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Abstract

Evidence strongly suggests that being overweight or obese at midlife confers significantly higher
risk for Alzheimer’s disease (AD) and greater brain atrophy later in life. Few studies, however,
examine associations between longitudinal changes in adiposity during early adulthood and later
brain morphometry. Measures of body mass index (BMI) were collected in 373 men from the
Vietnam Era Twin Study of Aging at average age 20, 40, 56, and 62 years, yielding two BMI
trajectories. We then examined associations between BMI phenotypes (trajectories, continuous
BMI, obese/non-obese), cortical thickness, and white matter measures from structural magnetic
resonance imaging at mean age 62 (Time 4, range 56-66). Those on the obesity trajectory (N=171)
had thinner cortex compared with the normal/lean trajectory (N=202) in multiple frontal and
temporal lobe bilateral regions of interest: superior, inferior, middle temporal gyri, temporal pole,
fusiform gyrus, banks of the superior temporal sulcus, frontal pole, pars triangularis, caudal and
rostral middle frontal gyri (all p<0.05 FDR corrected). Frontal lobe thinness tended to occur
mainly in the right hemisphere. Results were similar for obese versus non-obese adults at age 62.
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There were no significant differences for white matter volume or abnormalities. Taken in the
context of other research, these associations between brain structure and excess BMI at midlife
suggest potential for increased risk for cognitive decline in later life.

Keywords

obesity; body mass index (BMI); trajectory; longitudinal; cortical thickness; white matter
abnormalities

1. Introduction

Obesity has long been established as a leading cause of morbidity and mortality among
adults in the United States, with significantly worse cardiometabolic outcomes emerging as
early as midlife (Grundy, 2004; Reilly and Kelly, 2011; Reis et al., 2015; Twig et al., 2016;
Xian et al., 2017). Evidence strongly suggests that being overweight or obese at midlife also
confers significantly higher risk for Alzheimer’s disease (AD) and greater brain atrophy later
in life (Albanese et al., 2017; Santos et al., 2017; Shaw et al., 2017; Shaw et al., 2018;
Singh-Manoux et al., 2018). Chuang et al. (2016), for example, reported that each unit
increase in body mass index (BMI) at midlife was associated with a 1-2% average brain
tissue reduction in the frontal, temporal, and occipital lobes in late life, as well as with
earlier onset of AD, greater Braak neurofibrillary tangle scores, and greater amyloid burden.

A major review of 44 studies concluded that greater adiposity (most frequently measured as
BMI) is associated with smaller total gray matter (GM) volume; no consistent evidence was
found, however, for adiposity effects on white matter volume or abnormalities (Willette and
Kapogiannis, 2015). Findings varied by age (<40 versus 40+), gender, and measurement
approach. The strongest results were for measures of categorical obesity rather than
continuous BMI and for prefrontal, frontal, temporal and posterior cingulate regions. Many
studies did not adjust for cardiovascular/cardiometabolic factors (Coutinho et al., 2017;
Krishnadas et al., 2013; Walhovd et al., 2014). The majority of studies reviewed were cross-
sectional, relatively small, focused on older adults, and examined global measures and
cortical volumes. Thus, increased focus on specific brain regions and on younger adults is
warranted.

Literature has also emerged showing that it is also important to examine thickness or surface
area separately than simply focusing on cortical volume (Panizzon et al., 2009; Vuoksimaa
et al., 2015). For instance, having a thinner cortex as adulthood progresses is thought to be
related to degenerative processes due to key features such as organization of cortical layers,
cell bodies in neurons, and synaptic connections, as well as cortical vulnerability to
environmental influences (Fjell et al., 2014). Shaw et al. (2017) reported that increasing BMI
over 8 years in 404 adults ages 44-49 predicted thinning in the posterior and caudal anterior
cingulate, lingual gyrus, and pericalcarine regions of the cortex. In a two group study
comparing the above 44-49 year old (midlife) adults with a group of 60-66 year-old (late
life) adults, baseline BMI was associated with cortical thickness in late-life but not in
midlife—most notably in the bilateral entorhinal cortex and bilateral cingulate (Shaw et al.,
2018). Increasing BMI across 8 years was associated with cortical thinning in six lateral
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regions of interest (ROIS) in the late-life group and one ROI in the midlife group. Medic et al
(2016) found that among adults ages 18-50, two cortical regions (ventromedial prefrontal
cortex and lateral occipital cortex) were significantly thinner in obese participants. Together
these findings suggest that BMI-related brain differences typically found in older adults may
already be present by midlife.

In the present study we examined relationships between BMI assessed four times across four
decades starting at mean age 20 and cortical thickness, white matter volume, and white
matter abnormalities in late midlife (approximately age 62). We predicted that adults on an
obesity trajectory (where BMI rapidly increases toward obese levels) would be more likely
than adults on a normal/lean BMI trajectory (where BMI stays relatively flat and close to
normal levels) to have thinner cortices in frontal and temporal regions in late midlife.
Analyses examined both bilateral and hemisphere-specific associations. In order to further
elucidate these associations, we also conducted analyses with other BMI phenotypes: BMI
measured continuously, and obese versus non-obese groups (BMI = 30; BMI < 30). Next,
we qualitatively visualized regions affected by BMI trajectories using exploratory vertex-
wise cortical thickness analysis. Finally, we rigorously examined associations of BMI with
white matter volume and white matter abnormalities. Along with the use of longitudinal
BMI data, the inclusion of many factors like hypertension, fasting glucose, triglyceride,
cholesterol, and C-reactive protein is a strength of the study.

Material and methods

Participants

Participants were from the Vietnam Era Twin Study of Aging (Kremen et al., 2013b), a
longitudinal study of risk and protective factors for cognitive and brain aging in a
communitydwelling sample of men from across the United States (U.S.). VETSA
participants were recruited as a simple random sample from the all-male Vietnam Era Twin
Registry (VETR) (Goldberg et al., 2002), a research registry of twins who all served in the
U.S. military sometime between 1965 and 1975. VETSA 1 (2002-2008) eligibility included
being 51 to 59 years old when recruited and both members of a twin pair agreed to
participate (Kremen et al., 2006). The VETSA 2 (2009-2013) follow-up occurred
approximately 6 years later (Kremen et al., 2013). VETSA participants comprise a
representative epidemiological sample of community-based men with regard to marital,
work, income, and health characteristics of American men in their age range based on U.S.
Census and Center for Disease Control data (CDC) (Schoenborn and Heyman, 2009). As a
sample of veterans, at baseline, VETSA participants constitute a group with no major
chronic childhood health problems. The military recruitment standards mandate weight-for-
height and maximum body fat limits (with occasional waivers for under- or overweight
recruits), thus the majority of the participants were not obese at baseline (98%)(Cawley and
Maclean, 2012). Nearly 80% of VETSA participants report no combat experience. More
details about the VETSA MRI sample and data collection are published elsewhere
(Fennema-Notestine et al., 2016; Kremen et al., 2013a).
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2.2. Procedures.

This study utilizes BMI data collected from the same participants at four timepoints:
baseline (Time 1; mean age 19.9 years, SD=1.4; range 18-24); a 1990 National Heart, Lung,
and Blood Institute survey (Time 2; mean age 40.3, SD=2.7; range 35-44) (Goldberg et al.,
2002) and in-person evaluations at either the University of California San Diego (UCSD) or
Boston University (BU) at VETSA 1 (Time 3; mean age 56.3, SD=2.6; range 51-60) and
VETSA 2 (Time 4; mean age 61.9, SD=2.6; range 56-66). On the day following the Time 4
in-person assessment, the subsample of MRI eligible participants (N=426) underwent
structural magnetic resonance imaging (MRI) at either UCSD or Massachusetts General
Hospital (MGH).

Institutional review board approval was obtained at all sites and participants provided
written informed consent.

2.3. Measures.

2.3.1 BMI.—Height and weight were objectively measured at Times 1, 3 and 4 as part of
physical examinations. Time 1 occurred at the military induction physical. Time 2 height
and weight were self-reported as part of a mailed survey. Self-reported height and weight are
considered valid measures, but can be biased depending on age, gender, and ethnicity
(Connor-Gorber et al., 2007; Richmond et al., 2015). At Times 3 and 4, participants were
weighed inperson on a digital scale after removing shoes, heavy outer clothing, and pocket
items. Height was assessed, in stocking feet, with a stadiometer. After transforming height
and weight to metric units, BMI was calculated as kg/m2. As reported earlier, height was
highly correlated across Times 2,3,4 when full adult height had been reached (Xian et al.,
2017).

BMI trajectories were derived previously (Xian et al., 2017) using continuous measures of
BMI and latent class growth modeling (LCGM) in Mplus version 7.4 (Muthen and Muthen,
2015). In LCGM, each participant receives a membership probability for each mutually
exclusive trajectory based on the BMI change pattern over time and is assigned to the
trajectory with the highest probability. Although three BMI trajectories across the 4
timepoints were identified in the full sample (Xian et al., 2017), one group contained only 13
participants in the MRI subsample. For these analyses we combined the two trajectories with
rapidly increasing BMI; because both ended in obesity, we call this combined trajectory the
obesity trajectory (N=171). The group that maintained BMI with a relatively flat slope
remaining close to normal BMI range across the four decades we called the normal BMI
trajectory (N=202; see Table 1 for descriptive information). BMI was the only indicator of
adiposity available at all four timepoints. Separate measures of obese/not obese (BMI = 30;
BMI < 30 respectively) were created at each time point.

2.3.2. MRI acquisition and processing.

2.3.2.1 Cortical thickness and white matter volume.: At Time 4, T1-weighted images
were acquired on a GE 3T Discovery 750 scanner (GE Healthcare, Waukesha, W1, USA)
with an 8-channel phased array head coil at UCSD, and a Siemens Tim Trio, (Siemens USA,
Washington, D.C.) with a 32-channel head coil at MGH . At UCSD, the 3D fast spoiled
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gradient echo (FSPGR) T1-weighted image protocol was: TE=3.164 msec, TR=8.084 msec,
T1=600 msec, flip angle=8°, pixel bandwidth=244.141, FOV=24 cm, frequency=256,
phase=192, slices=172, slice thickness=1.2 mm. At MGH, the 3D magnetization-prepared
rapid gradient echo (MPRAGE) T1-weighted image protocol was: TE=4.33 msec, TR=2170
msec, T1=1100 msec, flip angle=7°, pixel bandwidth=140, slices=160, slice thickness=1.2
mm.

Raw image files were processed using an automated stream developed by the UCSD Center
for Multimodal Imaging and Genetics under the direction of Dr. Dale. Images were
corrected for gradient distortions (Jovicich et al., 2006) and B1 field inhomogeneity (Sled et
al., 1998). Any images with severe scanner artifacts or excessive head motion were excluded
(see section 2.3.2.3). T1-weighted images were then processed via the FreeSurfer v5.1
pipeline (Fischl, 2012) for white matter volume and for cortical parcellation data derived
from the Desikan-Killiany Atlas (Desikan et al., 2006). All processed images were visually
reviewed for quality, and the cortical surface related images were edited for technical
accuracy in alignment with standard, objective rules to improve the brain mask (removing
non-brain voxels) and white matter volume (filling hyperintense white matter lesions).

2.3.2.2. White matter abnormalities.: Measured white matter abnormalities may include
white matter hyperintensities of presumed vascular origin, lacunes, and small subcortical
infarcts (all hyperintense on T2-weighted or FLAIR and iso- or hypo-intense regions on T1)
(Fennema-Notestine et al., 2016). To examine white matter lesion load, T2- and PD-
weighted images also were acquired in the same session. At UCSD the T2-weighted coronal
2D FRFSE-XL protocol was: TE=94 msec, TR=4.6 sec, flip angle=90°, pixel
bandwidth=122, FOV=24cm, frequency=256, phase=256, slices=96, slice thickness=2mm,
ETL=16, NEX=2. The PD-weighted coronal 2D FSE-XL protocol was: TE=13 msec, TR=3
sec, flip angle=90°, pixel bandwidth=122, FOV=24cm, frequency=256, phase=256,
slices=96, slice thickness=2mm, ETL=4, NEX=1. At MGH the T2-weighted coronal 2D
TSE protocol was: TE=93 msec, TR=4.7 sec, flip angle=116°, pixel bandwidth=219,
FOV=24cm, frequency=123, phase=92, slices=96, slice thickness=2mm, ETL=24, NEX=2.
The PD-weighted coronal 2D TSE protocol was: TE=19 msec, TR=3 sec, flip angle=116°,
pixel bandwidth=219, FOV=24cm, frequency= 23, phase=192, slices=96, slice
thickness=2mm, ETL=12, NEX=2.

White matter abnormality volume was determined using a multi-channel (T1-, T2- and PD-
weighted) segmentation approach (Fennema-Notestine et al., 2016). The T1 image was
rigidly aligned to standard space, then the T2 and PD images were registered to the T1 and
nonparametric non-uniform intensity normalization (N3) bias-corrected (Sled et al., 1998).
A 3-class tissue segmentation calculated the robust means and covariances for white matter,
gray matter, and CSF. Abnormal voxel clusters were identified as voxels originally
segmented as gray matter that were situated within anatomically defined white matter
regions. All results were visually reviewed, and misclassifications were manually corrected.
Volumes were measured in each participant’s native (undeformed) space. To avoid
misclassification due to partial voluming errors, any voxels that touched (i.e., shared a
common face, edge, or vertex with) a ventricular fluid voxel were excluded from all
analyses.
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2.3.2.3.  MRI scan exclusion criteria.: Initially there was a total of 416 cases available
that acquired all three scans (T1, T2, PD). From this, 4.3% (n=18) were excluded for motion
artifact degrading quality in one or more of the three scans and 25 additional cases (4.7% at
BU and 5.4% at UCSD) were excluded due to poor image processing information (including
3 with medical conditions that made for poor segmentation) that could not be resolved by
standard manual intervention. The proportion did not differ by site for either reason. A final
total of 373 participants with complete MRI data remained in the analytic sample.

2.3.3. Covariates.—Covariates included in analyses were age, lifetime education,
ethnicity, smoking status and being at-risk for hypertension, dyslipidemia, diabetes,
inflammation, and/or ischemic heart disease at Time 4. Blood pressure was based on the
average of four systolic (SBP) diastolic (DBP) blood pressure readings taken during the
assessment day. Individuals with either SBP > 140 or DBP > 90 mm Hg (Aronow et al.,
2011), or who took anti-hypertensive medication, were classified as at-risk for hypertension
(75.1%). Fasting plasma glucose was assayed with spectrophotometry as part of a
comprehensive metabolic panel; glucose levels > 5.54 mmol/L (comparable to 100 mg/dl)
were considered at-risk. Being at-risk for diabetes was defined as having at-risk levels of
glucose, and/or taking a prescription medication for diabetes (51.7%) as per the International
Diabetes Federation global consensus: (http://www.idf.org/webdata/docs/

IDF_Meta_def final.pdf). Triglycerides and HDL-cholesterol were assayed as part of a lipid
panel via spectrophotometry. At-risk HDL-cholesterol was defined as levels < 1.03 mmol/L
(28.9%); at-risk triglycerides was classified as > 1.68 mmol/L (31.5%). At-risk overall
cholesterol was defined as being at-risk for either HDL or triglycerides or taking cholesterol-
lowering medication (72% at-risk) (Grundy, 2004). High-sensitivity C-reactive protein
(CRP), a protein measured in blood that indicates inflammation, was assayed using
nephelometry (Mora et al., 2009) and at-risk inflammation was defined as CRP > 28.5
nmol/L (27.5%). Presence/absence of ischemic heart disease at Time 4 (18%) was coded
using a validated population-based index (Xian et al., 2010) indicating presence of angina
based on a positive Rose Angina score and/or a prescription for nitroglycerin (Lampe et al.,
1999), self-reported heart attack/myocardial infarction, and/or heart surgery. Ethnicity was
coded as white non-Hispanic versus other. Tobacco smoking was coded as never, former or
current. Lifetime education reflected the number of years of formal schooling completed
(e.g., secondary school diploma=12; 4-year college degree=16; PhD/MD=20).

2.4. Data analyses.

2.4.1. Linear mixed model analyses.—Left and right hemisphere ROl measures were
averaged to obtain bilateral ROl measures. Because different scanners were used at the two
sites, all MRI measures adjusted for scanner. Cortical thickness measures also adjusted for
weighted mean cortical thickness, calculated as the sum of all cortical volume ROIs divided
by the total surface area. These ROIs were then used in the linear mixed model statistical
analyses. White matter measures were adjusted for intracranial volume to account for
individual differences in head size. Analyses included the random effect of family to account
for the twin clustering of the data and covariates described in section 2.3.3..
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Linear mixed models were used to examine associations between neuroimaging measures
and BMI phenotypes. Statistical analyses used Proc Mixed in SAS version 9.4 (SAS
Institute, Cary, North Carolina). We followed up the BMI trajectory comparisons of ROIs
with vertex-wise analyses and hemisphere-based analyses, including the same covariates.
Finally, we examined associations between obese/non-obese groups and continuous BMI
with the cortical thickness continuous measures at Time 4. All p-values are 2-tailed. Results
reflect false discovery rate (FDR) corrections at p<.05 (two-tailed) for multiple comparisons
(Benjamini and Hochberg, 1995; Li and Ji, 2005).

2.4.2. Vertex-wise analyses.—We conducted an exploratory vertex-wise analysis to
qualitatively examine regions of the cortex that could be affected by BMI, by hemisphere.
This offered a visual perspective of the regions affected, but is limited by the constraints of
the generalized linear model which does not permit the inclusion of missing data or random
effects (i.e. twin relatedness) which linear mixed models can incorporate.

Cortical vertex-wise analysis in conducted in Matlab r2014a using the Matlab FreeSurfer
and Statistical toolboxes. Cortical thickness maps for each hemisphere were concatenated
and a general linear mixed model was run contrasting the BMI trajectories (different
intercept, different slope) while controlling for education, ethnicity, age, and being at-risk
for dyslipidemia, hypertension, diabetes or ischemic heart disease, and scanner. To improve
sensitivity and signal to noise ratio, we applied a 30 mm full wide half maximum (FWHM)
smoothing kernel recommended for cortical thickness (Lerch and Evans, 2005). It should be
noted that this smoothing does inherently reduce specificity and anatomical precision
(Bernal-Rusiel et al., 2010). Significance was set at p<.05 (FDR-corrected) for clusters
larger than 100 voxels and statistical maps were rendered over the FreeSurfer average brain.

3. Results

3.1

Descriptive results.

Comparisons between normal BMI and obesity trajectories revealed no differences in
cognitive ability at Time 1 (average age 20), education, or age (see Table 1). The normal
BMI trajectory (N=202) was significantly more likely to be white non-Hispanic (91%)
compared with the obesity trajectory (83%). Mean BMI in the obesity trajectory (N=171)
was significantly higher at all four timepoints. As shown in Table 1, compared with the
normal BMI trajectory, members of the obesity trajectory were more likely to have at-risk
levels of CRP, diabetes, SBP and DBP at Time 4 (average age 62). Risk for metabolic
syndrome—that is, the co-occurrence of 3 or more cardiometabolic risk indicators (i.e., at-
risk for obesity, dyslipidemia, hypertension, diabetes)—occurred more frequently in the
obesity trajectory (59.4%) compared with the normal BMI trajectory (17.4%). Rates of
ischemic heart disease or smoking were not significant.

3.2. BMIl trajectories and bilateral ROI cortical thickness.

The obesity trajectory compared with the normal BMI trajectory had significantly thinner
cortex in multiple bilateral frontal ROIs (i.e., frontal pole, pars triangularis, caudal and
rostral middle frontal gyri ROIs) and temporal lobe (i.e., banks of the superior temporal
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sulcus; inferior, middle, and superior temporal gyri; fusiform gyrus; temporal pole) (Table 2,
Figure 1). No regions in the cingulate, occipital lobe, or parietal lobe were different after
FDR correction.

3.3. Obese/non-obese group comparisons, continuous BMI, and bilateral ROI cortical

thickness.

We examined the extent to which categorical BMI (obese/not obese) or continuous BMI at
each timepoint, adjusted for all covariates, were associated with cortical thickness at Time 4.
Obesity at Time 1 or 3 (average age 56) did not predict any midlife brain outcome. At Time
2 (average age 40), 1 comparison survived FDR correction: the obese group had a
significantly thicker lateral occipital gyrus than the non-obese group (Supplemental Table 1).

Within Time 4, comparisons of obese versus non-obese groups closely paralleled those for
the trajectory analyses, showing group differences largely in the frontal and temporal lobes
(Table 3). The obese group had thinner pars triangularis, caudal and rostral middle frontal
gyri, precentral gyrus, banks of the superior temporal sulcus, middle and superior temporal
gyri, and fusiform gyrus compared with the non-obese group (supplemental Figure 1). The
supramarginal gyrus of the parietal lobe was significantly thinner in the obese group. No
results were significant at any time for the continuous BMI measure (data not shown).

Finally, post-hoc we ran mixed effect models by hemisphere that excluded cardiometabolic
risk measures (i.e., at-risk hypertension, dyslipidemia, diabetes, inflammation, ischemic
heart disease) as covariates (see supplemental Tables 2 and 3). Point estimates were largely
similar suggesting that most of the association is explained by BMI.

3.4. Lateralized cortical thickness.

We first conducted an exploratory vertex-wise analysis to qualitatively examine regions of
the cortex that could be affected by BMI, using generalized linear models. As can be seen in
Figure 2, the vertex-wise analyses show the obesity trajectory with significantly thinner
cortex (p<0.05, FDR corrected) in clusters representing the right medial superior frontal
cortex, right pars opercularis, right pars triangularis, right caudal middle frontal gyri, right
and left rostral middle frontal gyri, left isthmus, left rostral anterior cingulate as well as in
both right and left temporal lobes and fusiform gyri (Figure 2; regions in blue have t-test
thresholds > 2).

3.4.1. BMI trajectories and hemisphere-specific ROI cortical thickness.—We
then examined associations between BMI phenotypes and cortical ROIs, separately by
hemisphere, using mixed models with all covariates and the random effect of twin. In the
right hemisphere, the obesity trajectory compared with the normal trajectory group had
thinner cortex in the precentral gyrus, pars opercularis, pars triangularis, caudal and rostral
midfrontal gyri, middle and superior temporal gyri, and temporal pole (Table 2). In the left
hemisphere, the obese trajectory had significantly thinner banks of the superior temporal
sulcus, inferior and middle temporal cortex, and fusiform gyrus compared with the normal
trajectory. No regions in the right or left cingulate, occipital, or parietal lobes or in the left
frontal lobe were significant after FDR-correction.
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3.4.2. Obese/non-obese groups at Time 4 and hemisphere-specific ROI
cortical thickness.—With regard to obese/non-obese group comparisons at Time 4 (Table
3), the obese group had thinner right precentral gyrus, right pars triangularis, right caudal
and rostral middle frontal gyri, right postcentral gyrus, right supramarginal gyrus, right
middle and superior temporal gyri, and right temporal pole as well as left banks of superior
temporal sulcus, left inferior and middle temporal cortex, and left fusiform gyrus compared
to the non-obese group. Of interest in the obese/non-obese comparisons is the emergence of
significant differences in two right parietal ROIs (Postcentral gyrus, supramarginal gyrus)
that had not remained significant after FDR correction in the trajectory analyses. There were
no significant associations between BMI measured continuously at age 62 and lateralized
cortical thickness ROIs (data not shown).

3.5. White matter volume and abnormalities.

There were no significant associations between trajectory group and total white matter
volume (8=0.0001, p=.98) or abnormal white matter volume (8=-.0097, p=.91).
Associations between Time 4 obesity and total white matter volume (5=-.0003, p=.97) or
abnormal white matter volume (8=-.0200, p=.85) were not significant (or at other
timepoints, data not shown).

4. Discussion

Among men who were healthy, trajectories with steeper increases in continuously measured
BMI across 4 decades were associated with having thinner cortices in late midlife,
predominantly in temporal and frontal regions, despite most of these men having BMI in the
normal range at the age 20 baseline. Cross-sectional results for obesity—but not
continuously measured BMI—at age 62 closely paralleled those for BMI trajectory. Results
for the frontal lobe appeared primarily in the right hemisphere; cortical thinness in the
temporal lobe occurred in both hemispheres. Having a thinner cortex in temporal regions has
most strongly predicted dementia-related outcomes in some studies. McEvoy et al. reported
that temporal lobe thinning predicted more rapid onset of mild cognitive impairment and/or
AD-like dementias (McEvoy et al., 2009). In a study of eight AD-related cortical regions in
middle-aged adults, Pettigrew et al. (2016) found that overall thinness in those regions
predicted development of clinical AD symptoms and tau pathology across seven years; four
of the seven regions overlapped our temporal lobe regions (Pettigrew et al., 2016).
Comparable to a number of other studies, BMI as a continuous measure was not associated
with cortical thickness. This suggests that being obese by late midlife is likely the more
salient BMI phenotype related to the brain outcomes.

Longitudinal studies of BMI and cortical thickness in adults from young adulthood to late
midlife are rare. In one other longitudinal study of adults in their 40s (Shaw et al., 2017),
increasing BMI across 8 years was associated with thinning in the posterior cingulate
(bilaterally), as well as thinning in the right lingual gyrus, anterior cingulate, and
pericalcarine sulcus (p<.05, one-sided) in vertex-wise analyses. Shaw et al. (2018) further
reported that baseline BMI in 60-66 year-olds, but not 40 year-olds, was associated with
cortical thickness 8 years later—maost notably in the bilateral entorhinal cortex and bilateral
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cingulate. Increasing BMI across 8 years was associated with cortical thinning in multiple
lateralized ROIs mainly in the late-life group. Our analyses only found thinner cortex in
portions of the cingulate in the vertex-wise analyses and in the right hemisphere of obese
participants. Overall our strongest results were in the temporal and frontal regions. It may be
that the differences are due to participant characteristics such as gender (VETSA is all male,
the Shaw sample was approximately 54% female), age, or study duration (42 years versus
eight years). Nevertheless, these results suggest that the effects of excessive adiposity and
associated processes on the brain likely start appearing by midlife. It is unknown if these
effects are reversible; previous research found that caloric restriction improved memory
performance in older adults; it is possible reasonable reduction in BMI within could have an
effect on cortical thickness (Witte et al., 2009).

While the obesity paradox—the controversial finding by some researchers that while high
midlife BMI increases risk for cognitive decline and dementia, higher late-life BMI may be
protective—is often studied with regard to cognition, it is less often examined in brain
phenotypes. This study finds support for an association between the role of excess BMI by
late midlife and brain vulnerability. Shaw et al. (2018) compared younger and older groups
as a way of elucidating the paradox. Consistent with the paradox, increasing BMI was
associated with greater cortical thinning over time (primarily in the older group); however,
decreasing BMI across eight years in the older group, but not the younger group, was also
associated with greater cortical thinning in multiple ROIs. Among older adults with AD,
however, Malpetti et al.(2018) reported that having a higher BMI was associated with
greater brain vulnerability for women but not men, finding no evidence that higher BMI was
protective; brain vulnerability was defined as brain hypometabolism and lower metabolic
connectivity in key resting-state networks. In our analyses, we found no evidence for high
BMI as being protective. Given that the age range of our sample falls between those of the
Shaw et al. groups, this is perhaps not unexpected and may be due to the relatively young
age (average age 62) or high levels of BMI. In future studies, however, a longitudinal design
combined with early measures of BMI and brain will help to elucidate the obesity paradox
and how risks associated with BMI may change across the life course as well as illuminate
the roles of factors such as health, age, and selective attrition, among others, in this
phenomenon.

Finally, although some studies find associations between BMI and white matter
abnormalities, there were no significant associations in our analyses. Causes of white matter
abnormalities include vasculopathy, demyelination, and gliosis, but the most common cause
associated with aging and cerebrovascular disease is ischemic pathogenesis, or small
cerebral vessel disease (Fennema-Notestine et al., 2016; Santos, P.P. et al., 2017). It may be
the VETSA participants are too young (average age 62) to detect these associations.
Additionally, the sample had low rates of ischemic heart disease.

A number of mechanisms may link excessive midlife BMI with neurodegenerative damage;
these likely are interlinked mechanisms that include vascular and metabolic pathways,
inflammatory processes, and possibly genetic influences. BMI is strongly associated with
poor outcomes on cardiometabolic and cardiovascular measures (Grundy, 2004; Reilly and
Kelly, 2011; Reis et al., 2015; Twig et al., 2016; Xian et al., 2017). Our analyses controlled
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for multiple risks for cardiometabolic disease and still found significant associations
between BMI trajectory and/or obesity with cortical thickness at midlife. Higher levels of
BMI may also decrease cerebral blood flow and cardiac output distribution to the brain with
age (Xing et al., 2017). Studies of the lipidome suggest that complex interactive processes
are involved with body mass, lipid dynamics, cell metabolism, and brain morphology; lipids
have essential roles in cellular signaling and membrane protein assembly and AD
progression is strongly associated with abnormal lipid metabolism (Li et al., 2017; Nam et
al., 2017). Epigenetic mechanisms such as those involved in DNA methylation may also be
involved; a study of the Dutch Hunger Winter, for example, found that epigenetic factors
mediated associations between exposure to adversity during early development and BMI in
adulthood (Tobi et al., 2018). Such risk factors are also likely to play a role in brain
development. Explorations of the substantial genetic overlap between cardiometabolic
indicators, inflammation, and BMI may also yield further insights into the biology of
obesity, neurodegenerative damage, and comorbidity with other disease processes (Locke et
al., 2015; Marioni et al., 2016; Panizzon et al., 2015; Santos, C.Y. et al., 2017). For instance,
in a genome-wide association study meta-analysis, the most strongly enriched gene sets for
BMI and obesity involved critical brain pathways regulating appetite, insulin synthesis and
processing, and energy metabolism in the hypothalamus and pituitary, synaptic plasticity and
cellular mechanisms (Locke et al., 2015). Genetic analyses were beyond the scope of this
study.

Our study has several limitations. Longitudinal MRI data were not available so we were
unable to evaluate whether the brain structures were different at earlier time periods. Scanner
selection criteria typically exclude extremely heavy men (i.e., girth greater than the MRI
bore and/or, in these scanners, weight greater than 300 pounds), which restricts examination
of brain phenotypes in more extreme cases. Studies focused on older adults, however, likely
already have high levels of selective attrition associated with obesity related to both health
and scanner limitations. Waist circumference is sometimes considered a better indicator of
adiposity than BMI (Connor-Gorber et al., 2007), but BMI was our only measure with
multiple timepoints, which allowed for trajectory and longitudinal analyses. Moreover, BMI
and waist circumference in the present sample were correlated r=0.90. BMI data at Time 2
was self-reported; mis-estimation of self-reported BMI has been shown in different groups
(Richmond et al., 2015). The sample is primarily male non-Hispanic white veterans, so
generalizability to women and other groups is unclear. Recent longitudinal studies find some
sex differences in associations with BMI (von Bonsdorff et al., 2015). A strength of the
study includes the homogeneity of age in an allmale sample, thereby increasing our power.

4.1 Conclusions.

To our knowledge, this study is unique in its analyses of four decades of longitudinal BMI
data starting in young adulthood and the relationship of BMI phenotypes with cortical
thickness and white matter in late midlife. This large age-homogeneous sample allowed for
in-depth examination of BMI change and heterogeneity across an important transitional age
period when cardiometabolic dysregulation and inflammation become more prevalent
(Locke et al., 2015). We provided evidence that either steeply increasing BMI from young
adulthood to late midlife or obesity in late midlife is significantly associated with thinner
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cortex in late midlife, predominantly in the frontal and temporal lobes. Results for the BMI
trajectory and Time 4 obesity analyses were comparable, so there appears to be no statistical
advantage to examining trajectories over current obesity. In contrast to the BMI trajectories,
however, continuously measured BMI at Time 4 was not associated with cortical thickness.
Knowing what trajectory a person is on earlier in adulthood may also be clinically useful
(Croswell and Luger, 2012). Taken in the context of other research, these associations with
excess BMI at midlife portend potentially increased risk for cognitive decline (Albanese et
al., 2017; Chuang et al., 2016) and reduced life expectancy in later life (Olshansky et al.,
2005).
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HIGHLIGHTS

Body mass index/BMI trajectory across 4 decades predicts midlife cortical thickness
Thinner temporal and frontal cortical ROIs in adults with steeply increasing BMI Midlife
obesity associated with thinner cortex in similar regions Neither BMI trajectory nor
obesity predicts white matter volume or abnormalities
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Figure 1.
Parcellation map of cortical regions associated with BMI trajectory by hemisphere (33 ROIs

per hemisphere). Shown are p-values for regions that are significantly different in the obese
versus the normal trajectory. All indicated ROIs are thinner for the obesity trajectory
compared with the normal trajectory (see Table 2 for parameter estimates). T-1 weighted
images were processed via the FreeSurfer v5.1 pipeline. Cortical parcellation data was
derived from the Desikan-Killiany atlas (Desikan et al., 2006). Results adjusted for age,
education, ethnicity, smoking, at-risk for hypertension, dyslipidemia, diabetes,
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inflammation, and ischemic heart disease, and the random effect of family. Cortical
thickness measures were adjusted for scanner and weighted average thickness.
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Left Right

- ‘ .
- ‘

Obesity Trajectory < Normal Trajectory

Figure 2.
Vertex-wise comparisons by trajectory group. Blue color tones indicate areas in which the

obesity trajectory is significantly thinner than the normal trajectory (t-test threshold > 2).
Comparisons are significant at p<0.05, FDR corrected. Cortical vertex-wise analysis in
conducted in Matlab r2014a using the Matlab FreeSurfer and Statistical toolboxes. Cortical
thickness maps for each hemisphere were concatenated and a general linear mixed model
was run contrasting the BMI trajectories (different intercept, different slope) while
controlling education, ethnicity, age, risk for dyslipidemia, hypertension, diabetes, ischemic
heart disease, and scanner. To improve sensitivity and signal to noise ratio, a 30 mm full
wide half maximum smoothing kernel was applied as recommended (Lerch and Evans,
2005). Significance was set at p<.05 (FDR-corrected) for clusters larger than 100 voxels and
statistic maps were rendered over the FreeSurfer average brain.
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Demographics by BMI Trajectory

Table 1.

Normal Trajectory  Obese Trajectory  p-value

N=202 N=171
Variables (Mean/SD) Mean (SD) Mean (SD)
Age at MRI (Time 4) 62.0 (2.48) 61.7 (2.65) p=0.20
Education (yrs) 14.0 (2.09) 13.7 (1.96) p=0.24
AFQT Time 1 0.39 (0.67) 0.41 (0.68) =012
Ethnicity (% WNH) 90.8% 83.1% p=0.03
BMI Time 1/Age 20, kg/m? ~ 21.4 (2.22) 23.7 (2.80) p<0.0001
% obese 0% 3.5%
BMI Time 2/Age 40, kg/m?  23.6 (1.90) 27.4 (3.01) p<0.0001
% obese 0% 10.5%
BMI Time 3/age 56, kg/m?  25.7 (2.41) 31.7 (2.92) <0.0001
% obese 2.9% 69.9%
BMI Time 4/age 62, kg/m?>  25.9 (2.48) 32.6 (3.00) £<0.0001
% obese 2.5% 82%
Time 4/Age 62 Cardiometabolic risk factors
C-Reactive Protein risk 18.7% 34.9% p=0.01
Hypertension risk 59.7% 85% <0.0001
Diabetes risk 41.4% 58% p=0.01
Hypercholestemia risk 58.5% 70.1% p=0.03
Ischemic Heart Disease risk ~ 10.2% 11.7% =0.66
Metabolic Syndrome risk 17.4% 59.4% p<0.0001
Smoking
% Never 86 (42.6) 66 (38.6) =029
% Former 74 (36.6) 76 (44.4)
% Current 42 (20.8) 29 (17.0)

Page 22

Note. BMI= Body mass index; WNH=white non-Hispanic; AFQT=Armed Forces Qualification Test (Uhlaner JE, Bolanovich DJ. Development of

the Armed Forces Qualification Test and Predecessor Army Screening Tests, 1946-1950. Washington, DC: Personnel Research Section,

Department of the Army; 1952.)
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