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Abstract

Aims To examine the relationships between type 2 dia-
betes (T2D) status, glycemic control, and T2D duration
with magnetic resonance imaging (MRI)-derived neu-
roimaging measures in European Americans from the
Diabetes Heart Study (DHS) Mind cohort.

Methods Relationships were examined using marginal
models with generalized estimating equations in 784 par-
ticipants from 514 DHS Mind families. Fasting plasma
glucose, glycated hemoglobin, and diabetes duration were
analyzed in 682 participants with T2D. Models were
adjusted for potential confounders, including age, sex,
history of cardiovascular disease, smoking, educational
attainment, and use of statins or blood pressure medica-
tions. Association was tested with gray and white matter
volume, white matter lesion volume, gray matter cerebral
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blood flow, and white and gray matter fractional anisotropy
and mean diffusivity.

Results  Adjusting for multiple comparisons, T2D status
was associated with reduced white matter volume
(p = 2.48 x 107° and reduced gray and white matter
fractional anisotropy (p < 0.001) in fully adjusted models,
with a trend toward increased white matter lesion volume
(p = 0.008) and increased gray and white matter mean
diffusivity (p < 0.031). Among T2D-affected participants,
neither fasting glucose, glycated hemoglobin, nor diabetes
duration were associated with the neuroimaging measures
assessed (p > 0.05).

Conclusions While T2D was significantly associated with
MRI-derived neuroimaging measures, differences in gly-
cemic control in T2D-affected individuals in the DHS
Mind study do not appear to significantly contribute to
variation in these measures. This supports the idea that the
presence or absence of T2D, not fine gradations of gly-
cemic control, may be more significantly associated with
age-related changes in the brain.
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Introduction

Type 2 diabetes (T2D) has been associated both with mild,
age-related decrements in cognitive testing performance and
with increased risk of Alzheimer’s disease and vascular
dementia [1-3]. This is reflected in changes in magnetic
resonance imaging (MRI)-derived neuroimaging measures in
individuals with T2D; in prior studies, T2D affection status
has been associated with reduced brain volume, reduced
white matter fractional anisotropy, and, less consistently,
increased white matter lesion volume [4-6], all indicative of
accelerated brain aging in T2D-affected individuals.

Along with the presence of T2D, glycemic control and
diabetes duration may play roles in variability in neu-
roimaging measures. Poorer glycemic control in individu-
als with T2D [7, 8] and in the general population [9] is
associated with poorer performance on cognitive testing
measures, although a recent systematic review showed that
associations of glycemic control measures, such as higher
fasting glucose and hemoglobin (Hb) Alc, with poorer
cognitive function tend to be weak. HbAlc explained less
than 10 % of the variation in cognitive function in most
T2D-affected cohorts [8]. Some analyses have also shown
relationships between glycemic control and cross-sectional
brain volumes, progression of brain atrophy, and diffusion
tensor imaging measures [8, 10—12], but results are mixed.

The Diabetes Heart Study Mind (DHS Mind) is a single-
center, family-based study which assessed cognitive testing
and neuroimaging measures in a population enriched for T2D.
Here, we examine associations of neuroimaging measures,
including gray (GMV) and white matter volume (WMV),
white matter lesion volume (WMLYV), diffusion imaging
measures, and gray matter cerebral blood flow (GMCBF),
with T2D status in European American DHS Mind partici-
pants. We extended these analyses to assess the relationship of
fasting plasma glucose (FPG), HbA Ic, and diabetes duration
with neuroimaging measures in individuals with T2D.

Materials and methods
Study design and sample
Participants in the DHS were recruited from outpatient
internal medicine and endocrinology clinics and from the
community from 1998 through 2005 in western North

Carolina. Siblings affected by T2D without advanced renal
insufficiency (serum creatinine concentrations >2.0 mg/dl)
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were recruited, along with additional non-diabetic siblings.
Ascertainment and recruitment have been described [13].
T2D was defined as diabetes developing after the age of
35 years treated with changes in diet and exercise and/or
oral agents in the absence of initial treatment solely with
insulin and without historical evidence of diabetic
ketoacidosis. Diabetes diagnosis was confirmed by review
of medications and measurement of FPG and HbAlc at the
examination visit.

The DHS Mind study is an ancillary study to the DHS
conducted between 2008 and 2013 [14, 15], with pilot
subjects recruited beginning in 2005. Cognitive testing
and neuroimaging were performed to investigate risk
factors for cognitive decline in T2D. Examinations
included interviews for medical history and health
behaviors, anthropometric measures, assessment of blood
pressure, and fasting blood draws. Neuroimaging was
successfully performed in 479 participants from the
original DHS  study examined on  average
6.70 £ 1.53 years [mean + standard deviation (SD)] after
their first study visit, and in 305 newly recruited partici-
pants. Recruitment criteria in new participants were the
same as in the original DHS, except that siblings were not
recruited (all new participants were required to have a
first-degree relative affected by T2D). Neuroimaging data
were available in a total of 784 participants from 514
families, including 682 with T2D from 505 families. FPG
and HbAlc values in these analyses were from fasting
blood draws at the DHS Mind study visit. FPG was
quantified enzymatically using hexokinase, with quantifi-
cation performed by Wake Forest Baptist Medical Center
using a Siemens ADVIA 1650 from August 2005 to June
2008 (n = 36), by Wake Forest Baptist Medical Center
using a Beckman DXC800 from June 2008 to April 2009
(n = 83), and by LabCorp from April 2009 to April 2013
using a Roche COBAS 8000 c701 (n = 665). HbAlc was
measured using high-performance liquid chromatography
by Wake Forest Baptist Medical Center using a Bio-Rad
VARIANT II TURBO from August 2005 to April 2009
(n = 119), with HbAlc measured using immunoas-
say methods by LabCorp using a Roche COBAS Integra
800A from April 2009 to April 2013 (n = 665). All
analyses were completed in CLIA certified laboratories.
Diabetes duration was self-reported by participants from
time of diabetes diagnosis to the DHS Mind visit. Par-
ticipants were examined in the General Clinical Research
Center of the Wake Forest Baptist Medical Center. All
study protocols were approved by the Institutional Review
Board at Wake Forest School of Medicine, and all study
procedures were completed in accordance with the Dec-
laration of Helsinki. Participants provided written
informed consent prior to participation.
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Neuroimaging
MR image acquisition

MR imaging was performed on two similar 1.5T GE
EXCITE HD scanners with twin-speed gradients using a
neurovascular head coil (GE Healthcare, Milwaukee, WI)
and on a 3T GE Signa EXCITE scanner, with 769 partic-
ipants for the 1.5T scanners and 15 participants for the 3T
scanner. Imaging protocols have been described in detail
previously [16, 17]. Briefly, gray matter volume (GMV),
white matter volume (WMYV), and intracranial volume
dCV) [GMV + WMV + cerebrospinal fluid volume
(CSFV)] were determined from structural T1 images using
the VBMS toolbox (http://dbm.neuro.uni-jena.de/vbm.
html) automated segmentation procedure, which outputs
values for native space total GMV, WMV, and CSFV.
Diffusion tensor imaging (DTI) scalar metrics, including
fractional anisotropy (FA) and mean diffusivity (MD) in
the gray and white matter (GMFA, WMFA, GMMD, and
WMMD, respectively), were computed using FSL [18] and
the Diffusion Tensor Imaging ToolKit (DTI-TK) (http://
www.nitrc.org/projects/dtitk). Cerebral blood flow (CBF)
perfusion images were generated using a previously
described fully automated data processing pipeline [19],
allowing derivation of GMCBF. White matter lesion seg-
mentation was performed using the lesion segmentation
toolbox (LST) [20] for SPMS at a threshold (k) of 0.25,
which has been previously validated in DHS Mind [21].
The total white matter lesion volume (WMLV) measure
used in these analyses was determined by summing the
binary lesion maps and multiplying by the voxel volume.
In total, eight neuroimaging measures were analyzed in
this study: GMV, WMV, WMLV, GMCBF, GMMD,
WMMD, GMFA, and WMFA. All analyses were adjusted
for whether a 1.5T or 3T scanner was used. All analyses of
GMV, WMV, and WMLV included ICV as a covariate.

Statistical analysis

Continuous variables were transformed as necessary to
approximate normality, including analysis of the natural
logarithm of (WMLV + 1), FPG, and HbAlc. Relation-
ships between T2D status, diabetes duration, FPG, and
HbAlc and neuroimaging measures were examined using
marginal models with generalized estimating equations.
The models account for familial correlation using a sand-
wich estimator of the variance under exchangeable corre-
lation. All participants had data on T2D status (n = 784).
Among those with T2D (n = 682), 643 had data for FPG,
643 had a HbAlc, and 646 had data on diabetes duration.
A Bonferroni correction for multiple comparisons was
used, with a threshold of p < 0.0063 for « = 0.05 adjusting

for the eight traits analyzed. Models were adjusted for
covariates as indicated, with model 1 adjusting for age and
scanner (1.5T or 3T) only. Model 2 adjusted for age,
scanner, sex, history of cardiovascular disease (CVD),
smoking (never, past, current), statin use, and educational
attainment (less than high school, high school, greater than
high school). Model 3 adjusted for all covariates in model 2
and blood pressure medication use. Intracranial volume
was additionally adjusted for in all models for WMLV,
GMYV, and WMYV. Covariates chosen were similar to those
in a similar recent analysis by the ACCORD MIND study
to facilitate comparison of results between the studies [11].
All analyses were performed in SAS 9.3 (SAS Institute,
Cary, NC).

Results

Table 1 summarizes participant demographic and clinical
characteristics, in the full sample (n = 784; T2D preva-
lence 87.0 %), and solely in individuals with T2D
(n = 682). Most individuals were overweight or obese with
a high prevalence of hypertension and prior CVD events, as
expected for a T2D-enriched cohort. For those with T2D,
diabetes duration was 15.2 £ 7.73 years [mean + SD (s-
tandard deviation)], with a FPG of 146.79 + 54.23 mg/dl
and a HbAlc of 7.49 + 1.44 %; 65.3 % of participants
used oral diabetes medications and 33.3 % used insulin.

We initially analyzed the association of T2D affection
status with eight neuroimaging measures in the DHS Mind
cohort. Of these, WMV, GMFA, and WMFA were signifi-
cantly associated with T2D status after accounting for
multiple comparisons (p < 0.0063) in models adjusted for
age, scanner, sex, history of CVD, smoking, statin use,
educational attainment, blood pressure medication use, and,
where appropriate, intracranial volume (Table 2). There
was also a trend for associations between T2D-affected
status and higher WMLV (p = 0.008), higher GMMD
(p = 0.013), and WMMD (p = 0.031) in model 3. In model
1, the associations with higher WMLV (p = 5.20 x 1074)
and higher GMMD (p = 0.001) did meet statistical signif-
icance. Information on covariate association statistics is
available in Supplementary Table 1. T2D status was also
analyzed excluded imaging data from the 3T MRI scanner,
with similar results (Supplementary Table 2).

In contrast, analyses of FPG, HbAlc, and diabetes
duration revealed no significant associations with any
neuroimaging measure (Table 3). One nominal association
(not meeting our multiple comparisons corrected signifi-
cance threshold) was observed between diabetes duration
and higher GMMD (p = 0.04) in model 1, adjusted for
only age and scanner. This association was attenuated in
model 2 and model 3. Information on covariate association
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Table 1 continued

Participants without T2D (n = 102)

Participants with T2D (n = 682)

Whole sample (n = 784)

N

Median (IQR)

Mean (SD) or
%

N

Median (IQR)

Mean (SD) or
%

N

Median (IQR)

Mean (SD) or

%

95

0.52 (0.095, 2.68)

645 2.52 (4.61)

1.60 (0.24, 5.01)

740 4.67 (8.69)

1.39 (0.20,4.90)

Total white matter lesion volume (WMLYV) 4.40 (8.31)

(co)

Gray matter cerebral blood flow (GMCBF)

623 34.78 (11.58) 34.69 (27.68, 43.08) 97

32.51 (25.69, 40.99) 720 33.17 (11.76) 32.36 (25.51, 40.12)

33.39 (11.74)

(mL/100 g of tissue/min)

1.5T GE Scanner
3T GE Scanner

102
102

682 97.1 %
682 29 %

784 98.2 %

784

98.1 %
1.9 %

1.8 %

statistics is available in Supplementary Table 3. Analyses
of FPG, HbAlc, and diabetes duration were repeated
excluding imaging data from the 3T MRI scanner, with
similar results (Supplementary Table 4).

Discussion

The association of T2D status and measures of glycemic
control with MRI-derived neuroimaging traits, including
total brain volume, lesion volume, diffusion tensor imaging
measures, and cerebral blood flow, was evaluated in the
DHS Mind study. Significant associations of T2D affection
status with lower white matter volume and gray and white
matter diffusion imaging measures were observed, with
nominal association with white matter lesion volume also
observed. Among T2D-affected participants, HbAlc, FPG,
and diabetes duration did not associate with neuroimaging
measures. Results suggest that factors other than recent
glycemic control may drive changes in cerebral structure in
T2D-affected DHS Mind participants, with incremental
differences in measures such as FPG and HbAlc playing a
limited role.

Comparing T2D-affected individuals with their non-di-
abetic siblings in DHS Mind, several neuroimaging mea-
sures showed associations with the presence of T2D
suggestive of accelerated brain aging. The association of
T2D with brain volume measures, for example the
observed association with total white matter volume
(p =248 x 107° in Model 3), is well established. In
contrast, analyses of the association of T2D with white
matter lesion volume have been less consistent [4-0, 12,
22]. The significant association observed between T2D and
WMLV in model 1 is notable. The observed association
was minimally attenuated by adjustment for smoking and
use of hypertensive medications. Smoking and hyperten-
sion, as well as increasing age, are widely thought to be
significant contributors to development of white matter
lesions [23, 24]. Similar to most previous reports observing
differences in white matter lesion volume with T2D status,
the effect size observed in DHS Mind was modest, espe-
cially given the wide variation in white matter lesion vol-
ume in older adults [4]. We would note that the non-
diabetic siblings used as a reference population in DHS
Mind are not traditional healthy controls, with high rates of
obesity, hypertension, and CVD, which may minimize the
effect sizes observed. Nominal (or better) associations were
observed for all diffusion tensor imaging measures asses-
sed, supporting prior reports of white matter fractional
anisotropy associating with T2D status [4, 5, 12].

Despite these associations with T2D, we did not observe
any relationships with measures of diabetes severity and
glycemic control among those affected by T2D. A recent

@ Springer
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Table 2 Associations between neuroimaging variables and type 2 diabetes (T2D) status in the whole sample (n = 784) [f value and standard

error (SE)]

Model 1 Model 2 Model 3

p value  SE p value p value  SE p value p value  SE p value
White matter volume —12.046 2365 3.58 x 1077 —10.988 2365 3.32x 10°® —11.553 2452 248 x 10°°
Gray matter volume —4.377 2.652 0.099 —3.586 2.663 0.178 —2.927 2749 0.287
Total white matter lesion volume 0.289 0.083 520 x 107* 0.230 0.085 0.007 0.234  0.088 0.008
Gray matter cerebral blood flow —1.567 1.154 0.175 —0.430 1.116 0.700 —-0.494 1.123 0.660
Gray matter fractional anisotropy —0.006 0.002 0.001 —0.005 0.002 0.001 —0.007 0.002 3.96 x 107>
White matter fractional anisotropy —0.006 0.002 0.003 —0.006 0.002 0.006 —0.007 0.002 0.001
Gray matter mean diffusivity 0.019  0.006 0.001 0.016 0.006 0.006 0.015 0.006 0.013
White matter mean diffusivity 0.009 0.004 0.015 0.008 0.004 0.032 0.008 0.004 0.031

Analysis was performed using marginal models with generalized estimating equations. Model 1 is adjusted for age and scanner (1.5T or 3T).
Model 2 is adjusted for age, scanner, sex, history of cardiovascular disease, smoking (never, past, current), statin use, and educational attainment
(less than high school, high school, greater than high school). Model 3 is adjusted for age, scanner, sex, history of cardiovascular disease,
smoking, statin use, educational attainment, and blood pressure medication use. All models for white matter lesion volume, gray matter volume,

and white matter volume additionally adjusted for intracranial volume

analysis from the Action to Control Cardiovascular Risk in
Diabetes Memory in Diabetes (ACCORD MIND) study in
patients with T2D found that increased FPG and longer
diabetes duration were nominally associated with
decreased GMV, with longer diabetes duration also asso-
ciated with increased abnormal white matter volume [11].
We did not replicate these modest associations in our
analysis of diabetes duration as a continuous variable or
our analysis of similar quartiles of diabetes duration to
those used in ACCORD MIND (04 years, 5-8 years,
9-14 years, or greater than 15 years). This may be due to
differences in sample ascertainment for the DHS Mind, for
example recruitment of T2D patients with an
HbAlc < 7.5 % and longer mean diabetes duration
(15.2 years vs 9.9 years) in the DHS participants, with few
DHS participants having short diabetes duration (in-
terquartile range 10.4 to 19.3). Neuroimaging protocols
also differ somewhat between the two studies. A systematic
review of analyses of glycemic control in patients with
T2D found the literature to be mixed on associations with
FPG, with some studies finding a weak association between
FPG and brain volume and white matter hyperintensities.
HbAlc levels were consistently not associated with these
neuroimaging measures [8]. Our results support this prior
literature, indicating that glycemic control measures do not
play a major role in variation in neuroimaging measures in
T2D. We would note that additional adjustment for oral
diabetes medication and insulin use did not change the lack
of associations with FPG, HbAlc, and diabetes duration;
additional adjustment for the differing methods for HbAlc
and FPG assessment also did not substantively change the
results for these measures.

While not the focus of the current analysis, we also
looked at the cross-sectional cognitive testing measures
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available in the DHS Mind cohort (Supplementary
Tables 5 and 6). Methods were similar to those for neu-
roimaging variables. Similar to the neuroimaging results,
significant associations with T2D-affected status were
observed for a number of cognitive testing measures, with
T2D associated with lower scores on the Digit Symbol
Substitution Task, Rey Auditory Verbal Learning Task,
and the Modified Mini-Mental State Examination. In
individuals with T2D, longer diabetes duration was
associated with lower scores on the Digit Symbol Sub-
stitution Task, but no associations with fasting glucose or
HbA1C were observed. Our results for both the cognitive
testing and neuroimaging measures support a model
where the presence of diabetes is associated with a con-
sistent modest decrement in age-adjusted cognitive func-
tion [25]; however, fasting glucose and HbAlc measures
seem to poorly explain variation within the T2D-affected
population.

We hypothesize that other risk factors relevant to T2D
which have previously been linked to changes in MRI-
derived neuroimaging measures, such as hypertension [26],
atherosclerosis [27, 28], and adiposity [29, 30], may be
contributing more to variation in these neuroimaging
measures in the DHS Mind than diabetes duration or gly-
cemic control. In T2D-affected subjects from the DHS
cohort, pulse pressure is significantly associated (correcting
for multiple comparisons) with white and gray matter
volume, as well as cerebral blood flow and fractional ani-
sotropy of the gray and white matter (results not shown).
BMI is also associated with gray matter cerebral blood flow
in the cohort, suggesting both hypertension and adiposity
may play roles in variation in neuroimaging in the DHS
Mind. In model 3 assessing associations of neuroimaging
measures with T2D status, history of CVD was at least
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Table 3 Associations between neuroimaging variables and diabetes duration, fasting plasma glucose, and glycated hemoglobin (HbAlc) in
individuals affected by type 2 diabetes (T2D) (n = 682) [f value and standard error (SE)]

Neuroimaging trait Diabetes measure Model 1 Model 2 Model 3
p value SE p value [ value SE p value fvalue SE p value
White matter volume Diabetes duration —0.084 0.131  0.523 —-0.078 0.135  0.563 —0.110  0.137  0.422
Glucose —4.650  3.066 0.129 —5.398 3247 0.096 5398 3249 0.097
HbAlc 0483 5390 0.929 —-0.167 5325 0975 0427 5279 0936
Gray matter volume Diabetes duration —0.211  0.127  0.097 —0.166  0.126  0.188 —-0.137  0.126  0.279
Glucose 0.721 2813  0.798 1.127 2909 0.699 1.096 2.874 0.703
HbAlc -9.921 5268 0.060 —9.386 5247 0.074 -9963 5.155 0.053
Total white matter lesion Diabetes duration 0.011  0.006  0.060 0.009 0.006 0.123 0.009 0.006 0.112
volume
Glucose 0.107  0.103  0.299 0.091 0.110  0.405 0.090 0.110 0.412
HbAlc 0.369 0.191  0.053 0.343  0.197 0.082 0.338  0.197 0.086
Gray matter cerebral blood flow Diabetes duration 0.115  0.069 0.093 0.120  0.071  0.091 0.118 0.071  0.094
Glucose —2.065 1.384 0.136 —-1.695 1419 0232 —-1.683 1416 0.235
HbAlc —3.581 2258 0.113 —3.378 2195 0.124 3347 2185 0.126
Gray matter fractional Diabetes duration 0 0.0001 0.943 0 0.0001 0.973 0 0.0001 0.753
anisotropy
Glucose —0.002  0.003 0.572 —0.002 0.003 0.604 —0.002 0.003 0.578
HbAlc 0.003  0.006 0.659 0.003  0.006 0.604 0.003  0.006 0.560
White matter fractional Diabetes duration —0.0001 0.0001 0.351 —0.0001 0.0001 0.448 —0.0001 0.0001 0.332
anisotropy
Glucose 0.002 0.003 0.512 0.002  0.003 0.483 0.002  0.003 0.506
HbAlc 0.002  0.006 0.802 0.002 0.006 0.712 0.003  0.006 0.668
Gray matter mean diffusivity Diabetes duration 0.001  0.0004 0.040 0.001  0.0004 0.077 0.001  0.0004 0.094
Glucose 0.008  0.007 0.279 0.008 0.007 0.258 0.008  0.007 0.254
HbAlc 0.024 0.013  0.055 0.023  0.013  0.069 0.024  0.013  0.061
White matter mean diffusivity ~ Diabetes duration ~ 0.0004 0.0002 0.118 0.0003 0.0002 0.191 0.0003 0.0002 0.195
Glucose —0.004 0.004 0.333 —0.003  0.004 0.448 —0.003 0.004 0.447
HbAlc —0.001 0.007 0940 —0.002 0.007 0.811 —0.002 0.007 0.816

Analysis was performed using marginal models with generalized estimating equations. Model 1 is adjusted for age and scanner (1.5T or 3T).
Model 2 is adjusted for age, scanner, sex, history of cardiovascular disease, smoking (never, past, current), statin use, and educational attainment
(less than high school, high school, greater than high school). Model 3 is adjusted for age, scanner, sex, history of cardiovascular disease,
smoking, statin use, educational attainment, and blood pressure medication use. All models for white matter lesion volume, gray matter volume,
and white matter volume additionally adjusted for intracranial volume

nominally associated (p < 0.05) with all neuroimaging
measures except gray matter mean diffusivity, indicating
CVD is associated with variation in neuroimaging mea-
sures even independent of T2D status. Prior work in the
DHS Mind cohort has also found that coronary artery
calcification, a measure of subclinical CVD which was
assessed at a prior visit, is associated with gray matter
volume and nominally with white matter lesion volume as
well [17]. Coronary artery calcification was also associated
with poorer performance on multiple cognitive tests [14].
Atherosclerosis and CVD burden do seem to be important
contributors to variation in cognition and neuroimaging
measures in the DHS cohort. Further analysis of these
measures in T2D-affected cohorts, particularly studies with
longitudinal follow-up, is warranted.

The current analysis has a number of strengths. While a
number of neuroimaging analyses, notably in ACCORD
MIND [11], have analyzed measures of glycemic control
for associations with volumetric measures, such as total
brain volume and white matter lesion volume, fewer
studies have analyzed diffusion tensor imaging and cere-
bral blood flow measures, an important addition here.
ACCORD MIND also does not have non-diabetic controls,
preventing an analysis of the effect of diabetes affection
status in that cohort [11]. Some prior reports that were able
to look at diabetes-affected status used a more subjective
semiquantitative scale to assess white matter lesions [22],
as opposed to the automated quantitative measure of white
matter lesion volume [21] used here, which may increase
sensitivity of this measure. The DHS Mind is also a
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community-based cohort, as opposed to a cohort of indi-
viduals recruited for a complex clinical trial such as
ACCORD MIND, where there are many more participation
exclusions. Thus, DHS Mind may better reflect the impact
of diabetes in the community. Limitations of the current
analysis include the cross-sectional nature, the relatively
small number of non-diabetic individuals (n = 102) for
comparative analysis with T2D affection status, and use of
a single measure of HbAlc and FPG. It remains possible
that glycemic control in prior years might have been
associated with brain anatomy, with the most recent mea-
surements failing to reflect earlier diabetes control. Lon-
gitudinal assessment of glycemic control, as well as
analysis of other glycemic control metrics, including
results from oral glucose tolerance tests, postprandial glu-
cose, and measures of hypoglycemia, would be valuable in
future studies. The current study also did not include any
functional MRI measures, which might be affected by
glycemic control in T2D patients [31]. Adjustment for
different 1.5T scanners used also slightly attenuated the
associations with T2D status (results not shown).

In summary, T2D status was associated with brain
volumes, differences in fractional anisotropy, and white
matter lesion burden in DHS Mind study participants.
However, incremental differences in HbAlc, FPG, and
diabetes duration were not associated with neuroimaging
measures in patients with T2D in the DHS Mind.
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