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Abstract [ MOREONLINE

Objective O CME Course

To examine associations between measures of obesity in middle to early-old age with later-life NPub.org/cmelist

MRI markers of brain aging.

Methods

We analyzed data from the Northern Manhattan MRI Sub-Study (n = 1,289). Our exposures of
interest were body mass index (BMI), waist circumference (WC), waist-to-hip ratio, and
plasma adiponectin levels. Our outcomes of interest were total cerebral volume (TCV), cortical
thickness, white matter hyperintensity volume (WMHYV), and subclinical brain infarcts (SBI).
Using multivariable linear and logistic regression models adjusted for sociodemographics,
health behaviors, and vascular risk factors, we estimated {§ coefficients (or odds ratios) and 95%
confidence intervals (Cls) and tested interactions with age, sex, and race/ethnicity.

Results

On average at baseline, participants were aged 64 years and had 10 years of education; 60% were
women and 66% were Caribbean Hispanic. The mean (SD) time lag between baseline and MRI
was 6 (3) years. Greater BMI and WC were significantly associated with thinner cortices (BMI
B [95% CI] -0.089 [-0.153, —0.025], WC B [95% CI] —0.103 [-0.169, —0.037]) in fully
adjusted models. Similarly, compared to those with BMI <25, obese participants (BMI >30)
exhibited smaller cortical thickness (B [95% CI] —0.207 [-0.374, —0.041]). These associations
were particularly evident for those aged <6S years. Similar but weaker associations were
observed for TCV. Most associations with WMHYV and SBI did not reach statistical significance.

Conclusions

Adiposity in early-old age is related to reduced global gray matter later in life in this diverse
sample. Future studies are warranted to elucidate causal relationships and explore region-
specific associations.
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Glossary

BMI = body mass index; CDC = Centers for Disease Control and Prevention; CI = confidence interval; HDL = high-density

lipoprotein; LDL =

low-density lipoprotein; NOMAS = Northern Manhattan Study; OR = odds ratio; SBI = subclinical brain

infarct; TCV = total cerebral volume; TIV = total intracranial volume; WC = waist circumference; WHR = waist-to-hip ratio;

WMHYV = white matter hyperintensity volume.

Does obesity hasten brain ageing?

Most studies examining obesity and brain structure focus
on markers of cerebral small vessel disease.

Parameters

. . - assessed:

Outcomes:

Some studies indicate
an association between
cortical thickness

and obesity.

Effect of obesity on brain ageing is unclear.

Is adiposity in middle to early-old
age associated with brain atrophy,
cortical thinning, and greater
cerebral small vessel disease
burden?

Study
question:

doi:10.1212/WNL.0000000000007966

Maintaining a healthy weight is an important metric defining
optimal brain health," but the mechanism through which
obesity may affect brain aging is unclear. Obesity is associated
with hypertension, diabetes, dyslipidemia, and chronic in-
flammation, all of which are related to worse brain health.” In
addition, adipocytokines, such as adiponectin, have been as-
sociated with neuroprotective mechanisms and may serve as

biomarkers for risk stratification.’

Most studies examining measures of obesity and brain
structure have focused on markers of cerebral small vessel
disease* '* and volumetric measures of brain structure.*'>
Also, many of these studies have been conducted in pre-
dominately non-Hispanic white samples, despite the greater
burden of obesity and dementia in minority populations.'*"
Further, few epidemiologic studies have examined cortical
thickness in relation to obesity. Though cortical thickness and
gray matter volumes similarly predict Alzheimer disease,
cortical thickness is less confounded by head size and surface
area and may represent a distinct biological entity from ce-
rebral volume.'®'” Some studies of cortical thickness and
obesity have been conducted in small, clinical, and non-
representative samples,lg’19 but a few larger studies have
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1,289 participants from the Northern Manhattan MRI Sub-Study
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Adiposity in early-old age is associated to
decreased global gray matter later in life.

Neurology*

shown that greater weight is related to cortical thinning.zo’21

119222
However, results are generally mixed. 922,23

In the present study, we hypothesized that global obesity and
central adiposity would be related to brain atrophy, cortical
thinning, and greater cerebral small vessel disease burden.
We analyzed data from the Northern Manhattan Study
(NOMAS), an ongoing longitudinal cohort study of diverse,
clinically stroke-free older adults. We also examined how
these associations varied by age, sex, and race/ethnicity.

Methods

Source and analytic samples

Recruitment of the original NOMAS cohort began between
1993 and 2001 and has been described previously.”* Briefly,
potential participants were identified via random digit-
dialing and screened for the following eligibility criteria:
(1) clinically stroke-free, (2) aged >40 years old, and (3)
lived in Northern Manhattan for at least 3 months in a
household with a telephone. The original NOMAS cohort (n =
3,298) underwent a demographic and clinical interview (in
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English or Spanish) with trained bilingual research associates
as well as a physical and neurologic examination with study
neurologists. From 2003 to 2008, participants from the original
NOMAS cohort were recruited into the NOMAS MRI Sub-
Study. Eligibility criteria for the MRI Sub-Study included (1)
clinically stroke-free, (2) aged >S50 years old, and (3) no con-
traindications to MRIL. An additional 199 household members
currently living with enrolled NOMAS participants were also
recruited at this time to maximize enrollment in the MRI
substudy, resulting in 1,290 participants enrolled. Our analytic
sample consisted of participants from the NOMAS MRI Sub-
Study who had available total cerebral volume (TCV), white
matter hyperintensity volume (WMHYV), and subclinical brain
infarct (SBI) data available (n = 1,289). Cortical thickness data
were available in a subsample of these participants (n = 947).

Standard protocol approvals, registrations,
and participant consents

All participants provided written informed consent, and the
study was approved by institutional review boards at the Uni-
versity of Miami and Columbia University Medical Center.

Predictors of interest: Measures of obesity
Data on predictors of interest were obtained from the original
NOMAS baseline visit for participants who were recruited
into the NOMAS MRI Sub-Study from the original NOMAS
cohort. For household members who were newly recruited
into the NOMAS MRI Sub-Study between 2003 and 2008,
predictor data were from the time of the MRI visit.

Anthropomorphic measurements, including height, weight,
and waist and hip circumferences, were obtained using stan-
dardized protocols as previously described.”® Briefly, body
mass index (BMI) was calculated as weight in kilograms di-
vided by height in meters squared (kg/m”) and assessed
continuously and categorically using cutoffs from the Centers
for Disease Control and Prevention (CDC) (obese: BMI >30,
overweight: 25 to <30, and reference: BMI <25).%¢ Only 9
participants were underweight (BMI <18.5), and thus we
included them in the reference category. Waist and hip cir-
cumferences were measured in inches with a flexible tape
measure while participants were standing and wearing no
heavy outer garments. Waist circumference (WC) was mea-
sured at the level of the umbilicus, and hip circumference was
measured at the level of the bilateral greater trochanters, as
previously described.”® Waist-to-hip ratio (WHR) was com-
puted as WC divided by hip circumference. We also assessed
central obesity defined by WC (WC >40 inches for men and
WC >35 inches for women®”) and WHR (WHR >0.9 for men
and WHR >0.85 for women’®).

In a subsample of participants, adiponectin concentrations
were measured from stored frozen plasma (n = 1,066) as
previously described.”® Briefly, adiponectin concentrations
were measured using a commercially available double anti-
body immunoassay (Linco Research, Millipore, Billerica, MA;
Cat #HADP-61HK). Samples were diluted (1:5,000) prior to

Neurology.org/N

assay since human adiponectin serum concentrations are in
the pg/mL range and the assay uses standards ranging from 1
to 100 ng/mL. Adiponectin concentrations were assessed
continuously and in quartiles.

Outcomes of interest: MRI markers of

brain aging

Brain MRIs were obtained between 2003 and 2008 on a single
L1.ST Philips Intera scanner (Philips, Best, the Netherlands) at
Columbia University Medical Center. Measurement of total
intracranial volume (TIV), TCV, and WMHV using T1
(spoiled gradient recalled echo) and fluid-attenuated inversion
recovery sequences has been described previously.*® Briefly,
images were sent to the University of California, Davis, for
analysis. To obtain TIV, nonbrain elements were removed
manually by operator-guided tracing of the dura mater within
the cranium (including the middle cranial fossa and excluding
the posterior fossa and brainstem). To obtain TCV, whole brain
voxels from the segmentation of T1-weighted images were
summed. To obtain WMHYV, voxels exhibiting an image in-
tensity >3.5 SD above the mean image intensity were summed,
then multiplied by pixel dimensions and section thickness.

For cortical thickness measurements, images were analyzed at
the University of Miami Miller School of Medicine using the
Freesurfer image analysis suite version 5.1 (surfer.nmr.mgh.
harvard.edu/). Freesurfer measurements were limited to 947
MRI Sub-Study participants due to image quality require-
ments. T1-weighted MRI underwent motion correction, skull
stripping, and transformation into Talairach space. Then
images were segmented, gray and white matter boundaries
were identified, and images underwent further automated
topology correction and surface deformation.>"** To obtain
overall mean cortical thickness, we averaged the mean left and
right hemisphere cortical thickness measurements.

Determination of SBIs has been published previously.>
Briefly, a superimposed image of the subtraction, proton
density, and T2-weighted images at 3 times magnified view
was used to assist in the interpretation of lesion character-
istics. Two raters were used to determine the presence of
infarcts, and agreement between them has been generally
good (previously published « values: 0.73-0.90).>*

Covariates

Standardized questions adapted from the Behavioral Risk
Factor Surveillance System from the CDC were used to ob-
tain self-reported data on medical and risk factor history.
Participants self-identified their race/ethnicity in response
to questions modeled after the US Census. The difference in
years between the NOMAS baseline visit and the MRI visit
was computed. Smoking status was self-reported as never
(reference), current, or former. Physical activity was mea-
sured using a questionnaire adapted from the National
Health Interview Survey of the National Center for Health
Statistics. Moderate to heavy physical activity was defined as
engaging in one or more physically intense activities within
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a typical 14-day period as previously described.*® Moderate
alcohol consumption was measured using a modified Block
National Cancer Institute Food Frequency questionnaire,
and defined as current drinking of >1 drink per month up to
2 drinks per day as previously described.*® Antihypertensive,
diabetic, and cholesterol-lowering medication usage was also
self-reported. Systolic and diastolic blood pressures were
computed as the average of 2 blood pressure readings (with
a 10-minute rest) from the right brachial artery using a cali-
brated sphygmomanometer. Blood glucose was measured
from serum using standard protocols. Low-density lipopro-
tein (LDL) and high-density lipoprotein (HDL) cholesterol
were measured using standard enzymatic procedures in an
automated spectrometer. Participants underwent a neuro-
cognitive battery at MRI, which has been detailed in previous
publications.30 Briefly, interrelationships between individual
neuropsychological test scores were explored using factor
analysis and a Scree plot of eigenvalues to determine the
number of constructs (i.e., domains). Individual test scores
were converted to z scores, and domain-specific z scores
were computed as the mean of relevant individual test z
scores. Cognitive impairment was defined as having at least
one domain-specific z score <—1.5.

Statistical analysis

Sample characteristics were summarized as means (with SD)
for normally distributed, continuous data, medians (with Ist
and 3rd quartiles) for skewed continuous data, and frequen-
cies (with percents) for categorical data. We compared
covariate distributions across BMI categories using 2-sample ¢
tests (for normally distributed continuous variables), Kruskal-
Wallis tests (for non-normal continuous variables), and X2
tests for categorical data.

We modeled TCV, WMHYV, and cortical thickness using
unadjusted and multivariable linear regression models. We
modeled SBI using unadjusted and multivariable logistic
regression models. To aid in comparison of point estimates,
TCV and cortical thickness were converted into z score
units. Due to the right-skewed distribution of WMHYV, we
applied a natural log-transformation to WMHYV after the
addition of a small constant to achieve normality and ho-
moscedasticity of residuals in linear models. We also con-
firmed assumptions of logistic models by checking that the
continuous predictors of interest were linearly related to the
logit graphically. Beta estimates and 95% confidence limits
for log-WMHYV were transformed using the following for-
mula: (¢”*** - 1) x 100, such that a one-unit increase in the
predictor is associated with a P-unit percent change in
WMHYV.?” Beta estimates (or odds ratios [ORs]) and 95%
confidence intervals (Cls) are presented from these analy-
ses. Listwise deletion was used to address missing covariate
data in all analyses. All hypothesis testing was 2-sided, and «
was a priori set at 5% for all main outcomes.

Covariates for the models above were chosen based on a priori
knowledge of the potential confounders and mediators
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between obesity and brain health, as well as known predictors
of our outcomes of interest. To assess multicollinearity, only
covariates with a variance inflation factor <10 were included in
models.>® Model 1 consisted of known confounders of the
association of interest: age at baseline, sex, race/ethnicity, years
of education, years between baseline and MRI, smoking status,
moderate to heavy physical activity, and moderate alcohol
consumption. Model 2 consisted of covariates from model 1
and further adjusted for potential mediators (i.., vascular risk
factors): systolic blood pressure, diastolic blood pressure, an-
tihypertensive medication use, fasting blood glucose, diabetic
medication use, HDL cholesterol, LDL cholesterol, and
cholesterol-lowering medication use. For the outcomes of TCV
and WMHYV, T1IV was also added as a covariate to account for
differences in head size. Finally, we also explored potential
effect modification by age, sex, and race/ethnicity in post hoc
analyses by adding the appropriate 2-way multiplicative in-
teraction terms to model 1. Stratified analyses were conducted
when the p value for the interaction term was <0.05.

We conducted sensitivity analyses to address potential se-
lection bias, reverse causation by cognitive status, missing
data, and the non-normal distribution of WMHYV. First, we
compared covariate distributions between participants in-
cluded and excluded from the MRI cohort, with and without
cortical thickness data available, and household members with
original cohort members. These comparisons were tested
using 2-sample ¢ tests (for normally distributed continuous
variables), Wilcoxon rank-sum tests (for non-normal contin-
uous variables), and y tests for categorical data. We also re-
ran fully adjusted main analyses among participants who were
recruited from the original cohort (i.e., excluding household
members recruited at MRI, n = 1,090). Second, we re-ran fully
adjusted main analyses among those who were deemed cog-
nitively unimpaired (n = 1,087). Third, we re-ran fully ad-
justed main analyses using 10 multiply imputed datasets,
assuming a multivariate normal distribution.>’ Fourth, we re-
ran WMHYV analyses using multivariable quantile regression
models adjusted for model 1 covariates to model the expected
median WMHYV (as opposed to the expected mean of log
WMHYV).

All analyses were conducted in SAS 9.4 (SAS Institute, Cary,
NC). Figures were generated using ggplot2 package40 inR (r-
project.org/) and coded through RStudio (rstudio.com/).
Data for tables e-6 through e-9 are available from Dryad
(doi.org/10.5061/dryad.2ss22k3).

Data availability statement
Anonymized data not published within this article can be
shared by request by any qualified investigator.

Results

Sample characteristics at study entry stratified by BMI cate-
gory are displayed in table 1. On average, participants were

Neurology.org/N
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Table 1 Sample characteristics, overall and stratified by body mass index (BMI) categories

Overall (n=1,289) BMI<25(n=346) BMI25t0o<30(n=571) BMI=230(n=372) pValue
Sociodemographics
Age, y, mean (SD) 64 (8) 65 (9) 64 (8) 63 (8) 0.048
Education, y, mean (SD) 10(5) 11 (5) 9 (5) 9 (5) <0.001
Women, n (%) 779 (60) 187 (54) 320 (56) 272 (73) <0.001
Years between baseline and MRI, mean (SD) 6 (3) 7 (3) 6(3) 6 (4) 0.007
Race/ethnicity, n (%)
Hispanic/Latino 847 (66) 191 (55) 403 (71) 253 (68) <0.001
Non-Hispanic black 222 (17) 62 (18) 83(15) 77 (21)
Non-Hispanic white 191 (15) 82 (24) 74 (13) 35(9)
Other 29 (2) 11@3) 11Q2) 72)
Measures of obesity
BMI, kg/m?, mean (SD) 28 (5) 23(2) 27 (1) 34(3) <0.001
WC, inches, mean (SD) 37(5) 33(3) 36 (3) 41 (4) <0.001
Central obesity per WC, n (%) 518 (40) 23(7) 182 (32) 313(85) <0.001
WHR, mean (SD) 0.90 (0.09) 0.88 (0.10) 0.91 (0.08) 0.91 (0.09) <0.001
Central obesity per WHR, n (%) 806 (63) 167 (48) 376 (66) 263 (71) <0.001
Adiponectin, mcg/mL, median (Q1, Q3)* 9(7,12) 10(7,14) 8(6,11) 8(6,11) <0.001
Adiponectin quartiles, n (%)?
1st quartile 329 (31) 60 (20) 162 (34) 107 (36) <0.001
2nd quartile 315 (30) 79 (27) 147 (31) 89 (30)
3rd quartile 240 (23) 78 (26) 94 (20) 68 (23)
4th quartile 182 (17) 78 (26) 72 (15) 32 (11)
Health behaviors and vascular risk factors
Moderate to heavy physical activity, n (%) 131 (10) 46 (13) 58 (10) 27 (7) 0.031
Moderate alcohol consumption, n (%) 530 (41) 164 (47) 254 (44) 112 (30) <0.001
Smoking status, n (%)
Never 612 (47) 148 (43) 266 (47) 198 (53) 0.025
Former 475 (37) 130 (38) 218 (38) 127 (34)
Current 202 (16) 68 (20) 87 (15) 47 (13)
Systolic blood pressure, mm Hg, mean (SD) 139 (20) 136 (20) 140 (19) 142 (20) <0.001
Diastolic blood pressure, mm Hg, mean (SD) 83 (11) 80(11) 83(11) 85(10) <0.001
Antihypertensive medication use, n (%) 527 (41) 99 (29) 229 (40) 199 (54) <0.001
Blood glucose, mg/dL, median (Q1, Q3) 90 (82, 104) 87 (78, 98) 90 (81, 104) 96 (85, 112) <0.001
Diabetes medication use, n (%) 159 (12) 22 (6) 71 (12) 66 (18) <0.001
HDL cholesterol, mg/dL, mean (SD) 47 (15) 51 (17) 46 (14) 44 (12) <0.001
LDL cholesterol, mg/dL, mean (SD) 128 (35) 130 (35) 128 (35) 127 (35) 0.640
Cholesterol-lowering medication use, n (%) 197 (15) 36 (10) 95 (17) 66 (18) 0.012
Continued
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Table 1 Sample characteristics, overall and stratified by body mass index (BMI) categories (continued)

Overall (n=1,289) BMI<25(n=346) BMI25to<30(n=571) BMI230(n=372) pValue

Brain MRI metrics

Mean cortical thickness, mm, mean (SD)® 2.29 (0.10) 2.29(0.11) 2.29 (0.10) 2.29 (0.10) 0.821
Total cerebral volume, mL, mean (SD) 834 (100) 840 (105) 837 (100) 824 (95) 0.058
Total intracranial volume, mL, mean (SD) 1,152 (123) 1,167 (124) 1,155 (124) 1,134 (117) 0.001
WMH volume, mL, median (Q1, Q3) 4(2,9) 4(2,10) 4(3,9) 4(2,7) 0.104
Presence of subclinical brain infarcts, n (%) 197 (16) 56 (17) 87 (16) 54 (15) 0.879

Abbreviations: HDL = high-density lipoprotein; LDL = low-density lipoprotein; WC = waist circumference; WHR = waist-to-hip ratio.

Covariates measured at study entry. Mean (SD) presented for normally distributed continuous variables. Median (1st quartile, 3rd quartile) presented for
skewed continuous variables. Frequencies and column percents presented for categorical data. p Values obtained from one-way analysis of variance (for
normally distributed variables), Kruskal-Wallis tests (for non-normally distributed variables), and x tests (for categorical variables).

2 Missing 223.

® Missing 342.

aged 64 years (SD 8 years) and had 10 years of education (SD
S years). The majority of participants were women (60%) and
Hispanic/Latino (66%). Main predictors as well as covariates
were differentially distributed across BMI category groups
(table 1). Compared to those without MRI data available, the
sample with MRI data available had a greater proportion of
participants who were overweight and in the lower quartiles
of adiponectin concentration, as well as a lower proportion of
participants with central obesity defined by WC and lower
median adiponectin levels (table e-6, doi.org/10.5061/dryad.
2ss22k3). Compared to those without cortical thickness data

available, the sample with cortical thickness data available had
slightly lower BMI, WC, and WHR, as well as a lower pro-
portion of obese participants defined by BMI, WC, and WHR,
and participants in the lower quartiles of adiponectin con-
centration (table e-7, doi.org/10.5061/dryad.2ss22k3). Sim-
ilar patterns were observed when comparing those recruited
from the original NOMAS cohort to household members
recruited at MRI (table e-8, doi.org/10.5061/ dryad.25522k3).

Associations between measures of obesity and TCV are pre-
sented in table 2. Greater BMI was associated with smaller

Table 2 Associations between measures of obesity and total cerebral volume (n = 1,289)

Unadjusted

Model 1

Model 2

BMI, z score

-0.047 (-0.102, 0.008)

-0.024 (-0.046, -0.001)?

-0.023 (-0.047, 0.001)

BMI status

Overweight (BMI 25 to <30)

-0.028 (-0.162, 0.105)

-0.026 (-0.079, 0.028)

-0.026 (-0.081, 0.030)

Obese (BMI 230)

-0.162 (-0.309, -0.016)?

-0.057 (-0.117, 0.003)

-0.054 (-0.118, 0.009)

WOC, z score

0.055 (0.000, 0.110)

-0.022 (-0.044, -0.000)*

-0.017 (-0.041, 0.007)

Central obesity defined by WC

-0.332(-0.442, -0.222)°

-0.016 (-0.064, 0.032)

-0.002 (-0.051, 0.048)

WHR, z score

0.112(0.058, 0.167)°

0.006 (-0.017, 0.029)

0.012(-0.012, 0.036)

Central obesity defined by WHR

0.068 (-0.045, 0.181)

0.023 (-0.023, 0.069)

0.036 (-0.012, 0.084)

Adiponectin

-0.021 (-0.033, -0.008)*

-0.001 (-0.006, 0.005)

-0.002 (-0.008, 0.004)

Adiponectin quartiles

2nd quartile -0.030 (-0.186, 0.125) 0.063 (0.001, 0.125) 0.070 (0.006, 0.133)°
3rd quartile -0.071 (-0.239, 0.096) 0.049 (-0.019, 0.117) 0.046 (-0.025, 0.117)
4th quartile -0.286 (-0.468, -0.104)? 0.019 (-0.057, 0.095) 0.014 (-0.072, 0.100)

Abbreviations: BMI = body mass index; WC = waist circumference; WHR = waist-to-hip ratio.

Outcome expressed in z score units (1 SD total cerebral volume = 100 mL). Reference groups: BMI status = BMI < 25; central obesity defined by WC or WHR =
absence; adiponectin quartiles = 1st quartile. Model 1 adjusted for age, sex, race/ethnicity, years of education, total intracranial volume, years from baseline
to MRI, smoking status, moderate to heavy physical activity, and moderate alcohol consumption. Model 2 adjusted for covariates from model 1, systolic blood
pressure, diastolic blood pressure, antihypertensive medication use, blood glucose, diabetic medication use, high-density lipoprotein cholesterol, low-density
lipoprotein cholesterol, and cholesterol-lowering medication. Values are [ (95% confidence interval).

?p <0.05.
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TCV (model 1, B [95% CI] —0.024 [-0.046, —0.001]). The
strength of this association remained consistent after adjust-
ment for vascular risk factors, though this became null (table
2, model 2). Greater WC was also associated with smaller
TCV (model 1, p [95% CI] —0.022 [-0.044, 0.000]). The
strength of this association remained consistent after adjust-
ment for vascular risk factors, though the association became
null (table 2, model 2). Relative to the 1st quartile of adipo-
nectin concentration, those with adiponectin concentrations
in the 2nd quartile exhibited greater TCV (model 1,  [95%
CI] 0.063 [0.001, 0.125]). The strength of this association
remained similar after adjustment for vascular risk factors
(table 2, model 2). Linear associations between TCV and
other obesity markers did not reach statistical significance in
adjusted models (table 2).

Associations between measures of obesity and cortical thick-
ness are presented in table 3. Greater BMI was associated with
a thinner cortex (model 1, p [95% CI] —0.086 [-0.14S,
—0.026]). The strength of this association remained consis-
tent after adjustment for vascular risk factors (table 3, model
2). In addition, obese status (BMI >30) was associated with
smaller cortical thickness (model 1, B [95% CI] —0.197
[-0.352, —0.041]). The strength of this association remained
similar after adjustment for vascular risk factors (table 3,
model 2). Greater WC was also associated with a thinner
cortex (model 1, p [95% CI] -0.099 [—0.159, —0.039]). The
strength of this association remained similar after adjustment

for vascular risk factors (table 3, model 2). Associations be-
tween cortical thickness and other obesity markers did not
reach statistical significance in adjusted models (table 3).
Similarly, associations of obesity measures with log WMHYV in
linear or quantile regression models or with subclinical brain
infarcts in logistic models were largely null (tables 4 and S and
table e-9, doi.org/10.5061/dryad.2ss22k3).

Figure 1 illustrates associations stratified by race/ethnicity,
age, and sex. The association between BMI and TCV differed
across racial/ethnic groups. In stratified analyses (figure 1A),
greater BMI was related to lower TCV among Hispanic/
Latino participants (B [95% CI] —0.034 [-0.060, —0.009]).
Associations for non-Hispanic black and white participants
were null, though a similar effect estimate was observed was
observed for non-Hispanic black participants (B [95% CI]
~0.050 [-0.112, 0.012]).

Associations between WC and adiponectin and cortical thick-
ness differed across age groups (figure 1B). Similarly, associa-
tions between adiponectin quartiles, log WMHYV, and SBI also
differed by age (figure 1, C and D). Among younger participants
(aged <65 years, figure 1B), greater WC was related to thinner
cortices (B [95% CI] —0.168 [-0.243, —0.093]). Among older
participants (aged >65 years), WC was not strongly related to
cortical thickness (B [95% CI] -0.007 [-0.111, 0.096]). For
both WMHYV and SBI, estimates for adiponectin suggested op-
posite effects in young vs old participants, but these associations

Table 3 Associations between measures of obesity and mean cortical thickness (n = 947)

Unadjusted

Model 1 Model 2

BMI, z score

0.023 (-0.042, 0.088)

-0.086 (-0.145, -0.026)°

-0.089 (-0.153, -0.025)?

BMI status

Overweight (BMI 25 to <30)

0.048 (-0.103, 0.199)

-0.095 (-0.229, 0.039)

-0.098 (-0.238, 0.042)

Obese (BMI 2= 30)

0.026 (-0.146, 0.198)

-0.197 (-0.352, -0.041)?

-0.207 (-0.374, -0.041)?

WOC, z score

-0.103 (-0.170, -0.035)%

-0.099 (-0.159, -0.039)*

-0.103 (-0.169, -0.037)%

Central obesity defined by WC

0.006 (-0.127, 0.138)

-0.121 (-0.247, 0.004)

-0.100 (-0.233, 0.033)

WHR, z score

-0.073(-0.136, -0.011)?

-0.010 (-0.069, 0.049)

-0.004 (-0.065, 0.057)

Central obesity defined by WHR

-0.086 (-0.217, 0.044)

0.001 (-0.117,0.118)

0.019 (-0.105, 0.144)

Adiponectin

-0.018 (-0.032, -0.004)?

-0.006 (-0.019, 0.008)

-0.008 (-0.023, 0.008)

Adiponectin quartiles

2nd quartile -0.029 (-0.201, 0.144) -0.090 (-0.240, 0.071) -0.094 (-0.258, 0.069)
3rd quartile 0.100 (-0.083, 0.282) 0.061 (-0.108, 0.231) 0.044 (-0.136, 0.223)
4th quartile -0.317 (-0.527, -0.108)? -0.140 (-0.339, 0.060) -0.167 (-0.393, 0.058)

Abbreviations: BMI = body mass index; WC = waist circumference; WHR = waist-to-hip ratio.
Outcome expressed in z score units (1 SD overall cortical thickness =0.10 mm). Reference groups: BMI categories = BMI <25; central obesity defined by WC or
WHR = absence; adiponectin quartiles = 1st quartile. Model 1 adjusted for age, sex, race/ethnicity, years of education, years from baseline to MRI, smoking
status, moderate to heavy physical activity, and moderate alcohol consumption. Model 2 adjusted for covariates from model 1, systolic blood pressure,
diastolic blood pressure, antihypertensive medication use, blood glucose, diabetic medication use, high-density lipoprotein cholesterol, low-density lipo-
protein cholesterol, and cholesterol-lowering medication. Values are 3 (95% confidence interval).

2p <0.05.
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Table 4 Associations between measures of obesity and log-transformed white matter hyperintensity volume (WMHV)

(n=1,289)
Unadjusted Model 1 Model 2
BMI, z score -6.198 (-11.410, -0.679)° -1.801 (-6.983, 3.669) -4.178 (-9.540, 1.502)
BMI status

Overweight (BMI 25 to <30)

0.436 (-12.678, 15.519)

9.565 (-3.711, 24.671)

8.515(-4.970, 23.913)

Obese (BMI 230)

-9.051 (-21.992, 6.037)

-0.975 (-14.324, 14.453)

-5.579 (-18.933, 9.975)

WC, z score

1.238 (-4.403, 7.212)

0.705 (-4.515, 6.211)

-1.434 (-6.891, 4.342)

Central obesity defined by WC

4.046 (-7.429, 16.944)

1.169 (-9.790, 13.459)

-2.579 (-13.521, 9.749)

WHR, z score

3.323 (-2.429, 9.415)

1.501 (-4.048, 7.370)

1.117 (-4.514, 7.081)

Central obesity defined by WHR

6.566 (-5.340, 19.970)

3.644 (-7.221, 15.782)

2.201 (-8.954, 14.723)

Adiponectin

1.976 (0.742, 3.225)°

0.510 (-0.675, 1.708)

0.093 (-1.226, 1.429)

Adiponectin quartiles

2nd quartile

-0.731 (-14.919, 15.823)

0.061 (-13.104, 15.220)

-0.674 (-14.024, 14.748)

3rd quartile

4.640 (-11.373, 23.545)

1.599 (-13.001, 18.650)

2.325(-12.942, 20.268)

4th quartile

40.217 (17.033, 67.994)°

13.128 (-4.895, 34.567)

7.256 (-11.687, 30.263)

Abbreviations: BMI = body mass index; WC = waist circumference; WHR = waist-to-hip ratio.

Estimates transformed to represent percent change in WMHYV per 1 unitincrease in the predictor. Reference groups: BMI categories = BMI <25; central obesity
defined by WC or WHR = absence; and adiponectin quartiles = 1st quartile. Model 1 adjusted for age, sex, race/ethnicity, years of education, total intracranial
volume, years from baseline to MRI, smoking status, moderate to heavy physical activity, and moderate alcohol consumption (and total intracranial volume
for log WMHV). Model 2 adjusted for covariates from model 1, systolic blood pressure, diastolic blood pressure, antihypertensive medication use, blood
glucose, diabetic medication use, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, and cholesterol-lowering medication. Values are 3

(95% confidence interval).
ap <0.05.

were largely null (figure 1, B and C). Associations with WC and
SBI also differed by sex (figure 1D). Among men, greater central
obesity defined by WC was related to greater odds of SBI (OR
[95% CI] 1.998 [1.161, 3.437]), but this was not observed for
women (OR [95% CI] 0.962 [0.614, 1.507]).

Finally, sensitivity analyses conducted among those cogni-
tively unimpaired, original cohort members, and in 10 mul-
tiply imputed datasets yielded largely similar estimates and
inferences as the fully adjusted main models (figure 2).

Discussion

In this racially and ethnically diverse urban cohort, greater
BMI and WC were most strongly associated with cortical
thinning, consistent with our original hypothesis. To a lesser
extent, greater BMI and WC, as well as lower adiponectin
levels, were related to smaller cerebral volumes. In contrast
to our original hypothesis, measures of cerebral small vessel
disease were not related to obesity. Finally, associations also
varied in strength by age, sex, and race/ethnicity, but these
findings should be confirmed in larger studies with greater
power to detect effect modification. Taken together, these
data support the inclusion of weight status as a part of the
American Heart Association/American Stroke Association
definition of optimal brain health' and imply that obesity,

Neurology | Volume 93, Number 8 | August 20,2019

especially in those <65 years of age and in Hispanic/Latino
patients, may damage gray matter structure specifically.

Our results with TCV are concordant with previous studies
reporting that greater weight and central adiposity are associated
with smaller brain volumes.”'*"'* However, others have repor-
ted opposite associations,” consistent with the notion that
weight loss may precede dementia onset.*' Though null, esti-
mates remained similar to the sociodemographic-adjusted
model after adjustment for vascular risk factors, implying that
these factors did not strongly mediate this association. We also
found that these associations were stronger in Hispanic/Latino
participants, which is consistent with the increased burden of
obesity in this group." A similar pattern was observed in non-
Hispanic black participants, though this did not reach statistical
significance; these findings should be replicated in larger studies
with greater power to detect effect modification by race/
ethnicity. In addition, we found weak associations between
adiponectin and TCV, and current data on adiponectin and
TCV are limited. Though previous work has shown that adi-
ponectin is associated with hippocampal volume,"* more work is
warranted to elucidate the association with TCV and evaluate
whether adiponectin can act as a viable biomarker of brain injury.

The literature on obesity markers and cortical thickness in large,
epidemiologic studies is limited, and data from the present study
contribute to this sparse literature. Consistent with our findings,

Neurology.org/N
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Table 5 Associations between measures of obesity and subclinical brain infarcts (n = 1,289)

Unadjusted

Model 1

Model 2

BMI, z score

0.949 (0.813, 1.107)

1.086 (0.919, 1.283)

1.029 (0.856, 1.236)

BMI status

Overweight (BMI 25 to <30)

0.946 (0.655, 1.365)

1.131(0.767, 1.668)

1.045 (0.693, 1.577)

Obese (BMI 230)

0.900 (0.599, 1.353)

1.143 (0.731, 1.786)

0.987(0.610, 1.597)

WOC, z score

1.153(0.991, 1.341)

1.138 (0.969, 1.338)

1.093 (0.918, 1.302)

Central obesity defined by WC

1.099 (0.807, 1.498)

1.270 (0.894, 1.802)

1.160 (0.801, 1.679)

WHR, z score

1.203 (1.042, 1.388)?

1.122 (0.953, 1.320)

1.108 (0.933, 1.316)

Central obesity defined by WHR

1.275 (0.924, 1.760)

1.153(0.818, 1.625)

1.112(0.771, 1.603)

Adiponectin

0.992 (0.959, 1.027)

0.979 (0.943, 1.016)

0.971 (0.929, 1.014)

Adiponectin quartiles

2nd quartile

0.898 (0.596, 1.352)

0.930 (0.609, 1.420)

0.896 (0.575, 1.396)

3rd quartile

0.640 (0.398, 1.029)

0.646 (0.391, 1.066)

0.625 (0.366, 1.068)

4th quartile

0.994 (0.618, 1.600)

0.787 (0.467, 1.327)

0.729 (0.398, 1.336)

Abbreviations: BMI = body mass index; WC = waist circumference; WHR = waist-to-hip ratio.

Logistic model modeling probability of subclinical brain infarct presence vs absence. Reference groups: BMI categories = BMI <25; central obesity defined by
WC or WHR = absence; and adiponectin quartiles = 1st quartile. Model 1 adjusted for age, sex, race/ethnicity, years of education, years from baseline to MR,
smoking status, moderate to heavy physical activity, and moderate alcohol consumption. Model 2 adjusted for covariates from model 1, systolic blood
pressure, diastolic blood pressure, antihypertensive medication use, blood glucose, diabetic medication use, high-density lipoprotein cholesterol, low-density
lipoprotein cholesterol, and cholesterol-lowering medication. Values are odds ratio (95% confidence interval).

2p <0.05.

some studies report that greater BMI and central adiposity are
associated with cortical thinning.***"** Yet others have found
the opposite or U-shaped associations.'”>*** In addition, cur-
rent data on adiponectin and cortical thickness are limited, but
one other study also yielded null associations, consistent with
our main findings." Finally, our stratified analyses suggest that
these associations are especially pronounced in those aged <65
years (ie., early-old age), consistent with the hypothesis that
midlife exposure to poor cardiometabolic health increases risk
for detrimental brain aging in late life."’

Contrary to our hypothesis, measures of obesity were not
strongly related to markers of cerebral small vessel disease.
Estimates for WMHYV were inconsistent in direction, and Cls
were wide. Estimates for SBIs were more consistent and im-
plied that obesity is associated with greater odds of SBL
However, these results were largely null, and thus should be
interpreted with caution. Several studies have found that
greater BMI, visceral fat, and central adiposity are associated
with greater cerebral small vessel disease burden.®®’ Similar
to the literature on gray matter metrics, there is also evidence
of a paradoxical association between obesity and cerebral
small vessel disease.*>” Adjustment for cardiovascular risk
factors did indeed change the strength of some associations
with WMHYV, which implies strong confounding or mediation
from these risk factors. In addition, age and sex modified these
associations, such that those aged <65 had lesser odds of SBI
with greater adiponectin, and men had greater odds of SBI

Neurology.org/N

with greater WC compared to women. Further work in larger
samples is warranted to confirm these associations.

Differences in findings between cortical thickness and TCV
suggest that the detrimental effects of obesity may be more
important for gray matter compared to white matter, since TCV
includes white matter, and associations with measures of cere-
bral small vessel disease were largely null. Alternatively, the
stronger associations observed for cortical thickness compared
to TCV may also reflect residual confounding by cortical surface
area.®'” In the context of the radial unit hypothesis,42 cortical
thickness has been posited to reflect the number of cells within
a column compared to surface area, which reflects the number
of columns, thus representing biologically distinct entities."”
Since the calculation of cerebral volume takes both surface area
and thickness into account, it represents a combination of 2
important features of cerebral architecture.'” Taken together,
this study suggests that obesity is particularly relevant for global

gray matter structure, especially among those in early-old age.

There are several mechanisms by which obesity may affect gray
matter structure. First, obesity is associated with comorbid
hypertension, diabetes, and hyperlipidemia, which are known
determinants of poor brain health.” However, our results are
independent of these risk factors, as they were included in our
models as covariates. Second, the chronic inflammatory state
caused by obesity could also affect neuroinflammatory pro-
cesses that contribute to neurodegeneration.”> We examined
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Figure 1 Stratified analyses for total cerebral volume (TCV), cortical thickness (CT), log white matter hyperintensity volume

(WMHYV), and subclinical brain infarcts (SBI)
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(A) TCV. (B) CT. (C) Log WMHV. (D). SBI. Stratified analyses conducted when 2-way multiplicative interaction term p value <0.05. Points represent (3 coefficients
from multivariable linear regression models or odds ratios from logistic regression models. Models adjusted for covariates from model 1: age, sex, race/
ethnicity (except for TCV), years of education, total intracranial volume (for TCV and log WMHYV), years from baseline to MRI, smoking status, moderate to
heavy physical activity, and moderate alcohol consumption. Young = age <65, old = age 265. Dotted line represents the null value. Log WMHV: estimates
transformed such that one unit increase in predictor is associated with percent change in WMHV. WC = waist circumference.

this by adding inflammatory marker variables to the model, and
estimates and inferences were relatively unchanged (data not
shown). However, we had limited availability of inflammatory
markers within this analytic sample, and thus may have reduced
power to detect associations. In addition, though we examined
one adipocytokine (adiponectin) and found largely null results,
others may be more important mediators of these associations
and should be examined in future studies. Finally, obesity is
known to drive metabolic changes, such as increased insulin

Neurology | Volume 93, Number 8 | August 20,2019

resistance, that also affect cortical hypometabolism, consistent
with data suggesting that atrophy and hypometabolism occur
close together in the temporal sequence of the Alzheimer dis-
ease course.

Though our data support the notion that obesity is a risk factor,
some evidence suggests that underweight is related to cortical
atrophy,*>** reflecting that weight loss may characterize the
dementia prodrome.*' The timing of weight measurement in the

Neurology.org/N
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Figure 2 Sensitivity analyses
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to represent percent change in WMHV per 1 unitincrease in the predictor. Green = subsample of those cognitively unimpaired (n = 1,087). Blue = subsample of
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life course is an important determinant of whether overweight or
underweight is related to worse brain health.*" Given our lack of
repeated measures of weight, we were unable to test whether
weight trajectories would be related to our MRI markers of
interest. However, this obesity paradox should be further ex-
plored, since growing evidence suggests that midlife risk factors
are important determinants of cognitive health'® and weight loss
may precede dementia onset.*! In addition, reverse causation
may also explain these paradoxical results** Our sensitivity
analyses in those who were cognitively unimpaired suggest that
reverse causation did not substantially affect our findings.

Paradoxically, we found associations with WC but not with
WHR, which may reflect differences in what is measured by
these metrics. Arguably, WC is more directly linked to the
measurement of visceral fat compared to WHR, which might
be confounded by height and muscle mass.** The con-
founding of WHR by height is also relevant to brain aging
outcomes because height is a correlate of early-life health and
determinant of cognitive decline and dementia.*’” Finally,
changes in weight do not necessarily translate to changes in
WHR. Therefore, our results may more specifically reflect
associations between visceral fat and cortical structure.

Limitations of this study should be noted. First, as in many
aging cohorts, survival bias could underestimate the associa-
tions of interest. Our sensitivity analyses suggest that our
estimates may be underestimated. Second, missingness of data
due to measurement of certain predictors and outcomes in
subsamples may also bias our estimates. In our sensitivity
analyses using multiple imputation, estimates and inferences
were largely unchanged. Third, the sampling of the MRI Sub-
Study, especially introduction of the household members,
could have introduced a healthy cohort bias into our estimates
and underestimated our associations. Our sensitivity analysis in
the subsample of original cohort members yielded similar
estimates and inferences as our main analyses. Fourth, this
analysis is cross-sectional, and thus causality cannot be inferred
from these analyses. Fifth, though we tested for modification by
important sociodemographic factors, these results should be
interpreted with caution and considered hypothesis-generating.
Studies with greater power to detect subgroup associations
should be conducted to confirm the observed associations.
Finally, as in most epidemiologic studies, residual and un-
measured confounding may be present.

Opverall, this is among the largest studies to examine several
measures of obesity with MRI metrics of brain aging and also
represents data from an urban race—ethnic diverse population.
Greater BMI, obesity, and greater WC are related to reduced
gray matter in this sample. Future studies are warranted to
elucidate the causal relationships as well as to explore asso-
ciations with the specific brain regions.
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