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Background: There has been a considerable focus on the changes of functional connections between brain 
regions in patients with type 2 diabetes mellitus (T2DM) by previous resting-state functional magnetic 
resonance imaging (rs-fMRI) studies. However, little is known about the function of brain information 
integration between the two hemispheres of the brain. This study explores differences in interhemispheric 
coordination between T2DM patients and normal control (NC) subjects using the voxel-mirrored 
homotopic connectivity (VMHC) method. We also assess whether differences in VMHC were relevant to 
cognitive dysfunction in T2DM patients.
Methods: Sixty-nine T2DM patients and 69 NC subjects were enrolled (matched for age, sex and education 
level). All participants underwent cognitive assessments. VMHC between brain regions was obtained by rs-
fMRI analysis. Partial correlation analysis (after controlling for age, sex and education level) was used to 
explore the correlation between VMHC value and neuropsychological tests.
Results: Compared with NC subjects, T2DM patients exhibited significantly lower VMHC in the medial 
orbitofrontal gyrus cortex (mOFC), anterior cingulate gyrus, inferior parietal lobe, superior and middle 
temporal gyrus (MTG), middle occipital gyrus, and superior occipital gyrus. Moreover, after applying 
Bonferroni correction, the Montreal Cognitive Assessment (MoCA) score and VMHC value for the MTG 
were significantly positively correlated in T2DM patients. In contrast, T2DM patients exhibited higher 
VMHC in the cerebellum posterior lobe and tonsil and inferior temporal gyrus than the NCs.
Conclusions: Our study indicates that functional coordination between homotopic brain regions is 
generally impaired in T2DM patients. In brain regions with decreased VMHC in the default mode 
network (DMN), MTG impairment could serve as a critical node for T2DM-related cognitive dysfunction. 
Furthermore, the increased VMHC observed in the cerebellum and inferior temporal gyrus might indicate a 
functional coordination mechanism.
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Introduction

Type 2 diabetes mellitus (T2DM) is a chronic progressive 
metabolic disease characterized by hyperglycemia. Diabetes 
can result in progressive damage to the central nervous 
system. Approximately 10.8–17.5% of diabetic patients 
develop cognitive dysfunction (1), including mild cognitive 
impairment (MCI) and dementia (2). T2DM is associated 
with cognitive impairment (3,4), which typically symptoms 
manifest as a decline in memory, attention, information 
processing speed (5), and executive function (6). T2DM-
induced neurocognitive changes may significantly affect 
quality of life. However, its exact neuropathophysiological 
substrate has not yet been fully elucidated.

The advent of novel neuroimaging techniques has 
shed new light on this issue. Conventional MRI is used 
to show changes in human brain structure to reflect 
the corresponding pathological changes. Resting-state 
functional magnetic resonance imaging (rs-fMRI) is a non-
invasive procedure based on blood-oxygen-level-dependent 
(BOLD) neuroimaging technology, providing a way to 
directly characterize the functional connectivity between 
brain regions and quantify interhemispheric functional 
interactions and being useful for assessing neural-network 
connectivity (7). Rs-fMRI studies have shown specific 
brain network changes in T2DM patients, especially in 
the default mode network (DMN), which may suggest a 
heightened risk for cognitive decline (8,9). The posterior 
cingulate cortex (PCC), which is associated with insulin 
resistance in selected brain regions, has developed abnormal 
functional connectivity in T2DM patients (10). Chen  
et al. (11) found that T2DM patients showed reduced 
functional connectivity between the bilateral hippocampus. 
These studies suggest that the decline in cognitive 
performance in T2DM patients is associated with reduced 
functional connectivity. However, previous studies using rs-
fMRI have primarily focused on the abnormal functional 
connectivity between brain regions. The functional 
coordination between bilateral hemispheres in T2DM has 
not yet been directly examined.

Functional homotopy, the high degree of synchronization 
of spontaneous activity between geometrically corresponding 
hemispheric (i.e., homotopy) regions, is a fundamental 
feature of the brain’s internal functional structure (12). Many 
early studies have also shown that the mode of information 
communication between bilateral hemispheres is a key 
component of cognitive processing (13,14). Based on the 
importance of information communication and integration 

between the two hemispheres for higher-order cognitive 
function, and multiple cases of cognitive impairment in 
T2DM patients (3,4), we hypothesized that the information 
communication mode between hemispheres in T2DM 
patients is abnormal.

To evaluate the spatial heterogeneity of functional 
information exchange and integration between the rest 
cerebral hemispheres between T2DM patients and normal 
controls (NC), we analyzed the rs-fMRI data using voxel-
mirrored homotopic connectivity (VMHC). VMHC is a 
method that directly compares interhemispheric resting-
state functional connectivity (RSFC) (12). The VMHC 
can quantitatively evaluate the functional connection of 
time series correlation between the corresponding voxels 
mirrored on both sides of the brain. The VMHC has been 
used successfully to study functional homotopy in major 
depressive disorder (15), autism (16), and normal aging (12).

The aim of this study is to evaluate the abnormal 
homotopy functional connection in T2DM patients, so as 
to provide evidence for whether the change of functional 
information exchange and integration between hemispheres 
of T2DM patients is involved in the pathogenesis of T2DM-
related cognitive dysfunction. In addition, considering the 
importance of information exchange and integration between 
cerebral hemispheres for cognitive function, it is necessary to 
explore whether there is a correlation between VMHC and 
neuropsychological tests in T2DM patients.

We present the following article in accordance with the 
STROBE reporting checklist (available at https://dx.doi.
org/10.21037/apm-21-1655).

Methods

Participants

This study protocol was approved by an independent Ethics 
Committee of the 980th Hospital of Joint Logistics Support 
Force (No.: 2020-KY-38), China. Before this study, all the 
subjects voluntarily signed the written informed consent. 
All procedures performed in this study involving human 
participants were in accordance with the Declaration of 
Helsinki (as revised in 2013). The complete medical records 
of each subject were also obtained. The privacy rights of 
human subjects were always observed. All participants were 
right-handed. Four T2DM patients and two NC subjects 
were excluded from subsequent analyses as a result of head 
motion artifacts.

A total of 69 T2DM patients from the Departments of 
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Endocrinology were enrolled in this study, based on the 
American Diabetes Association (ADA) diagnosis criteria (17). 
All T2DM patients were routinely treated with hypoglycemic 
drugs. Additionally, the T2DM patients were treated with 
other non-pharmacologic strategies such as diet control 
and exercise. All procedures were completed under the 
supervision of an experienced endocrine doctor.

Also enrolled were a total of 69 NC subjects matching 
for age, sex and education level with the T2DM group. 
All 69 NC subjects were agreed to perform MRI. The NC 
subjects with fasting glucose >6.1 mmol/L or postprandial 
glucose >7.8 mmol/L were excluded.

The exclusion criteria for all participants were central 
nervous system diseases, including a history of cerebral 
infarction, history of head trauma, history of drug 
dependence, history of alcohol dependence, and depression 
(assessed by Hamilton Depression scale); other neurological 
or psychiatric illnesses (excluded through clinical evaluation 
and medical history); contraindications for magnetic 
resonance imaging (MRI); and dementia [assessed by Mini-
Mental State Examination (MMSE) score <24]. Patients 
with related medical diseases (such as cancer, diabetic 
ketoacidosis and hypothyroidism) and severe vision or 
hearing loss were also excluded from this study. Patients 
with vascular risk factors [hyperlipidemia, white matter 
hyperintensity (WMH), hypertension] were also excluded.

Neuropsychological tests

In this study, the MMSE and the Montreal Cognitive 
Assessment (MoCA) scale were used to test the overall 
cognitive function of the subjects. The MMSE scale is the 
most widely used scale for testing possible dementia (18). 
The MoCA scale (Beijing version) was used to evaluate the 
cognitive status (including visual space, executive function, 
attention, language, delayed recall and orientation function) 
of each subject (19). A higher MOCA score (from 0 to 30) 
indicates better cognitive function. Approximately 1 hour 
was needed to complete all the tests in an established order. 
A skilled neuropsychiatrist assisted the test process with a 
single blind method.

MRI data acquisition

All the MRI data were acquired with a 3.0 T Siemens Tim 
Trio MRI scanner (Erlangen, Germany), which is equipped 
with a standard eight-channel head coil. First, T1-weighted, 
T2-weighted and fluid attenuation-inversion recovery 

imaging data was collected from all subjects to exclude 
organic disease and WMH lesions. The rs-fMRI data were 
then acquired using an echo-planar imaging (EPI) sequence. 
The rs-fMRI detailed parameters are as follows: 36 axial 
slices, slice thickness =3 mm, repetition time (TR) =2,000 ms,  
echo time (TE) =30 ms, flip angle (FA) =90°, field of 
view (FOV) =192×192 mm2, data matrix =64×64, voxel  
size =3×3×3 mm3, and total volumes =240. Rs-fMRI scanning 
of each participant lasted for 8 minutes. During the rs-
fMRI scan, all subjects kept their eyes closed and their 
bodies still, tried not to think, and avoided falling asleep. A 
high-resolution sagittal structural T1-weighted anatomical 
sequence was then acquired using the following parameters: 
TR =1,900 ms, TE =2.52 ms, FA =9°, slice thickness  
=1 mm, FOV =256 mm × 256 mm, matrix =256×256, voxel 
size =1×1×1 mm3, and 176 slices.

Functional image preprocessing

The rs-fMRI data were preprocessed using the Data 
Processing Assistant for rs-fMRI (DPARSF) (20) with 
statistical parametric mapping (SPM8, http://wwwfil.ion.
ucl.ac.uk/spm) in MATLAB (R2010a) (MathWork, Natick, 
MA, USA). Firstly, after the functional and structural image 
data of DICOM format were converted into NifTI format, 
the data of the first 10 time points were deleted to ensure 
that the subjects were not affected by ambient noise during 
MRI scanning. Secondly, slice timing was performed. Third, 
realignment for head motion correction was performed. 
Any subjects with head motion >2.0 mm translation or 
>2.0° rotation in any direction were excluded (20). Linear 
regression was used to remove covariant parameters such 
as average signals of whole brain, cerebrospinal fluid, white 
matter, the signal from a ventricular region of interest (ROI) 
and head movement parameters (21). The functional images 
were registered to the standard MNI space, and resampled 
with the pixel size of 3×3×3 mm3. The generated images 
were smoothed with a Gaussian kernel having a full-width 
at half-maximum (FWHM) value of 6 mm (FWHM equals 
two times the voxel size) (12). Linear trend removal and 
bandpass (0.01–0.08 Hz) filtering were conducted using the 
Resting-State fMRI Data Analysis Toolkit (REST) (22). After 
filtering, the generated image data were used for VMHC 
analysis.

VMHC 

VMHC whole brain analysis of the data between the  
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two groups was carried out using DPARSF software. 
For each subject, the VMHC value was determined by 
calculating the Pearson correlation coefficient between each 
voxel in one hemisphere and the mirrored time series in 
the contralateral hemisphere. The correlation values were 
then transformed by Fisher’s z to improve their normal 
distribution. VMHC value can be used for group analysis 
statistics. A previous study describes the details of VMHC 
acquisition (12).

The mean framewise displacement (FD) that indicated the 
temporal derivative of the motion parameters were computed, 
as slight head motion could affect RSFC results (23).  
Differences in mean FD values were subsequently compared 
between T2DM patients and NC subjects using independent-
sample t-tests. Thereafter, the computed FD values were 
used as the covariates for the VMHC comparisons among 
groups.

Statistical analysis

The PASW statistical software package (version 18.0, 
Chicago, IL, USA) was used to conduct all analyses. The 
normal distribution of continuous variables was tested 
using PASW. The differences of demographic data, clinical 
measurement index, and neuropsychological scale between 
T2DM patients and the NC subjects were analyzed by 
independent sample t-test. The sex differences between the 
two groups were compared using Chi-square test.

Here we compared the VMHC maps by two-sample t-tests 

after controlling for age, sex and education level. Monte 
Carlo simulation function was utilized to determine the exact 
level of statistical significance. After the AlphaSim correction, 
the threshold for single voxel was down to 0.01 with a 
40-voxel cluster. All operations were performed using REST.

The 7 identified clusters (see Table 1), which resulted 
from regions showing significant differences in VMHC 
between T2DM patients and NC subjects, were defined 
as the ROIs. To determine whether VMHC calculations 
were relevant to cognitive decline, the correlation between 
the MOCA values and the VMHC values of each ROI was 
tested using partial correlation analysis (after controlling 
for age, sex and education level) with statistical significance 
set at 0.05. A total of 7 ROIs were enrolled into the test. 
Bonferroni correction was used to determine the statistical 
significance level when multiple tests were performed. 
Therefore, the statistical significance level of each single 
test was set at 0.05/7 (total significance level/the number of 
multiple tests).

Results

Demographic information and clinical characteristics

Table 2  shows the demographic, clinical and neuropsychological 
test characteristics of all the subjects. No significant 
differences (all P>0.05) were found in age, sex or education 
level between the T2DM patients and NC groups. The 
T2DM patients and NC groups did not differ (all P>0.05) in 
terms of total cholesterol level, blood pressure, MMSE score 

Table 1 Regions showing significant differences in VMHC between T2DM patients and NC

Anatomical region BA
MNI coordinates

Voxels Peak Z value
X Y Z

NC > T2DM

Medial orbitofrontal gyrus/anterior cingulate gyrus 11/10 0 48 −9 98 3.6276

Inferior parietal lobe 40 ±39 −54 48 234+244 3.808

Superior temporal gyrus 22 ±63 −15 9 44+44 3.6349

Middle temporal gyrus 21 ±48 −51 9 42+42 3.3854

Superior occipital gyrus/middle occipital gyrus 17 ±21 −102 12 206+102 3.5546

NC < T2DM

Inferior temporal gyrus 20 ±42 −9 −48 76+81 −4.2238

Cerebellum posterior lobe/cerebellar tonsil – ±15 −42 −63 260 −4.8956

VMHC, voxel-mirrored homotopic connectivity; MNI, Montreal Neurological Institute; T2DM, type 2 diabetes mellitus; NC, normal controls; 
BA, Brodmann’s area; Z, statistical value of the peak voxel; x, y, z, coordinate of primary peak locations in the MNI space.
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and body mass index (BMI). Compared with the NC subjects, 
T2DM patients had higher HbA1c level (P<0.001). T2DM 
patients had significantly decreased MoCA scores than NC 
subjects (P<0.001). No significant difference (P=0.211) was 
found in the mean FD values between T2DM patients and 
NC subjects.

VMHC differences between groups

When compared with the NC group, patients with T2DM 
demonstrated significant decreases in VMHC (Figure 1) 
in the medial orbitofrontal gyrus cortex (mOFC), anterior 
cingulate gyrus, inferior parietal lobe, superior temporal 
gyrus and middle temporal gyrus (MTG), which are part 
of the DMN regions (24). Several non-DMN regions 
also exhibited decreased VMHC, including the middle 
occipital gyrus and superior occipital gyrus. Moreover, 
the cerebellum posterior lobe and tonsil and the inferior 
temporal gyrus exhibited increased VMHC (Figure 2). More 
details on these regions are provided in Table 1.

Relationships between VMHC and MoCA

Partial correlation analysis indicated a significant positive 

correlation (r=0.335, P=0.006) between the MoCA and 
VMHC of the MTG in T2DM patients (Figure 3). There 
was no significant correlation between other brain regions 
and MoCA scores in T2DM patients. Partial correlation 
analysis also indicated no significant difference (P=0.286) 
between the VMHC and MoCA scores of the MTG in NC 
subjects.

Discussion

This study compared interhemispheric RSFC changes 
between T2DM patients and NC subjects via the VMHC 
method, and demonstrated that T2DM patients had 
decreased VMHC in DMN regions. We found that the 
MTG is related to poor cognitive performance, which could 
be the critical node to understanding cognitive impairment 
in T2DM. In contrast, T2DM patients exhibited increased 
VMHC in the cerebellum and inferior temporal gyrus.

In this study, there was no significant difference observed 
in the MMSE scores between T2DM patients and NC 
subjects. However, the MoCA scores of T2DM patients 
were significantly lower than those of NC subjects. Because 
T2DM patients were relatively younger and their disease 
durations were not long enough, the degree of cognitive 

Table 2 Demographic information and clinical characteristics of study subjects

Characteristics NC (n=69) T2DM (n=69) t/χ2 P

Sex (male/female) 26/43 24/45 χ2=0.125 0.723

Age (years) 56.94 (9.86) 57.35 (8.35) t=−0.261 0.795

Education (years) 10.13 (4.60) 8.93 (4.09) t=1.624 0.107

Duration of diabetes (years) NA 8.36 (7.52) – –

Age at diagnosis (years) NA 48.98 (8.75) – –

HbA1c (%) 5.52 (0.37) 7.53 (1.53) t=−10.570 <0.001*

Total cholesterol (mmol/L) 5.1 (1.0) 5.3 (1.2) t=−1.550 0.123

Systolic BP (mmHg) 126 [13] 127 [13] t=−0.476 0.635

Diastolic BP (mmHg) 81 [10] 83 [13] t=−0.855 0.394

BMI (kg/m2) 24.10 (2.67) 24.41 (3.14) t=−0.624 0.534

MMSE 28.23 (1.64) 27.84 (1.73) t=1.365 0.369

MoCA 26.80 (2.40) 22.06 (2.95) t=10.344 <0.001*

Mean FD (mm) 0.26±0.09 0.28±0.09 t=−1.258 0.211

Data are reported as mean (SD); *, P<0.05. HbA1c indicated glycosylated hemoglobin (%). T2DM, type 2 diabetes mellitus; NC, normal 
controls; BP, blood pressure; BMI, body mass index; MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; FD, 
framewise displacement; NA, not applicable.
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decline did not seem to reach the level of dementia or 
Alzheimer’s disease (AD). The MoCA was developed as a 
relatively rapid, brief screening instrument for MCI and 
AD. The MoCA was considered a more sensitive measure 
than the MMSE (19,25). Thus, the T2DM patients we 
recruited may be mainly patients with MCI.

The disturbance of the interhemispheric RSFC within 
DMN regions provides various dimensions of neuroimaging 
support for the findings of previous studies into role of 
T2DM in cognitive neurodegeneration. The resting-
state DMN had consistently higher blood oxygen level 
dependent (BOLD) activity than other cognitive activities 

in several brain regions, including the MTG, middle 
frontal gyrus, PCC, anterior cingulate cortex, and inferior 
parietal lobe (24). Interestingly, previous studies have also 
demonstrated reduced functional connectivity within the 
DMN in T2DM patients (9,26), suggesting considerable 
similarity to results reported in AD populations (27,28). 
Although the mechanism of high incidence of AD in T2DM 
is not clear, the following reasons can be used to explain 
the results of this study. The default network brain regions 
are areas with high metabolic activity and increased aerobic 
glycolysis, which makes it easier for amyloid to deposit in 
these brain regions (29). The inherent disorder of glucose 
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Figure 1 Regions exhibiting significantly decreased voxel-mirrored homotopic connectivity (VMHC) in T2DM (type 2 diabetes mellitus) 
patients compared with normal controls. Thresholds were set at a corrected P<0.05, as determined by Monte Carlo simulation. Note that 
the left side corresponds to the right hemisphere. The colored bars represent the T score corresponding to the colors in the figure.
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metabolism in diabetes may accelerate this process (26).
Remarkably, the disturbance in interhemispheric RSFC 

in the MTG showed by fMRI could play a key role in 
evaluating cognitive dysfunction in T2DM. Although 
previous studies have confirmed structural or functional 
impairment in various brain regions of T2DM patients, 
the most consistently reported altered brain region in the 
T2DM population is the MTG (30,31). Furthermore, 
Musen et al. and Chen et al. found that the PCC exhibited 
reduced functional connectivity with the MTG in T2DM 
compared with NC subjects (10,26). Xia et al. (32) found 

that T2DM patients had significantly decreased amplitude 
of low frequency (ALFF) values in MTG, which may play 
a central role in cognitive decline associated with T2DM. 
Thus, to further understand the brain mechanisms of 
cognitive impairment, we performed a correlation analysis 
relating MTG impairment and cognitive decline. After 
applying Bonferroni correction, a significant positive 
correlation (r=0.335, P=0.006) was observed between the 
VMHC and MoCA scores of the MTG in T2DM patients, 
but no significant difference (P=0.286) was observed in 
NC subjects. Our results add new insights to the results 

Figure 2 Regions exhibiting significantly increased voxel-mirrored homotopic connectivity (VMHC) values in T2DM (type 2 diabetes 
mellitus) patients compared with normal controls. Thresholds were set at a corrected P<0.05, as determined by Monte Carlo simulation. 
Note that the left side corresponds to the right hemisphere. The colored bars represent the T score corresponding to the colors in the 
figure.
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reported by Xia et al. (32).
Compared with NC subjects, T2DM patients also 

exhibited reduced VMHC in other non-DMN brain 
regions, such as the middle occipital gyrus and superior 
occipital gyrus. Cui et al. also found significantly decreased 
ALFF and regional homogeneity (ReHo) values in the 
occipital lobe of T2DM patients (33). Previous fMRI 
studies have shown that the decrease of neural activity in 
the occipital lobe is related to the impairment of cortical 
visual processing (34). It is now widely accepted that 
diabetes is associated with retinopathy, which can lead to 
visual impairment. In this study, there were no clinical 
visual changes in T2DM patients, which may indicate that 
the decreased VMHC in the occipital lobe may be an early 
change before the appearance of clinically measurable visual 
symptoms.

Notably, in the present study, the cerebellum posterior 
lobe and tonsil and inferior temporal gyrus exhibited 
increased VMHC in T2DM patients. Previous anatomical 
and functional neuroimaging studies and clinical evidence 
obtained from the treatment of patients with cerebellar 
lesions have suggested that the cerebellum plays a role in 
cognitive (i.e., attention, speech learning, memory and 
cognitive planning) and affective processes, in addition 
to fine motor and muscle tension coordination (35-37). 
Furthermore, we found a significant decrease in VMHC in 
the mOFC of T2DM patients, which has not been reported 
in any previous functional imaging study of T2DM. The 
mOFC is part of the medial prefrontal cortex, which is 

related to social cognition function, especially emotion 
regulation (38). The inferior temporal gyrus plays an 
important role in speech fluency and cognitive function 
affected in the early stage of AD (39,40). A recent study 
indicated that the cerebellum has an anatomic relationship 
with the prefrontal cortex and limbic system (41). These 
regions form multiple closed-loop neural circuits that 
participate in cognitive and emotional processing (42). 
Thus, the increased VMHC observed in the cerebellum 
and inferior temporal gyrus might reflect a coordination 
mechanism needed to mobilize additional neurons to 
initiate or coordinate emotional and higher-order cognition. 
However, the underlying biological mechanism for the 
morphological differences observed in the cerebellum and 
inferior temporal gyrus requires further study.

The above results show that the information integration 
function of multiple mirror brain regions is impaired in 
T2DM patients. It has been reported in previous literature 
that metformin, rosiglitazone and insulin have been shown 
to be beneficial to the memory and cognition of T2DM 
patients (43-45). In addition to drug therapy, the protective 
effect of lifestyle intervention (diet, exercise) on cognitive 
function also showed a good effect (46). Therefore, we 
speculate that these interventions may also promote the 
recovery of information integration function in brain 
regions, given the importance of bilateral hemispheric 
coordination for cognitive functions.

This study had several limitations. First, the bilateral 
brain parenchyma is  asymmetrical .  In this  study, 
symmetrical templates and smoothed functional image data 
are used to solve this problem. Future studies should avoid 
the possible bias. Secondly, this study design was cross-
sectional. In the future, T2DM patients with dementia 
should be included for longitudinal neuroimaging studies 
to explore the longitudinal dynamic changes of VMHC 
in related brain regions. Finally, the results of this study 
were obtained when the participants were in a resting state. 
Future studies should combine resting-state and task-state 
fMRI simultaneously to investigate whether abnormal 
brain regions with VMHC in resting state are also damaged 
under task conditions.

In conclusion, T2DM patients develop aberrant 
interhemispheric RSFC. Decreased VMHC in the DMN 
provides new evidence of a functional substrate for the 
involvement of DMN regions in the pathogenesis of the 
neurocognitive changes associated with T2DM. The 
MTG is related to a decline in cognitive function in 
T2DM, suggesting that MTG impairment could serve as 
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patients. The error bar represents the 95% confidence interval.
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a key node within the DMN to recognize T2DM-related 
cognitive dysfunction. In contrast, increased VMHC was 
found in the cerebellum and inferior temporal gyrus, 
which might indicate a coordination effect in T2DM 
patients.
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