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Abstract: Obesity is associated with increased risk for cardiovascular health problems including diabetes, hypertension, and stroke. These cardiovascular afﬂictions increase risk for cognitive decline and
dementia, but it is unknown whether these factors, speciﬁcally obesity and Type II diabetes, are associated with speciﬁc patterns of brain atrophy. We used tensor-based morphometry (TBM) to examine
gray matter (GM) and white matter (WM) volume differences in 94 elderly subjects who remained cognitively normal for at least 5 years after their scan. Bivariate analyses with corrections for multiple
comparisons strongly linked body mass index (BMI), fasting plasma insulin (FPI) levels, and Type II
Diabetes Mellitus (DM2) with atrophy in frontal, temporal, and subcortical brain regions. A multiple
regression model, also correcting for multiple comparisons, revealed that BMI was still negatively correlated with brain atrophy (FDR <5%), while DM2 and FPI were no longer associated with any volume differences. In an Analysis of Covariance (ANCOVA) model controlling for age, gender, and race,
obese subjects with a high BMI (BMI > 30) showed atrophy in the frontal lobes, anterior cingulate
gyrus, hippocampus, and thalamus compared with individuals with a normal BMI (18.5–25). Overweight subjects (BMI: 25–30) had atrophy in the basal ganglia and corona radiata of the WM. Overall
brain volume did not differ between overweight and obese persons. Higher BMI was associated with
lower brain volumes in overweight and obese elderly subjects. Obesity is therefore associated with
detectable brain volume deﬁcits in cognitively normal elderly subjects. Hum Brain Mapp 00:000–000,
2009. VC 2009 Wiley-Liss, Inc.
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A serious potential confound in such studies is the possibility of presymptomatic neurodegenerative changes in the
elderly cohorts studied. Since brain atrophy and AD pathology can exist years before onset of clinical symptoms
[Braskie et al., 2008; DeKosky et al., 2006], investigations
of BMI, DM2 and brain atrophy should be done in individuals for whom incipient AD can be ruled out as far as
possible.
Obesity and DM2 may amplify risk for AD by promoting brain atrophy and thus may represent potentially critical risk factors for cognitive decline and dementia.
Because these conditions are to some extent preventable
and treatable, it is important to identify speciﬁcally
affected brain structures in the nondemented elderly, both
to understand the systems affected, and ultimately to
gauge the success of interventions to protect these areas.
We applied tensor-based morphometry (TBM), a relatively novel method [Hua et al., 2008; Thompson et al.,
2000], to generate 3D maps of brain atrophy in a group of
nondemented elderly subjects recruited from the Cardiovascular Health Study-Cognition Study (CHS-CS), a community-based cohort of individuals for whom extensive
clinical, cognitive, and imaging data exists [Lopez et al.,
2004]. On the basis of longitudinal cognitive data, we
selected 94 subjects who remained cognitively normal for
at least 5 years after their baseline MRI scan; thus minimizing confounding effects of early preclinical neurodegeneration. We regressed BMI (n ¼ 94), FPI (n ¼ 64), and
DM2 diagnosis (n ¼ 94) against image-derived measures
of GM and WM volume differences across subjects, to
determine whether these variables were associated with
brain atrophy. We used bivariate correlation models for an
initial exploratory analysis, and then multiple regression
models were used to account for potential confounders
such as gender and race. We also compared brain structure between normal weight (BMI: 18.5–25), overweight
(BMI: 25–30), and obese (BMI: 30þ) subjects to assess if
these clinical cutoffs for deﬁning higher adiposity are
themselves associated with brain atrophy.

INTRODUCTION
Obesity and Type II, or noninsulin dependent, diabetes
mellitus (DM2) are two interlinked conditions that have
reached epidemic proportions. There are currently over
one billion overweight and 300 million obese persons
worldwide [World Health Organization, 2009]. The elderly
population has not been spared—40% of men and 45% of
women over age 70 are burdened either with obesity or
DM2 [Ceska, 2007], increasing their risk for cardiovascular
disease and stroke [Mankovsky and Ziegler, 2004]. Obesity
is also a risk factor for cognitive decline and dementia,
including Alzheimer’s disease (AD) [Elias et al., 2005;
Wolf et al., 2007]. This added risk may be mediated by
DM2, which is associated with a higher probability of having AD [Irie et al., 2008; Leibson et al., 1997].
Previous studies analyzing data from the Cardiovascular
Health Study-Cognition Study (CHS-CS) indicate that cerebrovascular disease, in addition to age, race, and education
level, are associated with cognition and with the development of an intermediate risk state for AD, known as mild
cognitive impairment (MCI) [Lopez et al., 2003a]. Cardiovascular risk factors for MCI included white matter
lesions, infarcts, hypertension, diabetes mellitus, and heart
disease [Lopez et al., 2003a]. Furthermore, patients with
AD have abnormally high rates of brain atrophy [Apostolova et al., 2006; Callen et al., 2001; Leow et al., 2009].
Additionally, brain atrophy may be detectable on MRI
even before cognitive impairment is clinically evident, as
demonstrated in a study showing greater atrophy in
asymptomatic APOE4 carriers compared to noncarriers
[Morra et al., 2009].
Obesity and DM2 may amplify the risk for dementia by
worsening cerebral atrophy even in cognitively intact individuals, raising their vulnerability to future AD neuropathology. Earlier studies, mostly in subjects younger than
65, suggest that increased body tissue fat content (adiposity) is correlated with atrophy in the temporal cortex, frontal lobes, putamen, caudate, precuneus, thalamus, and
white matter (WM) [Gustafson et al., 2004; Pannacciulli
et al., 2006; Taki et al., 2008]. It is unknown, but of great
interest, whether high tissue fat content, as measured by
BMI, is associated with differences in brain structure in
cognitively normal elderly.
In elderly subjects, DM2 is also associated with brain atrophy in the temporal lobes, hippocampus, and with
greater expansion of the lateral ventricles [Korf et al.,
2007]. The most common explanation for these effects is
WM lesions [Claus et al., 1996] and clinical strokes [Mankovsky and Ziegler, 2004]. DM2 associated brain atrophy
may be secondary to increased insulin levels seen in the
disease; higher fasting plasma insulin has been associated
with cognitive deﬁcits in elderly subjects [Yaffe et al.,
2004], and promotes amyloid deposition, thus increasing
risk for Alzheimer’s disease [Watson et al., 2003]. So far,
no other studies have correlated fasting plasma insulin
and brain structure, even when DM2 has been examined.
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MATERIALS AND METHODS
Subjects
The Cardiovascular Health Study Cognition Study
(CHS-CS) is a continuation of the CHS Dementia Study,
which began in 2002–2003 to determine the incidence of
dementia and mild cognitive impairment (MCI) in a population of normal and MCI subjects identiﬁed in 1998–1999
in Pittsburgh [Lopez et al., 2003b]. Of the 927 participants
examined in 1998–1999, 532 normal and MCI subjects were
available for study in 2002–2003. All subjects had complete
neurological and neuropsychological examinations in
1998–1999 and 2002–2003, and an MRI of the brain in
1992–1994, and 295 were scanned with 3D volumetric
brain MRI in 1998–1999. From the latter sample, we
selected 94 subjects who were cognitively normal in 1997–
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1998 and 2002–2003. BMI (n ¼ 94) and fasting plasma insulin levels (n ¼ 64) were obtained using standard CHS
methods [Fried et al., 1991; McNeill et al., 2006]. All nonimaging statistical analyses were analyzed using the Statistical Package for Social Science (SPSS, version 16.0, SPSS
Inc., Chicago, IL).

3D Jacobian maps show relative volume differences
between each individual and the common template, and
may be used to illustrate areas of structural volume reduction such as atrophy of GM and WM. The CHS-MDT template was manually parcellated using the Brainsuite
software program (http://brainsuite.usc.edu/) by a
trained anatomist to generate binary masks covering the
cerebrum. Correlations between BMI and Jacobian maps
were evaluated at each voxel using the general linear
model on a whole brain level.

Type II Diabetes Mellitus (DM2)
Classiﬁcation of DM2 was determined from annually
acquired medical data and is described in greater detail in
previously published work [Brach et al., 2008]. To summarize, CHS participants were classiﬁed as having DM2 if
they met any one of the following criteria: (i) use of any
DM2 medications; (ii) fasting (8 h) glucose 126 mg/dL;
(iii) nonfasting (8 h) glucose 200 mg/dL, or (iv) oral glucose tolerance test 200 mg/dL.

Overview of Statistical Analyses
We performed bivariate statistical tests as an exploratory
analysis to identify if obesity and one of its well known
complications, DM2, were associated with GM and WM
atrophy. We also did this with FPI as increased insulin
levels are an early component of DM2 pathology [Ceska,
2007]. We next applied multiple regression analyses to
identify which one of these variables accounted for the
most variance in our sample. We then used common clinical classiﬁcations of normal BMI, overweight, and obesity
to conduct ANCOVA analyses. The purpose of this was to
express our BMI ﬁndings in terms that can be understood
in a clinical context.

MRI Acquisition and Image Correction
All MRI data were acquired at the University of Pittsburgh Medical Center MR Research Center using a 1.5 T
GE Signa scanner (GE Medical Systems, Milwaukee, WI,
LX Version). A 3D volumetric spoiled gradient recalled acquisition (SPGR) sequence was obtained for the whole
brain (TE/TR ¼ 5/25 msec, ﬂip angle ¼ 40 , NEX ¼ 1,
slice thickness ¼ 1.5 mm/0 mm interslice gap) set parallel
to the AC-PC line with an in-plane acquisition matrix of
256  256 image elements, 250  250 mm ﬁeld of view
and an in-plane voxel size of 0.98  0.98 mm.

Bivariate Statistical Analyses
In an initial exploratory analysis, we used a bivariate
model to correlate Jacobian maps, which provide information on both tissue atrophy and CSF expansion relative to
a standard template, with the possible predictor variables
BMI, FPI, and DM2. We conducted separate tests of negative, positive, and two-tailed correlations. The statistical
signiﬁcance of these associations is reported using omnibus P-values. Since our hypothesis focused on GM and
WM atrophy, we report only P-values for negative associations (i.e., based on one-tailed testing). Permutation tests
(with N ¼ 10,000 randomizations) [Edgington, 1995] were
performed to correct for multiple comparisons. We
derived corrected P-values for the overall pattern of
effects, by computing the probability of observing the
suprathreshold volume of statistics under the null hypothesis, i.e., by chance, when covariates and groups were randomly assigned (setting a voxel-level threshold of P ¼
0.01). Statistically signiﬁcant associations were projected as
maps of P-values and correlation coefﬁcient r-values onto
the CHS-MDT using the Shiva viewer (http://www.loni.
ucla.edu/Software/Software_Detail.-jsp?software_id ¼ 12)
and displayed with standard scales.

Image Preprocessing
Individual scans were linearly registered to the International Consortium for Brain Mapping standard brain
image template (ICBM-53) using a 9-parameter registration
to account for global position and scale differences across
individuals, including head size. Globally aligned images
were re-sampled in an isotropic space of 220 voxels along
each axis (x, y, and z) with a ﬁnal voxel size of 1 mm3.

TBM and Three-Dimensional Jacobian Maps
TBM detects local volumetric differences by averaging
rates of volumetric changes (i.e., Jacobian maps), after nonlinearly aligning individual maps of change to a minimal
deformation template (MDT). An MDT for this speciﬁc
study was created from the MRI scans of 40 normal CHS
subjects to enable automated image registration, reduce
statistical bias, and potentially improve the detection of
statistically signiﬁcant effects [Hua et al., 2008; Kochunov
et al., 2002; Lepore et al., 2007]. All scans were nonlinearly
aligned to the study-speciﬁc template so that they would
all share a common coordinate system, and the local
expansion factor of the 3D elastic warping transform, the
Jacobian determinant, was plotted for each subject. These

r

r

Multiple Regression Statistical Analyses
After applying a bivariate approach in our exploratory
analyses, we ﬁtted a multiple regression statistical model to
better understand which of these variables (BMI, FPI, DM2)

3

r

r

Raji et al.

r

TABLE I. Subject characteristics
Normal BMI (18.5–25)

Overweight (25–29)

Obese (30þ)

T-test(t, P)/v2

Sample size (n)
BMI

29
22.5  1.9

51
27.5  1.4

14
32.9  2.5

Age

77.5  4.0

77.2  2.6

76.9  2.8

Female Gender
Education (Grade 12 þ)
Non-White
MRI Infarcts (47)
Type II diabetes mellitus
WMH Grade >3 (48)
Hypertension
APOE 4 genotype
Fasting Plasma Insulin (n ¼ 64)

48% (14)
69% (20)
17% (5)
24% (7)
3% (1)
28% (8)
28% (8)
29% (7)
10.1  2.8

53% (27)
67% (34)
10% (5)
23% (12)
16% (8)
28% (14)
31% (16)
24% (11)
14.6  6.3

64% (9)
50% (7)
14% (2)
7% (1)
14% (2)
29% (4)
43% (6)
7% (1)
15.4  4.4

—
15.5, <0.001*
13.2, <0.001**
10.5, <0.001***
0.49, 0.63*
0.35, 0.73**
0.40, 0.69***
0.98, 0.61
1.65, 0.44
0.95, 0.62
1.97, 0.37
2.79. 0.25
0.001, 0.98
1.03, 0.59
2.55, 0.28
4.1, <0.001*
3.1, 0.001**
0.37, 0.71***

Variable

*Normal BMI compared with obese on t-test.
**Normal BMI compared with overweight on t-test.
***Overweight compared with obese on t-test.

(BMI Range: 18.5–36.2). Only BMI and FPI levels differed
between the groups—as expected, or by deﬁnition, overweight and obese persons had higher BMI and FPI levels
than the normal BMI group (P  0.001). There was no correlation between DM2 and FPI levels (r(64) ¼ 0.01, P ¼
0.92). Additionally, DM2 subjects did not have higher FPI
levels than non-FPI subjects (t(62) ¼ 0.09, P ¼ 0.92).

best accounted for the variance in brain volumes in the
cohort. We analyzed the Jacobian maps using Statistical
Parametric Mapping software (SPM2, http://www.ﬁl.
ion.ucl.ac.uk/spm/), inputting BMI, DM2, age, gender, and
race in the same general linear model. The inﬂuence of FPI
was separately tested in interaction models with BMI.
To better understand how the inverse associations
between BMI and brain structure were distributed in
groups who were obese and to put such associations in a
clinical context, we ran a series of between-group
ANCOVA analyses in SPM2. These included: (i) Obese
versus normal BMI groups; (ii) Overweight versus normal
BMI groups; (iii) Obese versus overweight groups. All
between-group comparisons controlled for age, gender,
race, and DM2. Correction for multiple comparisons was
achieved using the False Discovery Rate (FDR) method
[Genovese et al., 2002] in which ﬁndings were only
declared as signiﬁcant if the expected rate of false positives in the map was less than 5%. Voxel-level t-values
were converted to point biserial correlations (r) as a measure of effect size, using the cg_spmT2x.m script in SPM2.
This was done for all analyses so that the effect sizes of all
results could be compared using the same measure. The rvalues were projected onto orthogonal sections of
the standard single subject MNI template [Holmes et al.,
1998] in MRIcron (http://www.sph.sc.edu/comd/rorden/
MRIcron/) for display purposes.

Bivariate Statistical Analyses
Potential confounders
In our TBM maps correlating potential confounding variables with brain structure, increasing age showed a trendlevel association with lower brain volumes in this sample
but this was not statistically signiﬁcant (P ¼ 0.07, corrected; permutation test). Age and BMI were not signiﬁcantly correlated in our sample (r (92) ¼ 0.04, P ¼ 0.90)
nor was age correlated with insulin levels (r (64) ¼ 0.06,
P ¼ 0.66) or with DM2 diagnosis (r (92) ¼ 0.05, P ¼ 0.61).
Additionally, APOE4 genotype, which increases the risk
for sporadic AD, was not related to detectable alterations
in brain structure as assessed with TBM in this sample
(P ¼ 0.39, permutation test). Education, deﬁned categorically as progression beyond high school, was also not statistically signiﬁcant in its correlation with TBM measures
of GM and WM atrophy either negatively (P ¼ 0.92, permutation test) or positively (P ¼ 0.12, permutation test). A
clinical designation of hypertension (systolic/diastolic >140/
90 mm hg or use of antihypertensive medications) also had
no statistically signiﬁcant negative correlation with brain
structure in our sample (P ¼ 0.33, permutation test).

RESULTS
Subject demographics are shown in Table I, divided into
three BMI categories for normal, overweight and obese
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Figure 1.
Part a shows an r-value (Pearson correlation coefﬁcient) map at x ¼ 31, y ¼ 2, z ¼ 25, r ¼ 0.32; right at x ¼ 32, x ¼ 9,
highlighting the negative and positive correlations between BMI z ¼ 18, r ¼ 0.31) and subcortical areas (white asterisks: left at
and brain structure projected onto cardinal sections of the Car- x ¼ 28, y ¼ 14, z ¼ 1, r ¼ 0.30; right at x ¼ 29, y ¼ 15,
diovascular Health Study Minimal Deformation Template (CHS- z ¼ 1, r ¼ 0.34) including the putamen, globus pallidus, and
MDT). Blue colors show stronger negative correlations while thalamus. Part b shows a P-value image of BMI main effects on
red and yellow colors show positive correlations; only negative brain structure projected onto the CHS-MDT. All images are in
correlations were statistically signiﬁcant (p < 0.001; permuta- neurological convention (left on left). Dark colors indicate atrotions test). An inverse association between BMI and brain vol- phy in both GM and WM; darker colors denote lower P-values.
ume is observed in orbital frontal cortex (red arrow at x ¼ 9, [Color ﬁgure can be viewed in the online issue, which is availy ¼ 57, z ¼ 29, r ¼ 0.31), the hippocampus (gold arrows: left able at www.interscience.wiley.com.]

lidus, and thalamus. These results suggest atrophy in people with higher body tissue fat. Figure 1b shows the
corresponding signiﬁcance (P-value) map. Darker colors
indicate areas with lower P-values.

Body mass index
Higher BMI was signiﬁcantly correlated with lower GM
and WM volumes throughout the brain (P < 0.001, permutation test). Figure 1a shows the correlation coefﬁcients for
the inverse association of BMI with brain structure projected onto the CHS-speciﬁc minimum deformation template (the CHS-MDT). Blue colors represent areas of
higher negative correlation; values typically range from
0.30 to 0.30. The areas of positive correlation in red and
yellow were not statistically signiﬁcant. Areas of strongest
negative correlation (r  0.30) were found in the orbital
frontal cortex (red arrow at x ¼ 9, y ¼ 57, z ¼ 29, r ¼
0.31), the hippocampus (gold arrows: left at x ¼ 31,
y ¼ 2, z ¼ 25, r ¼ 0.32; right at x ¼ 32, y ¼ 9, z ¼ 18,
r ¼ 0.31) and subcortical areas (white asterisks: left at x
¼ 28, y ¼ 14, z ¼ 1, r ¼ 0.30; right at x ¼ 29, y ¼
15, z ¼ 1, r ¼ 0.34) including the putamen, globus pal-

r

Fasting plasma insulin
Higher FPI was associated with lower regional brain
volumes (P ¼ 0.01, permutation test) in both GM and
WM. Higher FPI were associated with brain atrophy in the
frontal lobes, hippocampus, and the splenium of the corpus callosum. These results are shown in Figures 2a,b. Figure 2a shows the correlation coefﬁcient map in which
higher FPI is correlated with lower volumes in the splenium of the corpus callosum (red arrow: x ¼ 3, y ¼ 12,
z ¼ 12, r ¼ 0.27), orbital frontal cortex (orange arrow:
x ¼ 3, y ¼ 39, z ¼ 31, r ¼ 0.33) and hippocampus
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Figure 2.
Part a shows a correlation map projected onto the CHS-MDT r ¼ 0.33) and hippocampus (gold arrows: left at x ¼ 24, y ¼
template indicating where brain atrophy (volume reduction) is 1, z ¼ 24, r ¼ 0.31; right at x ¼ 31, x ¼ 3, z ¼ 21, r ¼
related to higher fasting plasma insulin levels. Higher FPI is cor- 0.33). Part b shows the corresponding signiﬁcance maps.
related to lower volumes of the splenium of the corpus cal- [Color ﬁgure can be viewed in the online issue, which is availlosum (red arrow: x ¼ 3, y ¼ 12, z ¼ 12, r ¼ 0.27), able at www.interscience.wiley.com.]
orbital frontal cortex (orange arrow: x ¼ 3, y ¼ 39, z ¼ 31,
(gold arrows: left at x ¼ 24, y ¼ 1, z ¼ 24, r ¼ 0.31;
right at x ¼ 31, y ¼ 3, z ¼ 21, r ¼ 0.33). Figure 2b shows
the corresponding P-value map. These results suggest that
high insulin levels, an early component of DM2 pathology,
may be linked to atrophy in brain regions with cognitive
function such as the splenium of corpus callosum (interhemispheric transfer of visual and other cognitive information), the orbital frontal cortex (executive function), and
hippocampus (learning and memory).

either a history of clinical stroke or MRI-identiﬁed infarcts.
The DM2-related areas of atrophy are displayed in Figures
3a (correlation coefﬁcient map) and 3b (P-value map). This
ﬁgure shows that DM2 is associated with lower volumes
in splenium of the corpus callosum (Fig. 3b, signiﬁcance
map, black arrow, corresponding r-value ¼ 0.21 at x ¼
4, y ¼ 14, z ¼ 17), genu of the corpus callosum (Fig. 3b,
green arrow, corresponding r-value ¼ 0.17 at x ¼ 4, y ¼
49, z ¼ 1) and the frontal lobes (Fig. 3b, red arrow, corresponding r-value ¼ 0.24 at x ¼ 7, y ¼ 77, z ¼ 7).

Type II diabetes mellitus
Multiple Regression Analyses

DM2 was also associated with brain atrophy (P < 0.001,
permutation test) in the bivariate analysis. Those participants diagnosed with DM2 had lower volumes in multiple
brain regions including the frontal lobes, prefrontal cortex,
genu and splenium of the corpus callosum, middle cingulate gyrus, superior parietal lobule, the occipital lobes, and
the cerebellum. The basal ganglia, including the caudate,
putamen, and globus pallidus were also atrophied in those
with a diagnosis of DM2. None of our DM2 subjects had

r

In the multiple regression models, BMI was the only
variable that was signiﬁcantly linked with brain atrophy
in GM and WM (expected FDR< 5%); there were no independent associations between FPI, DM2, age, gender, or
race with the degree of brain atrophy once BMI was
accounted for. The inverse association of BMI and brain
structure is shown in Figure 4. Higher BMI was associated
with lower GM and WM volumes in orbital frontal cortex
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Figure 3.
The r-value image in part a shows the negative correlation r-value ¼ 0.17 at x ¼ 4, y ¼ 49, z ¼ 1) and the frontal lobes
between a categorical diagnosis of DM2 and atrophy in GM and (Fig. 3b, red arrow, corresponding r-value ¼ 0.24 at x ¼ 7,
WM. DM2 is associated with lower volumes in splenium of the y ¼ 77, z ¼ 7). All results in this image were projected onto
corpus callosum (Fig. 3b, signiﬁcance map, black arrow, corre- the CHS-MDT. [Color ﬁgure can be viewed in the online issue,
sponding r-value ¼ 0.21 at x ¼ 4, y ¼ 14, z ¼ 17), genu of which is available at www.interscience.wiley.com.]
the corpus callosum (Fig. 3b, green arrow, corresponding
(part a, blue box), anterior cingulate gyrus (part a, blue
box), medial temporal lobe (part b, black arrows), and subcortical WM (part c, black asterisks). The effect sizes for
this association were large (r  0.30). In Supporting information Figure 1, we show a beta image of the main effects
of BMI. This image represents the slope of the regression
line, showing the percentage brain volume (in cc) lost for
every one standard deviation gain in BMI after adjusting
for the other variables in the model. In a restricted region
of the orbital frontal cortex/anterior cingulate, for instance,
purple colors show that more than 4% of brain volume is
lost for every one standard deviation gain in BMI. Consequently, a person in the top 5% of BMI (i.e., two standard
deviations from the mean), would exhibit a maximum 8%
focal deﬁcit in an area such as the orbital frontal cortex.
The arrows and asterisks identify matching anatomical
areas between the correlation map and the beta image.
We detected no independent associations of age, DM2,
gender, or race on GM or WM volumes in our sample
once BMI was accounted for. Interaction analyses also
showed that BMI-related atrophy did not vary as a func-

r

tion of any one of these variables. A separate BMI by FPI
interaction analysis (n ¼ 64) showed that BMI effects on
brain structure did not vary as a function of FPI. To better
understand how the BMI associated atrophy was distributed, we also compared GM and WM volumes of persons
with three discrete diagnostic classiﬁcations, i.e., normal
BMI, overweight, and obese.

Between-Group ANCOVA Analyses
Obesity versus normal BMI
In comparing obese subjects (BMI: 30þ) to those with a
normal BMI (BMI: 18.5–25), we found lower GM and WM
volumes (FDR < 5%) in the obese group despite controlling for age, gender, race, and DM2. This atrophy is shown
in Figure 5 as an r-image projected onto the Standard Single Subject MNI template, with red colors corresponding
to a higher correlation effect size (r > 0.50). Obese persons
had lower GM and WM volumes in the frontal lobes, anterior cingulate gyrus (part a, blue arrow), hippocampus
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were generally lower in magnitude (|r| ¼ 0.3–0.4) compared to the obese-normal BMI results. Unlike obese persons, the overweight group did not show atrophy in such
paralimbic areas, such as the anterior cingulate gyrus and
hippocampus. There were no statistically signiﬁcant differences in GM and WM between the obese and overweight
groups. All analyses were controlled for age, gender, race,
and DM2.

DISCUSSION

Figure 4.
This ﬁgure shows a map of correlation values (r-value map) projected onto the Standard Single Subject MNI brain template for
display purposes. The correlation shown is between higher BMI
and GM/WM atrophy controlling for age, gender, race, and
DM2. Hotter colors denote stronger correlation effect sizes,
which range from 0 to 0.4. Higher BMI was associated with
lower GM and WM volumes in orbital frontal cortex (a, blue
box), anterior cingulate gyrus (a, blue box), medial temporal
lobe (b, black arrows), and subcortical WM (c, black asterisks).
[Color ﬁgure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

Here we report several key ﬁndings relating brain structural deﬁcits to obesity, higher BMI, FPI, and DM2 in cognitively normal elderly individuals drawn from a
community cohort. First, higher body tissue fat was
strongly associated with brain volume deﬁcits in cognitively normal elderly subjects, even when controlling for
potential confounds such as age, sex, and race. Second,
FPI and DM2 showed inverse associations with brain
structure in a bivariate analysis, but these correlations
were not statistically signiﬁcant when controlling for BMI.
Third, negative correlations between body tissue fat and
brain structure were strongest in obese persons but were
also seen in overweight individuals. Although we
acknowledge that the effects of obesity may be secondary
to generally poor health, this is less likely in our sample
because (i) those with very poor health are less likely to
survive to the advanced age (mean: 77.3 years) in our
study; (ii) no correlation was detected between BMI and
death rates in our cohort 10 years after their scan (r(94) ¼
0.07, P ¼ 0.47); and (iii) the three BMI groups did not differ in their rates of vascular diseases that increase morbidity and mortality (Table I). Therefore, even in persons with
normal cognition who survive to old age, higher body tissue adiposity may have deleterious consequences on brain
structure.

(part b, black arrow), and basal ganglia (part c, green box).
These maps suggest that being obese is associated with atrophy in brain regions important for cognitive function
such as the anterior cingulate, which participates in attention and executive function.

Overweight versus normal BMI
Figure 6 shows that overweight (BMI: 25–30) subjects
have lower brain volumes than those with Normal BMI in
the basal ganglia (part a, black arrow; part b, red arrow;
part c, blue arrow), corona radiata (part b, black box), and
parietal lobe (part c, purple arrow). These associations

Figure 6.
Maps of correlation coefﬁcients are shown for a group comparison of 51 overweight persons (BMI: 25–30) versus 29 normal
weight persons (18.5–25). Atrophy in the overweight group is
seen in the basal ganglia (a, black arrow; b, red arrow; c, blue
arrow), corona radiata (b, black box), and parietal lobe (c, purple arrow). Correlations range from 0 to 0.5. [Color ﬁgure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 5.
Correlation map (r-value image) effect sizes for a comparison of
14 obese persons (BMI > 30) to 29 normal weight persons
(18.5–25). Obese persons had lower GM and WM volumes in
the frontal lobes, anterior cingulate gyrus (a, blue arrow), hippocampus (b, black arrow), and basal ganglia (c, green box). Correlation coefﬁcients range from 0 to 0.5. [Color ﬁgure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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Even though the unadjusted correlations of FPI, DM2,
and brain atrophy were not statistically signiﬁcant in the
adjusted models, they may merit discussion due to a
growing literature on the effects of hyperinsulinemia and
DM2 on the brain. In the early stages of DM2, insulin resistance is associated with a compensatory hyperinsulinemia [Yaffe et al., 2004], and high insulin levels are
associated with cognitive impairment, even in subjects
who will not develop DM2 [van Oijen et al., 2008], suggesting that hyperinsulinemia can alter brain structure.
Multiple mechanisms are involved in the impact of hyperinsulinemia on brain function and structure, including vasoactive effects on cerebral arteries, neurotoxicity due to
impaired clearance of amyloid from the brain and stimulation of the formation of neuroﬁbrillary tangles through
advanced glycation end-product metabolism [Bian et al.,
2004; Watson et al., 2003]. The insulin effect is observed
here in multiple areas relevant to cognitive function such
as the orbital frontal cortex and the hippocampus. This is
consistent with the notion that hyperinsulinemia affects
brain structures involved in cognition; it may also lead to
subtle cognitive decline before clear clinical symptoms of
dementia are detectable [Kalmijn et al., 1995].
DM2 was associated with lower GM and WM volumes
areas of cognitive relevance such as the frontal lobes and
large WM tracts (splenium of the corpus callosum), suggesting that DM2 has a widespread association with brain
atrophy. DM2 can reduce brain volume through a progressive cerebrovascular process that leads to stroke and
infarcts [Ikram et al., 2008; Knopman et al., 2005]. DM2
can exert damage through advanced glycation of key
structural proteins, imbalance between production and
elimination of reactive oxygen species, and through perturbations of hexosamine and polyol pathways, causing
the basement membranes of cerebral capillaries to thicken
[Arvanitakis et al., 2006]. Such microvascular changes,
which frequently occur with other obesity consequences
such as hypertension, can lead to chronic subclinical ischemia, impaired neuronal energy consumption, and atrophy
in brain areas with delicately vulnerable vasculature such
as the lenticulostriate arteries of the basal ganglia [Breteler
et al., 1994]. Basal ganglial ﬁndings in TBM analyses can
also be noticeable due to a comparative lack of sensitivity
TBM has to volume changes in the cortical surface due to
smoothness of the deformation ﬁelds and resulting partial
volume effects [Hua et al., 2009; Leow et al., 2009]. Our
bivariate DM2 results are consistent with prior ﬁndings
that GM and WM are affected in DM2 [Korf et al., 2007;
Tiehuis et al., 2008] and with FDG-PET studies that
showed hypometabolism in frontal, temporal, and parietal
association regions, and posterior cingulate gyrus in cognitively normal subjects with mild hyperglycemia [Kawasaki
et al., 2008].
The DM2 association did not survive the adjusted multiple regression models, which may be due to the small
number of DM2 subjects in the study (n ¼ 11), that itself
may be a consequence of a survivor effect. That is, many

Our ﬁnding of BMI-associated brain atrophy in cognitively normal elderly is supported by studies from
younger samples. A study of Japanese males (mean age:
46.1) showed reduced GM volumes in association with
increasing BMI in medial temporal lobes, hippocampus,
and precuneus [Taki et al., 2008]. Another study (mean
age: 32) showed greater GM volume loss in obese individuals in the frontal operculum, postcentral gyrus, and putamen [Pannacciulli et al., 2006]. A recent MR spectroscopy
study revealed metabolic abnormalities in frontal lobe GM
and WM in a group of younger obese persons (mean age:
41.7) [Gazdzinski et al., 2008].
The correlation between BMI and brain volumes is
unlikely to be direct in the sense of one causing the other;
therefore, it is of interest to identify factors or mechanisms
that might tend to cause brain volume reduction and obesity in the same subjects. The most commonly proposed
mediators for the relationship between higher body tissue
adiposity and brain structure include hypercortisolemia
[Lupien et al., 1998], reduced exercise [Colcombe et al.,
2003], impaired respiratory function [Guo et al., 2006],
inﬂammation [van Dijk et al., 2005], cardiovascular/hypertension/hyperlipidemia [Breteler et al., 1994; Swan et al.,
1998], and Type II diabetes mellitus [den Heijer et al.,
2003; Ferguson et al., 2003]. The manifestations of brain
structural deﬁcits in these studies were hippocampal atrophy, cortical volume loss, and WM hyperintensities. We
found no interaction between BMI and DM2, so the effects
of BMI are unlikely to be mediated by that mechanism in
our sample. Additionally, our BMI results did not change
when controlling for hypertension and WM hyperintensities as assessed by standardized CHS criteria [Dai et al.,
2008; Yue et al., 1997]. These results may reﬂect a survivor
effect, as persons with both high BMI and clinically severe
cerebrovascular disease are less likely to live to the age
range of our study population (70–89 years). Additionally,
we cannot rule out the possibility that BMI relationships
with brain atrophy in our elderly cohort are more directly
mediated through any one or any combination of the other
mechanisms listed above.
Having established that BMI is associated with brain atrophy in the elderly, we also acknowledge that controversy exists in the literature about how this association is
inﬂuenced by sex differences. A group of elderly (70–84
years) Swedish women showed substantial temporal lobe
atrophy that was associated with BMI, on computed tomography [Gustafson et al., 2004] while another study
found BMI associated cerebral volume loss in Japanese
men but not in women [Taki et al., 2008]. To determine
whether or not correlations between BMI and brain structure are inﬂuenced by gender in our study, we modeled a
BMI by gender interaction in our multiple regression analyses and did not detect a sex difference in BMI-related
brain atrophy. Our study therefore suggests that the deleterious effects of higher tissue adiposity on brain structure
may be gender independent; however, this ﬁnding merits
further investigation in future studies.
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matter classiﬁcations, so it is not required that the
gray matter be perfectly registered across subjects as the
gray matter density is not analyzed at each stereotactic
location. As such, false positive ﬁndings due to systematic
group differences in registration errors are less likely.
Even so, there may be false negative ﬁndings, because the
power to detect morphometric differences depends on the
scale at which anatomic data can be matched by the warping algorithm. Finer-scale morphometric differences (e.g.,
in the hippocampus or cortical thickness) may be better
detected using other methods that model those structures
explicitly. However, we preferred use of TBM over cortical
pattern matching as TBM is able to process larger numbers
of subjects more efﬁciently [Xue et al., 2008]. TBM is therefore less vulnerable to registration bias than VBM and
more efﬁcient for analyzing larger numbers of subjects
than cortical surface modeling and cortical pattern
matching.
Our ﬁndings are limited by the cross-sectional design,
though longitudinal follow-up was used to inform subject
selection to minimize confounding from those experiencing early neurodegeneration from Alzheimer’s or other
dementias. Our multiple regression approach accounted
for the potentially confounding effects of age, gender, and
race and DM2. We did not include APOE4 genotype in
this model, as the variable showed no statistically signiﬁcant relationships in the bivariate analysis (P ¼ 0.39, permutation test).
With an increasing number of persons becoming both
obese and elderly, a detailed understanding of brain structural abnormalities in this group is vital. Studies such as
this suggest why these individuals may have an increased
risk for dementia. Even elderly individuals who remained
cognitively normal long after their MRI had BMI associated atrophy in brain areas targeted by neurodegeneration:
hippocampus, frontal lobes, and thalamus. Such individuals may beneﬁt from interventions to reduce body tissue
fat and experience better brain health in aging.

persons with DM2 may not have lived long enough to
undergo scanning as part of the CHS. This bias may have
led to lack of power in the multiple regression models and
lack of a statistically signiﬁcant interaction between BMI
and DM2. This issue could be overcome in future studies
by analyzing larger numbers of cognitively normal elderly
DM2 persons. Such work could elucidate a possible mediation role for DM2 with respect to obesity and brain atrophy. While it is tempting to speculate that obese and
overweight persons harbor early subclinical DM2 pathology (as reﬂected by obese and overweight persons having
higher FPI) and that this drives the relationship between
BMI and brain atrophy, future work would have to verify
this as we found no statistically signiﬁcant interactions
between BMI and DM2 or FPI.
Our ﬁndings, taken in the context of earlier studies, suggest that elderly persons with higher adiposity are at
increased risk for brain atrophy and consequently dementia. Even our elderly subjects, who were very healthy and
conﬁrmed to be cognitively stable for at least ﬁve years after baseline scanning, were afﬂicted with brain atrophy
associated with obesity. Our results suggest that individuals may have a greater extent of brain atrophy due to obesity or factors that promote obesity and that this atrophy
may, in turn, predispose them to future cognitive impairment and dementia. The implications of this cycle include:
(i) ampliﬁed morbidity/mortality in the elderly; (ii) higher
health care costs due to obesity-related dementia; and (iii)
emotional and other nonﬁnancial burdens on caretakers
and healthcare providers. Obesity associations with brain
atrophy and dementia risk therefore present a potential
public health challenge.
This study used neuroimaging methods to explore the
effects of higher BMI, insulin, and DM2 in an elderly community cohort who remained cognitively normal for ﬁve
years after their scan. Such results are therefore more
likely to reﬂect brain changes in the general elderly population as they avoid the referral biases of studies that draw
subjects from specialty clinics. TBM offers high resolution
mapping of anatomical differences, offering excellent sensitivity to systematic structural differences in the brain,
and lacks the selection bias of ROI tracings that examine
only part of the brain. We used TBM because of its effectiveness in analyzing volumetric group differences in the
entire brain. In other types of voxel-based studies, such as
voxel-based morphometry [Ashburner and Friston, 2000],
a question sometimes arises as to whether the ﬁndings
may be attributable to imperfect registration. This question
arises because in VBM, smoothed maps of classiﬁed gray
matter are automatically aligned across subjects and
smoothed, and then statistical inferences are made regarding group differences, by voxel-by-voxel subtraction of the
group-averaged images. As such it is possible that a difference detected at any one location is due to imperfect registration [Thacker et al., 2004].
In TBM, however, the signals analyzed are based only
on the registrations of the images and not the aligned gray
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