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FOR THE HEALTH ABC STUDY

OBJECTIVEdTo better understand the association between diabetes and cognitive impair-
ment, we evaluated macro- and microstructural brain MRI measures for the total brain and
regions of interest (ROIs) in a group of community-dwelling elders with and without diabetes.

RESEARCH DESIGN AND METHODSdMRI measures were obtained on 308 elders
(mean age 83.3 years; n = 85 with diabetes) from the Health ABC Healthy Brain Substudy. We
performed a series of linear regressions and used standardized b values to estimate the cross-
sectional association between diabetes and macrostructural (gray matter volume [GMV] and
white matter hyperintensities [WMHs]) and microstructural (mean diffusivity [MD] and frac-
tional anisotropy [FA]) measures for the total brain and ROIs. Models were adjusted for age, race,
and sex; GMV values for ROIs were also adjusted for total brain volume (TBV).

RESULTSdIn multivariate-adjusted models, diabetes was associated with lower total GMV
(P = 0.0006), GMV in the putamen (P = 0.02 for left and right), and TBV (P = 0.04) and greater
cerebral atrophy (P = 0.02). There was no association withWMHs. Onmicrostructural measures,
diabetes was associated with reduced FA for total white matter (P = 0.006) and greater MD for the
hippocampus (P = 0.006 left; P = 0.01 right), dorsolateral prefrontal cortex (P = 0.0007, left; P =
0.002, right), left posterior cingulate (P = 0.02), and right putamen (P = 0.02). Further adjust-
ment for stroke, hypertension, and myocardial infarction produced similar results.

CONCLUSIONSdIn this cross-sectional study, elders with diabetes compared with those
without had greater brain atrophy and early signs of neurodegeneration. Further studies are
needed to determine whether these structural changes associated with diabetes predict risk of
cognitive decline.

Diabetes Care 36:677–682, 2013

D iabetes is associated with cognitive
decline among older adults and has
been estimated to confer ~1.54 in-

creased risk for Alzheimer disease (1–3).
Brain imaging studies may help identify
markers of risk for cognitive impairment
and clarify the cerebral pathology of

diabetes among older adults, which is
not well understood. Studies of brain dif-
ferences associated with diabetes have
mainly focused on macrostructural fea-
tures such as volumetric measures and se-
verity of white matter hyperintensities
(WMHs). Results suggest greater brain

atrophy among those with diabetes (4),
with possible preferential volume loss in
the medial temporal (5–7) and frontal
(6,8) regions. Findings have been incon-
sistent regarding WMHs and diabetes in
older adults (4). In addition, few studies
have evaluated microstructural measures.
Whether degeneration also exists at the
microscopic level, possibly occurring be-
fore overt volume loss or WMHs can be
detected with conventional magnetic res-
onance imaging (MRI), has not been es-
tablished.

Diffusion tensor imaging (DTI) may
be a useful tool for investigating early
microstructural changes that may indi-
cate risk of cognitive impairment. DTI
provides a quantitative measure of the
diffusion of water through a medium that
conveys information on tissue integrity
not typically visible with conventional
MRI. Two commonly used DTI indices
include mean diffusivity (MD) and frac-
tional anisotropy (FA), reflecting themag-
nitude and degree of directionality,
respectively, of water diffusion within a
voxel (9). Greater MD in gray matter and
decreased FA in white matter tracts are
thought to reflect microstructural abnor-
malities, including demyelination and ax-
onal loss (10). DTI has been shown to be
sensitive in identifying early markers of
age-related cognitive decline (11), mild
cognitive impairment, and Alzheimer
disease (10,12) and associated with cog-
nitive performance independent of mac-
rostructural characteristics such as gray
matter volume (GMV) (11,13). Only a
few known studies have used DTI to in-
vestigate microstructural brain character-
istics among adults with diabetes (14,15).
These studies focused on predominately
middle-aged adults, with a mean age of
,60 years among those with diabetes.
To the best of our knowledge, DTI asso-
ciations among adults with diabetes .70
years of age, when the incidence of cog-
nitive decline and dementia increases dra-
matically, have not been studied.

We sought to determine whether di-
abetes is associated with MRI and DTI
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measures of neurodegeneration (e.g.,
atrophy, greater MD, reduced FA) and
vascular disease (e.g., white matter
changes) among a group of community-
dwelling elders.We investigated indices of
white matter and gray matter for the total
brain and for regions of interest (ROIs)
associated with memory, executive con-
trol, and processing speed. These included
the hippocampus, entorhinal cortex, pos-
terior cingulate, dorsolateral prefrontal
cortex, posterior parietal cortex, and stria-
tum, as well as substructures of the stria-
tum: the putamen, caudate nucleus, and
pallidium. We hypothesized that elders
with diabetes prevalent at the time of MRI
would have greater atrophy and volume of
WMHs, decreased FA, and greater MD for
the total brain and in ROIs compared with
those without diabetes.

RESEARCH DESIGN AND
METHODSdParticipants were part of
the Healthy Brain Project ancillary study
at the Pittsburgh site of the Health, Aging,
and Body Composition (Health ABC)
study, a prospective cohort study begin-
ning in 1997–1999 of 3,075 community-
dwelling elders then aged 70–79 years
and living in Memphis, Tennessee, or
Pittsburgh, Pennsylvania. In 2006–
2007, 325 Health ABC participants, who
were interested and eligible for a brain
3-Tesla MRI and who were able to walk
20 meters, participated in the Healthy
Brain Project. Participants were not ex-
cluded if they had existing comorbidities.
Participants in the Healthy Brain Project
were similar to the Health ABC study par-
ticipants of the Pittsburgh cohort, as pre-
viously reported (13). A total of 308 had
measurements available for all of the mac-
rostructural MRI variables of interest, and
281 had measurements for all of the mi-
crostructural MRI variables of interest. In
addition to in-person Health ABC assess-
ments, participants received neurocogni-
tive testing and detailed neurologic and
gait exams. All subjects provided written
informed consent. The University of Pitts-
burgh institutional review board ap-
proved the protocol.

Diabetes
Diabetes status was determined at the
time of the participant’s Healthy Brain
exam either at year 10 or at year 11 of
the Health ABC study, by record of dia-
betes at the start of the Health ABC study
through self-report, use of hypoglycemia
medication, a fasting glucose of $126
mg/dL, or a 2-h glucose tolerance test

.200 mg/dL in accordance with the
American Diabetes Association criteria in
place (2002) near the start of the Health
ABC study or through record of a diabetes
diagnosis during an annual Health ABC
follow-up assessment by self-report, use
of hypoglycemic medication, or a fasting
glucose of $126 mg/dL.

Image acquisition
Images were obtained with a Siemens 12-
channel head coil and 3T Siemens Tim
Trio MR scanner at the Magnetic Reso-
nance Research Center, University of
Pittsburgh.Magnetization-prepared rapid
gradient echo T1-weighted images were
acquired in the axial plane (repetition
time [TR] = 2,300 ms, echo time [TE] =
3.43 ms, imaging time [TI] = 900 ms, 98
flip angle, 256 3 224 mm field of view
[FOV], 1 3 1 mm voxel size, 256 3 224
matrix size, 176 slices, and 1 mm thick).
Fluid-attenuated inversion recovery
(FLAIR) images were acquired in axial
plane (TR = 9,160 ms, TE = 89 ms, TI =
2,500ms, 1508 flip angle, 2563 212 mm
FOV, 256 3 240 matrix size, 48 slices, 3
mm thick, and 1 3 1 mm voxel size).
Diffusion-weighted images were acquired
using a single short spin-echo sequence
(TR = 5,300 ms, TE = 88 ms, TI = 2,500
ms, 908 flip angle, 256 3 256 mm FOV,
two diffusion values of b = 0 and 1,000
s/mm, 12 diffusion directions, four re-
peats, 40 slices, 3 mm thick, 128 3 128
matrix size, 2 3 2 mm voxel size, and
GRAPPA = 2). A neuroradiologist exam-
ined each MRI for neurologic abnormali-
ties (13,16).

Image processing and analysis
GMV, WMH volume, and microstruc-
tural MRI global indices of gray matter
integrity (atrophy index, relative peak
height, magnetic transfer [MT] ratio, and
MD) and white matter integrity (relative
peak height MT ratio and mean FA) were
obtained using previously published
methods briefly described below (13,16).

Gray matter, white matter, and cere-
brospinal fluid (CSF) were segmented on
skull-stripped T1-weighted images in na-
tive anatomical space (17). GMV, WMV,
and CSF volume were estimated by
summing voxels classified as these tissue
types. Total intracranial volume was
computed as the volume inside the inner
skull via brain extraction tool. Atrophy
was calculated as the ratio of GMV to
total intracranial volume. WMH volume
was obtained from T2-weighted FLAIR
image using an automated method for

quantification and localization of WMHs
(18). Total WMH volume was estimated
by summing all the voxels classified as
WMHs and normalized by brain volume.
Neuroanatomical boundaries for gray
matter ROIs were determined using a
published atlas as previously described
(16).

Diffusion tensor images were prepro-
cessed to remove unwanted distortions
due to eddy current and diagonalized to
determine eigenvalues to compute FA
and MD maps (19). FA maps were regis-
tered to the FMRIB58_FA template (19)
using published protocols (20) similar to
Tract-based Spatial Statistics (19). MD
maps were also transformed (21). By use
of the segmentation of white matter, gray
matter, and WMHs that was obtained
from the T1-weighted and T2-weighted
FLAIR images, the FA and MD maps
were restricted to normal-appearing
white matter and normal-appearing gray
matter. Scans were manually inspected,
and clinically relevant infarcts were re-
moved. Relative peak height FAs (100
bins; FA between 0.2 and 1.22 with bin
size 0.0103) were calculated for the nor-
mal-appearing white matter.

Covariates
Possible covariates included self-reported
age, race, sex, and high school level of
education (categorized as less than high
school versus high school or more) ob-
tained from Health ABC baseline mea-
surements. Additional measurements
were obtained during the Healthy Brain
exam or through the corresponding Health
ABC clinic visit. Depression symptoms
were assessed using the 20-item Center
for Epidemiologic Studies-Depression
(CES-D) scale (22). BMI (calculated as
kilograms divided by the square of height
inmeters)was calculated fromdirect height
and weight measurements. Hypertension,
stroke, andmyocardial infarction data were
based on self-report, clinic data, and med-
ication use. Apolipoprotein (apo)E geno-
type was determined by the 59-nuclease
assay (23) in the Human Genetics labora-
tory at the University of Pittsburgh, and
participants were coded as e4 carriers or
noncarriers.

The Modified Mini-Mental State Ex-
amination (3MS) was administered at the
Health ABC visit corresponding to the
MRI study visit. The 3MS is a brief general
cognitive battery with components for
orientation, concentration, language,
praxis, and immediate and delayed mem-
ory (24). Scores range from 0 to 100
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points, with lower scores indicating
poorer performance.

Statistical analysis
We first performed bivariate analyses to
test for associations between diabetes
status and baseline characteristics. We
used x2 analysis for categorical variables
and F test for continuous variables.

We used linear regression models to
test for associations between diabetes
status and volumetric measures and DTI
indices for the total brain and ROIs in
each hemisphere (Table 2). Standardized
Z scores of the neuroimaging markers
were used. Linear regression analyses for
DTI measures were restricted to the range
of detectable abnormalities. GMV for each
ROI was adjusted for total brain volume
(TBV) (graymatter, white matter, and CSF
in all models). Models were then adjusted
for age, race, and sex. Additional adjust-
ment was also made for stroke, hyperten-
sion, myocardial infarction, apoE e4,
depression, and 3MS score. MRI measures
that were highly skewed, including atro-
phy, WMHs, total gray matter integrity,
and the GMV of the posterior cingulate,
putamen, pallidium, and right posterior
parietal cortex were analyzed as log trans-
formed in all models. All analyses were
conducted using SAS statistical software,
version 9.2 (SAS Institute, Cary, NC), and
were two tailed with the statistical signifi-
cance level set at P , 0.05.

RESULTSdOf the 308 participants in
the study, 85 (27.6%) had diabetes. The
mean (SD) age of participants was 83.3
(2.8) years, 126 (40.9%) were black, and
181 (58.8%)were female. Participants with
diabetes were more likely to be of black
race and male and have a higher BMI. 3MS
scores were not significantly different be-
tween the two groups (Table 1).

In the unadjusted linear regression
models for macro- and microstructural
MRI indices for the total brain, diabetes
was associated with greater atrophy (stan-
dardized b: 20.18; P = 0.002), lower total
GMV (standardized b: 20.14; P = 0.01),
and lower mean FA of total white matter
(standardized b: 20.13; P = 0.02). There
was no association between diabetes and
WMHs (P=0.93)orMD for total graymatter
(P = 0.49). Further adjustment for age, race,
and sex produced similar results (Table 2).

In linear regression models for GMV
in the ROIs adjusted for TBV, diabetes
was associated with smaller mean GMV in
the left dorsolateral prefrontal cortex (stan-
dardized b: 20.11; P = 0.03) and in the

left striatum (standardized b: 20.14; P =
0.02). Substructures of the striatum associ-
ated with diabetes included the left caudate
(standardized b: 20.12; P = 0.03) and bi-
lateral putamen (left standardized b:
20.16, P = 0.005; right standardized b:
20.16; P = 0.005). No other ROIs were
statistically significant. The bilateral puta-
men remained significant after adjustment
for age, race, and sex, and the left striatum
and left dorsolateral prefrontal cortex were
of borderline significance (P = 0.07 and P =
0.06, respectively) (Table 3).

In unadjusted linear regression models
using DTI of MD, diabetes was associated
with greater MD in the hippocampus (for
left and right, respectively, standardized b:
0.15, P = 0.01, and standardized b: 0.14,
P =0.02), left posterior cingulate (standard-
ized b: 0.14, P = 0.02), and dorsolateral
prefrontal cortex (standardized b: 0.19,
P = 0.001, for right and standardized b:
0.15, P = 0.01, for left). Associations with
diabetes were of borderline significance for
the right posterior cingulate (standardized
b: 0.11, P = 0.06) and right putamen (stan-
dardizedb: 0.12, P = 0.06). Further adjust-
ment for age, race, and sex produced
similar results (Table 2).

Further adjustment for hypertension,
stroke, myocardial infarction, apoE e4,
depression, and 3MS score produced
similar results for all models. We also
assessed whether there was an interaction
with race; we did not find any consistent
pattern, and almost all interaction terms
were not significant.

CONCLUSIONSdIn this cross-sectional
study, we found that community-dwelling
older adults with diabetes compared with
those without had greater brain atrophy

and early signs of neurodegeneration.
Participantswith diabetes exhibited smaller
volumes for the total brain, gray matter,
and putamen and greater brain atrophy
than those without diabetes. Surprisingly,
we found no difference in WMHs between
the two groups. On microstructural mea-
sures, participants with diabetes compared
with those without had reduced FA for
total white matter and elevated MD for the
bilateral hippocampus, bilateral dorsolat-
eral prefrontal cortex, left posterior cingu-
late, and right putamen. This is one of the
few studies to use DTI to investigate mi-
crostructural abnormalities among elders
with diabetes.

Our results are supported by previous
investigations of brain abnormalities on
MRI among patients with diabetes. Sev-
eral studies have found greater brain
atrophy among those with diabetes (4),
which has been correlated with cognitive
decline (25). The Framingham Offspring
Study demonstrated evidence of acceler-
ated brain aging among those with diabe-
tes. Participants with diabetes had a
1.24% difference in total cerebral brain
volume, equivalent to an estimated 6

Table 1dParticipant characteristics by diabetes status (N = 308)

No diabetes Diabetes P*

N 223 85
Age (years) 83.3 6 2.6 83.3 6 3.1 0.87
Black 81 (35.8) 45 (52.9) 0.006
Female 142 (62.8) 39 (45.9) 0.007
$High school education 194 (86.2) 73 (85.9) 0.94
Stroke 22 (9.7) 13 (15.3) 0.17
Myocardial infarction 41 (18.1) 19 (22.4) 0.40
Hypertension 153 (68.0) 65 (76.5) 0.15
BMI (kg/m2) 26.6 (4.3) 29.8 (4.1) ,0.0001
Depression score $16 21 (9.4) 11 (12.9) 0.36
ApoE e4 50 (23.4) 27 (32.5) 0.11
3MS 93.4 6 6.4 92.0 6 7.1 0.10

Data are means 6 SD or n (%). *P value by ANOVA for continuous variables and x2 test for categorical
variables.

Table 2dAssociation of diabetes status
with global brain MRI parameters

MRI measure Standardized b P*

TBV 20.09 0.04
GMV 20.17 0.0006
WMHs 0.002 0.97
Atrophy 20.13 0.02
MD of gray matter 0.07 0.26
FA of white matter 20.16 0.006

*Adjusted for age, race, and sex.
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years of aging, than those without diabe-
tes (26). A few studies have also reported
reduced medial temporal lobe (7,27,28)
and frontal cortex (6,8) volume among
elders with diabetes. In our study, partic-
ipants with diabetes had smaller adjusted
volume in the putamen but not in other
regions. Smaller putamen volume has
been correlated with tests of frontal exec-
utive and language function (29). Previ-
ous studies have also demonstrated
reduced putamen volume associated
with Alzheimer disease progression
(29,30) and with the occurrence of de-
mentia, independent of cerebrovascular
damage and hippocampal volume (31).
Whether smaller putamen volume among
elders with diabetes is an indicator of risk
of dementia is not known and warrants
further investigation.

Hypertension and cardiovascular dis-
ease are hypothesized to contribute to
cerebral atrophy (32,33). In our study,
adjustment for hypertension, stroke, and
myocardial infarction did not signifi-
cantly alter the association between dia-
betes and cerebral atrophy. However, we
did not have information on cardiovascu-
lar risk factors in midlife, which may im-
pact cognition in late life (34).We also did
not find an association among partici-
pants with diabetes and greater volume
of WMHs. Findings for WMHs among
those with diabetes have been inconsis-
tent (4). For example, participants with
diabetes in the Utrecht Diabetic Enceph-
alopathy Study had an increase in WMH
volumeover a 4-year period (35),while par-
ticipants with diabetes in the Prospective

Study of Pravastatin in the Elderly at Risk
(PROSPER) trial showed no differences in
WMHs after 3 years of follow-up compared
with those without diabetes (25). Discrep-
ancies in study findings for WMHs are not
understood butmay result fromdifferences
in measurement techniques or specific
sample characteristics (4).

Using DTI, we found additional asso-
ciations among those with diabetes and
abnormalities in the hippocampus, dor-
solateral prefrontal cortex, and posterior
cingulate and confirmed the association
with the putamen. The hippocampus and
prefrontal cortex may work in conjunc-
tion in memory formation and retrieval
(36), and the posterior cingulate cortex
has connections to several brain regions
and may play a role in attention control
and information exchange (37). Our re-
sults are similar to the few known studies
that have used DTI to explore microstruc-
tural brain characteristics among adults
with diabetes. One study found white
matter microstructural abnormalities
among older adults with diabetes associ-
ated with declarative memory impair-
ments, with strong associations reported
in the frontal and temporal regions (14).
Another study among middle-aged adults
reported associations with diabetes and
microstructural abnormalities in the fron-
tal lobe, cerebellum, temporal lobe, right
caudate, cingulate gyrus, pons, and para-
hippocampal gyrus (15). Microstructural
abnormalities may be an early marker for
risk of cognitive impairment. DTI indices
are sensitive to signs of age-related cogni-
tive decline (11,38) and early indications

of Alzheimer disease (12) and have
been associated with cognitive perfor-
mance independent of macrostructural
characteristics such as GMV (11,13). Neu-
rodegeneration in mild cognitive impair-
ment and Alzheimer disease has also been
suggested to begin in the temporal lobe,
cingulum, and prefrontal regions (39).
However, differences in DTI indices
should be interpreted with caution, as
complex fiber orientation may affect
results (40) and the functional connec-
tivity of the brain is not completely
understood.

Diabetes may contribute to brain
atrophy and neurodegeneration through
several possible mechanisms including
the formation of advanced glycation end
products, inflammation, microvascular
disease, hyperinsulinemia, and hypergly-
cemia (1,3). Diabetes is also associated
with several comorbidities such as renal
disease, depression, stroke, and cardio-
vascular disease, each of which may im-
pair cognitive performance (3). In our
study, adjustment for several comorbid-
ities did not significantly alter the asso-
ciations between diabetes and brain
structural markers; however, we cannot
rule out residual confounding.

Strengths of this study included ex-
tensive characterization of health-related
conditions and neuroimaging data that
included microstructural measures in a
large and diverse sample of community-
dwelling elder adults. This study also had
several limitations. Because of the cross-
sectional design we cannot determine
causality. While our results are consistent
with previous literature and based on a
priori hypotheses, we conducted 22 sep-
arate analyses for MRI measures and 20
separate analyses for DTI measures and
did not adjust for multiple comparisons;
therefore, some findings may be by
chance. The relatively small sample size
limited study power, and we were not
able to analyze the effect of severity or
duration of diabetes on MRI outcomes.
Although participants received neurocog-
nitive testing and detailed neurologic and
gait exams, we did not have formal clin-
ical assessments for Parkinson disease,
dementia, or other neurologic disorders.
It was surprising that 3MS scores did not
differ between the two groups, as pre-
vious studies have shown reduced cogni-
tive performance among older adults with
diabetes (3). However, the cohort was
based on volunteer participation, so par-
ticipants may be healthier than other
community-dwelling elders. Future

Table 3dAssociation of diabetes status with DTI and conventional MRI indices for brain
ROIs

MRI measure

MD (standardized b)‡ GMV (standardized b)†

Left Right Left Right

Memory-related regions
Hippocampus 0.15** 0.14** 20.007 0.02
Entorhinal cortex 0.06 0.04 0.02 0.07
Posterior cingulate 0.14* 0.11 20.07 0.02

Executive control/processing
speed–related regions

Dorsolateral prefrontal cortex 0.2** 0.18** 20.1 20.06
Posterior parietal cortex 0.04 0.04 20.04 20.03
Striatum 0.1 0.1 20.11 20.07
Putamen 0.12^ 0.14*^^ 20.14* -0.14*
Caudate nucleus 0.08 0.06 20.1 20.05
Pallidium 0.07Δ 0.11ΔΔ 20.06 20.02

Adjusted for age, race, and sex. ‡n = 278 unless otherwise indicated. †n = 308. **P, 0.01. *P, 0.05. ^n =
221. ^^n = 272. Δn = 50. ΔΔn = 60.
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longitudinal studies with larger sample
sizes are needed to address these limita-
tions and investigate the progression of
neurodegeneration associated with diabe-
tes.

In summary, this study provides ev-
idence that diabetes is associated with
structural brain changes that may increase
risk for cognitive impairment. Micro-
structural characteristics may also be ap-
parent before the onset of overt volume
loss or impairment detected with cogni-
tive testing. This suggests that DTI may
be a useful tool for identifying early
structural brain abnormalities that may
serve as a biomarker for risk of cognitive
decline. Longitudinal studies are needed
to determine whether MRI indices predict
risk of cognitive decline and impairment.

AcknowledgmentsdThis work was sup-
ported by National Institute on Aging (NIA)
grants N01-AG-6-2101, N01-AG-6-2103,
N01-AG-6-2106, and R01-AG028050 and
National Institute of Nursing Research Grant
R01-NR012459. This research was supported
in part by the Intramural Research Program
of the National Institutes of Health (NIH),
NIA, and American Health Assistance Foun-
dation Grant A201-0029. K.Y. is supported in
part by NIA Grant K24AG031155. K.Y. has
served on data safety-monitoring boards for
the NIH (National Institute of Mental Health
[NIMH] and NIA trials) and has received re-
search support from the NIH (NIA, National
Institute of Diabetes and Digestive and Kidney
Diseases, and NIMH), Department of Defense,
American Health Assistance Foundation, Anon-
ymous Foundation, and Alzheimer’s Associa-
tion. S.S. receives research support from the
NIH/NIA. T.H. receives research support from
the NIH.
K.Y. has served on data safety-monitoring

boards for Pfizer, Inc. and Medivation, Inc. No
other potential conflicts of interest relevant to
this article were reported.
C.M.F. researched data; performed the sta-

tistical analysis; wrote, reviewed, and edited
the manuscript; and read and approved the
final version of the manuscript. C.R. contrib-
uted to the research design and assisted with
technical aspects of the study related to MRI,
assisted with data interpretation, reviewed and
edited the manuscript, contributed to the
discussion, and read and approved the final
version of the manuscript. E.M.S. researched
data, reviewed and edited the manuscript, and
read and approved the final version of the
manuscript. T.H. researched data, reviewed
and edited the manuscript, supervised the
study, and read and approved the final version
of the manuscript. E.S.S. reviewed and edited
the manuscript and read and approved the
final version of themanuscript. S.S. researched
data, reviewed and edited the manuscript,

supervised the study, and read and approved
the final version of the manuscript. K.Y.
planned and supervised the study, assisted
with data analysis and interpretation, reviewed
and revised the manuscript, contributed to the
discussion, obtained funding for the study,
and read and approved the final version of the
manuscript. C.M.F. and K.Y. are the guaran-
tors of this work and, as such, had full access to
all the data in the study and take responsibil-
ity for the integrity of the data and the accuracy
of the data analysis.
Parts of this studywere presented in abstract

form at the 2012 Alzheimer’s Association In-
ternational Conference, Vancouver, Canada,
14–19 July 2012.
The authors thank Nathan Hamilton (San

Francisco Veteran’s Administration Medical
Center) for his statistical advice. The authors
also thank the other investigators and staff of
the Health ABC study for their valuable con-
tributions.

References
1. Biessels GJ, Staekenborg S, Brunner E,

Brayne C, Scheltens P. Risk of dementia
in diabetes mellitus: a systematic review.
Lancet Neurol 2006;5:64–74

2. Profenno LA, Porsteinsson AP, Faraone
SV. Meta-analysis of Alzheimer’s disease
risk with obesity, diabetes, and related
disorders. Biol Psychiatry 2010;67:505–
512

3. Reijmer YD, van den Berg E, Ruis C,
Kappelle LJ, Biessels GJ. Cognitive dys-
function in patients with type 2 diabetes.
Diabetes Metab Res Rev 2010;26:507–519

4. van Harten B, de Leeuw FE, Weinstein
HC, Scheltens P, Biessels GJ. Brain imag-
ing in patients with diabetes: a systematic
review. Diabetes Care 2006;29:2539–
2548

5. Brundel M, van den Heuvel M, de Bresser
J, Kappelle LJ, Biessels GJ; Utrecht Di-
abetic Encephalopathy Study Group. Ce-
rebral cortical thickness in patients with
type 2 diabetes. J Neurol Sci 2010;299:
126–130

6. Last D, Alsop DC, Abduljalil AM, et al.
Global and regional effects of type 2 di-
abetes on brain tissue volumes and cere-
bral vasoreactivity. Diabetes Care 2007;
30:1193–1199

7. Korf ES, van Straaten EC, de Leeuw FE,
et al.; LADIS Study Group. Diabetes mel-
litus, hypertension and medial temporal
lobe atrophy: the LADIS study. Diabet
Med 2007;24:166–171

8. Kumar A, Haroon E, Darwin C, et al. Gray
matter prefrontal changes in type 2 di-
abetes detected using MRI. J Magn Reson
Imaging 2008;27:14–19

9. Pierpaoli C, Jezzard P, Basser PJ, Barnett A,
Di Chiro G. Diffusion tensor MR imaging
of the human brain. Radiology 1996;201:
637–648

10. Bozzali M, Cherubini A. Diffusion tensor
MRI to investigate dementias: a brief re-
view. Magn Reson Imaging 2007;25:969–
977

11. Schiavone F, Charlton RA, Barrick TR,
Morris RG, Markus HS. Imaging age-
related cognitive decline: A comparison of
diffusion tensor and magnetization transfer
MRI. J Magn Reson Imaging 2009;29:
23–30

12. Chua TC, WenW, Slavin MJ, Sachdev PS.
Diffusion tensor imaging inmild cognitive
impairment and Alzheimer’s disease: a re-
view. Curr Opin Neurol 2008;21:83–92

13. Venkatraman VK, Aizenstein HJ, Newman
AB, et al. Lower digit symbol substitution
score in the oldest old is related to mag-
netization transfer and diffusion tensor
imaging of the white matter. Front Aging
Neurosci, 2011 ;3:11

14. Yau PL, Javier D, Tsui W, et al. Emotional
and neutral declarative memory impair-
ments and associated white matter mi-
crostructural abnormalities in adults with
type 2 diabetes. Psychiatry Res 2009;174:
223–230

15. Hsu JL, Chen YL, Leu JG, et al. Micro-
structural white matter abnormalities in
type 2 diabetes mellitus: a diffusion tensor
imaging study. Neuroimage 2012;59:
1098–1105

16. Rosano C, Aizenstein HJ, Newman AB,
et al.; Health ABC Study. Neuroimaging
differences between older adults with
maintained versus declining cognition
over a 10-year period. Neuroimage 2012;
62:307–313

17. Zhang Y, Brady M, Smith S. Segmentation
of brain MR images through a hidden
Markov random field model and the
expectation-maximization algorithm. IEEE
Trans Med Imaging 2001;20:45–57

18. Wu M, Rosano C, Butters M, et al. A fully
automated method for quantifying and
localizing white matter hyperintensities
on MR images. Psychiatry Res 2006;148:
133–142

19. Kochunov P, Thompson PM, Lancaster
JL, et al. Relationship between white
matter fractional anisotropy and other
indices of cerebral health in normal aging:
tract-based spatial statistics study of ag-
ing. Neuroimage 2007;35:478–487

20. Andersson JLR, JenkinsonM, Smith S.Non-
linear registration, aka Spatial normal-
isation. FMRIB Technical Report TR07JA2,
2007. Available from www.fmrib.ox.ac.uk/
analysis/techrep

21. Barrick TR, Charlton RA, Clark CA,
Markus HS. White matter structural de-
cline in normal ageing: a prospective
longitudinal study using tract-based spa-
tial statistics. Neuroimage 2010;51:565–
577

22. Radloff L. The CES-D scale: A self-report
depression scale for research in the gen-
eral population. Appl Psychol Meas 1977;
1:385–401

care.diabetesjournals.org DIABETES CARE, VOLUME 36, MARCH 2013 681

Falvey and Associates

www.fmrib.ox.ac.uk/analysis/techrep
www.fmrib.ox.ac.uk/analysis/techrep


23. Livak KJ. SNP genotyping by the 59-
nuclease reaction. Methods Mol Biol
2003;212:129–147

24. Teng EL, Chui HC. The Modified Mini-
Mental State (3MS) examination. J Clin
Psychiatry 1987;48:314–318

25. van Elderen SG, de Roos A, de Craen AJ,
et al. Progression of brain atrophy and cog-
nitive decline in diabetes mellitus: a 3-year
follow-up. Neurology 2010;75:997–1002

26. Tan ZS, Beiser AS, Fox CS, et al. Associa-
tion of metabolic dysregulation with volu-
metric brain magnetic resonance imaging
and cognitive markers of subclinical brain
aging in middle-aged adults: the Framing-
ham Offspring Study. Diabetes Care 2011;
34:1766–1770

27. Kamiyama K, Wada A, Sugihara M, et al.
Potential hippocampal region atrophy in
diabetes mellitus type 2: a voxel-based
morphometry VSRAD study. Jpn J Radiol
2010;28:266–272

28. den Heijer T, Vermeer SE, van Dijk EJ,
et al. Type 2 diabetes and atrophy of me-
dial temporal lobe structures on brain
MRI. Diabetologia 2003;46:1604–1610

29. Roh JH, Qiu A, Seo SW, et al. Volume
reduction in subcortical regions according

to severity of Alzheimer’s disease. J Neurol
2011;258:1013–1020

30. de Jong LW, van der Hiele K, Veer IM, et al.
Strongly reduced volumes of putamen and
thalamus in Alzheimer’s disease: an MRI
study. Brain 2008;131:3277–3285

31. de Jong LW,Wang Y, White LR, Yu B, van
Buchem MA, Launer LJ. Ventral striatal
volume is associated with cognitive de-
cline in older people: a population based
MR-study. Neurobiol Aging 2012;33:424.
e1–424.e10

32. Manolio TA, Olson J, Longstreth WT.
Hypertension and cognitive function:
pathophysiologic effects of hypertension
on the brain. Curr Hypertens Rep 2003;5:
255–261

33. Manolio TA, Kronmal RA, Burke GL, et al.
Magnetic resonance abnormalities and
cardiovascular disease in older adults.
The Cardiovascular Health Study. Stroke
1994;25:318–327

34. Whitmer RA, Sidney S, Selby J, Johnston
SC, Yaffe K. Midlife cardiovascular risk
factors and risk of dementia in late life.
Neurology 2005;64:277–281

35. Reijmer YD, van den Berg E, de Bresser J,
et al.; Utrecht Diabetic Encephalopathy

Study Group. Accelerated cognitive de-
cline in patients with type 2 diabetes: MRI
correlates and risk factors. Diabetes Metab
Res Rev 2011;27:195–202

36. Cohen MX. Hippocampal-prefrontal con-
nectivity predicts midfrontal oscillations
and long-term memory performance. Curr
Biol 2011;21:1900–1905

37. Leech R, Braga R, Sharp DJ. Echoes of the
brain within the posterior cingulate cor-
tex. J Neurosci 2012;32:215–222

38. Charlton RA, Barrick TR, McIntyre DJ,
et al. White matter damage on diffusion
tensor imaging correlates with age-related
cognitive decline. Neurology 2006;66:
217–222

39. O’Dwyer L, Lamberton F, Bokde AL, et al.
Multiple indices of diffusion identifies
white matter damage in mild cognitive
impairment and Alzheimer’s disease. PLoS
ONE 2011;6:e21745

40. Vos SB, Jones DK, Jeurissen B, Viergever
MA, Leemans A. The influence of com-
plex white matter architecture on the
mean diffusivity in diffusion tensor MRI
of the human brain. Neuroimage 2012;
59:2208–2216

682 DIABETES CARE, VOLUME 36, MARCH 2013 care.diabetesjournals.org

MRI indices associated with diabetes among elders




