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Objective  The aim of this study is to investigate the cerebral cortical thickness changes in type 2 diabetes
mellitus (T2DM) using a whole brain cortical thickness mapping system based on brain magnetic resonance imaging
(MRI).

Methods High resolution three-dimensional T1-weighted fast spoiled gradient recalled echo MR
images were obtained from 16 patients with T2DM, as well as from 16 normal controls. The whole brain
cortical thickness maps were generated, and the cortical thickness of each brain region was calculated
according to gyral based regions of interest (ROI) using an automated labeling system by the Freesurfer
software. We compared mean cortical thickness at each brain region by the analysis of covariance with age and
sex as covariates. The regional difference of the cortical thickness over the whole brain was compared by the
analysis of surface-based cortical thickness.

Results Mean cortical thicknesses analysis showed bilateral cerebrum in the patients with T2DM (left:
2.5240.07 mm; right: 2.51£0.08 mm) were significant thinner than those in the normal controls (left:
2.5610.09 mm; right: 2.56£0.09 mm) (both P<0.05). Regional cortical thinning in T2DM was
demonstrated in the paracentral lobule, postcentral gyrus, lateral occipital gyrus, lingual gyrus, precuncus,
superior temporal gyrus, middle temporal gyrus, inferior temporal gyrus and posterior cingulate gyrus,
compared to the normal controls. The cortical thickness of left middle cingulate and right inferior temporal
gyrus were negatively correlated with the disease course.

Conclusion A widespread cortical thinning was revealed in patients with T2DM by the analysis of brain cortical
thickness on MR. Our finding supports the idea that T2DM could lead to subtle diabetic brain structural changes.
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IABETES is a common metabolic disease with
progressive damage in peripheral and central
nervous systems caused by chronic hyper-
glycaemia. Cognitive dysfunction has been

observed in patients with type | diabetes mellitus® or T2DM.

It has been reported that patients with diabetes mellitus
have a greater risk of cognitive function decline than
healthy people.? Some longitudinal studies provided
compelling evidence to support the view that type 2 dia-
betic patients were at increased risk of developing cogni-
tive impairment in comparison to the general population.®
Therefore it is necessary to evaluate the brain structure in
T2DM in order to understand the changes in diabetic brains.

In some studies, the brain atrophy was investigated
through visual assessment and rating scales on conven-
tional MR images in patients with T2DM.4% However, it is
difficult to evaluate subtle brain structural changes using
these methods. Voxel-based morphometry (VBM) is an
automatic technique for brain structural evaluation. A
study using VBM has demonstrated the atrophy of gray and
white matter in the right temporal lobe in patients with
T2DM.” Although VBM can be used in detecting subtle gray
matter volume changes over the whole brain, it is not an
ideal technique for the delineation of cortical structure,
because it is a kind of statistical method at voxel level
rather than a measurement of the cortical thickness.

Cortical thickness measurement provides us with a
methodological innovation for assessing subtle changes of
cortical thickness in human brain. Combining the image
information and geometry constraints, the surface of gray
and whiter matter can be reconstructed, and then the
cortical thickness can be measured based on identification
of the morphometric features of cortex.® In the past few
years, many novel methods have been proposed to focus
on cortical thickness measurement, including coupled
surface method,®*° closest point method,° Laplace meth-
od'' and voxel-based cortical thickness.'? Subsequent
studies®®* using these techniques have shown that cortical
thickness measurement could potentially provide more
valuable information than volume measurement in neu-
rodegenerative and psychological diseases. In a study®
using Laplace methods to investigate the cortical thickness
of diabetic brain, however, only regions of interest (ROI)
statistical analysis was performed. Herein, surface-based
cortical thickness analysis may provide more information of
structural alteration for diabetic brains.

In this study, we used a whole brain cortical thickness
mapping technique aiming at detecting possible alteration
of cortical thickness over whole brain in patients with
T2DM.
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MATERIALS AND METHODS

Subjects

Patients from the diabetes outpatient clinic at PLA General
Hospital who met one of the following inclusion criteria
were eligible for the study:1® fasting plasma glucose (FPG)
level>7.0 mmol/L; 2-hour plasma glucose level >11.1
mmol/L during oral glucose tolerance test (OGTT); or a
prior diagnosis of T2DM. The exclusion criteria were as
follows: a history of dementia, macrovascular complica-
tions (definite cerebral infarction or malacia), cranium
trauma, inflammatory diseases of the central nervous
system, or use of psychoactive drugs or hormones. In
addition, we evaluated brain atrophy and white matter le-
sions (WMLs) of the candidates on conventional MR images
using ten-level grading scales.!” Patients with brain atro-
phy of grade 0 (normal ventricular size) or grade
1(presumably normal ventricular size), and WMLs in grade
0 (normal white matter) or grade 1 (barely detectable
white matter changes) were enrolled in this study. Finally,
sixteen patients with T2DM were included.

Normal controls were recruited from our hospital staffs
or their relatives with gender matched evenly. The same
exclusion criteria were applied to the normal controls, and
none of the controls had a history of hypertension. There
were sixteen normal controls enrolled in the study. All the
subjects were right-handed and underwent Mini Mental
State Examinations (MMSE)*2 in order to exclude the possi-
bility of dementia.

Written informed consents were obtained from all
participants according to the approval of the ethics com-
mittee of the local institutional review board.

MRI acquisition

High resolution structural images were obtained froma 3.0 T
MR system (SIGNA EXCITE, GE Healthcare, Milwaukee,
WI, USA) with a conventional eight-channel phased array
head coil. Conventional axial fast fluid-attenuated inver-
sion recovery (FLAIR) images were acquired firstly, and
the parameters were as follows: TR (repetition time)=
8802 ms, TE (echo time)=124.3 ms, Tl (invertion time)=
2200 ms, slice thickness=4 mm, gap=1 mm, matrix=
256x%256, FOV (field of view) = 24 cmx24 cm, NEX
(number of acquisition)=1. The structural images were
generated from the high resolution three-dimensional
T1-weighted fast spoiled gradient recalled echo (3D
T1-FSPGR) sequence. The parameters were as follows:
TR=6.3 ms, TE=2.8 ms, flip angle=15°, FOV=24 cmx24 cm,
Matrix=256x%256, in-plane resolution was 0.9375 mmx
0.9375 mm, NEX=1.
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Data processing
All the MR raw data was archived and retrieved using
picture archiving and communication system (K-PACS
V1.6.0). The whole brain cortical thickness measurements
were performed using Freesurfer software (version 4.3.0)
(http://surfer.nmr.mgh.harvard.edu/), which was run in
Linux 2.6.15-2.5 operating system.

The main imaging process was as follows:1® (1) Using
N3 algorithm to correct the filed inhomogeneity, and using
a hybrid watershed algorithm to remove the non-brain
tissues;?° (2) subcortical white matter and gray matter
segmentation with automatic Talairach transformation;?%-23
(3) generating the gray/white matter surface and pial
surface with automatic topological defect correction;?* (4)
morphing and registering individual reconstructed surface
to the average spherical surface;?® (5) labeling Desi-
kan-Killiany brain regions to individual surface by auto-
matic spherical transformation®® (Fig.1A,1B); (6) the
cortical thickness calculation defined as the shortest
distance between reconstructed brain surface;?*2% (7)
spatial surface-based smoothing with a 10-mm full width
at half height Gaussian kernel before the surface-based
cortical thickness analysis.

Statistical analysis

Age and MMSE were compared using Student’s t test. Body
mass index (BMI) was compared using the Welch test due
to unequal variances between the patients and normal
controls. Bilateral mean cortical thickness and vertex cor-
tical thickness of every brain region of each hemisphere
were compared between the patient and control groups
using analysis of covariance (ANCOVA) with age and BMI as
covariates. All P values of less than 0.05 were considered
statistically significant. The statistical analysis was per-
formed using SPSS 19.0.

RESULTS

Demographic characteristic
There was no significant difference for age, BMI and MMSE
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between the patients with T2DM(61.2+7.8 years, 25.7+ 3.9
kg/mm? and 26.0+2.0) and the normal controls (59.6+6.1
years, 25.3+1.6 kg/mm? and 28.4+1.3) (all P values >
0.05). The mean disease duration was 13.2+5.6 years, and
mean HbAlc was 8.4+1.7 mmol/L for the patients.

Changes of T2DM in Mean cortical thickness analysis
over the whole brain

Hemisphere

The results showed that bilateral cortical thicknesses in
T2DM (left: 2.52+0.07 mm; right: 2.51+0.08 mm) were
significantly thinner than those of the normal control group
(left: 2.56+0.09 mm; right: 2.56+0.09 mm) (left, F=6.18,
P=0.019; right, F=8.98, P=0.006).

Comparison of mean cortical thickness over every brain
region in T2DM with NC

According to gyral based regions of interest (ROI) using an
automated labeling system,?® the brain regions with signif-
icantly decreased cortical thickness mainly located in left
paracentral lobe, bilateral postcentral gyrus, lateral occipital
gyrus, lingual gyrus, precuneus, temporal lobe, cingulate
and insular lobe compared with normal controls (Table 1).

Changes of cerebral cortex in Surface-based cortical
thickness analysis over the whole brain

For the left cerebral hemisphere, compared to normal
controls, patients with T2DM showed
of cerebral cortex in the precentral gyrus (1 cluster),
postcentral gyrus (2 clusters), rostral middle frontal gyrus

regional thickening

(1 cluster) and superior frontal gyrus (1 cluster), while
regional thinning of cerebral cortex in precentral gyrus (1
cluster), postcentral gyrus (1 cluster), superior temporal
gyrus (3 clusters), middle temporal gyrus (1 cluster), in-
ferior temporal gyrus (1 cluster), inferior parietal lobule (1
cluster), paracentral lobule (2 clusters), superior frontal
gyrus (1 cluster), posterior cingulate gyrus (1 cluster),
precuneus (2 clusters), lingual gyrus (3 clusters), and
lateral occipital gyrus (1 cluster) (Fig. 2A).
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Figure 1. Thirty-three brain regions on reconstructed maps with automatic labeling. A. lateral view; B. medial view (by the

Freesurfer software).
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Table 1. Comparisons of mean cortical thickness of each brain region between T2DM patients and normal controls®
Cortical thickness (mm)
Brain lobe Brain syrus T2DM NC F value P Value
n=16 n=16
Front lobe L Paracentral 2.50+0.12 2.65+0.13 13.16 0.001
R Paracentral 2.55+0.13 2.61+0.13 1.44 0.16
Parietal lobe L postcentral 2.16+0.09 2.21+0.11 6.03 0.02
R postcentral 2.14+0.12 2.21+0.14 4.75 0.04
Occipital lobe L occipital gyrus 2.28+0.11 2.83+0.13 4.72 0.04
R occipital gyrus 2.32+0.11 2.47+0.12 13.57 0.00
L lingual gyrus 1.98+0.08 2.12+0.18 8.74 0.01
R lingual gyrus 1.95+0.12 2.06+0.19 5.66 0.02
L precuneus cortex 2.43%+0.09 2.50%+0.11 6.76 0.02
R precuneus cortex 2.41+0.12 2.50+0.10 4.70 0.04
Temporal lobe L inf. temporal gyrus 2.89+0.12 2.99+0.13 6.30 0.02
R inf. temporal gyrus 2.83+0.13 2.93+0.18 7.07 0.01
L mid. temporal gyrus 2.87+0.11 2.97+0.15 5.78 0.02
R mid. temporal gyrus 2.85+0.13 2.97+0.11 11.32 0.001
L sup. temporal gyrus 2.63x0.11 2.71+0.15 1.75 0.09
R sup. temporal gyrus 2.65+0.13 2.79%0.12 11.94 0.001
L fusiform gyrus 2.77+0.11 2.81+0.14 0.90 0.37
R fusiform gyrus 2.64+0.14 2.80+0.15 9.04 0.01
Limbic system L post. Cingulate gyrus 2.70+0.11 2.82+0.13 8.12 0.01
R post. Cingulate gyrus 2.64+0.14 2.84+0.10 12.33 0.001
L isthmus of cingulate 2.56+0.16 2.61+0.20 0.79 0.43
R isthmus of cingulate 2.43+0.16 2.60+0.20 4.52 0.04
L insular cortex 2.99+0.18 3.06+0.19 1.10 0.28
R insular cortex 2.93+0.14 3.09+0.17 8.60 0.01

8: Plus-minus values are meanzstandard deviation.

T2DM: type 2 Diabetes Mellitus; NS: normal controls L: left; R: right.

For the right cerebral hemisphere, compared to normal
controls, patients with T2DM showed regional thickening of
cerebral cortex in the superior frontal gyrus (1 cluster) and
rostral middle frontal gyrus (1 cluster), while regional
thinning of cerebral cortex in postcentral gyrus (2 clusters),
superior temporal gyrus (4 clusters), transverse temporal
gyrus (1 cluster), middle temporal gyrus (2 clusters), in-
ferior temporal gyrus (2 clusters), lateral occipital gyrus (4
clusters), precuneus (2 clusters), posterior cingulate gyrus
(2 clusters), caudal anterior cingulate (1 cluster) and en-
torhinal cortex (1 cluster)(Fig. 2B).

Relationship between Surface-based thickness altera-
tion in T2DM and clinical features
Covariance analysis revealed that the cortical thickness

of left middle cingulate [-6,-1,40] (r value=0.76, Pun-
corr = 0.000) and right inferior temporal gyrus [52,-58,
-12] (r value=0.85, Puncorr=0.000) were negatively
correlated with the disease duration (Fig. 3). There was
no significant correlation between the cortical thickness
and HbAlc.

DISCUSSION

Cortical thickness analysis is one of the most important
brain structure analysis techniques. In this study, the
whole brain cortical thickness map was generated by
combining the coupled surface method and the closest
point method, and then surface-based cortical thickness
analysis was applied. The cortical thickness is defined by
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Figure 2. Regional cortical changes analyzed with surface-based cortical thickness in the brain of patients with T2DM

compared with normal controls. Dark gray areas on the inflated cortical surface represent the sulci, light gray

areas represent the gyri, and the color scale bar is on a —log (P value). Red clusters show that cortical thickness

was thicker in diabetic patients than that of the normal controls. Blue clusters show that cortical thickness was

thinner in the patients than that of normal controls.

A.Left hemisphere: Brain regions with regional thickening are located in precentral gyrus, postcentral gyrus,

rostral middle frontal gyrus and superior frontal gyrus; brain regions with regional thinning are located in

precentral gyrus, postcentral gyrus, superior temporal gyrus, middle temporal gyrus, inferior temporal gyrus,

inferior parietal lobule, paracentral lobule, superior frontal gyrus, posterior cingulate gyrus, precuneus, lingual

gyrus and lateral occipital gyrus.

B.Right hemisphere: Brain regions with regional thickening are located in superior frontal gyrus and rostral

middle frontal gyrus; brain regions with regional thinning are located in postcentral gyrus, superior temporal

gyrus, transverse temporal gyrus, middle temporal gyrus, inferior temporal gyrus, lateral occipital gyrus,

precuneus, posterior cingulate gyrus, caudal anterior cingulate and entorhinal.
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Figure 3. Cortical thickness of brain regions that negatively correlated with disease course in T2DM patients. The color scale bar is

on a —log (P value).

A. Middle cingulate of left hemisphere; B. Inferior temporal gyrus of right hemisphere.

the shortest distance between the gray/white matter
surface and the pial surface based on the coupled surface
method with submillimeter precision.® Unlike volume-
based smoothing (commonly used in VBM analysis with
3-dimensional space), the surface-based smoothing was
performed based on 2-dimensional space, and only the
adjacent vertexes were averaged. Therefore, surface-based
cortical thickness analysis could provide more objective
and precise cortical thickness measurements over the
whole brain.

The analysis of the mean cortical thickness of whole

brain demonstrated that cortical thicknesses of both

hemisphere in the patients with T2DM were thinner than
those of the normal controls, which is consistant with the
study by Brundel et al,?” suggesting brain injury induced by
the disease. However, the measurements of mean cortical
thickness in diabetic patients in our study were thicker than
those in Brundel's study.?’” This discrepancy may result
from the following reasons. Firstly, magnetic field strength
of MRI scanner we used was 3.0 T, instead of 1.5 T as used
in his study. Secondly, the mean age of patients in our
study was 61.2+7.8 years, which was younger than that of
Brundel’'s study (68.1+4.3 years). Thirdly, the different
mean cortical thickness of whole brain may be associated
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with BMI, the history of hypertension, HbAlc, and the
treatment that subjects has received.

The mean cortical thickness of brain region was cal-
culated according to gyrus-based regions of interest (ROI)
using an automated labeling system. The mean cortical
thickness analysis of the frontal cortex demonstrated that
only left paracentral lobule showed significant thinning in
the patients compared with that of normal control group.
However, surface-based cortical thickness analysis indi-
cated that multiple clusters of the frontal cortex were
thicker (positive) or thinner (negative) in the patients than
in normal controls. We therefore believe that the mean
cortical thickness analysis reveals the thickness of the
whole frontal cortical region in general, while sur-
face-based cortical thickness analysis delineates a rela-
tively detailed description. Thus, the cortical injury pattern
of the diabetic brain could be better depicted and inves-
tigated by combining these two methods.

In patients with T2DM, multiple positive clusters in the
frontal cortex may represent the heterogeneous intrinsic
changes of the brain. This may be interpreted as a transient
inflation in some circumstances, and the negative clusters
could be considered as true cortical thinning of brain injury.
The mechanism in changes of cortical thickness should be
further explored, especially for the positive clusters of the
thickened cortex in the patients.

The mean cortical thickness analysis revealed signifi-

cant thinning in bilateral postcentral cortices in the patients.

The surface-based cortical thickness analysis detected both
thickened and thinning clusters in the left postcentral
cortex, but merely thinning clusters in the right postcentral
cortex. Therefore, attention should be paid to bilateral
postcentral cortices in diabetic brain.

Early detection of occipital cortical injury is of great
importance because the occipital cortex is mainly in charge
of vision and sense of motion. In this study, the thinning
occipital cortex, detected by both mean and surface-based
cortical thickness analysis, was mainly located in bilateral
lateral occipital gyri, lingual gyri and precuneus cortices.
These results were different from the previous VBM study,”
where no volume change in the occipital cortex was de-
tected. Therefore, our result suggected the cortical
thickness analysis could detect subtle cortical changes in
T2DM.

In this study, both mean and surface-based cortical
thickness analysis demonstrated cortical thinning in mul-
tiple temporal regions, and there was no thickening clus-
ters detected. This result is consistent with the previous
studies.”?” It is reasonable to consider that bilateral
temporal cortices are the major targeted regions of injury

June 2017

in T2DM.

Additionally, mean cortical thickness analysis of the
limbic system demonstrated cortical thinning in bilateral
posterior cingulate gyri, right isthmus of cingulate gyrus,
and right insular cortex, while surface-based cortical
thickness analysis confirmed the regional cortical thinning
in the bilateral posterior cingulate, right caudal anterior
cingulate gyrus and right entorhinal cortex. Meanwhile,
bilateral hippocampus and parahippocampus showed no
significant difference between the T2MD patient and the
controls. Therefore, cingulate cortex may be a special site
of brain injury in patients with T2DM.

In this study, we found the cortical thickness of left
cingulate and right inferior temporal gyrus were negatively
correlated with disease duration, and no positive correla-
tion was revealed. This finding indicated cortical thickness
analysis could provide a valuable information for the brain
impairment evaluation in a variable disease course of T2DM,
and disease course could be considered as a clinical index
to evaluate the brain impairment.

Our findings demonstrated the presence of cortical
impairment and damage in diabetic brains. For the cortical
impairment, it may manifest as a transient cortical thick-
ening. Longitudinal observation is needed to investigate
the outcome of these alterations in brain. For the cortical
damage, it may present as cortical thinning, and the in-
volved brain regions may be irreversible. Therefore,
evaluation of cortical thickness over the whole brain is
important for diabetic brains, and cortical thickness may be
considered as an imaging biomarker for diabetic brain
changes. The cortical thickness analysis could strengthen
the management of diabetic patients.

This study is a cross-sectional study and the sample
size is relatively small, which may limit the strength of our
results. Pathological evidence is needed in future, and
special attention should be paid to the thickening clusters
in longitudinal study.

In summary, whole brain cortical thickness mapping
demonstrated that widespread cortical thinning existed in
the patients with T2DM. This finding supports the notion
that T2DM could lead to subtle diabetic brain structural
changes in patients who are free from dementia or
macrovascular complications.
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