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• Declines  of  gray  matter  volume,  cortical  thickness,  and  surface  area  were  found  in  T2DM.
• The  findings  indicated  that  T2DM  probably  caused  brain  changes  in  specific  regions.
• The  potential  neural  alterations  of  T2DM  may  help  early  diagnose  the  disease.
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a  b  s  t  r  a  c  t

This study  is to  investigate  gray  matter  volume,  cortical  thickness,  and  surface  area  of  the  brain  in  patients
with  type  2 diabetes  mellitus  (T2DM).  High  resolution  T1-weighted  MR images  were  obtained  from
eighteen  T2DM  and  seventeen  normal  controls.  All  images  were  processed  using  our  newly  developed
BrainLab  toolbox.  Declines  of gray  matter  volume,  cortical  thickness,  and  surface  area  were  found  in
T2DM  patients.  Significantly  reduced  ROIs  of  gray  matter  volume  happened  in  subcortical  gray  nuclei
(left  caudate  and  right  caudate),  and  significantly  reduced  ROIs  of  cortical  thickness  occurred  in  temporal
lobe  (left  superior  temporal  gyrus),  parietal  lobe  (left  angular  gyrus),  and  occipital  lobe  (right  superior
occipital  gyrus,  left  middle  occipital  gyrus  and  right  cuneus).  Apparently  reduced  ROIs of  surface  area
were  mainly  distributed  in  frontal  lobe  (right  superior  frontal  gyrus  (dorsal)  and  left  paracentral  lobule).
The  findings  indicated  that T2DM  caused  brain  changes  in specific  regions.  This  work  revealed  neural
alterations  of T2DM,  which  had  a great  significance  in  early  diagnosis  of the  disease.

© 2015 Elsevier  Ireland  Ltd.  All  rights  reserved.

1. Introduction

Examination of brain changes from brain magnetic resonance
(MR) imaging is critical in type 2 diabetes mellitus (T2DM) diag-
nosis. T2DM is a common metabolic disorder that characterizes
by a slowing mental speed and a diminished mental flexibility in
an aging population. Cross-sectional study of several population-
based articles reveals that diabetes would not only accelerate
the cognitive decline but also increase the incidence of dementia
[1]. A longitudinal investigation demonstrates that T2DM moder-
ates decrements in information-processing speed during a 4-year
follow-up study [2]. Insulin resistance and blood glucose level
have an effect on cognitive impairment (CI) in T2DM. In addition,
decreased insulin receptor expression in brain, impaired insulin
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signaling, and reduced insulin levels in cerebrospinal fluid (CSF)
are associated with CI [3]. Though diabetes may  cause hippocam-
pal amnestic type mild cognitive impairment via both vascular and
neurodegenerative processes, it could not be excluded that neu-
rodegenerative cognitive profile is caused by hippocampal atrophy
in a pure vascular process [4]. These studies demonstrate that brain
structure alterations in T2DM may affect the cognitive function.

Neuroimaging plays an important role in exploring the dia-
betic brain changes, and MR  is a safe and effective method. Thus,
brain MR  images are widely used to reveal brain abnormalities in
neuroscience. Studies of brain MR  images in patients with T2DM
have appeared over the past years. Volumetric studies focused on
structural abnormalities indicate that global brain atrophies and
microstructural lesions occur in cerebral gray matter (GM) and
white matter (WM),  which affects structural and functional con-
nectivity [5]. Slightly more global brain atrophies between T2DM
and normal controls (NC) increase gradually over time [6]. Accord-
ing to a T2DM-related study, GM losses are distributed mainly
in medial temporal, anterior cingulate, and medial frontal lobes,
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while WM losses are distributed in frontal and temporal regions
[7]. Significant volumetric reductions in hippocampus, amygdala,
prefrontal cortex, anterior cingulate, and basal ganglia have been
shown among those with depressed mood symptoms [8]. Patients
with T2DM present reduced GM densities and decreased cerebral
glucose metabolism in several fronto-temporal brain regions after
controlling for various vascular risk factors [9]. Women  with T2DM
have smaller total brain volumes and smaller GM volume but not
WM volumes, both overall and within the major lobes [10]. As to
cortical thickness, previous studies of cortical GM thicknesses have
emphasized that left anterior cingulate region decreases in T2DM
subjects [11]. Regional cortical thinning is demonstrated in middle
temporal gyrus, posterior cingulate gyrus, precuneus, right lateral
occipital gyrus and entorhinal cortex bilaterally for patients with
T2DM compared with NC [12]. Quite a few studies have analyzed
the brain surface in detail. According to a cerebral cortical study,
the total cortical surfaces for both hemispheres are consistently
lower in the T2DM group, especially in the right hemisphere. And
post-hoc regional analyses have revealed significant differences in
hippocampal region and middle temporal gyrus [13].

The neuron cells (which constitute of GM)  with the same func-
tion get together to form the nerve center and adjust a specific
physiological function. The major function of GM is processing
information. Cortex is regarded as the highest achievement of
biological evolution and the foundation of the ability of human
thinking [14]. Obvious alterations of cortex happen with the devel-
opment, aging, and disease of the brain, which reflects the state
of the brain tissue and the level of the disease related to neurode-
generation [15]. However, separated analyses of volume, cortical
thickness, and surface area cannot completely reveal the integrated
alterations of T2DM. The advantage of combining the three char-
acters together is to discover more detailed abnormalities of the
brain. To address the need for analysis of volumetric and cortical
alterations in T2DM from brain MR  images, a toolbox called Brain-
Lab is utilized to process the brain MR  images for detection of subtle
structural changes in the brain.

2. Methods

2.1. Participants

Eighteen T2DM (aged 44–83, mean age 61.2 years) and seven-
teen NC (aged 78–76, mean age 62.2 years) were recruited for this
study. T2DM was diagnosed by at least one of the inclusion criteria
described in [16]: a fasting plasma glucose (FPG) level >7.0 mmol/L,
a 2 h plasma glucose level >11.1 mmol/L during an oral glucose
tolerance test, or a prior diagnosis of T2DM. The initial exclusion
criteria included the following: any prior insulin therapy, a his-
tory of dementia, cardiovascular complications (definite cerebral
infarction or encephalomalacia), cranial trauma, central nervous
system inflammatory disease, use of psychoactive drugs or hor-
mones, dehydration, or overhydration. The same exclusion criteria
were applied to NC, and none of NC had a history of hypertension.
All of the participants were right-handed and underwent a Mini
Mental State Examination (MMSE) [17] for the purpose of excluding
dementia. Written informed consent was obtained from all partici-
pants according to the approval of the ethics committee of the local
Institutional Review Board.

2.2. MR  imaging

All MR  images were acquired on a 3.0 Tesla MR  system (SIGNA
EXCITE, GE Healthcare, Milwaukee, WI,  USA), and a conventional
eight-channel phased array head coil was also used. A high resolu-
tion three-dimensional T1-weighted fast spoiled gradient recalled

echo sequence generating 118 contiguous axial slices (repetition
time [TR] = 6.3 ms,  echo time [TE] = 2.8 ms,  flip angle = 15, field of
view [FOV] = 24 cm × 24 cm, matrix = 256 × 256, in-plane resolu-
tion of 0.9375 mm  × 0.9375 mm,  number of acquisitions [NEX] = 1)
was used. Fast fluid-attenuated inversion recovery images
(TR = 8802 ms,  TE = 124.3 ms,  inversion time = 2200 ms,  slice thick-
ness = 4 mm,  gap = 1 mm,  matrix = 256 × 256, FOV = 24 cm × 24 cm,
NEX = 1) were obtained for general assessment purposes. The scan
protocol was identical for all participants.

2.3. Image processing

All structural brain MR images were processed using BrainLab
[18], running under Linux platform. The main functional modules
consisted of image preprocessing, brain extraction, tissue seg-
mentation, brain labeling, cortical surface reconstruction, and ROI
analysis. All these steps were executed automatically: (1) original
brain MR  images were normalized in orientations, voxel sizes, and
volume sizes obeying the right-hand rule. N3 bias field correction
was to remove the intensity inhomogeneity. (2) 3D deformable-
surface-based brain extraction algorithm [19] removed non-brain
tissue from the preprocessed images. (3) Level-sets-based tissue
segmentation algorithm [20] separated WM,  GM,  CSF, and back-
ground by constraining the cortical thickness within a biologically
reasonable range. (4) Map  of pre-labeled ROIs were mapped onto
the T2DM subjects [21]. (5) Accurate reconstruction of inner, cen-
tral, and outer cortical surfaces was  achieved by a deformable
surface method [22]. Specifically, the inner surface was  recon-
structed by topology correction of WM volume and tessellating the
corrected WM volume as a triangular mesh, and then central and
outer surfaces were deformed by forced derived Laplace equations.
(6) ROI volumes and cortical thicknesses were measured respec-
tively according to the number of voxels. All the image processing
algorithms implemented in BrainLab were already published in
leading journals and showed improved accuracy and effectiveness
compared with similar algorithms, which made our structural anal-
ysis results credible.

We obtained 90 volumetric ROIs [23] and 78 cortical ROIs (ignor-
ing 12 subcortical regions) [24]. Considering individual differences
in brain volume, the numerical volumes of gray matter on each ROI
were adjusted to the normalized volume by dividing the total brain
volume.

2.4. Statistical analysis

The continuous variables were described in mean and standard
deviation (SD). An independent sample t-test (p < 0.05) was applied
to compare the quantitative data, such as age and weight. A Chi-
square test (p < 0.05) was  used to compare gender between groups.
In comparison of GM volume, cortical thickness, and surface area,
the significance level was set to be 0.1 to conduct a pilot study,
which indicated potential trends at least. Multiple correction was
not performed since studies focus on potential trends of structural
abnormalities. The statistical analysis was performed using STATA
13.0 (StataCorp, College Station, Texas, USA).

3. Results

Age and weight distribution showed no significant difference
between T2DM and NC (Table 1). Volumetric and cortical differ-
ences could be detected compared with the two groups in Fig. 1.
The GM volume, cortical thickness, and surface area encoded by the
color from blue (smaller, thinner) to red (larger, thicker). Mean val-
ues and SD values of GM volume, cortical thickness, surface area,
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Fig. 1. The ROIs with statistical significant decline on volume, cortical thickness, and surface area were shown. The gray matter volume, cortical thickness, and surface area
were  encoded by the color from blue (small, thin) to red (large, thick). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

Table 1
Subject characteristics. There were no significant differences between the two
groups in gender, age, and weight.

NC T2DM Statistics p Values
n  = 17 n = 18

Gender N(%) N(%) Chi-
sq = 0.05

0.8259
Male 6(35) 7(39)
Female 11(65) 11(61)

Mean(SD) Mean(SD) p Values
Age 61.29(10.05) 62.11(7.46) t = 0.31 0.94
Weight 71.18(8.56) 71.39(8.36) t = 0.07 0.78

*p < 0.05.
The methods of statistical analysis for quantitative data are t-test (t value), and
chi-square (chi-sq values) test for qualitative data.

as well as the difference values and the p values of each group, are
provided in Table 2.

3.1. GM volume

Significant group differences between T2DM and NC on GM vol-
ume  are in left caudate (p = 0.0833) and right caudate (p = 0.0542).
According to the difference value in Table 2, the GM volumes of left
caudate and right caudate decrease significantly compared with
controls. Scatter plots of the mean GM volume in these ROIs are
shown in Fig. 2.

3.2. Cortical thickness

Significant thickness decline in left superior temporal gyrus
(p = 0.0631), left angular gyrus (p = 0.0558), left middle occipital
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Fig. 2. Results of the p values and the scatterplots of regional mean gray matter volume for NC and T2DM are shown. The color bar of p value is provided on the right. Gray
colors  on the brain indicate non-significant regions.

Fig. 3. Results of the p values and the scatterplots of cortical thickness for NC and T2DM are shown. The color bar of p value is provided on the right. Gray colors on the brain
indicate non-significant regions.
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Table  2
Gray matter volume, cortical thickness, and surface area of the statistical significant ROIs were listed below.

ROI NC T2DM Difference p Values
Mean(SD) Mean(SD)

Gray matter volume
Caudate left 0.0039(0.0005) 0.0038(0.0003) -0.0001 0.0833
Caudate right 0.0041(0.0005) 0.0040(0.0005) -0.0001 0.0542

Cortical thickness
Superior temporal gyrus left 2.4393(0.1490) 2.3535(0.1135) −0.0858 0.0631
Angular gyrus left 2.3827(0.0969) 2.3212(0.0868) −0.0616 0.0558
Superior occipital gyrus right 2.0735(0.1085) 1.9960(0.0878) −0.0776 0.0259
Middle occipital gyrus left 2.1105(0.0740) 2.0634(0.0320) −0.0471 0.019
Cuneus right 1.9645(0.1625) 1.8746(0.1185) −0.0899 0.0691

Surface area
Superior frontal gyrus (dorsal) right 3561.8654(547.0624) 3209.4689(454.6699) −352.397 0.0456
Paracentral lobule left 1350.8247(187.0068) 1188.6739(193.7319) −162.151 0.0169
Orbitofrontal cortex (superior) left 1106.5250(157.1917) 1018.9364(126.4667) −87.5886 0.0776

*p < 0.1.

Fig. 4. Results of the p values and the scatterplots of surface area for NC and T2DM are shown. The color bar of p value is provided on the right. Gray colors on the brain
indicate non-significant regions.

gyrus (p = 0.0190), right superior occipital gyrus (p = 0.0259), and
right cuneus (p = 0.0691) compared with control group. Scatter
plots of the cortical surface area in these ROIs are shown in Fig. 3.

3.3. Cortical surface area

Significantly smaller surface area are in right superior frontal
gyrus (dorsal) (p = 0.0456), left paracentral lobule (p = 0.0169), and
left orbitofrontal cortex (superior) (p = 0.0776). Further analysis
reveals surface area decline in all these three ROIs compared with
controls. Scatter plots of the cortical surface area in these ROIs are
shown in Fig. 4.

4. Discussion

This study investigates the GM volume, cortical thickness, and
surface area between T2DM and NC. Previous imaging morphome-
tric studies of T2DM have mainly focused on the measurement of
either volumetric or cortical characteristics, which is impossible
to differentiate the potential abnormality among the three char-
acteristics. With the state-of-the-art methods for brain MR  image

segmentation [20] and cortical surface reconstruction [22], we are
able to accurately compute the characteristics of the whole brain.

Microstructural abnormalities in bilateral caudate have been
found in previous studies of T2DM. Greater atrophies of WM and
GM are associated with memory, executive control, and processing
speed. These ROIs include the hippocampus, entorhinal cortex, pos-
terior cingulate, dorsolateral prefrontal cortex, posterior parietal
cortex, and striatum, as well as substructures of striatum: putamen,
caudate nucleus, and palladium [25]. Diabetes are associated with
microstructural abnormalities in frontal lobe, cerebellum, tempo-
ral lobe, right caudate, cingulate gyrus, pons, and parahippocampal
gyrus [26]. Magnetization transfer ratios were significantly lower
bilaterally in the head of the caudate nucleus [27]. Reduced magne-
tization transfer ratio shows correlations with neuropsychological
task performance in the domains of learning and memory, execu-
tive function, and attention and information processing [28]. Our
findings are generally consistent with the previous studies of T2DM.
Caudate nucleus, located in basal ganglia, is an important part of
controlling learning and memory system. Neuro cells in cerebral
nuclei connect with cerebral cortex and spinal cord, controlling
of voluntary movement and integrating awareness activities and
motor response, and advanced cognitive functions, such as mem-
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ory, emotion, and the brain’s reward systems. Lesions and disorders
in the basal ganglia lead to various cognitive disorders and thus
tending to cause Alzheimer’s disease. Alzheimer’s disease group
showed significant declined areas of voxels in caudate nucleus,
putamen, and thalamus, as well as bilateral retrosplenial cortex
[29]. Our findings concerning GM volume abnormalities in bilat-
eral caudate may  provide early warning of diabetes complications
and an early signal for risk of cognitive impairment.

Reduced cortical thicknesses in our study were found with
T2DM. Our findings are generally consistent with the existing find-
ings in T2DM. Cortical atrophies are most pronounced in temporal
lobe [9] and occipital regions [30] in T2DM. Increased cortical atro-
phies had been found in frontal, temporal, and parietal lobe [31].
Our result was consistent with the verdict that cortical thinning
was associated with T2DM compared with NC [32].

Few previous studies were on cortical surface area in patients
with T2DM. Significant cortical surface area differences were
located in middle temporal gyrus [12]. Though not completely con-
sistent with previous findings, ROI-based analysis revealed surface
area reduction in frontal and orbital region, which reflected more
subtle abnormalities sensitive to T2DM.

Each of the three characters represented specific physiological
meaning. Gray matter volumes were obviously declined in T2DM,
which affected the function of muscles, emotion, language, decision
making, and self-control. Cortex alterations were caused by neu-
ronal necrosis affected by hypoglycemia at the early phases of the
disease. Therefore, T2DM contributed to alterations in GM volume
and cortex, initiating the ability of thinking and memory problems,
which made the patients more likely to get cognitive impairment.

This study had several limitations. First, as for different mea-
surement methods for GM volume, cortical thickness, and surface
area, there existed an inconsistency among the three characters
since each of them reflected the specific function from different
aspects. Second, the sample number of subjects was not large
enough to well perform statistical analysis. But as a pilot study,
our findings revealed some potential ROIs that changed the most
in T2DM. This study provided a trend in brain structure alteration
in T2DM.

5. Conclusion

T2DM has a detrimental effect on brain, which causes the struc-
tural abnormalities on brain. These abnormalities occur before
cognitive decline develops. It has been demonstrated that the
abnormalities caused by T2DM are similar to those caused by
Alzheimer’s disease [33]. Although MR  images have been used to
detect brain abnormalities, few investigations provide integrated
information about volumes, cortex, and ROIs. The detection and
analysis of the volumes, cortical thickness, and surface area on
brain MR  images reveal the T2DM alterations, which has a great
significance in early diagnosis of the disease.
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