, our study shows the similarities between
cortical atrophy in obesity and AD. It strengthens
the previous body of literature pointing to obesity
as a significant risk factor for AD by showing that
cortical thinning might be one of the potential risk
mechanisms. It is also possible that cortical thinning
in an early AD pattern could represent prodromal
AD in a proportion of the obese participants. The
strength and uniqueness of this study lies in a direct
comparison between obesity- and AD-related corti-
cal thickness, but also amyloid and tau brain maps.
While more studies in humans are needed to delin-
eate the specific mechanisms through which obesity
increases AD risk, we are providing evidence that
cortical grey matter atrophy may be a risk factor that
ultimately leads to dementia in obese individuals.
Together with previous studies summarizing posi-
tive effects of healthy diets on risk for AD [70], this
study has clinical implications. Our results highlight
the importance of interventions aimed at decreas-
ing weight and metabolic risk factors in obese and

overweight individuals in mid-life to decrease the
subsequent risk of neurodegeneration and dementia
in the population.
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