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Abstract

Background:  Midlife obesity has been linked to age-related brain atrophy and risk of dementia, but the relationships are less clear for older 
individuals. These associations may be explained by changes in appetite or metabolism in the dementia prodrome; thus, prospective studies 
with adequate follow-up are needed. We examined the associations that obesity (body mass index, BMI) and change in BMI over an average of 
6.6 (1.0–9.1) years have with global and regional brain and white matter lesion volumes in a sample of 1,366 women aged 65–80.
Methods:  Least square means for regional brain volumes and white matter lesion loads for women grouped by BMI and changes in BMI were 
generated from multivariable linear models with and without adjustment for demographic and health covariates.
Results:  Both global obesity and increase in BMI were associated with lower cerebrospinal fluid and higher specific brain volumes (ps < .05), 
after controlling for diabetes and other cerebrovascular disease risk factors. Obesity, but not change in BMI, predicted lower lesion loads for 
the total, parietal, and occipital white matter (ps < .05).
Conclusions:  Obesity in this cohort is associated with less brain atrophy and lower ischemic lesion loads. The findings are consistent with our 
previous report of worse cognitive performance in association with weight loss (probably not due to frailty) in this cohort and in line with the 
idea of the “obesity paradox” as differences in dementia risk vary across time, whereby midlife obesity seems to be a predictor of dementia, 
whereas weight loss seems to be a better predictor at older ages.

Keywords: Brain volume—Lesion volume—White matter hyperintensities—Aging—BMI

Obesity is related to a variety of unfavorable health outcomes, 
including cardiovascular, pulmonary, and endocrine diseases (1). 
Accumulating evidence suggests that midlife obesity is associated 
with higher risk for dementia later in life (2–5), while studies explor-
ing this association in the elderly remain conflicting (6–9). Obesity 
prevalence in the United States is currently higher than 30% and 
growing rapidly (10), especially in adults aged 50 or older (1). 
Given that the prevalence of both obesity (1) and dementia (10) are 

approaching epidemic proportions, the prevention of obesity may 
contribute to reduction of dementia burden and thereby have signifi-
cant public health implications.

Both age and obesity have been linked to unfavorable structural 
brain changes. A  certain amount of global and regionally specific 
brain atrophy is common even in normally aging adults (11,12). 
Obesity in its own right has been associated with such structural 
brain changes, including loss of global and regional brain volume 
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and white matter (WM) integrity (13–16). In parallel, white mat-
ter hyperintensities (WMH), visible on brain imaging scans of older 
individuals (17), are more common and extensive in patients with 
cardiovascular risk factors (18). Obesity is an independent risk factor 
associated with numerous indices of cardiovascular disease (CVD) 
(19). Evidence suggests a relatively greater burden of WMH in obese 
older adults (17); however, studies of WMH in obesity are limited.

Examinations of the effects of obesity on brain morphology are 
also limited in number. In addition, cross-sectional studies in older 
adults may be misleading because loss of appetite and hyperpha-
gia are common in the dementia prodrome. Therefore, studies in 
which adiposity parameters are obtained early in the follow-up and 
over time are necessary to clarify the relationships between obesity 
and structural brain aging. The Women’s Health Initiative Memory 
Study (WHIMS)-MRI (12,20) offers an unprecedented opportunity 
to examine these relationships in a large and well-defined cohort. We 
ask whether either global obesity (body mass index, BMI) or change 
in BMI is associated with specific global and regional brain or lesion 
volumes, with and without adjustment for demographic and health 
factors.

Materials and Methods

Participants
We analyzed data from 1,366 women, 65–80 years of age, who were 
enrolled between January 2005 and April 2006 in WHIMS-MRI, 
which was designed to contrast MRI outcomes among women who 
had been assigned to active versus placebo hormone therapy (HT) 
during the WHIMS trials in 14 of its sites (20). Women were free 
of dementia at enrollment based on the ascertainment of probable 
dementia and cognitive impairment. A  detailed description of the 
four-phase protocol for detecting probable dementia and cognitive 
impairment has been previously published (20,21). MRI scans were 
obtained, on average, 8.02 (Conjugate Equine Estrogens (CEE) + 
Medroxyprogesterone Acetate (MPA) arm of the trial) or 7.97 
(CEE-alone arm of the trial) years following randomization and 3.0 
(CEE + MPA) or 1.4 (CEE-alone) years following termination of 
HT. WHIMS-MRI also obtained measurements of subclinical CVD 
(22). Studies were approved by the National Institutes of Health and 
Institutional Review Boards of participating institutions. All partici-
pants provided written informed consent.

MRI Protocol
The MRI acquisition and image processing protocols were devel-
oped, standardized and validated by the investigators at the MRI 
Quality Control Center, Department of Radiology at the University 
of Pennsylvania and implemented centrally (22–25). Scanning 
sequences were performed with a FOV = 22 cm and matrix size of 
256 × 256 as follows: (i) 3D-plane gradient echo localizer; (ii) sagittal 
T1-weighted spin echo mid-slice image to obtain the anatomic loca-
tion of the AC/PC for slice angle and slice positioning; (iii) oblique 
axial spin density/T2-weighted spin echo images (TR  =  3,200 ms, 
TE  =  30/120 ms, slice thickness  =  3 mm); (iv) oblique axial fluid 
attenuation inversion recovery (FLAIR) T2-weighted spin echo 
images (TR  =  8,000 ms, TI  =  2,000 ms, TE  =  100 ms, slice thick-
ness = 3 mm); and (v) axial 3D spoiled gradient recalled T1-weighted 
gradient echo images parallel to the AC/PC plane (TR  =  21 ms, 
TE = 8 ms, flip angle = 30, slice thickness = 1.5 mm).

T1-weighted images underwent preprocessing to a standard-
ized protocol for alignment, removal of extracranial material, and 

segmentation of tissue into white and gray parenchyma and cerebro-
spinal fluid (CSF). An automated computer-based template warping 
method, which sums the number of voxels within each anatomical 
region of interest, provided regional volumes. Intracranial volume 
was defined as total cerebral volume plus ventricular CSF. The 
ischemic lesion segmentation algorithm was applied following addi-
tional preprocessing, including standardization and coregistration, 
based on local signal features extracted from coregistered multipara-
metric MRI sequences. A trained support vector machine classifier 
was used to classify ischemic lesion volume generally correspond-
ing to small vessel ischemic disease (SVID =  ischemic WM disease 
and lacunar infarction) (12,22). SVID was operationally defined as 
nonmass lesions with FLAIR signal greater than that of normal gray 
matter (GM) in a vascular distribution. The automated method was 
validated against manual segmentation by an expert (22) and has 
been applied to other cohorts (23,24). Supratentorial tissue was then 
classified as normal or ischemic WM and assigned to one of 92 ana-
tomical regions of interest (22).

Anthropometric Measurements
Weight to the nearest 0.1 kg and height to the nearest 0.1 cm were 
recorded annually with calibrated scales by trained technicians. BMI 
is defined as weight in kilograms divided by the square of height in 
meters. The baseline measurements were obtained at entry into the 
parent WHI study. Change in BMI was calculated at the last visit 
prior to MRI compared with baseline over an average of 6.6 (range 
1.0–9.1) years.

Statistical Analysis
General linear models were used to examine bivariate relationships 
between BMI at the last visit prior to the MRI and age at MRI, educa-
tion, race/ethnicity, hypertension, prior CVD, diabetes, if on a low cal-
orie diet, and HT assignment. Due to their highly skewed distribution, 
lesion volumes were log transformed. Least square means for select 
regional brain and lesion load volumes for categories of BMI were 
generated from multivariable linear models controlling for intracra-
nial volume, HT, race/ethnicity, education, alcohol use, prior use of 
HT, self-reported dieting at WHI baseline, hypertension, CVD history, 
diabetes, age at MRI, caloric intake at WHI baseline, and time from 
WHI enrollment to MRI. These same models were used for calcula-
tion of least square means for various regional brain or lesion load 
volumes and BMI percent change from baseline to visit prior to MRI.

Categories based on BMI included those with BMI less than 25 
(<25), 25–29, 30–35, and higher than 35 (35+). Categories based on 
change in BMI from baseline included a group for which decrease 
in BMI was larger than 5% (decrease >5%), a group that remained 
largely stable (change between −5% and +5%), and a group for 
which BMI increased more than 5%. The regional volumes exam-
ined included whole brain, CSF, and volumes of total WM, total 
GM, frontal, temporal, parietal, and occipital WM or GM, respec-
tively, basal ganglia, orbitofrontal cortex, cingulate gyrus, precuneus, 
and the hippocampus.

Results are reported as significant for regional brain volume 
associations if p ≤ .003, and p ≤ .01 for regional WM lesion vol-
umes, after employing stringent Bonferroni corrections for multiple 
comparisons. Given that large effects of obesity on brain volume are 
not expected in healthy adult women, all results are reported in the 
tables in order to help guide future research, as many comparisons 
were significant at p < .05 but did not survive the more stringent cor-
rections for multiple comparisons.
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Results

The sample was predominantly Caucasian (91%) and women 
were between 70 and 89 years of age at the time of the MRI scan. 
Most women had either some college education or a college degree 
(72%); fewer than 5% had not completed high school. Most women 
(~87%) had no prior history of CVD or diabetes and were not on a 
low calorie diet. Sample characteristics are presented in Table 1. For 
analyses purposes, the sample was further separated into four groups 
based on baseline BMI and into three groups based on change in 
BMI from baseline. More participants in the obese and overweight 
groups were hypertensive and diabetic at follow-up (p < .05), and no 
such differences were observed between groupings based on change 
in BMI from baseline. There were no significant differences in global 

cognitive status or in depressive symptoms among any of the groups 
(p > .05).

Significant relationships between global obesity measured at 
the last visit prior to MRI and regional brain volumes after cor-
recting for multiple comparisons were observed for the following 
(Table 2): whole brain (p = .0004), CSF (p = .004), total, frontal, 
and temporal WM (ps < .003), and the hippocampus (p < .0001), 
such that higher BMI was associated with higher volumes in these 
regions, with the exception that lower CSF volume was seen in 
the obese.

Significant relationships between change in BMI (from baseline to 
last visit prior to MRI) and brain volumes after corrections for mul-
tiple comparisons were observed only for women who experienced a 
BMI decrease of 5% or more from baseline for the following regions 

Table 1.  Characteristics of Women at WHI Enrollment or Last Visit Prior to MRI (Hypertension, CVD, and Diabetes) and Relationships With 
BMI at Last Visit Prior to MRI

Variable N

BMI Weight Change

Mean (SE) Mean (SE)

Age at MRI—years (missing = 11)
  70–75 388 29.08 (0.28) −0.14 (0.41)
  76–81 723 27.90 (0.19) −1.33 (0.28)
  82–89 255 27.09 (0.32) −2.70 (0.62)
p value <.0001 .0005
Education (missing = 11)
  <High school 61 29.54 (0.76) 1.13 (0.85)
  High school/GED 316 28.56 (0.30) −1.17 (0.35)
  >High school < 4-year college 541 27.94 (0.21) −1.34 (0.38)
  >4-year college 448 27.72 (0.27) −1.50 (0.41)
p value .0223 .13
Ethnicity (missing = 11)
  American Indian/Alaskan native 4 31.15 (1.62) −0.93 (1.70)
  Asian/Pacific Islander 21 23.85 (0.94) −0.29 (0.57)
  Black/African American 63 30.28 (0.82) 2.16 (1.45)
  Hispanic/Latino 20 30.63 (1.05) −1.35 (1.64)
  White, non-Hispanic 1,247 28.02 (0.15) −1.44 (0.23)
  Other 11 25.15 (1.19) −0.73 (2.18)
p value <.0001 .04
Hypertension (missing = 11)
  No 395 26.70 (0.23) −0.95 (0.34)
  Yes 971 28.64 (0.18) −1.36 (0.28)
p value <.0001 .40
Prior CVD (missing = 11)
  No 1,190 28.06 (0.16) −1.20 (0.24)
  Yes 176 28.20 (0.37) −1.52 (0.49)
p value .7544 .63
Diabetes (missing = 11)
  No 1,217 27.80 (0.15) −1.24 (0.22)
  Yes 149 30.40 (0.49) −1.30 (0.99)
p value <.0001 .93
Low calorie diet (missing = 11)
  No 1,236 27.93 (0.15) −1.40 (0.23)
  Yes 130 29.49 (0.52) 0.27 (0.80)
p value .0015 .03
Intervention assignment (missing = 11)
  E-alone placebo 256 28.56 (0.34) −1.25 (0.63)
  E-alone HT 249 28.58 (0.34) −2.61 (0.54)
  E + P HT 428 27.92 (0.24) −0.77 (0.36)
  E + P placebo 433 27.67 (0.26) −0.92 (0.35)
p value .0661 .03

Notes: BMI = body mass index; CVD = cardiovascular disease; E = estrogen; E + P = estrogen + progesting; HT = hormone therapy; MRI = magnetic resonance 
imaging; SE = standard error; WHI = Women’s Health Initiative.
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(Table 3): temporal GM (p < .05), cingulate cortex (p = .002), and the 
hippocampus (p = .0002). There were no statistically significant asso-
ciations between BMI and brain volume for those who maintained 
or gained weight (ps > .05). Moreover, those with relatively stable 
weight over follow-up (change between −5% and +5%) had the high-
est basal ganglia and total and regional GM volumes.

Lower regional lesion loads were observed in relation to global 
obesity only in parietal WM (p = .01; Table 4). Relationships between 

change in BMI from baseline (>5%) and regional lesion loads were 
largely absent (Table 5).

Discussion

The goal of the study was to determine whether there is a relation-
ship between either global obesity or change in BMI during follow-
up and either volumes of specific brain regions or regional lesion 

Table 2.  Relationships Between Regional Brain Volumes and BMI Measured at the Last Visit Prior to MRI, With Covariate Adjustment for 
ICV and the Risk Factors in Table 1

Region/Group by BMI <25 (N = 427) 25–29 (N = 525) 30–34 (N = 298) 35+ (N = 142) p Value

Whole brain volume 798.9 (5.1) 807.0 (4.9) 807.2 (5.2) 812.4 (5.7) .0004
CSF 291.5 (5.1) 283.4 (4.9) 283.3 (5.2) 278.0 (5.7) .0004
Total WM 415.1 (5.1) 420.6 (4.9) 422.7 (5.2) 430.5 (5.7) .0003
Total GM 347.9 (4.8) 350.5 (4.7) 348.8 (4.9) 346.2 (5.7) .50
Basal ganglia 383.8 (4.9) 386.4 (4.8) 384.5 (4.9) 381.9 (5.5) .49
WM
  Frontal 166.8 (2.3) 169.6 (2.3) 170.1 (2.4) 173.4 (2.6) .001
  Temporal 97.6 (1.3) 98.9 (1.3) 99.9 (1.4) 101.7 (1.5) .0001
  Parietal 92.8 (1.3) 93.8 (1.3) 93.9 (1.3) 95.9 (1.5) .01
  Occipital 48.5 (1.0) 48.9 (1.0) 49.4 (1.0) 49.8 (1.2) .25
GM
  Frontal 115.5 (1.9) 115.6 (1.9) 115.7 (1.9) 113.6 (2.1) .46
  Temporal 85.1 (1.3) 86.3 (1.3) 85.7 (1.3) 85.9 (1.5) .28
  Parietal 61.4 (1.2) 61.6 (1.1) 60.4 (1.2) 60.1 (1.3) .12
  Occipital 53.9 (0.8) 54.3 (0.8) 54.4 (0.8) 54.1 (0.9) .72
Orbitofrontal cortex 20.4 (0.3) 20.6 (0.3) 20.6 (0.3) 20.3 (0.4) .23
Cingulate gyrus 17.3 (0.4) 17.7 (0.4) 17.8 (0.4) 17.9 (0.4) .01
Hippocampus 5.9 (0.1) 6.1 (0.1) 6.2 (0.1) 6.3 (0.1) <.0001
Precuneus 3.6 (0.1) 3.7 (0.1) 3.7 (0.1) 3.7 (0.1) .08

Notes: BMI = body mass index; CSF = cerebrospinal fluid; GM = gray matter; ICV = intracranial volume; MRI = magnetic resonance imaging; WM = white 
matter. Bold font indicates significant results after correcting for multiple comparisons.

Table 3.  Relationships Between Regional Brain Volumes and % Change in BMI From Baseline to Last Visit Prior to MRI, With Covariate 
Adjustment for the Risk Factors in Table 1 and ICV

Region/Group by BMI % Change Decrease > 5% (N = 376) Change −5% and 5% (N = 745) Increase > 5% (N = 282) p Value

Whole brain 799.2 (5.1) 806.3 (4.9) 807.0 (5.1) .005
CSF 291.2 (5.1) 284.1 (4.9) 283.4 (5.1) .005
Total WM 418.9 (5.2) 418.7 (4.9) 423.2 (5.1) .21
Total GM 344.9 (4.8) 351.9 (4.6) 347.7 (4.8) .01
Basal ganglia 380.3 (4.9) 387.7 (4.7) 383.9 (4.9) .004
WM
  Frontal 168.4 (2.4) 168.5 (2.3) 170.7 (2.3) .12
  Temporal 98.5 (1.4) 98.7 (1.3) 99.8 (1.3) .17
  Parietal 93.7 (1.3) 93.2 (1.3) 94.4 (1.3) .22
  Occipital 49.1 (1.0) 48.9 (0.9) 48.8 (1.0) .92
GM
  Frontal 114.6 (1.9) 116.4 (1.8) 114.8 (1.9) .06
  Temporal 84.4 (1.3) 86.5 (1.3) 85.6 (1.3) .002
  Parietal 60.3 (1.2) 61.7 (1.1) 60.7 (1.2) .02
  Occipital 53.8 (0.8) 54.6 (0.8) 53.9 (0.8) .07
Orbitofrontal cortex 20.3 (0.3) 20.7 (0.3) 20.5 (0.3) .01
Cingulate gyrus 17.2 (0.4) 17.7 (0.3) 17.8 (0.4) .002
Hippocampus 5.9 (0.1) 6.1 (0.1) 6.2 (0.1) .0002
Precuneus 3.6 (0.1) 3.7 (0.1) 3.7 (0.1) .01

Notes: BMI = body mass index; CSF = cerebrospinal fluid; GM = gray matter; ICV = intracranial volume; MRI = magnetic resonance imaging; WM = white 
matter. Bold font indicates significant results after correcting for multiple comparisons. Group differences are driven by those who lost 5% or more of their body 
weight; there were no significant differences between women who maintained or gained weight (ps > .05).
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loads. Specific regional brain volume associations with global obesity 
were observed for the whole brain volume, CSF, total, frontal, and 
temporal WM, and the hippocampus. Specific regional brain volume 
associations with increase in BMI from baseline were observed for 
the temporal GM, cingulate cortex, and the hippocampus.

Prior cross-sectional studies have suggested reduced brain vol-
umes in nondemented obese individuals. These regions include the 
whole brain volume (14,15,26,27), GM (28,29), prefrontal regions 
(14,27,29), and the temporal lobe (13). Little in terms of relationships 
between obesity and the rates of regional brain atrophy, both when 
employing an obesity cutoff or when looking across the range of BMI 
values, was observed however in the nondemented participants from 
the Baltimore Longitudinal Study of Aging (BLSA) who undergo con-
sensus diagnosis and are prospectively screened for impairment simi-
larly to WHIMS participants (30). In the BLSA studies, associations 
between obesity and brain volumes only emerged when individuals 
who developed cognitive impairment over the follow-up were included 
in analyses. These findings suggest that cross-sectional studies may 
overestimate associations between brain volumes and obesity due to 
inclusion of individuals who eventually develop cognitive impairment.

Obesity in our sample of women aged 65 and older seems to be 
associated with better brain integrity as indexed by higher regional 
brain volumes, lower CSF, and lower lesion load volumes. Although 
our findings may seem counterintuitive, they seem to be in line with 
a number of studies supporting the idea that differences in dementia 
risk vary across time whereby higher BMI in midlife is a predictor 
of dementia (2–5), whereas weight loss seems to be a better predic-
tor at older ages (31–34). The term “obesity paradox” was coined 
recently to capture the predictive ability of BMI changes over time 
after several studies reported excess weight, which traditionally has 
been considered detrimental for health, to predict survival in the 
elderly (9,33). Our present findings are also in line with our previous 
report of worse cognitive performance in association with all-cause 
weight loss in the WHIMS cohort (34). Lower BMI or weight loss in 
this older sample potentially signals increased risk for impairment, 
as weight loss is common in predementia stages and is one of the 

principal manifestations of AD (35). There is some literature to sug-
gest, however, that the late life obesity paradox does not exist when 
earlier trajectories can be taken into account (33).

Given the link between obesity and a variety of unfavorable health 
outcomes, including CVD, our secondary goal was to assess the rela-
tionships between either most current BMI measurement (closest to 
MRI visit) or change in BMI from baseline and regional lesion volumes. 
In our sample, global BMI predicted lesion loads for the parietal WM 
only after correcting for multiple comparisons. Little was observed in 
terms of change in BMI from baseline predicting current lesion load. 
Our results support the assertion that age-related differences in WMH 
volumes are significantly increased in the presence of comorbidities, 
including obesity, especially after 50 years of age (36). Although the lit-
erature on the associations between WM lesion load and BMI is rather 
limited, we are in agreement with the reports of associations between 
elevated BMI and increased risk of WM lesions (37).

This study comes with some inherent limitations. The sample 
is drawn from participants in a randomized clinical trial and is not 
population based. All participants are older, postmenopausal females; 
hence, we cannot generalize the findings to men or younger post- or 
premenopausal women. Some biases may have arisen due to differ-
ential survivorship. Also, we cannot infer from our data whether the 
changes in weight are a consequence of or predate changes in regional 
brain volumes or lesion loads. We are not able to distinguish between 
intentional and nonintentional weight loss or gain, which may have 
different relationships with brain health. It is also impossible to infer 
whether there was an increase in morbidity or mortality associated 
with weight change, as opposed to being a part of normal aging pro-
cess, that might signal some underlying pathology, such as frailty.

Frailty is conceptualized as a loss of physiologic integrity associ-
ated with loss of lean mass, neuroendocrine dysregulation, and immune 
dysfunction. Although a common perception of a frail person is small 
and thin, recent evidence suggests that frailty in later life may start as 
early as middle age, with midlife obesity (38) and midlife CVD (39) as 
potential underlying causes. Moreover, frail health is not only associ-
ated with increased likelihood of CVD but also associated with many 

Table 4.  Relationships Between Regional Lesion Loads and BMI Measured at the Last Visit Prior to MRI, With Covariate Adjustment for the 
Risk Factors in Table 1 and ICV

Region/Group by BMI <25 (N = 427) 25–29 (N = 525) 30–34 (N = 298) 35+ (N = 142) p Value

Total WM 5.1 (0.8) 4.8 (0.7) 4.2 (0.7) 3.8 (0.7) .02
WM
  Frontal 2.3 (0.3) 2.2 (0.3) 1.9 (0.3) 1.9 (0.3) .16
  Temporal 1.2 (0.2) 1.1 (0.2) 0.9 (0.2) 0.9 (0.2) .05
  Parietal 1.4 (0.2) 1.4 (0.2) 1.1 (0.2) 0.9 (0.2) .01
  Occipital 0.4 (0.1) 0.4 (0.1) 0.3 (0.1) 0.3 (0.1) .04

Notes: BMI = body mass index; ICV = intracranial volume; MRI = magnetic resonance imaging; WM = white matter.

Table 5.  Relationships Between Regional Lesion Loads and % Change in BMI From Baseline to Last Visit Prior to MRI, With Covariate Adjust-
ment for the Risk Factors in Table 1 and ICV

Region/Group by BMI % Change Decrease > 5% (N = 376) Change −5% and 5% (N = 745) Increase > 5% (N = 282) p Value

Total WM 4.7 (0.7) 4.5 (0.7) 4.8 (0.7) .65
WM
  Frontal 2.2 (0.3) 2.1 (0.3) 2.2 (0.3) .55
  Temporal 1.1 (0.2) 1.0 (0.2) 1.1 (0.2) .63
  Parietal 1.3 (0.2) 1.7 (0.2) 1.3 (0.2) .81
  Occipital 0.4 (0.1) 0.4 (0.1) 0.4 (0.1) .59

Notes: BMI = body mass index; ICV = intracranial volume; MRI = magnetic resonance imaging; WM = white matter.
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noninvasive measures of CVD in those without a CVD history (40). 
Hence, it is not entirely surprising that frailty also relates to several obe-
sity-related health conditions and that the development of frailty and 
associated weight loss could potentially contribute to the “obesity para-
dox”—where those overweight or obese seem to have a better progno-
sis. Additionally, although unlikely to be a major cause of weight gain in 
this age group, the possibility also remains that increased BMI, at least 
in some, is a result of increased lean mass due to physical activity.

The limitations, however, should not undermine many unique 
aspects of the study, including the large number of extensively screened 
and characterized community-dwelling, older women with prospec-
tive follow-ups, and validated image processing methods. The mag-
nitude of associations between regional brain volumes and obesity in 
our community-dwelling cohort of generally healthy, older women 
were small and most do not survive conservative adjustments for mul-
tiple comparisons. Our study adds information to the literature on 
changes in obesity over a period of several years preceding the MRI 
measurements. Although cross-sectional studies comparing currently 
obese and lean people provide a useful glimpse into the neurobiol-
ogy of obesity, they also highlight the need for studies with extended 
follow-up, which would allow us to infer whether neurological abnor-
malities precede, accompany, or follow the obese state. Clarification 
of the consequences of intentional versus unintentional weight loss is 
also needed to help guide clinical recommendations for older adults.

Supplementary Material
Supplementary material can be found at: http://gerontologist.oxfordjournals.org

Funding
The WHI program is funded by the National Heart, Lung, and Blood Institute, 
National Institutes of Health, U.S. Department of Health and Human 
Services through contracts HHSN268201100046C, HHSN268201100001C, 
HHSN268201100002C, HHSN268201100003C, HHSN268201100004C, 
and HHSN271201100004C. The WHIMS was funded in part by Wyeth 
Pharmaceuticals, Inc., St. Davids, Pennsylvania. This work was supported by 
K99R00 AG032361 (National Institute on Aging) to I.D.

Acknowledgments
WHIMS-MRI Clinical Centers. Albert Einstein College of Medicine, Bronx, New 
York: Sylvia Wassertheil-Smoller, Mimi Goodwin, Richard DeNise, Michael 
Lipton, James Hannigan; Medical College of Wisconsin, Milwaukee: Jane Morley 
Kotchen, Diana Kerwin, John Ulmer, Steve Censky; Stanford Center for Research 
in Disease Prevention, Stanford University, California: Marcia L.  Stefanick, 
Sue Swope, Anne Marie Sawyer-Glover; The Ohio State University, Columbus: 
Rebecca Jackson, Rose Hallarn, Bonnie Kennedy; University of California at 
Davis, Sacramento: John Robbins, Sophia Zaragoza, Cameron Carter, John Ryan; 
University of California at Los Angeles: Lauren Nathan, Barbara Voigt, Pablo 
Villablanca, Glen Nyborg; University of Florida, Gainesville/Jacksonville: Marian 
Limacher, Sheila Anderson, Mary Ellen Toombs, Jeffrey Bennett, Kevin Jones, 
Sandy Brum, Shane Chatfield; University of Iowa, Davenport: Jennifer Robinson, 
Candy Wilson, Kevin Koch, Suzette Hart; University of Massachusetts, Worcester: 
Judith Ockene, Linda Churchill, Douglas Fellows, Anthony Serio; University of 
Minnesota, Minneapolis: Karen Margolis, Cindy Bjerk, Chip Truwitt, Margaret 
Peitso; University of Nevada, Reno: Robert Brunner, Ross Golding, Leslie Pansky; 
University of North Carolina, Chapel Hill: Carol Murphy, Maggie Morgan, 
Mauricio Castillo, Thomas Beckman; University of Pittsburgh, Pennsylvania: 
Lewis Kuller, Pat McHugh, Carolyn Meltzer, Denise Davis.

WHIMS-MRI Clinical Coordinating Center. Wake Forest University 
Health Sciences, Winston-Salem, North Carolina: Sally Shumaker, Mark 
Espeland, Laura Coker, Jeff Williamson, Debbie Felton, LeeAnn Andrews, 

Steve Rapp, Claudine Legault, Maggie Dailey, Julia Robertson, Patricia 
Hogan, Sarah Jaramillo, Pam Nance, Cheryl Summerville, Josh Tan.

WHIMS-MRI Quality Control Center. University of Pennsylvania, 
Philadelphia: Nick Bryan, Christos Davatzikos, Lisa Desiderio.

US NIH. National Institute on Aging, Bethesda, Maryland: Neil Buckholtz, 
Susan Molchan, Susan Resnick; National Heart, Lung, and Blood Institute, 
Bethesda, Maryland: Jacques Rossouw, Linda Pottern.

References
	1.	 Flegal KM, Carroll MD, Kuczmarski RJ, Johnson CL. Overweight and 

obesity in the United States: prevalence and trends, 1960-1994. Int J Obes 
Relat Metab Disord. 1998;22:39–47.

	2.	 Gustafson D. A life course of adiposity and dementia. Eur J Pharmacol. 
2008;585:163–175. doi:10.1016/j.ejphar.2008.01.052

	3.	 Kivipelto M, Ngandu T, Fratiglioni L, et al. Obesity and vascular risk fac-
tors at midlife and the risk of dementia and Alzheimer disease. Arch Neu-
rol. 2005;62:1556–1560.

	4.	 Rosengren A, Skoog I, Gustafson D, Wilhelmsen L. Body mass index, other 
cardiovascular risk factors, and hospitalization for dementia. Arch Intern 
Med. 2005;165:321–326.

	5.	 Whitmer RA, Gunderson EP, Barrett-Connor E, Quesenberry CP Jr, Yaffe 
K. Obesity in middle age and future risk of dementia: a 27 year longitudi-
nal population based study. BMJ. 2005;330:1360.

	6.	 Nourhashémi F, Deschamps V, Larrieu S, Letenneur L, Dartigues JF, Bar-
berger-Gateau P; PAQUID Study. Personnes Agées Quid. Body mass index 
and incidence of dementia: the PAQUID study. Neurology. 2003;60:117–119.

	7.	 Stewart R, Masaki K, Xue QL, et al. A 32-year prospective study of change 
in body weight and incident dementia: the Honolulu-Asia Aging Study. 
Arch Neurol. 2005;62:55–60.

	8.	 Emmerzaal TL, Kiliaan AJ, Gustafson DR. 2003-2013: a decade of 
body mass index, Alzheimer’s disease, and dementia. J Alzheimers Dis. 
2015;43:739–755. doi:10.3233/JAD-141086

	9.	 Tolppanen AM, Ngandu T, Kåreholt I, et al. Midlife and late-life body mass 
index and late-life dementia: results from a prospective population-based 
cohort. J Alzheimers Dis. 2014;38:201–209. doi:10.3233/JAD-130698

	10.	Hebert LE, Beckett LA, Scherr PA, Evans DA. Annual incidence of Alzhei-
mer disease in the United States projected to the years 2000 through 2050. 
Alzheimer Dis Assoc Disord. 2001;15:169–173.

	11.	Driscoll I, Davatzikos C, An Y, et  al. Longitudinal pattern of regional 
brain volume change differentiates normal aging from MCI. Neurology. 
2009;72:1906–1913. doi:10.1212/WNL.0b013e3181a82634

	12.	Coker LH, Hogan PE, Bryan NR, et al. Postmenopausal hormone therapy 
and subclinical cerebrovascular disease: the WHIMS-MRI Study. Neurol-
ogy. 2009;72:125–134. doi:10.1212/01.wnl.0000339036.88842.9e

	13.	Jagust W. What can imaging reveal about obesity and the brain? Curr 
Alzheimer Res. 2007;4:135–139.

	14.	Raji CA, Ho AJ, Parikshak NN, et al. Brain structure and obesity. Hum 
Brain Mapp. 2010;31:353–364. doi:10.1002/hbm.20870

	15.	Debette S, Beiser A, Hoffmann U, et al. Visceral fat is associated with lower 
brain volume in healthy middle-aged adults. Ann Neurol. 2010;68:136–144. 
doi:10.1002/ana.22062

	16.	Brooks SJ, Benedict C, Burgos J, et al. Late-life obesity is associated with 
smaller global and regional gray matter volumes: a voxel-based morphomet-
ric study. Int J Obes (Lond). 2013;37:230–236. doi:10.1038/ijo.2012.13

	17.	Launer LJ. Epidemiology of white matter lesions. Top Magn Reson Imag-
ing. 2004;15:365–367.

	18.	Luchsinger JA, Patel B, Tang MX, Schupf N, Mayeux R. Measures of adi-
posity and dementia risk in elderly persons. Arch Neurol. 2007;64:392–398.

	19.	Artham SM, Lavie CJ, Milani RV, Ventura HO. Obesity and hypertension, 
heart failure, and coronary heart disease-risk factor, paradox, and recom-
mendations for weight loss. Ochsner J. 2009;9:124–132.

	20.	 Jaramillo SA, Felton D, Andrews L, et al.; Women’s Health Initiative Mem-
ory Study Research Group. Enrollment in a brain magnetic resonance study: 
results from the Women’s Health Initiative Memory Study Magnetic Reso-
nance Imaging Study (WHIMS-MRI). Acad Radiol. 2007;14:603–612.

Journals of Gerontology: MEDICAL SCIENCES, 2016, Vol. 71, No. 9� 1221

http://gerona.oxfordjournals.org/lookup/suppl/doi:10.1093/gerona/glw023/-/DC1


	21.	Shumaker SA, Reboussin BA, Espeland MA, et al. The Women’s Health 
Initiative Memory Study (WHIMS): a trial of the effect of estrogen therapy 
in preventing and slowing the progression of dementia. Control Clin Tri-
als. 1998;19:604–621.

	22.	Coker LH, Espeland MA, Hogan PE, et  al.; WHIMS-MRI Study 
Group. Change in brain and lesion volumes after CEE therapies: the 
WHIMS-MRI studies. Neurology. 2014;82:427–434. doi:10.1212/
WNL.0000000000000079

	23.	Resnick SM, Espeland MA, Jaramillo SA, et al. Postmenopausal hormone 
therapy and regional brain volumes: the WHIMS-MRI Study. Neurology. 
2009;72:135–142. doi:10.1212/01.wnl.0000339037.76336.cf

	24.	Lao Z, Shen D, Liu D, et al. Computer-assisted segmentation of white mat-
ter lesions in 3D MR images using support vector machine. Acad Radiol. 
2008;15:300–313. doi:10.1016/j.acra.2007.10.012

	25.	 Shen D, Davatzikos C. HAMMER: hierarchical attribute matching mecha-
nism for elastic registration. IEEE Trans Med Imaging. 2002;21:1421–1439.

	26.	Enzinger C, Fazekas F, Matthews PM, et al. Risk factors for progression of 
brain atrophy in aging: six-year follow-up of normal subjects. Neurology. 
2005;64:1704–1711.

	27.	Ward MA, Carlsson CM, Trivedi MA, Sager MA, Johnson SC. The effect 
of body mass index on global brain volume in middle-aged adults: a cross 
sectional study. BMC Neurol. 2005;5:23.

	28.	Pannacciulli N, Del Parigi A, Chen K, Le DS, Reiman EM, Tataranni PA. 
Brain abnormalities in human obesity: a voxel-based morphometric study. 
Neuroimage. 2006;31:1419–1425.

	29.	Taki Y, Kinomura S, Sato K, et al. Relationship between body mass index 
and gray matter volume in 1,428 healthy individuals. Obesity (Silver 
Spring). 2008;16:119–124. doi:10.1038/oby.2007.4

	30.	Driscoll I, Beydoun MA, An Y, et al. Midlife obesity and trajectories of brain 
volume changes in older adults. Hum Brain Mapp. 2012;33:2204–2210. 
doi:10.1002/hbm.21353

	31.	Buchman AS, Wilson RS, Bienias JL, Shah RC, Evans DA, Bennett DA. 
Change in body mass index and risk of incident Alzheimer disease. Neu-
rology. 2005;65:892–897.

	32.	Fitzpatrick AL, Kuller LH, Lopez OL, et  al. Midlife and late-life obe-
sity and the risk of dementia: cardiovascular health study. Arch Neurol. 
2009;66:336–342. doi:10.1001/archneurol.2008.582

	33.	Strandberg TE, Stenholm S, Strandberg AY, Salomaa VV, Pitkälä KH, Tilvis 
RS. The “obesity paradox,” frailty, disability, and mortality in older men: a 
prospective, longitudinal cohort study. Am J Epidemiol. 2013;178:1452–
1460. doi:10.1093/aje/kwt157

	34.	Driscoll I, Espeland MA, Wassertheil-Smoller S, et  al.; Women’s Health 
Initiative Study of Cognitive Aging. Weight change and cognitive function: 
findings from the Women’s Health Initiative Study of Cognitive Aging. 
Obesity (Silver Spring). 2011;19:1595–1600. doi:10.1038/oby.2011.23

	35.	Johnson DK, Wilkins CH, Morris JC. Accelerated weight loss may 
precede diagnosis in Alzheimer disease. Arch Neurol. 2006;63:1312–
1317.

	36.	King KS, Peshock RM, Rossetti HC, et al. Effect of normal aging versus 
hypertension, abnormal body mass index, and diabetes mellitus on white 
matter hyperintensity volume. Stroke. 2014;45:255–257. doi:10.1161/
STROKEAHA.113.003602

	37.	Vuorinen M, Solomon A, Rovio S, et al. Changes in vascular risk fac-
tors from midlife to late life and white matter lesions: a 20-year 
follow-up study. Dement Geriatr Cogn Disord. 2011;31:119–125. 
doi:10.1159/000323810

	38.	Stenholm S, Strandberg TE, Pitkälä K, Sainio P, Heliövaara M, Koskinen 
S. Midlife obesity and risk of frailty in old age during a 22-year follow-up 
in men and women: the Mini-Finland Follow-up Survey. J Gerontol A Biol 
Sci Med Sci. 2014;69:73–78. doi:10.1093/gerona/glt052

	39.	Strandberg TE, Sirola J, Pitkälä KH, Tilvis RS, Strandberg AY, Stenholm 
S. Association of midlife obesity and cardiovascular risk with old age 
frailty: a 26-year follow-up of initially healthy men. Int J Obes (Lond). 
2012;36:1153–1157. doi:10.1038/ijo.2012.83

	40.	Newman AB, Gottdiener JS, Mcburnie MA, et  al.; Cardiovascular 
Health Study Research Group. Associations of subclinical cardiovascu-
lar disease with frailty. J Gerontol A Biol Sci Med Sci. 2001;56:M158–
M166.

1222� Journals of Gerontology: MEDICAL SCIENCES, 2016, Vol. 71, No. 9




