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Introduction
The risk of cognitive impairment, vascular dementia and 
Alzheimer’s disease is increased in patients with type 2 dia-
betes mellitus (Cheng et al., 2012; McCrimmon et al., 2012; 
Vagelatos and Eslick, 2013). It may be related to atheroscle-
rotic cerebrovascular disease and/or neurodegeneration 
(Biessels et al., 2008). Small vessel disease revealed by con-
ventional MRI is associated with type 2 diabetes mellitus 
(Prins et al., 2005; van Dijk et al., 2008), and with cognitive 
decline in type 2 diabetes mellitus (Bruehl et al., 2009). 
Moreover, patients with type 2 diabetes mellitus may show 
brain atrophy (Gold et al., 2007; van Harten et al., 2007b; 
Bruehl et al., 2011). 

The previous methods for the study of brain atrophy in 
patients with type 2 diabetes mellitus have been mainly vi-
sual assessment (van Harten et al., 2007b), semi-automated 
measurement (Gold et al., 2007), and manual measure-
ment (Bruehl et al., 2011). These methods have great bias, 
poor repeatability, require prior knowledge, and are often 
operator-dependent. Moreover, they are not sensitive to 
subtle microstructural changes. Voxel-based morphometry 

is characterized by complete automation, standardization, 
sensitivity, accuracy, and reliability (Ashburner and Friston, 
2000). Voxel-based morphometry has been applied to study 
the changes in brain structure of patients with type 1 diabe-
tes mellitus (Musen et al., 2006; Wessels et al., 2006; Perantie 
et al., 2007). Detectable brain structure changes were asso-
ciated with clinical indices of patients with type 1 diabetes 
mellitus (Musen et al., 2006). Age at onset, pathogenesis, and 
treatment differ between type 1 diabetes mellitus and type 
2 diabetes mellitus. In particular, the pathogenesis of type 2 
diabetes mellitus is strongly associated with metabolic syn-
drome, and various effects on the brain might be expected 
(van Harten et al., 2007a). A few studies have addressed the 
application of voxel-based morphometry to characterizing 
the changes in brain structure of patients with type 2 diabe-
tes mellitus (Chen et al., 2012; Moran et al., 2013), but their 
findings were discrepant in some aspects. Currently, any 
relationship between structural changes and clinical indices 
of diabetes mellitus, vascular disease, and cognitive function 
remains poorly elucidated. 

We used voxel-based morphometry to detect changes in 
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brain structure in type 2 diabetes mellitus patients, and eval-
uated the relationship of these alterations with clinical vari-
ables of diabetes mellitus, atherosclerotic vascular disease, 
and cognitive function.

Subjects and Methods
Study subjects 
Right-handed patients with type 2 diabetes mellitus, aged 35–
70 years, were recruited from the Outpatient Clinic of the De-
partment of Endocrinology of the Second Hospital of Hebei 
Medical University in China. They had had diabetes mellitus 
for at least 1 year. Type 2 diabetes mellitus was in accordance 
with the diagnostic criteria of WHO (Alberti and Zimmet, 
1998). None of them had used insulin secretagogues, such as 
nateglinide. None of them had a history of severe hypogly-
cemic episodes as defined by seizures, loss of consciousness, 
or the need for another person to help treat the symptoms 
of low blood glucose. Healthy controls were recruited from 
communities in Shijiazhuang City of China by advertisement. 
Cases and controls were matched according to gender, age, 
educational level, body mass index, smoking history, hyper-
tension, and lipid levels. Controls whose fasting glucose was > 
6.1 mmol/L or postprandial glucose was > 7.8 mmol/L were 
excluded. Exclusion criteria also included a score of < 26 on 
the Mini Mental State Examination, history of stroke, alcohol 
abuse, head trauma, Parkinson’s disease, psychiatric illness 
(by clinical assessment and history taking) history of serious 
medical illness (tumor, anemia, chronic kidney disease), au-
toimmune diseases, endocrine disease, severe insomnia, or 
hearing loss. The subjects with contraindications for MRI 
were excluded. All patients and volunteers understood the 
study objective and signed informed consent. This study was 
approved by the Medical Ethics Inspection Committee of the 
Second Hospital of Hebei Medical University in China. 

Clinical data and cognitive tests 
Clinical data were collected, including height, weight, body 
mass index, years of education, dominant hand, smoking, 
drinking, history of hypertension, lipid status, and any use 
of antihypertensives or lipid-lowering agents. The subjects 
whose blood pressure was > 140/90 mmHg at three time 
points in a day, or who took antihypertensives, were cate-
gorized as hypertension patients. Blood was collected twice 
by venipuncture: fasting in the morning, and 2 hours after 
breakfast. Fasting glucose, triglycerides, total cholesterol, 
low-density lipoprotein cholesterol, high-density lipoprotein 
cholesterol, fasting serum C-peptide (only patients with type 
2 diabetes mellitus), glycosylated hemoglobin (only patients 
with type 2 diabetes mellitus), and postprandial blood glucose 
were measured. Subjects were judged to have lipid abnormali-
ties for any of the following: triglycerides ≥ 1.65 mmol/L, total 
cholesterol ≥ 6.20 mmol/L, low-density lipoprotein choles-
terol ≥ 4.10 mmol/L, high-density lipoprotein cholesterol <     
1.04 mmol/L, or if they were taking lipid-lowering drugs. 
Midstream urine of patients with type 2 diabetes mellitus was 
collected in the morning to measure urinary albumin, creat-
inine, and urinary albumin/creatinine ratio (mg/mmol). All 

subjects underwent cognitive tests, including the Mini-Men-
tal State Examination, Montreal Cognitive Assessment and 
Clock Drawing Test, which were selected in accordance with 
previous studies (Reijmer et al., 2010; Zhou et al., 2010). No 
subjects had disorders of hearing or movement coordination, 
and could finish all tests. All tests took about 30 minutes. A 
homeostasis model assessment of insulin sensitivity was done 
using Homeostasis model assessment version 2 software, 
from the Diabetes Trials Unit website (http://www.dtu.ox.ac.
uk), and fasting glucose and fasting C-peptide were used for 
calculation (Levy et al., 1998; Wallace et al., 2004). 

For the type 2 diabetes mellitus group, measurement and cal-
culation of the ankle-brachial index was done with an 8 MHz 
movable Doppler device (Huntleigh Diagnostics, Cardiff, 
UK). Ankle-brachial index was calculated as the ratio of the 
systolic arterial pressure of the ipsilateral ankle artery and 
posterior tibial artery to the systolic arterial pressure of the 
brachial artery. The lowest value of both sides was employed. 
Peripheral arterial disease was diagnosed if the ankle-bra-
chial index was less than 0.9 (Guerchet et al., 2011) or < 1.0 
(Laurin et al., 2007). 

Scanning technique and parameters 
An Achieva 3.0 T scanner (Phillips Achieva 3.0T, Best, the 
Netherlands) with an eight-channel head coil was used. 
Routine examination consisted of axial T1WI: Turbo Spin 
Echo (TSE) sequence, repetition time/echo time/inversion 
time, 3,056/7.6/860 ms, flip angle 90°; axial T2WI: TSE se-
quence, repetition time/echo time 2,000/80 ms, flip angle 
90°; axial T2FLAIR: repetition time/echo time/inversion 
time, 10,002/130.4/2,400 ms, flip angle 90°; 5.0 mm thickness; 
spacing, 1.0 mm; matrix, 256 × 256; field of view, 24 × 24 cm2; 
average number of excitations, 1. 

For three-dimensional T1 structural imaging: in a supine 
position, the subject was stationary in the gantry. A T1-TFE 
sequence was used to scan sagittal, high-resolution, three-di-
mensional structural images parallel to the line of the ante-
rior-posterior commissure. Scanning parameters: repetition 
time/echo time 7.7/3.8 ms, flip angle 8°, thickness 1 mm, 
spacing 0 mm, voxel = 1 × 1 × 1 mm3, matrix 252 × 227, 
field of view 250 × 250 ×180 mm3, scan slices 180, and scan 
time 2.97 minutes. 

Evaluation of microvascular lesions revealed on 
conventional MRI 
T2FLAIR images and T2WI images were used to evaluate 
white matter lesions in accordance with the Wahlund scale 
(Wahlund et al., 2001). The highest possible score of white 
matter lesions was 30. The cerebral hemispheres were each di-
vided into five regions by two readers blinded to the subjects’ 
history. The sum of scores of each region was the total score 
of white matter lesions. Lacunar infarctions were also eval-
uated for both groups. For inconsistent score, after separate 
evaluation, the two readers consulted and reached agreement. 

Preprocessing of MRI images 
MRI data were collected from a postprocessing workstation 
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(Philips). Original images were transformed into NIFTI 
format through MRIcron. Statistical Parametric Mapping 8 
software (www.fil.ion.ucl.ac.uk/spm/) and voxel-based mor-
phometry 8 (dbm.neuro.uni-jena.de/vbm/) were employed to 
analyze image data. MATLAB R2012b (MathWorks, Natick, 
MA, USA) was used to provide the operating ambient. 

At the beginning of the procedure, the quality of original 
images was checked. The images were oriented to the ante-
rior commissure; subsequently, the structural images of the 
brains of different subjects were registered in 3D-space using 
the High-dimension Diffeomorphic Anatomical Registration 
Through Exponentiated Lie Algebra (DARTEL). The DAR-
TEL template had been derived from 550 healthy controls in 
an IXI-database (http://www.brain-development.org), and 
placed in MNI space. This method avoids the need for addi-
tional registration in MNI space, and increases the accuracy 
of registration (Ashburner, 2007). The voxel size was re-sam-
pled to 1.5 × 1.5 × 1.5 mm3. Standardization modulated the 
difference in brain size induced by affine transformation and 
nonlinear transformation. (3) Cluster analysis was used to 
perform image segmentation into gray matter, white matter 
and cerebrospinal fluid. The segmented data were smoothed 
(8 mm full width at half maximum). This smoothing 
eliminated intersubject differences in brain structure and 
compensated errors in space standardization. The resulting 
smoothed gray and white matter data were statistically ana-
lyzed. 

The TD Lobes atlas of WFU Pickatlas software (www.
ansir.wfubmc.edu) (operating ambient: MATLAB and Sta-
tistical Parametric Mapping 8 software) was used (Maldjian 
et al., 2003, 2004) to outline regions of interest for the right 
temporal lobe and left occipital lobe. The image data were 
re-sampled to 1.5 × 1.5 × 1.5 mm3. The volumes of gray and 
white matter in the whole brain and each region of interest 
were measured using Easy Volume software (http://www.
sbirc.ed.ac.uk/cyril/index.html). 

Correlation analysis of clinical data, intergroup differences 
in gray and white matter volume, and clinical variables 
Data were analyzed using SPSS 17.0 software (SPSS, Chica-
go, IL, USA). The Shapiro-Walker method was used to test 
normality in measurement data. Body mass index, urinary 
albumin/creatinine ratio, glycosylated hemoglobin, and du-
ration of disease followed a non-normal distribution. After 
logarithmic transformation, these data followed a normal 
distribution. Normally distributed demographic data, clin-
ical data and cognitive data were analyzed using Student’s 
t-test. Data that were non-normally distributed after loga-
rithmic transformation were analyzed using the Wilcoxon 
rank sum test. Numeration data were analyzed using the 
chi-square test. The comparison of data from cognitive 
testing was corrected for age, gender, and educational level 
(analysis of covariance). Intergroup analysis of the volume 
of whole-brain and region of interest-based gray and white 
matter was performed using analysis of covariance, taking 
age, body mass index, and hypertension as covariates. The 
relationship of the volume of whole brain and regions of in-

terest with clinical variables (age, duration of disease, body 
mass index, glycosylated hemoglobin, urinary albumin/cre-
atinine ratio and ankle-brachial index) was analyzed using 
multiple linear regression in the type 2 diabetes mellitus 
subjects. Correlation with cognition was analyzed using 
partial correlation analysis taking educational level, age, 
body mass index, and hypertension as controlling elements. 
A two-sided P < 0.05 was considered statistically significant 
in the above tests. 

Voxel-based intergroup analysis of regional differences in 
whole-brain gray and white matter volume 
Since we considered hypertension to be a risk factor for 
brain atrophy (Gianaros et al., 2006), we established a model 
of two-way analysis of variance using diabetes mellitus and 
hypertension as main factors. Age, body mass index, and 
whole brain volume were used as covariates to correct their 
impacts and statistical parameter images were calculated. 
Differences in brain regions were observed when type 2 
diabetes mellitus served as the main effect (P < 0.001, no 
correction, expectation values of 50 voxels in each cluster). 
The results were checked and the anatomical positions were 
identified using Xjview software (http://www.alivelearn.net/
xjview). 

Voxel-based correlation analysis of clinical variables and 
brain volume in the type 2 diabetes mellitus group 
Correlation of gray and white matter volume with diabe-
tes-associated clinical variables (such as age, duration of 
disease, glycosylated hemoglobin level, ankle-brachial index, 
and urinary albumin/creatinine ratio) in the type 2 diabetes 
mellitus group was analyzed using multiple regression in 
Statistical Parametric Mapping software. Brain volume was 
used as a dependent variable and the above clinical variables 
as independent variables (with one of them serving as an 
independent variable and the others as covariates). A statis-
tical model was established by taking age as a covariate, and 
underwent correlation analysis.

Results
Demographic and clinical characteristics of subjects 
Gender, age, hypertension, lipid abnormalities, body mass 
index, educational level, and smoking status were closely 
matched between the type 2 diabetes mellitus and normal 
control groups (P = 0.536, 0.700, 0.546, 0.773, 0.804, 0.933, 
1.000, respectively). Fasting blood glucose and postprandial 
blood glucose were significantly higher in the type 2 diabe-
tes mellitus group than the normal control group (both P < 
0.001). No significant difference in Mini-Mental State Ex-
amination score was detectable between the two groups (P = 
0.127). Montreal Cognitive Assessment and Clock Drawing 
Test scores were significantly lower in the type 2 diabetes 
mellitus group than the normal control group (P = 0.007 and 
0.002 respectively). No significant differences in white mat-
ter lesions or lacunar infarction grade on conventional MRI 
were revealed between the two groups (both P = 0.500). The 
details of the above data are listed in Table 1.
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Vascular disease in subjects 
No infarcts in the major vascular territories were observed 
in the type 2 diabetes mellitus and normal control groups on 
conventional MRI. No significant differences in white matter 
lesions and lacunar infarctions were revealed between the 
two groups (both P = 0.500). 

The prevalence of peripheral arterial disease (using an-
kle-brachial index < 0.9 as the threshold) was 30% (7/23) in 
type 2 diabetes mellitus patients. Using an ankle-brachial 
index threshold of < 1.0 (Laurin et al., 2007), the prevalence 
of peripheral arterial disease was 52% (12/23) in the type 2 
diabetes mellitus group. 

Albuminuria was used as a sign of microvascular disease. 
It was diagnosed in accordance with USA criteria (National 
Kidney Foundation, 2002). No patients with macroalbumin-
uria (urinary albumin/creatinine ratio > 33.9 mg/mmol) 

Table 1 Demographic, clinical, and cognitive characteristics between T2DM and normal control groups

Item T2DM group (n = 23) Normal control group (n = 23) P

Age (mean ± SD, year)
Sex (n, male/female)
Height (mean ± SD, m)
Weight (mean ± SD, kg)
BMI (mean ± SD, kg/m2)
Education (mean ± SD, year)
Current smokers [n(%)]
Hypertensive [n(%)]
Dyslipidemia [n(%)]
Fasting blood glucose (mean ± SD, mmol/L)
Postprandial blood glucose (mean ± SD, mmol/L)
Diabetes duration (mean ± SD, year)
LDL-C (mean ± SD, mmol/L)
HDL-C (mean ± SD, mmol/L)
HbA1c (mean ± SD, %)
Fasting C-peptide (mean ± SD, nmol/L)
HOMA2-S(mean ± SD, %)
Ankle-brachial index (mean ± SD)
UACR (mg/mmol)
MMSE (mean ± SD)
MoCA
Clock drawing test
Classical MRI markers of SVD
  Large vessel infarcts
  Lacunar infarcts [n(%)]
  WMLs

53.1±9.6
16/7
1.64±0.07
70.15±11.70
25.9±3.4
10.6±3.6
7 (30.4)
10 (43.5)
8 (34.6)
9.0±2.4
13.4±4.8
7(0.5–26)
2.76±0.45
1.35±0.22
8.3±1.4
0.53±0.18
81.6±39.4
1.02±0.16
1.0 (0.2–16)
27.6±2.6
23.0 (17–28)
2.0 (1–4)

None
2 (7.7)
4 (0–10)

53.9±9.2
14/9
1.66±0.06
71.31±11.38
25.4±3.3
10.7±3.4
7 (30.4)
8 (34.8)
7 (30.4)
5.2±0.4
6.6±0.9
–
2.72±0.39
1.40±0.34
–
–
–
–
–
28.4±1.3
27 (19–30)
4 (1–4)

None
2 (7.7)
4 (0–10)

0.700
0.536
0.284
0.720
0.804
0.933
1.000
0.546
0.773
< 0.001
< 0.001
–
0.610
0.334
–
–
–
–
–
0.127
0.007
0.002

–
0.500
0.500

Data are presented as mean ± SD, percentages, n (%), or median (range). WMLs: White matter lesions, were assessed in both hemispheres with 
the Wahlund (Wahlund et al., 2001) age-related white matter changes scale; T2DM: type 2 diabetes mellitus; BMI: body mass index; LDL-C: low 
density lipoprotein cholesterol; HDL-C: high density lipoprotein cholesterol; HbA1c: glycosylated hemoglobin; HOMA2-S: homeostasis model 
assessment for insulin sensitivity; UACR: urine albumin creatinine ratio; MMSE: Mini Mental State Examination; MoCA: Montreal Cognitive 
Assessment; SVD: small vessel disease.

Table 2 Comparison of the brain tissue volume (mL) in T2DM patients and normal controls

Group Gray matter volume White matter volume Brain parenchymal volume

T2DM
Normal control

586.4±37.2
608.5±52.2

512.6±54.3
536.3±52.2

1,099.0±88.7
1,144.7±98.1

t
P

–1.65
0.107

–1.51
0.138

–1.66
0.104

Brain parenchymal volume = gray matter volume + white matter volume. Data are presented as mean ± SD (n = 23 in each group). Two-sample t-test 
was used for comparisons. T2DM: Type 2 diabetes mellitus.

Table 3 Decreased regions of gray and white matter volume in type 2 
diabetes mellitus patients compared with normal controls

Anatomic region BA MNI (x, y, z) K P Z

Grey matter
  R superior temporal gyrus
  R IPL 
  L inferior occipital gyrus
  R inferior temporal gyrus
White matter
  R superior temporal WM 
  R middle temporal WM  
  R posterior cerebellar WM

22
40
19
20

NA
NA
NA

62, –39, 12
62, –48, 27
–35, –79, –6
56, –42, –29

53, –42, 15
48, –52, 1
21, –67, –38

1,058
1,058
114
107

98
67
99

0.000
0.000
0.000
0.000

0.000
0.000
0.000

4.80
4.45
3.87
3.53

4.42
3.72
3.37

BA: Brodmann area; MNI: Montreal Neurological Institute; x, y, z: 
coordinates of the primary maximum of the cluster; IPL, inferior 
parietal lobule; R, right; L, left; WM: white matter. K, P and Z are 
statistical parameter values of voxel-based morphometry results. K: 
the number of voxel; P: significance level of voxel; Z: value of the 
statistic.
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Table 5 Regions of grey and white matter volume correlated with ankle-brachial index for type 2 diabetes mellitus patients

Anatomic region BA MNI (x,  y,  z) K P Z

Gray matter
  L frontal lobe, limbic lobe, temporal lobe, cerebellum anterior lobe, occipital lobe 
  B cingulum 
  R middle temporal lobe and temporal pole
  R limbic lobe, frontal orbital cortex, cerebellum anterior lobe
  L middle temporal lobe
  R IPL
  L middle and superior occipital lobe
  L insula, Rolandic operum, superior temporal lobe, putamen
  R inferior occipital lobe
  L paracentral lobule
  L cerebellum_8
White matter
  L frontal, limbic, temporal, parietal WM; midbrain 
  L middle cingular and sub-precuneus WM 
  B middle and anterior cingular WM
  R middle cingular WM
  L insular and superior temporal WM
  R paracalcarine and sub-precuneus WM
  L superior and middle frontal WM
  R anterior and middle cingular WM
  L posterior and anterior cerebellar WM
  R midbrain, anterior cerebellar WM
  L posterior cerebellar WM

47/34/19/11/36/28/20/35/25
24
21/22/38
34/36/35/28/47/20/37/38
21
40
18/19
13/6/22
18
6
NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

–29, –19, –26
0, 2, 33
48, –19, –2
21, –3, –24
–62, –26, –5
59, –48, 29
–27, –98, 6
–54, –9, 9
35, –98, –4.5
–9, –30, 69
–30, –62, –47

21, 23, –8
–17, –34, 42
–8, 18, 30
9, –18, 44
–33, –18, –5
24, –72, 8
–9, 47, 29
17, 33, 23
11, –68, –39
8, –36, –20
–15, –66, –41

4,425
754
1,608
3,113
381
215
315
564
161
107
142

13,422
120
815
177
134
206
537
179
551
169
371

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

6.41
6.36
5.99
5.95
5.76
5.75
5.71
5.62
5.62
5.58
5.4

7.41
6.62
6.45
6.29
6.25
6.25
6.04
6.02
6.01
5.75
5.67

BA: Brodmann area; WM: white matter; MNI: Montreal Neurological Institute; L: left; R: right; B: bilateral; x, y, z: coordinates of the primary 
maximum of the cluster. K, P and Z are statistical parameter values of voxel-based morphometry results. K: the number of voxel; P: significance 
level of voxel; Z: value of the statistic.

Table 4 Region of interest analysis for gray and white matter volume 
(mL) of right temporal and left occipital lobes in T2DM patients 
compared with normal controls

Group RTL--GMV RTL--WMV LOL--GMV LOL--WMV

T2DM
Normal control

48.5±3.7
49.8±5.2

36.8±5.7
38.8±4.2

27.5±2.8
29.1±3.0

23.1±3.0
24.2±3.5

F
P

2.303
0.137

4.957
0.032

5.366
0.026

3.573
0.066

Data are presented as mean ± SD (n = 23 in each group). Comparisons 
used analysis of covariates adjusted for age, body mass index and 
hypertension. T2DM: Type 2 diabetes mellitus; RTL: right temporal 
lobe; LOL: left occipital lobe; GMV: gray matter volume; WMV: white 
matter volume.

Table 6 Associations between RTLGM volume and clinical variables 
in type 2 diabetes mellitus patients

Item B (95%CI) Standardized B t P

Constant
Age
HbA1c
ABI

75.05 (64.39 – 85.71)
–0.21 (–0.33 – –0.09)
–0.96 (–1.76 – 0.16)
–7.46 (–14.50 –  –0.42)

–
–0.54
–0.38
–0.34

14.74
–3.63
–2.50
–2.218

0.000
0.002
0.027
0.039

RTLGM: Right temporal lobe gray matter; HbA1c: glycosylated 
hemoglobin; ABI: ankle-brachial index; B: partial correlation 
coefficient. Multiple stepwise regression was used and screened for age, 
body mass index, HbA1c, urine albumin to creatinine ratio, disease 
duration and ABI.

were detected in the type 2 diabetes mellitus group. Urinary 
albumin/creatinine ratio > 1.92 g/mol for males and urinary 
albumin/creatinine ratio > 2.83 g/mol for females were con-
sidered the thresholds above which microalbuminuria was 
diagnosed; the incidence of microalbuminuria was 17.39% 
(4/23) in the type 2 diabetes mellitus group (Table 1). 

Intergroup differences in total gray and white matter 
volumes and volumes within different regions
The total gray and white matter, and parenchymal volumes, 
trended lower in the type 2 diabetes mellitus group than in 
the normal control group, but not to a significant extent (P = 
0.107, 0.138, 0.104, respectively; Table 2). 

Voxel-based morphometry analysis revealed that, com-
pared with normal controls, regional gray matter loss was 

visible in the right superior temporal gyrus, left inferior 
occipital gyrus, and right inferior temporal gyrus in patients 
with type 2 diabetes mellitus (P < 0.001; no correction; 
depends on expectation values of 53 voxels in each cluster 
(Figure 1; Table 3). 

Voxel-based morphometry revealed that, compared with 
normal controls, regional white matter loss was visible in the 
right superior temporal gyrus, the right middle temporal gy-
rus, and the right posterior lobe of the cerebellum (P < 0.001; 
no correction; depends on expectation values of 50 voxels in 
each cluster (Figure 2, Table 3).

As voxel-based morphometry analysis demonstrated that 
regional volume changes were mainly found in the right 
temporal lobe and left occipital lobe, region of interest anal-
yses for the right temporal lobe and the left occipital lobe 
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were conducted, correcting for confounding factors includ-
ing age, body mass index, and hypertension. The volumes 
of gray and white matter in each lobe were extracted and 
analyzed, and the results showed that the volumes of white 
matter in the right temporal lobe and gray matter in the left 
occipital lobe were significantly lower in the type 2 diabetes 
mellitus patients than in normal controls (P = 0.032 and 
0.026, respectively). Conversely, no significant differences 
in the volumes of gray matter in the right temporal lobe and 
white matter in the left occipital lobe were detected between 
diabetes mellitus and normal subjects (P = 0.137 and 0.066, 
respectively; Table 4). 

Effects of clinical variables and vascular disease on brain 
volume in patients with type 2 diabetes mellitus 
Correlation analysis showed that gray matter volumes in 
many brain regions correlated with ankle-brachial index in 
the type 2 diabetes mellitus group. These brain regions are 
mainly located in the default mode network, including the 
anterior and middle parts of the cingulate gyrus, the orbital 
cortex of the frontal lobes, both temporal lobes, both limbic 
lobes (hippocampus, parahippocampal gyrus, and amygda-
loid body), both occipital lobes, the left paracentral lobule, 
and the left cerebellar cortex (4, 5, 6, 8) (one-sided P < 0.05; 
family-wise error correction) (Figure 3). The correlation 
analysis of white matter and clinical variables revealed that 
white matter volumes in many brain regions also correlat-
ed with ankle-brachial index, including both frontal lobes, 
both temporal lobes, the precuneus, the limbic lobe (con-
taining hippocampus, cingulum, parahippocampal and in-
sular lobes), the midbrain, and both cerebellar hemispheres 
(one-sided P < 0.05; family-wise error correction) (Figure 4). 
These data are displayed in Table 5. 

There was no brain region whose volume of white matter 
or gray matter correlated with duration of disease, glyco-
sylated hemoglobin, or urinary albumin/creatinine ratio. 

Correlation of gray and white matter volume with clinical 
variables and cognition in type 2 diabetes mellitus group 
Taking clinical variables such as age, body mass index, du-
ration of disease, glycosylated hemoglobin, ankle-brachial 
index and urinary albumin/creatinine ratio were considered 
as independent variables; and total gray and white matter 
volume, right temporal lobe and left occipital lobe gray and 
white matter volumes as dependent variables, multiple linear 
regression demonstrated that gray matter volume in the right 
temporal lobe was most strongly associated with ankle-bra-
chial index (B = −7.457), followed by glycosylated hemoglo-
bin (B = 0.96) and age (B = 0.21; Table 6). No significant dif-
ferences between other clinical variables and brain volumes 
were detected. After correction for age, educational level, 
body mass index and hypertension, white matter volume 
and brain parenchymal volume were positively correlated 
with the Montreal Cognitive Assessment score (r = 0.433, P 
= 0.032; r = 0.394, P = 0.047). After an additional correction 
for total gray matter volume, this correlation became insig-
nificant (r = 0.364, P = 0.137; r = 0.364, P = 0.137). However, 

there was no significant correlation between the volumes of 
gray matter or white matter in the right temporal lobe or in 
the left occipital lobe and Montreal Cognitive Assessment 
scores (P = 0.414, 0.314, 0.497 and 0.209 respectively). 

Discussion
In this study, voxel-based morphometry detected differences 
in volumes of gray and white matter in the right temporal 
lobe in the absence of obvious decrease in total gray and white 
matter volume between type 2 diabetes mellitus patients and 
controls. These regional volume changes were correlated with 
macrovascular disease (ankle-brachial index) and chronic 
hyperglycemia (glycosylated hemoglobin). In addition, we 
examined the relationship between cognition and volume 
changes, but found that these changes could not explain the 
decreased cognition in type 2 diabetes mellitus patients. 

In previous studies, voxel-based morphometry showed 
regional gray matter atrophy in the hippocampus, anterior 
cingulate gyrus, and medial prefrontal lobe in type 2 diabe-
tes mellitus patients (Kamiyama et al., 2010; Moran et al., 
2013), which differs with our results. Kamiyama et al. (2010) 
confirmed that severe atrophy was observed in the hippo-
campus and the whole brain of type 2 diabetes mellitus 
patients. These differences may be explained by different ex-
perimental methodology. Voxel-based morphometry analysis 
was used by Kamiyama et al., but they generated an atrophy 
index after comparing the brain of type 2 diabetes mellitus 
and control groups with the self-contained template with 
their software. We directly obtained results after performing 
voxel-by-voxel comparisons of type 2 diabetes mellitus and 
control groups. Another likely reason was the differences 
in the experimental populations. The average age of their 
patients was 70.7 years, but ours was 53.1 years. Moran et 
al. (2013) demonstrated that anterior cingulate and medial 
prefrontal cortical atrophy were found in addition to gray 
matter atrophy in the medial temporal lobe. Again, these 
differences may be due to different methodology and study 
populations. Moran et al. used regression analysis using type 
2 diabetes mellitus as a main effect. Conversely, we consid-
ered the confounding factor, hypertension, and conducted 
analysis of variance in the two groups. We believe that our 
direct voxel-based morphometry analysis might be more 
sensitive than indirect comparison and regression analysis. 
However, this needs to be confirmed by further studies.

Findings concerning the relationship between type 2 
diabetes mellitus and white matter lesions are controver-
sial (Korf et al., 2006; Manschot et al., 2006; van Harten et 
al., 2007a). It remains poorly understood whether type 2 
diabetes mellitus induces the atrophy of white matter. We 
found the regions with regional white matter loss, i.e., right 
middle temporal gyrus, right superior temporal gyrus, and 
right posterior lobe of cerebellum, after matching the white 
matter lesions between type 2 diabetes mellitus and control 
groups, which was not completely consistent with the results 
of a previous study (Chen et al., 2012). The reasons again 
might be the population difference and methodology. On 
the basis of region of interest analysis, we verified that white 
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Figure 1 Three-dimensional reconstruction of the brain indicating 
gray matter loss in type 2 diabetes compared with control.
The regions of gray matter loss are shown from anterior, posterior, 
right lateral, left lateral, inferior and superior view, respectively, and the 
red region represents the region of gray matter loss. Figure 3 Regions where gray matter volumes positively correlated 

with ankle-brachial index in type 2 diabetes mellitus patients.
The colored regions represent the regions whose gray matter volumes 
correlated with ankle-brachial index. These regions were largely consistent 
with those in the default mode network. The underlying structure image is 
Ch2 image. The number at the left-top corner of each image represents the 
Montreal Neurological Institute (MNI) coordinate. R: Right; L: left.

Figure 4 Regions where white matter volumes positively correlated 
with ankle-brachial index in type 2 diabetes mellitus patients.
The colored regions represent the regions whose white matter volumes 
correlated with ankle-brachial index. These regions were mainly subcorti-
cal regions of the default mode network. The underlying structure image 
is Ch2 image. The number at the left-top corner of each image represents 
the Montreal Neurological Institute (MNI) coordinate. R: Right; L: left. 

Figure 2 White matter loss in type 2 diabetes patients compared with 
normal controls.
The colored regions represent the regions of white matter loss. Arrows 
indicate right posterior cerebellar white matter loss (a), right middle 
temporal white matter loss (b) and right superior temporal white 
matter loss (c). R: Right; L: left. The underlying structure image is Ch2 
image.

matter volume in the right temporal lobe was lower in the 
type 2 diabetes mellitus group than in the control group, 
which was consistent with the results of Chen et al. These re-
sults indicate that white mater atrophy in the right temporal 
lobe probably is a marker of early brain structural changes 
in type 2 diabetes mellitus. 

The precise mechanism of neuropathology of diabetes 
mellitus-induced brain injury remains unclear. However, it is 
believed that vascular factors play an important role (Man-
schot et al., 2007; Exalto et al., 2012; McCrimmon et al., 
2012). Peripheral arterial disease is one of the complications 
of diabetes mellitus, not only characterized by lower extrem-
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ity vascular disease, but by generalized atherosclerosis. Pe-
ripheral arterial disease is a strong predictor of cerebrovascu-
lar disease (Rafnsson et al., 2009). The ankle-brachial index 
is the most sensitive and exact method to detect peripheral 
arterial disease (Baumgartner et al., 2005). Therefore, the 
ankle-brachial index also could alert the physician to central 
nervous system lesions before they caused infarction and 
hemorrhage. Based on the regression model of voxel-based 
morphometry, we found that the volume of gray matter in 
the default mode network and associated white matter posi-
tively correlated with ankle-brachial index. The default mode 
network mainly consists of the posterior cingulate cortex, 
precuneus, prefrontal cortex, and limbic lobe. The cerebral 
blood flow in these regions is higher than the average value 
of the whole brain in the resting state (Raichle et al., 2001), 
but apparently decreases when cognitive tasks are performed 
(Shulman et al., 1997; Mazoyer et al., 2001). Our results 
suggest that, before causing conventional MRI-revealed se-
quelae (infarction and hemorrhage), early macrovascular 
atherosclerotic disease could induce volume reduction in 
the brain regions with abundant blood supply in the resting 
state. However, voxel-based morphometry correlation anal-
ysis of other indices such as duration of disease, glycosylated 
hemoglobin, and urinary albumin/creatinine ratio did not 
show significant correlation with volume of any brain re-
gions. The reason may be that compared with ankle-brachial 
index, the effects of the other indices were relatively weak, 
or because of the relatively good clinical status of our type 2 
diabetes mellitus patients (median duration of disease, 7.0 
years; glycosylated hemoglobin, 8.3 ± 1.4%; incidence of 
microalbuminuria, 17.39%). Future studies should follow 
up these patients, and assess for any longitudinal changes of 
these indices and their effect on brain volume. 

Based on region of interest analysis of brain volume, we 
further verified the effects of macrovascular atherosclero-
sis on brain volume. That is, regression analysis found that 
ankle-brachial index had the greatest effect on gray matter 
volume in the right temporal lobe, followed by glycosylat-
ed hemoglobin, which was consistent with previous studies 
(Enzinger et al., 2005; Carmichael et al., 2007). For example, 
Carmichael et al. (2007) confirmed that the ratio of brain 
ventricle to parenchyma longitudinally increased in diabetes 
mellitus patients with vascular disease. Furthermore, Enzinger 
et al. (2005) demonstrated that an increased atrophy rate over 
time correlated with high levels of glycosylated hemoglobin. 
The previous two methods for measuring brain volume were 
inexact. Our voxel-based morphometry analysis results fur-
ther confirm that macrovascular disease and chronic hyper-
glycemia are associated with subtle changes in brain volume. 

A few previous studies examined the effects of whole brain 
and circumscribed atrophy in type 2 diabetes mellitus on 
cognitive function, but most of them did not use voxel-based 
morphometry and their results were not identical (Akisaki 
et al., 2006; Manschot et al., 2006; van Harten et al., 2007b; 
Moran et al., 2013). In this study, the poorer performance on 
the Montreal Cognitive Assessment and Clock Drawing Test 
in type 2 diabetes mellitus patients suggested that cognitive 

decline might be induced by alterations in any gray and 
white matter region (Mendez et al., 1992; Alagiakrishnan et 
al., 2013; Paula et al., 2013). This could explain the absence 
of correlation between regional volume and global cogni-
tion. Because our cognitive test was not detailed and specific 
enough, non-correlation between a single region of interest 
volume and whole-brain cognition may not necessarily ex-
clude its effects in specific cognitive domains. Future studies 
should examine cognitive function strongly related to spe-
cific brain regions to judge the effects of the changes in these 
regions on corresponding cognitive functions. 

In summary, subtle focal brain atrophy can occur in the 
right temporal lobe in non-demented type 2 diabetes melli-
tus patients with no conventional MRI evidence of sequelae 
of large vessel disease (infarction or hemorrhage). Early 
macrovascular atherosclerotic disease may play a key role 
in the structural changes in type 2 diabetes mellitus, and 
chronic hyperglycemia might be the other primary etiology.
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