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OBJECTIVEdTo study how type 2 diabetes adversely affects brain volumes, changes in
volume, and cognitive function.
RESEARCH DESIGN AND METHODSdRegional brain volumes and ischemic lesion
volumes in 1,366 women, aged 72–89 years, were measured with structural brain magnetic
resonance imaging (MRI). Repeat scans were collected an average of 4.7 years later in 698
women. Cross-sectional differences and changes with time between women with and without
diabetes were compared. Relationships that cognitive function test scores had with these measures and diabetes were examined.
RESULTSdThe 145 women with diabetes (10.6%) at the ﬁrst MRI had smaller total brain
volumes (0.6% less; P = 0.05) and smaller gray matter volumes (1.5% less; P = 0.01) but not white
matter volumes, both overall and within major lobes. They also had larger ischemic lesion volumes
(21.8% greater; P = 0.02), both overall and in gray matter (27.5% greater; P = 0.06), in white matter
(18.8% greater; P = 0.02), and across major lobes. Overall, women with diabetes had slightly (nonsigniﬁcant) greater loss of total brain volumes (3.02 cc; P = 0.11) and signiﬁcant increases in total
ischemic lesion volumes (9.7% more; P = 0.05) with time relative to those without diabetes. Diabetes
was associated with lower scores in global cognitive function and its subdomains. These relative
deﬁcits were only partially accounted for by brain volumes and risk factors for cognitive deﬁcits.
CONCLUSIONSdDiabetes is associated with smaller brain volumes in gray but not white
matter and increasing ischemic lesion volumes throughout the brain. These markers are associated with but do not fully account for diabetes-related deﬁcits in cognitive function.
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any interrelated factors adversely
affect the brain health of individuals with type 2 diabetes, including energy dysregulation, inﬂammation,
reduced perfusion, and increased oxidative stress and protein deposition (1,2). In
cross-sectional studies, type 2 diabetes is
often associated with smaller brain volumes and, less consistently, with greater
amounts of white matter hyperintensities
and other markers of cerebrovascular disease (3,4). Two longitudinal magnetic resonance imaging (MRI) studies have
documented increased rates of total brain
atrophy, which appeared to be greater
among individuals with lower cognitive
function, but not increased accumulations
of white matter hyperintensities (5,6). The
relative increases in atrophy associated with
diabetes remained after covariate adjustment for many risk factors for cognitive
dysfunction, including age, blood pressures, education, lipid levels, and BMI.
This article is organized with three
aims. In a large cohort of older women, we
ﬁrst describe the cross-sectional associations that diabetes had with brain tissue
volumes and ischemic lesion loads. We do
so for the whole brain and separately for
white matter, gray matter, and major lobes.
Second, among the women assessed longitudinally with MRI, we examine whether
changes in brain tissue and ischemic lesion
volumes varied according to diabetes status. Finally, we examine associations that
brain volumes and ischemic lesion volumes had with global cognitive function
and its subdomains and examine the degree to which they account for diabetesrelated relative deﬁcits. There has been one
report that diabetes is associated with
greater adverse effects on changes in brain
structure among women than men (5),
perhaps because diabetes often co-occurs
with relatively more vascular risk factors
among women with versus without diabetes than is the case among men (7). We
analyze data from the ﬁrst sufﬁciently large
cohort of women to characterize the extent
to which diabetes-related brain changes
account for relative cognitive deﬁcits.
care.diabetesjournals.org
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RESEARCH DESIGN AND
METHODSdThis article draws data
from the MRI component of the Women’s
Health Initiative (WHI) Memory Study
(WHIMS-MRI). Volunteers were recruited
from 14 U.S. academic centers. These
women had participated in the Women’s
Health Initiative Memory Study (WHIMS),
an ancillary study to the WHI (which consisted of parallel, placebo-controlled, randomized clinical trials of 0.625 mg/day
conjugated equine estrogens with and without 2.5 mg/day medroxyprogesterone
acetate in women with a uterus or posthysterectomy) (8). At enrollment into
WHIMS, women were 65 to 80 years of
age and free of dementia.
WHIMS-MRI was designed to contrast MRI outcomes among women who
had been assigned to active versus placebo therapy (9–11). Exclusion criteria
included presence of pacemakers, other
implants, and foreign bodies, along with
other contraindications to MRI. These
women’s mean age at scanning, which occurred in 2005–2007, was 78.5 (SD 3.7)
years. In 2008–2010, the women were invited to return for a second MRI. Once eligibility had been reconﬁrmed, scans were
repeated according to an identical protocol.
Written, informed consent was obtained
for each MRI; the National Institutes of
Health and the institutional review boards
of participating institutions approved the
protocols and consent forms.
Diabetes
At WHI enrollment, women selfreported a history of diabetes when not
pregnant or of diabetes treatment. Fasting
blood glucose was determined for a 5%
sample. During WHI follow-up, women
were periodically queried about diabetes
treatment, and they brought their prescription medications to clinic visits to be
recorded 1, 3, 6, and 9 years after enrollment (12). Women were classiﬁed as having diabetes on the basis of self-report of
diabetes, self-report of diabetes treatment, or, for those with fasting glucose
measurements, levels exceeding 126 mg/dL.
One woman who reported diabetes onset
before the age of 30 years and who was
currently taking insulin was considered
to have probable type 1 diabetes and
therefore excluded from this analysis.
Risk factors for MRI outcomes
Risk factors for declines in structural brain
MRI outcomes included in our analyses were those that may also be related
to risk or co-occurrence of diabetes: age,
care.diabetesjournals.org

education, race or ethnicity, BMI, waist
girth, alcohol use, blood pressure, previous cardiovascular disease, previous
stroke, and WHI treatment assignment.
These were collected from self-reports and
standardized assessments during WHI
enrollment and annual follow-up visits at
schedules that varied among measures.
We used values from the most recent
assessment before the MRI in our analyses.
MRI outcomes
Technicians trained on the study protocol
collected the MRI scans. Regional brain
volumes and ischemic lesion loads (i.e.,
volumes) were measured centrally at the
WHIMS-MRI Quality Control Center (see
APPENDIX ). Standardized and validated
protocols were used for obtaining and
processing MRI scans and for measuring
volumes (10,11,13). Series were acquired
with ﬁeld of view of 22 cm and matrix size
of 256 3 256. They included oblique axial spin density/T2-weighted spin echo
(repetition time [TR] = 3,200 ms, echo
time [TE] = 30/120 ms, slice thickness =
3 mm), ﬂuid attenuation inversion recovery
(FLAIR) T2-weighted spin echo (TR = 8,000
ms, inversion time [TI] = 2,000 ms, TE =
100 ms, slice thickness = 3 mm), and axial
three-dimensional spoiled gradient recalled
T1-weighted gradient echo (TR = 21 ms,
TE = 8 ms, ﬂip angle = 308, slice thickness = 1.5 mm) images from the vertex
to skull base parallel to the anterior commissure–posterior commissure plane. T1weighted volumetric MRI scans were ﬁrst
preprocessed according to a standardized
protocol for alignment, removal of extracranial material, and segmentation of
brain into gray and white parenchyma
and cerebrospinal ﬂuid. Regional volumetric measurements were obtained
with an automated computer-based template warping method that summed the
number of respective voxels falling within
each anatomical region of interest (ROI).
Intracranial volume was estimated as the
total cerebral hemispheric volumes plus
cerebrospinal ﬂuid within the ventricular
and sulcal spaces. After additional preprocessing steps, including histogram
standardization and coregistration, the
ischemic lesion segmentation component
of the algorithm was applied, based on local signal features extracted from coregistered multiparametric MRI sequences (i.e.,
T1, proton density, T2, and FLAIR). A support vector machine classiﬁer was ﬁrst
trained on expert-deﬁned small-vessel
ischemic disease (SVID) lesions in 45 cases
from the Action to Control Cardiovascular

Risk in DiabetesdMemory in Diabetes
(ACCORD-MIND) study (14) and then
used to classify SVID in new scans. For
algorithm training purposes, SVID was
operationally deﬁned as a nonmass lesion having FLAIR signal greater than
that of normal gray matter in a vascular distribution. The computer-assisted
methodology was validated against
manual segmentation, (i.e., manual
drawing of ROIs) by an experienced expert neuroradiologist (13) and has
been used successfully in other cohorts
(14–17).
All supratentorial brain tissue was
classiﬁed as normal or abnormal (ischemic) gray or white matter and assigned to
one of 92 anatomical ROIs of the cerebrum (13,14). These ROIs were organized in an anatomically hierarchical
system that was collapsed into anatomical
regions for this analysisdtotal brain, gray
matter, white matter, and four lobes
(frontal, occipital, parietal, and temporal). We analyzed the volumes and the
ischemic lesion volumes within each of
these lobes and also the volume of ventricular cerebrospinal ﬂuid.
We originally reported outcomes
from 1,403 baseline MRIs on the basis
of an earlier protocol for measurement
(10,11). Baseline and follow-up MRIs
were subsequently reprocessed with a reﬁned image analysis protocol. This report
is based on 1,366 of the original baseline
MRIs (97.4%) and 698 follow-up MRIs of
women for whom type 2 diabetes status
was recorded.
Tests of cognitive function and
classiﬁcation of cognitive
impairment
Global cognitive function was assessed
with the Modiﬁed MiniMental State
(3MS) examination, administered annually by trained and certiﬁed technicians
from WHIMS enrollment until the ﬁrst
MRI (8,18). Possible scores ranged from
0 to 100, with a higher score reﬂecting
better cognitive functioning. A factor
analysis of WHIMS 3MS scores yielded
four major components: 1) verbal memory and verbal ﬂuency, 2) language and
executive function, 3) orientation, and 4)
language and praxis (19). We used the
3MS score collected most recently before
the ﬁrst MRI.
Statistical methods
General linear models with covariate adjustment were ﬁtted to assess differences
in volumes between women with and
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without diabetes at WHIMS-MRI enrollment with a model that included main
effects for diabetes status, covariates, an
interaction term between diabetes status,
and a variable for time that took on a
value of 0 at the initial MRI scan and the
time between scans for the second MRI. A
compound symmetry model was used for
intrasubject correlations. In this model,
changes in volumes occurred as a linear
function of time between scans, and the
rates of these changes were allowed to
vary between women with and without

diabetes. The advantage of this model is
that it used all available data to estimate
mean differences in volumes at the time
of the ﬁrst MRI. A supporting analysis
limited to only volumes collected on the
ﬁrst MRI yielded similar results and is not
reported. Because the distribution of
ischemic lesion volumes was right
skewed, an offset logarithm transformation was used to provide a more symmetrical distribution for analysis by taking
the logarithm of the sum of the measured
volume plus 1. Changes in volumes

between the ﬁrst and second MRI were
computed, and differences in mean
changes were described with analyses of
covariance. Changes in ischemic lesion
volumes were also highly skewed. We
used the log-transformed values described here and applied linear regression
to characterize the effect of diabetes on
the second MRI measure, after adjustment for the log-transformed value of the
baseline MRI. All models included age,
clinic site, time from WHI enrollment,
and time between scans as covariates. In

Table 1dDistribution of risk factors for atrophy and cerebrovascular disease by diabetes status among women enrolled
in WHIMS-MRI at the most recent assessment before ﬁrst MRI
Participants with baseline MRI

Participants with longitudinal MRI

Diabetes status
Risk factor for cognitive
impairment
Age at MRI (years)
Education (%)
Less than high school
High school graduate
Some college
College graduate
Race or ethnicity (%)
African American
White
Other or multiple
Alcohol intake (%)
None
,1 unit/day
$1 unit/day
Previous cardiovascular
disease (%)
None
History of stroke
History of other
cardiovascular diseasea
WHI hormone therapy
assignment (%)
Hormone therapy
Placebo
BMI (kg/m2)
Waist (cm)
Blood pressure (mmHg)
Systolic
Diastolic
3MSE score
Verbal memory and ﬂuency
Language and executive
function
Orientation and
visuoconstruction
Language and praxis

Diabetes status

Not reported
(n = 1,221)

Reported (n = 145)

P value

Not reported
(n = 640)

Reported (n = 58)

P value

78.6 (0.1)

78.1 (0.3)

0.11

78.1 (0.1)

77.8 (0.5)

0.55

4.4
23.4
40.2
32.1

5.5
23.4
37.9
33.1

4.1
25.8
38.3
31.9

5.2
20.7
46.6
27.6

3.5
92.5
3.9

12.5
82.6
4.9

,0.001

2.2
93.9
3.9

6.9
89.7
3.4

0.10

45.4
51.9
2.7

65.5
33.1
1.4

,0.001

44.8
52.8
2.3

60.3
37.8
1.7

0.08

95.0
0.7

82.1
4.1

96.1
0.6

82.8
5.2

4.3

13.8

3.3

12.1

50.1
49.9
27.8 (0.1)
87.5 (0.4)

43.4
56.6
30.4 (0.5)
96.2 (1.1)

,0.001
,0.001

49.7
50.3
27.9 (0.2)
87.4 (0.5)

36.2
63.8
30.3 (0.7)
95.1 (1.7)

129.7 (0.5)
70.7 (0.3)
96.4 (0.1)
0.48 (0.04)

129.7 (1.3)
68.9 (0.8)
94.7 (0.6)
0.03 (0.16)

0.99
0.03
,0.001
,0.001

128.9 (0.6)
70.9 (0.4)
97.1 (0.1)
0.73 (0.04)

127.6 (1.7)
68.3 (1.1)
95.7 (0.6)
0.30 (0.22)

0.55
0.04
0.002
0.006

0.22 (0.04)

20.32 (0.21)

,0.001

0.37 (0.05)

0.06 (0.18)

0.06

0.22 (0.04)
20.01 (0.04)

20.08 (0.15)
20.55 (0.21)

0.01
,0.001

0.30 (0.04)
0.04 (0.05)

0.19 (0.13)
20.30 (0.26)

0.44
0.08

0.90

,0.001

0.13

0.59

,0.001

0.05
,0.001
,0.001

Data are means (SE) unless otherwise indicated. aOther cardiovascular disease was deﬁned as myocardial infarction, angina, percutaneous transluminal coronary
angioplasty, or coronary artery bypass grafting.

92

DIABETES CARE, VOLUME 36, JANUARY 2013

care.diabetesjournals.org

Espeland and Associates
addition, because a difference in intracranial volume was detected between the
cross-sectional diabetes groups, this measure was also included as a covariate in
their analyses.
RESULTSdAt the ﬁrst examination,
standardized MRI measures were obtained
from 145 women with recorded diabetes
and from 1,221 without; these women
comprise the cross-sectional cohort. A
second standardized scan was obtained
for 58 of the 145 women from the crosssectional cohort with diabetes (40.4%)
and for 640 of the women with diabetes
(52.4%); this subset of women comprises
the longitudinal cohort. Women for
whom a second scan was not obtained
(i.e., who were in the cross-sectional cohort but not the longitudinal cohort) tended
to be older (mean of 79.0 vs. 78.1 years;
P , 0.001), were less likely to be white
(89.3 vs. 93.6%; P = 0.002), and tended to
have lower 3MS scores (mean of 95.4 vs.
97.0; P , 0.001), but did not differ significantly (P . 0.05) otherwise.
Within the cross-sectional cohort
(Table 1), women with diabetes were
more likely to be African American, report
no alcohol consumption, and have cardiovascular disease. They also had higher
mean BMI and waist circumference and
lower mean diastolic blood pressure.
These associations were also evident
among the women in the longitudinal cohort, although statistical signiﬁcance was
attenuated with the smaller sample size.
Mean global cognitive function, as measured by the 3MS, was signiﬁcantly lower
among women with diabetes, as were
means for each of the four components of
cognitive function identiﬁed through factor
analysis.
As seen in Table 2, the initial MRI
scans were collected an average of 8.0
years after enrollment in the WHI for
women with and without diabetes in the
cross-sectional and longitudinal cohorts.
The second MRI scans were obtained an
average of 4.7 years after the ﬁrst for
women with and without diabetes in the
longitudinal cohort. In the cross-sectional
cohort, the mean intracranial volume of
women with diabetes was about 24 cc
lower than that in women without diabetes (P = 0.005).
Table 3 provides mean volumes at the
ﬁrst MRI from general linear models with
adjustment for age, clinic site, WHI treatment assignment, time from WHI enrollment, and intracranial volume. Volumes
tended to be lower among women with
care.diabetesjournals.org

Table 2dTime frames and intracranial volumes for women without and with diabetes
MRI measure
Time from WHI enrollment to ﬁrst MRI (years)
Cross-sectional cohort
Longitudinal cohort
Interval between MRIs (years)
Longitudinal cohort
Intracranial volume (cc)
Cross-sectional cohort
Longitudinal cohort

No diabetes

Diabetes

P valuea

8.00 (0.62)
8.02 (0.59)

7.99 (0.61)
7.93 (0.63)

0.85
0.30

4.72 (0.40)

4.71 (0.39)

0.89

1,091.7 (98.3)
1,093.4 (94.0)

1,067.6 (96.8)
1,073.9 (97.6)

0.005
0.13

Data are means (SD). aUnadjusted t test.

diabetes for total brain (20.6%; P = 0.05)
and gray matter (21.5%; P = 0.01).
Among the four lobes we analyzed, differences in overall volumes between women
with and without diabetes did not reach
statistical signiﬁcance, as seen in Table 3.
As noted in the footnote to Table 3, we
separately examined gray matter within
each of the lobes and found evidence for
diabetes-related deﬁcits in gray matter
within each: frontal, 21.3% (P = 0.06);
occipital, 21.4% (P = 0.06); parietal,
22.5% (P = 0.004); and temporal,
21.7% (P = 0.02). Mean white matter volume was not related to diabetes overall or
in any lobe. Mean ventricular volume was
7.4% larger among women with diabetes
(P = 0.05).
Mean ischemic lesion loads were consistently greater among women with diabetes throughout all regions and in both
gray and white matter. These differences
reached P , 0.05 for the total brain
(21.8%; P = 0.02), white matter (18.8%;
P = 0.02), and occipital lobe (26.2%; P =
0.01). Additional covariate adjustment
for all factors in Table 1 did not materially
affect the magnitudes of these estimated
differences, which also were consistent
with ﬁndings when analyses were restricted
to white women (data not shown).
After similar covariate adjustment,
ﬁtted mean (SE) changes in total brain
volumes between MRIs were 214.36 cc
(0.54) for women without diabetes and
217.39 cc (1.82) for women with diabetes (P = 0.11). Across regions, mean volumes tended to decrease more rapidly
and ventricular volume to increase more
rapidly among women with diabetes;
however, no differences were statistically
signiﬁcant (P . 0.05). After adjustment
for baseline levels, the covariate-adjusted
total brain ischemic lesion loads at the
second MRI were 7.33 cc (0.10) for
women without diabetes compared with
8.04 cc (0.36) for women with diabetes

(P = 0.05). This trend toward increased
ischemic lesion volumes among women
with diabetes was apparent in both white
and gray matter and for several lobes but
did not reach statistical signiﬁcance for
these measures (P . 0.05).
Poorer cognitive function, as evidenced
by lower 3MS scores, was correlated with
smaller brain volumes (r = 20.08; P ,
0.001), larger ischemic lesion volumes
(r = 0.06; P = 0.006), greater loss in brain
volume (r = 0.10; P = 0.006), and greater
increase in ischemic lesion volume (r =
0.15; P , 0.001) in models with covariate
adjustment for intracranial volume. We
ﬁtted three models with varying levels of
covariate adjustment to describe relationships that diabetes had with deﬁcits in
global and domain-speciﬁc cognitive
function, expressing these in standard deviation units to facilitate comparisons
(Table 4). After adjustment for age and
WHI treatment assignment, the mean deficit for 3MS scores was 0.41 SD units (SE
0.09; (P , 0.001), and deﬁcits were seen
in each subdomain, ranging from 0.23 SD
units (0.09) for orientation to 0.40 SD
units (0.09) for language and praxis (all
P , 0.001). Covariate adjustment for all
MRI volumes and ischemic lesion volumes (total and regional) attenuated the
mean diabetes-related deﬁcits only
slightly (model 2). Additional adjustment
for all other risk factors for cognitive impairment in Table 1, further attenuated
diabetes-related differences; however,
these remained highly signiﬁcant for all
cognitive measures except orientation.
CONCLUSIONSdThe analyses described here yielded three principal ﬁndings, which we will discuss in turn. First,
in a large cohort of older women, diabetes
was independently associated with signiﬁcantly smaller volumes of gray matter but
not white matter, signiﬁcantly greater ventricular volumes, and signiﬁcantly greater
DIABETES CARE, VOLUME 36, JANUARY 2013
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Table 3dCovariate-adjusted relationships of regional brain volumes and ischemic lesion volumes with diabetes
from analyses of all women
Cross-sectional brain volumesa
Brain volume
Total brain
No diabetes
Diabetes
Difference
P value
Gray matter
No diabetes
Diabetes
Difference
P value
White matter
No diabetes
Diabetes
Difference
P value
Frontal lobe
No diabetes
Diabetes
Difference
P value
Occipital lobe
No diabetes
Diabetes
Difference
P value
Parietal lobe
No diabetes
Diabetes
Difference
P value
Temporal lobe
No diabetes
Diabetes
Difference
P value
Ventricle volume
No diabetes
Diabetes
Difference
P value

Changes in brain volumesb

Mean volume (cc)

Mean ischemic lesion
loadc (cc)

Change in mean volume (cc)

Adjusted mean ischemic lesion
volume at second MRI

860.08 (0.83)
855.11 (2.44)
20.6
0.05

5.32 (0.15)
6.48 (0.51)
21.8
0.02

214.36 (0.54)
217.39 (1.82)
23.02 cc
0.11

7.33 (0.10)
8.04 (0.36)
9.7
0.05

375.51 (0.73)
369.75 (2.16)
21.5d
0.01

0.91 (0.04)
1.16 (0.13)
27.5
0.06

215.67 (0.70)
218.69 (2.35)
23.02 cc
0.22

1.27 (0.03)
1.47 (0.12)
15.8
0.10

447.36 (0.75)
448.28 (2.23)
0.2
0.70

3.88 (0.10)
4.61 (0.33)
18.8
0.02

1.04 (0.76)
20.08 (2.56)
2.41 cc
0.66

5.29 (0.07)
5.67 (0.25)
7.2
0.14

304.49 (0.39)
302.73 (1.15)
20.6
0.15

2.33 (0.06)
2.72 (0.10)
16.7
0.06

26.49 (0.23)
27.16 (0.78)
20.67 cc
0.41

3.08 (0.04)
3.28 (0.13)
6.5
0.18

113.03 (0.20)
112.02 (0.60)
20.9
0.11

0.43 (0.01)
0.54 (0.04)
26.2
0.01

20.85 (0.14)
21.09 (0.48)
20.24 cc
0.63

0.60 (0.01)
0.64 (0.05)
6.3
0.48

159.87 (0.23)
159.34 (0.68)
20.3
0.46

1.00 (0.04)
1.22 (0.13)
22.0
0.08

22.45 (0.15)
22.89 (0.50)
20.43 cc
0.41

1.34 (0.03)
1.51 (0.24)
12.4
0.08

199.92 (0.32)
198.82 (0.93)
20.6
0.20

0.98 (0.03)
1.10 (0.09)
12.7
0.19

24.27 (0.19)
25.26 (0.65)
20.99 cc
0.14

1.35 (0.02)
1.47 (0.08)
8.6
0.16

36.53 (0.44)
39.25 (1.29)
7.4
0.05

6.37 (0.18)
6.94 (0.59)
0.57 cc
0.36

Data are means (SE) unless otherwise stated; differences are percentages unless a unit is given. aAdjusted for age (a quadratic equation was used for the association
between volumes and age), clinic site, WHI treatment assignment, intracranial volume, and time from WHI enrollment. bAdjusted for age (a quadratic equation was
used for the association between volumes and age), clinic site, WHI treatment assignment, time from WHI enrollment, time between scans, and baseline volume
c
Derived from log-transformed data (i.e., log[volume + 1]). dDiabetes-related deﬁcits in gray (but not white) matter were also evident within lobes: frontal, 21.3% (P =
0.06); occipital, 21.4% (P = 0.06); parietal, 22.5% (P = 0.004); and temporal, 21.7% (P = 0.02).

ischemic lesion loads throughout the
brain. Second, diabetes was associated
with trends toward greater progression of
ischemic lesion loads and loss of total
brain volumes throughout the brain but
not loss of white matter during 4.7 years
of average follow-up. Finally, although
lower brain volumes and greater ischemic
94
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lesion volumes were all related to poorer
cognitive function, these MRI measures
did not fully account for the diabetesrelated deﬁcits in cognitive function.
Signiﬁcant diabetes-related deﬁcits in
cognitive deﬁcits remained after adjustments for MRI measures and other factors
in Table 1.

Associations of diabetes with brain
volumes and ischemic lesion loads
There are numerous reports linking diabetes with lower brain volumes later in
life. In a 2006 systematic review, van
Harten et al. (3) found consistent associations across many brain regions, and more
recent reports add support (6,20–24).
care.diabetesjournals.org
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Table 4dDeﬁcits in mean 3MSE scores and principal factor scores associated
with diabetes with varying levels of covariate adjustment
Cognitive function
3MS
P value
Verbal memory and ﬂuency
P value
Language and executive function
P value
Orientation
P value
Language and praxis
P value

Model 1a

Model 2b

Model 3c

20.41 (0.09)
,0.001
20.32 (0.09)
,0.001
20.39 (0.09)
,0.001
20.23 (0.09)
0.008
20.40 (0.09)
,0.001

20.35 (0.08)
,0.001
20.28 (0.09)
0.001
20.35 (0.09)
,0.001
20.17 (0.09)
0.06
20.38 (0.09)
0.001

20.29 (0.09)
,0.001
20.23 (0.09)
0.009
20.31 (0.09)
0.001
20.09 (0.09)
0.34
20.35 (0.09)
,0.001

Data are means (SE) expressed in SD units representing relative deﬁcits associated with diabetes. aAdjustment
for age and WHI hormone therapy assignment. bModel 1 plus MRI outcomes (volumes and ischemic lesion
volumes, gray matter, white matter, frontal lobe, occipital lobe, parietal lobe, and temporal lobe). cModel 2
plus risk factors (systolic and diastolic blood pressures, history of cardiovascular disease, alcohol intake, BMI,
education, and race or ethnicity).

Our ﬁnding that these smaller volumes are
limited to gray matter agrees with two
prior reports of marked diabetes-related
decrements in gray but not white matter
volumes (25,26). The impact of diabetes
on ischemic lesion loads and white matter
hyperintensities has been less consistently
shown, perhaps because of differences in
measurement protocols and deﬁnitions
(3,27). Certainly many shared risk factors
and metabolic pathways would be expected to link diabetes with increased levels of
ischemic lesion loads, including impaired
perfusion and increased inﬂammation
(2,28). Adjustment for BMI, waist circumference, blood pressure, previous cardiovascular disease, education, race or
ethnicity, and alcohol intake did not materially affect these relationships, suggesting that the impact of diabetes on brain
volumes and ischemic lesion loads in our
study was not channeled through these
risk factors.
Associations of diabetes with
changes in brain volumes
and ischemic lesion loads
Comparisons in the rates of changes in
brain volumes and ischemic lesion loads
between individuals with and without diabetes have been reported from two previous cohorts. The Utrecht Diabetic
Encephalopathy Study collected brain
MRIs 4 years apart from 55 individuals
with diabetes and 28 controls with a mean
age of 65 years and found greater increases
in ventricular volumes but no signiﬁcant
differences in the rates of total brain
volumes or white matter hyperintensities
(29). Subgroup analyses found that the increase in ventricular volume occurred in
care.diabetesjournals.org

women but not men. The Prospective
Study of Pravastatin in the Elderly at Risk
(PROSPER) trial collected brain MRIs 3
years apart from 89 individuals with diabetes and 438 controls with a mean age of
75 years and found increased rates of total
brain atrophy but no increases in white
matter hyperintensity volumes in association with diabetes (6). We found some evidence for increased rates of overall
atrophy in our cohort across 4.7 years
among women with diabetes, although
the difference did not reach statistical signiﬁcance; however, we did see stronger
evidence of increased ischemic lesion
loads. These differences remained after extensive covariate adjustment. Our cohort
was slightly older than the previous studies, and our measurement protocol was
different, which may have inﬂuenced our
ﬁndings. It may also be the case that the
effects of diabetes on brain structure are
greater among women. Another possibility
is that diabetes-related increases in ischemic lesion volumes occur later in life,
which is consistent with Sonnen et al.
(30), who found diabetes-related markers
of cerebrovascular disease to be more pronounced among individuals in later stages
of cognitive decline (i.e., with dementia).
Relationships of MRI measures
with global cognitive function and
its subdomains
Diabetes has been repeatedly documented
to be associated with relative deﬁcits in
global and domain-speciﬁc cognitive function, similar to those that we report (2,31).
Adverse cross-sectional and longitudinal
MRI ﬁndings are also related to poorer
cognitive function individuals with and

without diabetes (29,32,33). Including
MRI outcomes as covariates attenuated
the estimated diabetes-related deﬁcits
only slightly, which is consistent with
other reports (31). Inclusion of demographic markers and risk factors such as
cardiovascular disease, alcohol use, waist
girth, BMI, and blood pressures similarly
did not fully account for these deﬁcits. Although other candidates for mediation,
such as apolipoprotein E status and proinﬂammatory cytokines, were not available,
our ﬁndings suggest that factors not tightly
linked to MRI volumes may be in play.
One possibility is dysregulation of glucose
metabolism. Insulin plays a central role in
maintaining normal cognitive and brain
function in older adults, and insulin dysregulation has been implicated in the pathophysiology of mild cognitive impairment,
Alzheimer disease, and vascular dementia
(34,35). Chronic insulin resistance and
impaired glucose tolerance have been reported in mild cognitive impairment and
early Alzheimer disease. Peripheral hyperinsulinemia and low brain insulin concentrations may reduce b-amyloid clearance
and also promote inﬂammatory response.
Recent observations have suggested that
lower brain concentrations of insulin and
reduced insulin receptors may be associated with increased incidence of Alzheimer
disease; however, variable results on the
effects of oral hypoglycemic agents on
b-amyloid production have been reported
in animal studies, and ﬁndings from recent
human clinical trials have not been encouraging (36,37–39). Aggressive pharmacological management of diabetes may
have mixed effects on brain structure, marginally reducing atrophy but increasing ischemic lesion volumes (14). Insulin given
intranasally has shown signiﬁcant promise
in early mild cognitive impairment and
Alzheimer disease clinical trials (40).
Limitations
Our sample is drawn from former volunteers in a trial of postmenopausal hormone
therapy and may not represent general
populations. Follow-up MRIs were obtained for about half of the original cohort,
and women who did return differed from
those who did not in several characteristics.
Diabetes status for some women was based
on self-report, and reliable data on duration
of diabetes were not available. Our MRI
protocol is different from some other studies that we cite, but it included wellvalidated quantitative measures of brain
tissue and ischemic lesion volumes. The
covariates available to us did not include
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some related to potential mechanisms (i.e.,
cholesterol levels, inﬂammatory markers,
and insulin and glucose levels). We did not
attempt to control for medication use (e.g.,
aspirin or statins), which likely varied with
time. It is also possible that observed relationships may have been attenuated by
measurement error.
Summary
Many processes adversely inﬂuence brain
health and ultimately increase the risks of
cognitive impairment with diabetes. Cognitive deﬁcits emerge early in diabetes,
and perhaps in prediabetes, and are
maintained and may increase with time
(31). In this large and diverse cohort of
women, gray matter was decreased and
accumulation of ischemic lesions was
accelerated. Large scale measures of
brain structure and changes in brain
structure were modestly correlated with
cognitive function but only partially explained diabetes-related deﬁcits.
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