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Purpose: To investigate the association of characteristics of type 
2 diabetes mellitus (duration and biochemical severity of 
diabetes) to brain structure measured on magnetic res-
onance (MR) images, specifically testing whether more 
severity in metrics of diabetes is inversely correlated with 
brain volumes and positively correlated with ischemic le-
sion volumes.

Materials and 
Methods:

This study protocol was approved by the institutional re-
view board of each center and participants provided writ-
ten informed consent. Baseline severity of diabetes was 
evaluated by testing fasting plasma glucose levels, hemo-
globin A1c levels, and duration of diabetes. MR imaging 
was performed with fluid-attenuated inversion recovery, 
proton-density, T2-weighted, and T1-weighted sequences, 
which were postprocessed with an automated computer 
algorithm that classified brain tissue as gray or white mat-
ter and as normal or ischemic. Separate linear regres-
sion models adjusted for potential confounding factors 
were used to investigate the relationship of the diabetes 
measures to MR imaging outcomes in 614 participants 
(mean age, 62 years; mean duration of type 2 diabetes 
mellitus, 9.9 years).

Results: The mean volumes of total gray matter (463.9 cm3) and 
total white matter (463.6 cm3) were similar. The mean 
volume of abnormal tissue was 2.5 cm3, mostly in the 
white matter (81% white matter, 5% gray matter, 14% 
deep gray and white matter). Longer duration of diabetes 
and higher fasting plasma glucose level were associated 
with lower normal (b = 20.431 and 20.053, respectively; 
P , .01) and total gray matter volumes (b = 20.428 and 
20.053, respectively; P , .01). Fasting plasma glucose 
was also inversely correlated with ischemic lesion volume 
(b = 20.006; P , .04). Hemoglobin A1c level was not as-
sociated with any MR imaging measure.

Conclusion: Longer duration of diabetes is associated with brain vol-
ume loss, particularly in the gray matter, possibly re-
flecting direct neurologic insult; biochemical measures 
of glycemia were less consistently related to MR imaging 
changes. Contrary to common clinical belief, in this sam-
ple of patients with type 2 diabetes mellitus, there was no 
association of diabetes characteristics with small vessel 
ischemic disease in the brain.
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Materials and Methods

Study Sample and Participant 
Characteristics
The design of the ACCORD trial was 
described elsewhere (15). Study par-
ticipants were aged 45–79 years and 
had type 2 diabetes, high hemoglobin 
A1c (HbA1c) concentrations (. 7.5%, 
. 58 mmol/mol), and a high risk for 
cardiovascular disease events suggested 
by a clinical history of cardiovascular 
disease, atherosclerosis, albuminuria, 
left ventricular hypertrophy, or at least 
two additional risk factors for cardio-
vascular disease. Key exclusion criteria 
were frequent or recent serious hypo-
glycemic events, unwillingness to mon-
itor glucose at home or inject insulin, 
body mass index greater than 45 kg/
m2, serum creatinine level greater than 
1.5 mg/dL (133 mmol/L), or other se-
rious illness. For the MIND/MR imag-
ing substudy, participants younger than 
55 years old were excluded. Partici-
pants were eligible for the MR imaging 
study if they did not have any standard 

“plaque and tangle” pathologic substrates 
of Alzheimer disease in patients with 
diabetes (7,8). Indeed, a higher preva-
lence of Alzheimer disease in diabetic 
versus nondiabetic subjects has been 
shown in several but not all epidemio-
logic studies (9,10). MR imaging findings 
in patients with diabetes include global 
and regional brain atrophy, and less con-
sistently, leukoaraiosis or SVID of the 
brain (11–13). Authors of most studies 
compared subjects with diabetes to those 
without diabetes, but did not address the 
question of whether measures of disease 
severity are associated with indicators of 
brain pathology detected on MR images.

The Action to Control Cardiovas-
cular Risk in Diabetes (ACCORD) trial 
provided the opportunity to examine 
this question. ACCORD is a random-
ized controlled trial of 10 251 indi-
viduals with type 2 diabetes that was 
designed to determine whether thera-
peutic strategies targeting euglycemia 
and normotension and/or normal lipid 
profile can reduce the rate of cardiovas-
cular events more than standard ther-
apy can (14). The ACCORD Memory in 
Diabetes (MIND) substudy of the trial 
was designed to determine whether 
these interventions reduce cognitive de-
cline (measured with neuropsychologi-
cal tests) and structural brain changes 
(measured with MR imaging) (15).

By using ACCORD-MIND baseline 
data, we investigated the association 
of characteristics of diabetes mellitus 
(duration and biochemical severity of 
diabetes) to brain structure measured 
at MR imaging, specifically testing 
whether more severity in metrics of 
diabetes is inversely correlated with 
brain volumes and positively correlated 
with ischemic lesion volumes.

The advent of brain magnetic res-
onance (MR) imaging made 
possible the in vivo detec-

tion of leukoaraiosis or small vessel  
ischemic disease (SVID) of the brain. 
This pathologic entity is primarily 
reflected as hyperintensities in the 
white matter and basal ganglia on T2  
images (1,2). These lesions are most 
strongly associated with age, hyperten-
sion, and various markers of micro- and 
macrovascular disease (3,4). At histo-
logic examination, the lesions consist of 
nonnecrotic demyelination, postulated 
to be ischemic in origin (5). Some of 
these lesions that appear hyperintense 
on T2 images are also hypointense 
on T1-weighted images and are often 
classified as infarcts with presumed 
necrosis, a subset of which are small 
lacunae. Clinically, the number and 
extent of these lesions are inversely 
correlated with cognition and various 
physical functions, such as balance and 
gait (3,6). SVID is now recognized as 
a major factor in cognitive decline and 
dementia in the elderly.

Given the long-known and pre-
sumably etiologic relationship between 
diabetes and vascular disease, diabetes 
has been hypothesized to be a risk fac-
tor for SVID (1,7). Such a relationship 
might explain the association of diabetes 
and cognitive decline, although it also 
has been speculated that advanced glyce-
mic end-products may contribute to the 

Implications for Patient Care

 n Diabetes duration correlated pri-
marily with brain atrophy, which 
may have implications for future 
decline in cognitive function.

 n In this sample of late middle-aged 
persons with type 2 diabetes, 
variability in diabetes character-
istics was not directly related to 
white matter lesions.

Advances in Knowledge

 n Longer duration of diabetes was 
associated with lower gray matter 
volumes (r = 20.11), possibly 
reflecting direct neurologic insult; 
higher fasting plasma glucose levels 
showed similar associations with 
lower brain volumes (r = 20.10).

 n No measure of diabetes severity 
was associated with increased 
ischemic lesion volume; fasting 
plasma glucose was inversely cor-
related with ischemic lesion 
volume.

 n Contrary to common clinical belief, 
type 2 diabetes mellitus may not 
be directly associated with small 
vessel ischemic disease.
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and was then used to classify SVID on 
new images. For algorithm training pur-
poses, SVID was operationally defined as 
a nonmass lesion having fast spin-echo 
fluid-attenuated inversion recovery sig-
nal intensity greater than that of normal 
gray matter in a vascular distribution. 
Regional volumetric measurements were 
obtained via an automated computer-
based template warping method that 
summed the number of respective voxels 
in each anatomic region.

Measures of Glycemic Status
Three measures of diabetes exposure 
were examined. The HbA1c level, a 
measure of intermediate-term diabetes 
control, was measured by using an au-
tomated high-performance liquid chro-
matograph (Tosoh G7; Tosoh Bioscience, 
Worcestershire, United Kingdom);  
fasting plasma glucose (FPG) level, an 
indicator of short-term control, was 
measured enzymatically with an auto-
analyzer (Hitachi 917; Hitachi, Tokyo, 
Japan). Both assays were measured in 
the central laboratory, which has na-
tional glycohemoglobin standardization 
program level I certification for trace-
ability to the ACCORD trial. Diabetes 
duration was quantified as time from 
reported diagnosis of diabetes to ran-
domization in the ACCORD trial.

The following factors associ-
ated with both MR brain lesions and 
diabetes were entered into statistical 
models as covariates: age, sex, educa-
tion level, baseline history of cardiovas-
cular disease, smoking, hyperlipidemia 
(use of lipid medications at screening), 
and hypertension (use of blood pres-
sure medications at screening).

Statistical Methods
All statistical analyses were conducted 
at the ACCORD-MIND Coordinating 
Center with the use of software (S-Plus 
version 8.0; Insightful, Seattle, Wash; or 
SAS software 9.1; SAS Institute, Cary, 
NC). Frequencies and means were used 
to summarize baseline characteristics. 
Separate linear regression models were 
used to investigate the relationship of 
each of the three diabetes variables (du-
ration, HbA1c, FPG) to the MR imaging 
outcomes at baseline. Three models 

quality control. The latter was based on 
the American College of Radiology MR 
imaging quality control program, which 
incorporates the monthly analysis of 
imaging examinations of an American 
College of Radiology–National Electrical 
Manufacturers Association quality con-
trol phantom (http://www.acr.org/accre 
ditation/mri.aspx). MR imaging quality 
control phantom results confirmed that 
all imagers met or exceeded American 
College of Radiology quality performance 
guidelines throughout the study.

Image Analysis
The image analysis methodology has 
been described previously (17) and in-
cludes use of an automated computer 
program that classifies all supratentorial 
brain tissue into either normal or abnor-
mal gray or white matter and assigns 
the tissue type to 92 anatomic regions of 
interest in the cerebrum. These regions 
of interest were organized in an ana-
tomically hierarchical system that was 
combined into four anatomic regions of 
interest for this analysis: total brain, to-
tal gray matter, total white matter, and 
deep gray and white structures (opera-
tionally defined as caudate nucleus, pu-
tamen, globus pallidus, internal capsule, 
and thalamus). aTissue in each region of 
interest was further classified as normal 
or abnormal. The MR imaging outcomes 
were total brain; normal, abnormal, and 
total gray matter; normal, abnormal, 
and total white matter; and abnormal 
deep gray and white tissue volumes.

T1-weighted volumetric MR images 
were first preprocessed according to a 
standardized protocol for alignment, re-
moval of extracerebral tissue, and seg-
mentation of brain parenchyma into gray 
matter, white matter, and cerebrospinal 
fluid. According to additional preprocess-
ing steps, including histogram standardi-
zation and coregistration, the lesion seg-
mentation component of the algorithm 
was applied on the basis of local signal  
features extracted from coregistered 
multiparametric MR imaging sequences 
(ie, T1, proton-density, T2, and fast spin-
echo fluid-attenuated inversion recov-
ery). A support vector machine classifier 
was first trained on expert-defined SVID 
lesions in 45 ACCORD-MIND patients, 

exclusion criteria for this examination. 
Four of the six clinical coordinating net-
works participated in the MR imaging 
substudy. The study protocol was ap-
proved by the institutional review board 
of each center, and participants pro-
vided written informed consent.

Participants who were fluent in Eng-
lish or Spanish and who had been ran-
domized into the ACCORD trial were 
invited to participate in the MIND sub-
study between 2003 and 2005. Baseline 
images were acquired within 45 days 
of randomization. A total of 2977 sub-
jects agreed to participate in the MIND 
substudy (15) (Appendix E1 [online]), 
with 691 (23%) recruited into the MR 
imaging component. Of these, 59 (9%) 
either did not attend their MR imaging 
examination or were found to have MR 
imaging exclusion criteria, resulting in 
632 participants with a baseline MR 
imaging examination, 18 (3%) of which 
had missing or incomplete data and 
were not analyzed (16).

MR Imaging
A common MR imaging protocol was 
used at the four participating MR imag-
ing field centers (University of Minne-
sota, Minneapolis, Minn; Wake Forest 
Medical School, Winston-Salem, NC; 
Columbia University, New York, NY; 
and Case Western Reserve University, 
Cleveland, Ohio). All MR imagers op-
erated at 1.5 T, and MR imaging se-
quences included a three-dimensional 
fast spoiled gradient-echo T1-weighted 
(repetition time msec/echo time msec 
21/8; flip angle, 30˚), two-dimensional 
axial fast spin-echo fluid-attenuated in-
version recovery (8000/100; inversion 
time, 2000 msec), and proton-density 
T2-weighted (3200/27; inversion time, 
120 msec) sequences. Voxel size for the 
T1 sequence was 1.5 3 0.9 3 0.9 mm 
and 3.0 3 0.9 3 0.9 mm for the re-
maining sequences. In general, the T1 
sequence was used to study brain mor-
phology, including normal tissue vol-
umes, and the fast spin-echo sequences 
were used to study neuropathology re-
flected by MR signal intensity changes.

The MR imaging reading center 
was responsible for the imaging proto-
col, image analysis, and MR imaging 
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duration of 15 years or more (quartile 
4) had significantly less total gray mat-
ter volume, on average, than did those 
with 0–4 years duration of diabetes (P 
= .002 for pairwise comparison). Dif-
ferences among the first, second, and 
third quartiles were not statistically sig-
nificant. These results were consistent 
when models 1 or 3 were used.

Discussion

In this study population of 614 patients 
with type 2 diabetes mellitus, there 
were significant relationships between 
measures of diabetes severity and brain 
structure. Specifically, longer disease du-
ration and increased FPG were inversely 
correlated with total gray matter and 
normal gray matter volume. Duration 
of diabetes also was associated with in-
creased abnormal tissue in the deep gray 
and white matter, while increased FPG 
was weakly associated with less abnor-
mal white matter tissue volume. HbA1c 
level was not significantly correlated with 
any of our MR imaging brain structure 
measures. In summary, measures of 
greater diabetes duration or biochemical 
severity correlated primarily with brain 
atrophy, but not with white matter lesion 
volume, the major MR imaging marker of 
SVID. Therefore, our study results pro-
vided additional support for the position 
that, despite common clinical perception, 
diabetes is not directly related to SVID. 
Age, hypertension and, to a lesser extent, 
smoking remain the strongest predictors 
of SVID (1). Our data, however, do not 
preclude associations between white 
matter lesions and other consequences 
of diabetes, such as nephropathy or co-
morbid conditions such as hypertension.

Our quantitative results showing an 
incremental loss of approximately 4.28 
mL of gray matter tissue for every 10 years 
of diabetes duration are directly related 
to neuroanatomy and can be compared 
with results of previous reports, such as 
the age-related gray matter volume loss 
of 2.4 mL per year reported by the Bal-
timore Longitudinal Study of Aging, in 
which similar quantitative morphometric 
methodology was used in a slightly older 
cohort of normal subjects (18). Stated 
another way, our results suggested that, 

(463.6 cm3) were similar (Table 2).  
There was very little abnormal gray 
matter (0.15 mL; , 0.02% of total gray 
matter), with an order of magnitude 
more abnormal white matter (2.02 mL; 
0.4% of total white matter). The vol-
ume of abnormal deep gray and white 
tissue was 0.33 mL. Of the total abnor-
mal tissue, approximately 81% was in 
the white matter, 14% in the deep gray 
and white matter, and 5% in the gray 
matter.

Longer duration of diabetes was 
associated with decreased volumes of 
total and normal gray matter (Table 3). 
In model 3, which was controlled for 
all covariates, a 10-year difference in 
diabetes duration was predictive of a 
4.28 cm3 difference in total gray matter 
volume, as reflected by the b coefficient. 
A longer duration of diabetes was also 
associated with a larger volume of ab-
normal tissue in the white matter and 
deep gray and white matter, adjusted 
for age and intracranial volume. After 
adjustments were made for health in-
dexes and demographics, the difference 
in the white matter relationship was no 
longer statistically significant.

When we controlled for all covari-
ates (model 3), baseline FPG was in-
versely related to brain volumes. Spe-
cifically, increased FPG was significantly 
associated with smaller volumes for total 
gray and normal gray and also abnormal 
white matter. For total gray and normal 
gray matter, respectively, a 50-unit dif-
ference in blood glucose levels was pre-
dictive of a 2.65 cm3 volume difference 
in total gray, 3.00 cm3 in normal gray, 
and 0.3 mL in abnormal white matter. 
In comparison with the other measures, 
baseline HbA1c levels were not signifi-
cantly associated with any MR imaging 
measure in any of the models.

In our investigation of the relation-
ship between quartiles of duration of 
diabetes and total gray matter volume, 
controlling for the covariates in model 
3, we identified a statistically signifi-
cant relationship between the grouped 
quartile variable and total gray matter 
volume (Figure; least square means 
quartile 1 = 474.5, quartile 2 = 472.4, 
quartile 3 = 474.4, quartile 4 = 463.0; 
P = .003). Those participants with 

controlling for potential confounders 
were selected a priori on the basis of 
a rationale that these covariates poten-
tially were confounded with the diabetes 
variable: Model 1 was adjusted for age 
and intracranial volume; model 2 ad-
ditionally included prior cardiovascu-
lar disease, smoking history, history of 
hyperlipidemia, sex, education, and an 
indicator of MR imaging site; model 3 
added hypertension to model 2. Thus, 
this series of models allowed for in-
spection of the effect of the potentially 
confounding variables on the relation-
ship between the diabetes variables and 
MR imaging outcomes. Hypothesis tests 
for each diabetes severity variable were 
performed by using a 0.05 type I error 
level; whereas no hypothesis tests were 
considered for potentially confounding 
covariates. Partial Pearson correlations 
were calculated after removal of the ef-
fect of intracranial volume and age, the 
same covariates included in model 1.  
Corresponding P values were very sim-
ilar to those of the model 1 regression 
coefficients.

To investigate for a possible non-
linear relationship of diabetes duration 
to total brain volume, diabetes dura-
tion time was divided into quartiles 
and models 1 and 3 were re-estimated. 
Pairwise comparisons between groups 
defined by the quartiles of diabetes 
duration were performed by using the 
Fisher least significant difference pro-
cedure, which required that the overall 
F test for the effect be significant before 
making any pairwise comparisons.

Results

A total of 614 participants underwent 
baseline MR imaging studies that were 
successfully processed and used in this 
analysis. Key baseline characteristics 
were similar for those in the MR imag-
ing study and the remaining ACCORD-
MIND participants (Table 1). Slightly 
less than 45% of the MR imaging par-
ticipants were women, approximately 
70% were white, 80% were hyperten-
sive, 45% had never smoked, and 26% 
had a history of cardiovascular disease.

At baseline, the mean volumes of total 
gray (463.8 cm3) and total white matter 
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atrophy, but not with the extent of white 
matter pathology. As previously noted, 
most study results show evidence of 
brain atrophy in diabetic groups com-
pared with nondiabetic groups (11). Al-
though this finding has been reported 
most frequently in patients with type 2 
diabetes mellitus, it has also been found 
in studies of type 1 diabetes (19). On 
the other hand, results of a few reports 
showed a statistically significant rela-
tionship between diabetes and white 
matter lesions, but results of a meta-
analysis by van Harten et al (20) did not 
support such a relationship. Our study 
included three major diabetes predic-
tors (FPG, HbA1c, diabetes duration) of 
brain integrity in a diabetic cohort. Au-
thors of most previous diabetes studies 
analyzed only fasting glucose levels and/
or treatment history as diabetes pre-
dictors, although a few recent studies 
(7,11,21) incorporated HbA1c levels and 
diabetes duration in their analyses. Al-
though Saczynski et al (11) found a sig-
nificant association between duration 
of disease, ischemic tissue volume, and 
presence of infarcts, authors of other 
studies have not analyzed the indepen-
dent contribution of these variables to 
MR imaging brain structure measures.

These findings confirm and extend 
the results in the current literature sug-
gesting that diabetes is associated most 
strongly and consistently with brain 
atrophy, more specifically gray matter 

for every 10 years of diabetes duration, 
the brain of a patient with diabetes looks 
approximately two years older than that 
of a nondiabetic person, in terms of gray 
matter volume.

Table 1

Baseline Characteristics

Characteristic MIND MR Imaging (n = 614)
MIND without MR Imaging  
(n = 2363)

Age (y) 62.4 6 5.7 (62 [58–66])* 62.5 6 5.8 (61 [58–66])*
Women 44.5 47.2
Race 
 White, non-Hispanic 68.4 70.0
 Black, non-Hispanic 16.8 16.1
 Hispanic 6.4 7.3
 Other or no response 8.5 6.6
Education 
 Less than high school graduate 10.1 14.0
 High school graduate/GED 24.1 26.3
 Some college or technical school 34.2 34.6
 College graduate or more 31.6 25.2
History of cardiovascular disease 26.1 30.0
Depression† 15.2 18.5
Smoking status 
 Never 44.9 44.6
 Former 42.1 43.9
 Current 13.1 11.5
Hyperlipidemia 70.5 65.9
Hypertension 80.8 81.4
Systolic blood pressure 134.7 6 17.9 (133 [123–147])* 135.7 6 17.7 (134 [123–147])*
Duration of diabetes (y) 9.9 6 7.2 (8 [5–13])* 10.5 6 7.4 (9 [5–15])*
HbA1c 8.2 6 1.0 (8.0 [7.5–8.7])* 8.3 6 1.1 (8.1 [7.5–8.9])*
Serum glucose (mg/dL) 173.0 6 54.2 (164 [136–201])* 176.2 6 55.2 (168 [140–204])*

Note.—Unless otherwise indicated, data are percentages. GED = general educational development test.

* For continuous variables, data are mean 6 standard deviation, with median in parentheses and interquartile range in brackets.
† Defined as a patient health questionnaire score of  10.

Table 2

Baseline MR Imaging Measures

Brain Imaging Measure Mean (mL)* Median (mL)†

Total brain 927.5 6 96.2 922.6 (858.1–997.7)
Normal gray 463.8 6 48.0 464.4 (427.7–496.9)
Abnormal gray 0.15 6 0.70 0.00 (0.00–0.10)
Total gray 463.9 6 48.0 464.4 (427.7–496.9)
Normal white 461.6 6 58.4 458.6 (418.4–502.2)
Abnormal white 2.02 6 3.62 0.90 (0.30–1.90)
Total white 463.6 6 58.6 460.8 (420.2–503.9)
Abnormal deep gray and white 0.33 6 0.54 0.20 (0.0–0.40)

* Data are means 6 standard deviation.
† Data are medians, with interquartile range in parentheses.

Graph shows least squares means for total gray matter  
volume by duration of diabetes quartiles (at baseline).
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more refined quantitative results that 
mitigate the shortcomings of subjective 
rating scales, and it is becoming the stan-
dard methodology in brain MR imaging 
epidemiologic and clinical trials (25,26).

There were several weaknesses in this 
study. The study population included only 
patients with diabetes, so we could not 
compare our findings to those of a non-
diabetic population. Measures of short-
term glycemic events such as hypo- or hy-
perglycemia have not been incorporated 
in our model. We did not specifically 
identify necrotic infarcts, reflected as T1 
hypointensity on images, which limits 

quantitative volumetric data (17). Au-
thors of most previous studies used hu-
man observers who applied semiquan-
titative scales to visual observations. 
Such rating systems are subjective, have 
limited dynamic range, and are not di-
rectly comparable (22). Authors of re-
cent studies from the Age, Gene, and 
Environment Susceptibility study and 
Utrecht Diabetic Encephalopathy Study 
groups have used computer-based pro-
tocols for image analysis, and in prelimi-
nary reports (11,23,24) they show results 
similar to ours. Automated computer 
analysis provides reduced variability and 

Although our results generally 
were consistent with those of pre-
vious reports, there are important 
methodologic differences that ex-
tend the contribution of our results 
beyond those of prior literature.  
We incorporated higher-spatial-resolu-
tion three-dimensional images that al-
lowed more precise volumetric analysis 
and fast spin-echo fluid-attenuated inver-
sion recovery sequences that increased 
the sensitivity to SVID (7). For image 
analyses, we used a different method 
than those used in previous studies: a 
method of computer analysis yielding 

Table 3

Baseline Results

MR Imaging and Diabetes 
Measures

Model 1 Model 2 Model 3

b R 2 P Value r b R 2 P Value b R 2 P Value

Total brain
 Diabetes duration 20.317 (0.15) 0.93 .04 20.08 20.291 (0.15) 0.93 .05 20.290 (0.15) 0.93 .06
  HbA1c 20.011 (1.08) 0.93 .99 0.002 20.191 (1.07) 0.93 .86 20.167 (1.08) 0.93 .88
 Glucose 20.018 (0.02) 0.92 .36 20.04 20.036 (0.02) 0.93 .07 20.036 (0.02) 0.93 .07
Normal gray
 Diabetes duration 20.435 (0.15) 0.69 .01 20.11 20.428 (0.16) 0.71 .01 20.431 (0.16) 0.71 .01
  HbA1c 20.614 (1.10) 0.69 .58 20.02 20.957 (1.11) 0.70 .39 21.031 (1.11) 0.70 .35
 Glucose 20.047 (0.02) 0.69 .02 20.10 20.053 (0.02) 0.70 .01 20.053 (0.02) 0.71 .01
Abnormal gray
 Diabetes duration 0.004 (0.004) 0.01 .28 0.04 0.003 (0.004) 0.05 .51 0.003 (0.004) 0.05 .50
  HbA1c 20.021 (0.03) 0.01 .46 20.03 20.027 (0.03) 0.05 .36 20.025 (0.03) 0.05 .39
 Glucose 20.000 (0.0005) 0.01 .56 20.02 20.000 (0.0005) 0.05 .73 20.000 (0.0005) 0.05 .74
Total gray
 Diabetes duration 20.431 (0.15) 0.69 .01 20.11 20.425 (0.16) 0.71 .01 20.428 (0.16) 0.71 .01
  HbA1c 20.636 (1.10) 0.68 .56 20.02 20.983 (1.11) 0.70 .37 21.056 (1.11) 0.70 .34
 Glucose 20.047 (0.02) 0.69 .02 20.10 20.053 (0.02) 0.70 .01 20.053 (0.02) 0.70 .01
Normal white
 Diabetes duration 0.073 (0.14) 0.83 .60 0.02 0.101 (0.14) 0.84 .47 0.105 (0.14) 0.84 .45
  HbA1c 0.524 (0.98) 0. 83 .59 0.03 0.744 (0.98) 0.84 .45 0.842 (0.98) 0.84 .39
 Glucose 0.034 (0.02) 0. 83 .05 0.08 0.022 (0.02) 0.84 .22 0.023 (0.02) 0.84 .20
Abnormal white 
 Diabetes duration 0.041 (0.02) 0.09 .04 0.08 0.033 (0.02) 0.14 .10 0.033 (0.02) 0.14 .10
  HbA1c 0.101 (0.14) 0.09 .48 0.03 0.048 (0.14) 0.14 .74 0.048 (0.14) 0.14 .74
 Glucose 20.005 (0.003) 0.09 .05 20.08 20.006 (0.003) 0.14 .04 20.006 (0.003) 0.14 .04
Total white
 Diabetes duration 0.114 (0.14) 0.84 .40 0.03 0.134 (0.14) 0.85 .33 0.138 (0.14) 0.85 .31
  HbA1c 0.624 (0.96) 0.84 .52 0.03 0.792 (0.97) 0.85 .42 0.890 (0.97) 0.85 .36
 Glucose 0.029 (0.02) 0.84 .10 0.07 0.017 (0.02) 0.85 .35 0.018 (0.02) 0.85 .33
Abnormal basal ganglia
 Diabetes duration 0.009 (0.003) 0.09 .003 0.12 0.007 (0.003) 0.14 .01 0.007 (0.003) 0.14 .01
  HbA1c 0.006 (0.02) 0.08 .77 0.01 0.001 (0.02) 0.14 .95 0.002 (0.02) 0.14 .93
 Glucose 20.001 (0.0004) 0.09 .10 20.06 20.001 (0.0004) 0.14 .16 20.001 (0.0004) 0.14 .17

Notes.—Model 1 contains diabetes measure of interest, age, and intracranial volume. Model 2 contains factors in model 1 plus history of cardiovascular disease, smoking history, hyperlipidemia, sex, 

education, and MR imaging machine. Model 3 controlled for all factors in model 2 and added baseline hypertension.
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comparisons to previous studies of this 
MR imaging marker of vascular disease. 
Finally, our goal was to define brain in-
tegrity at the time treatment began and 
not to address the relationship among 
these brain structural changes, and treat-
ment, cognition, which are topics to be 
addressed in the clinical trial results.

It is difficult to explain the finding 
that increased FPG was associated with 
less abnormal white matter volume. The 
inclusion and exclusion criteria allowed 
acceptance into the study of only those 
participants with a recent HbA1c level 
greater than 7.5% (> 0.58 mmol/mol) 
and excluded those with a history of fre-
quent or serious hypoglycemic events. 
These criteria could have limited the 
range of FPG levels at baseline. Single 
time point measurements of glycemia 
probably do not reflect the full dynamics 
of diabetes such as insulin use and levels 
and durations of hypo- and hypergly-
cemic events that could affect brain 
morphology, which is a topic for future 
investigation.

In the diabetic population of the 
ACCORD-MIND substudy, duration of 
diabetes and FPG are associated with 
brain atrophy, specifically that of gray 
matter, but are not associated with 
greater ischemic lesion volumes. Our 
findings raise the possibility that cognitive 
changes arising in patients with diabetes 
might not be strongly related to vascular 
dementia but to neurodegenerative disor-
ders, such as Alzheimer disease.
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