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Abstract

Aim: This study aimed to investigate the alterations in whole-brain gray matter den-
sity in early stage type 2 diabetes mellitus (T2DM) patients with cognitive impairment
using magnetic resonance imaging.

Methods: Thirty-six cases of early stage T2DM patients with cognitive impairment
(T2DM-CI), 34 cases of early stage T2DM patients without cognitive impairment
(T2DM) and 30 cases of healthy controls (HC) were enrolled. Montreal Cognitive
Assessment (MoCA) and Mini-Mental State Examination (MMSE) scores were used to
identify the cognitive impairment. The whole-brain gray matter density was analyzed
using 3D-T1 BRAVO imaging, using the voxel-based morphometry method on T1 struc-
ture imaging of two groups.

Results: The correlation analysis of total gray matter density with MMSE and MoCA
scores in the T2DM-CI group was performed. There were no significant differences
in MMSE and MoCA scores between the HC and T2DM groups. However, the MMSE
and MoCA scores in the T2DM-CI group were significantly reduced compared with
the T2DM group. There were no significant differences in age, gender, education, body
mass index (BMI) or blood pressure among the three groups. Voxel-based morphome-
try (VBM) results showed that the density of left triangle part of inferior frontal gyrus,
orbital part of inferior frontal gyrus and opercular part of inferior frontal gyrus and left
insula in the T2DM-CI group decreased compared with the T2DM group. Correlation
analysis results showed that there was a significant positive correlation between total
gray matter density and scores of MMSE and MoCA scores in the T2DM-CI group.
Conclusion: In conclusion, total gray matter density is positively correlated with the
scores of MMSE and MoCA in T2DM patients, which may be an early sign of cognitive
impairment in patients with T2DM.
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1 | INTRODUCTION

Diabetes mellitus (DM) is a comprehensive disease involving multi-
ple systems and multiple organ damages, which causes serious harm
to human health and affects 463 million people worldwide, according
to the 2019 International Diabetes Federation statistics (Khan et al.,
2019). Type 2 diabetes mellitus (T2DM) is the most common type
of diabetes, accounting for 90%-95% of all cases (W. Xie & Burke,
2020). The incidence of diabetes is increasing especially among the
elderly population, reaching 12%-25% in those over 65 years old, with
a trend toward younger ages as well. T2DM is a chronic metabolic dis-
order characterized by insulin resistance and sustained hyperglycemia
(Xiao et al., 2021), which are correlated with multiple macrovascu-
lar and microvascular complications. These complications, together
with chronic inflammation, are important risk factors for accelerated
cognitive impairment. The major clinical manifestations are cogni-
tive impairment, dementia, declined short-term memory, learning abil-
ity, information processing speed, attention and executive functions
(Spauwen et al., 2013; K. Wang et al., 2008). Approximately 10.8%-
17.5% of T2DM patients develop cognitive impairment (Bruce et al.,
2003; Hoyer, 1998; Moran et al., 2013). With increasing incidence of
diabetes, more attention has been paid to the occurrence and devel-
opment of associated complications, especially concerning neurocog-
nitive impairment and dementia.

Diabetes can cause changes in the structure and function of the
brain. T2DM is directly correlated with cerebral infarction and, in
patients with T2DM, counteracts the high signal distribution region of
subcortical brain white matter normally observed in individuals with-
out T2DM (Lazarus et al., 2005; Streifler et al., 2003). However, these
intracranial changes tend to occur in the later stage of diabetes. Clinical
findings show that cognitive impairment can occur at the early stage of
diabetes, mainly manifesting as declined memory and learning ability.

The psychological and clinical presentations are the methods used
to make a definitive diagnosis of cognitive impairment currently due
to the lack of reliable and sensitive biomarkers for distinction (C. Li
et al,, 2020). Voxel-based morphometry (VBM) is a classical and fully
automated quantitative magnetic resonance imaging (MRI) technique
extensively applied to characterize neuropathological changes in the
brain (J. Zhang et al., 2015). The relationship between metabolic syn-
drome, age-related cognitive decline and gray matter density changes
has been studied by VBM (Kotkowski et al., 2019). Studies have also
been published to investigate the relationship between T2DM and
cognitive impairment through VBM. C. Wang et al. (2014) used VBM
to study the neuroanatomical changes in the brain tissue structure
of patients with T2DM and analyzed the correlation among those
changes and clinical characteristics, cognitive function score and vas-
cular lesions. Y. Zhang et al. (2014) used VBM to study the gray matter
density changes in T2DM patients with cognitive impairments. How-
ever, all these patients were in the middle and late stages of diabetes,
and there is no study on the relationship between gray matter den-

sity and clinical presentations. We therefore asked whether there were
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any alterations of whole-brain gray matter density in the early stage of
T2DM patients with cognitive impairments, and whether gray matter
density could be used as a biomarker for T2DM patients with cognitive
impairments.

Here, the T2DM patients in the early stage (without complications
such as retinopathy, diabetic nephropathy, diabetic foot disease,
cerebrovascular disease or recurrent hypoglycemia) with cognitive
impairment, as well as controls, were enrolled. Montreal Cognitive
Assessment (MoCA) and Mini-Mental State Examination (MMSE)
scores were used to identify the cognitive impairment. The whole-
brain gray matter density was analyzed by VBM. The correlation
analysis of total gray matter density with MMSE and MoCA scores
was performed. The objective of this study was to reveal the clinical
values of VBM for patients at the early stage of T2DM with cognitive
impairments, and to explore the potential application of brain gray
matter density as a biomarker for cognitive impairment caused by
T2DM.

2 | METHODS

2.1 | Research participants

A total of 36 cases of early stage T2DM patients with cognitive impair-
ment (T2DM-CI), 34 cases of early stage T2DM patients without cog-
nitive impairment (T2DM) and 30 cases of healthy controls (HC) were
enrolled at the Endocrinology Department of the First Hospital affili-
ated with Tianjin University of Traditional Chinese Medicine between
2013 and 2018. All participants had received no treatment. This study
was approved by the Ethics Committee of First Hospital affiliated with
Tianjin University of Traditional Chinese Medicine. The participators
recruited for this study were from a community of genetically homoge-
nous individuals of Han Chinese origin. The purpose and method of
the current trial were explained to the participants, and informed con-
sent was obtained from all participants. Then, the qualified participants
were evaluated and included in the trial.

The inclusion and exclusion criteria for early stage T2DM patients
in this study are shown in Table 1. The healthy control (HC) group com-
prised of healthy volunteers matched by race, sex, age and years of edu-
cation to the T2DM patients. All participants in the HC group had fast-
ing plasma glucose <6.1 mmol/L. There were 30 participants in total,
including 16 males and 14 females aged 33-66 years. The exclusion cri-

teria were the same as those for the T2DM patients.

2.2 | Clinical and laboratory examinations

Clinical and laboratory tests included education years, duration of
T2DMyears, height, weight, blood pressure, fasting plasma glucose and
glycosylated hemoglobin. Body mass index (BMI) was calculated using

height and weight.
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TABLE 1 Theinclusion and exclusion criteria in this study

The inclusion criteria
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The exclusion criteria

1. Diagnosis of T2DM according to the 2010 Diagnosis and Treatment Guidelines of 1. Type 1diabetes or secondary diabetes.
the American Diabetes Association: 2-h plasma glucose level >11.1 mmol/L during 2. Severe metabolic syndrome, history of stroke and

an oral glucose tolerance test (OGTT) and fasting plasma glucose (FPG) >
7.0 mmol/L; taking oral glucose-lowering drugs with no history of insulin

treatment.
2. HbAlc>7%.

3. Intheearly stages of T2DM (that is, patients without complications such as

changes in demyelination.
3. History of central nervous system or mental illnesses.
4. Dementia or a family history of dementia.
5. History of traumatic brain injury, tumors, and severe
inflammation.

retinopathy, diabetic nephropathy, diabetic foot disease, cerebrovascular disease, 6. Patients with cerebrovascular disease, depression and

or recurrent hypoglycemia).
4. Years of education >5 years.

5. No history of stroke; routine MR examination, such as T1 and T2-FLAIR sequence,

showed no demyelination in brain white matter.

other factors on brain tissue.

7. History of heavy smoking, alcohol or drug
dependence, and use of cognitive improvement,
antidepressant or psychiatric drugs.

6. No history of hypertension, with systolic blood pressure (SBP) <140 mmHg and 8. Patients with metallic foreign bodies, claustrophobia

diastolic blood pressure (DBP) <90 mmHg.

and inability to cooperate with MR examination.

7. No occurrence of depression, anxiety, schizophrenia, or other psychiatric diseases. 9. History of hypoglycemia.

8. Brain atrophy grade of 0—1.

2.3 | Cognitive function assessment

In the cognitive function assessment, the MMSE and MoCA were used.
The MMSE was composed of 30 items and primarily used to evaluate
time and place orientation, computational power, attention, short-term
memory, long-term memory, language and visuospatial processing. The
MoCA test is a widely used screening assessment for detecting cog-
nitive impairment. The identification criteria of cognitive impairment
were MMSE score <27 and MoCA score <26.

2.4 | MRI scan technology

A GE 3.0T MRI scanner (Discovery MR750; General Electric, Milwau-
kee, WI, USA) with head and neck combined eight-channel coils was
used for data collection. The participants were in the supine position
with the head flat and lower jaw closed. The scanning center was posi-
tioned 1 cm above the middle of the eyebrows. Special expandable

earplugs (3 M-1100 model, USA) were used for noise shielding.

2.5 | Conventional MRI scan parameters

The main purpose of T1-weighted imaging is to determine the extent
of brain atrophy. The standard used was a 10-grade measurement
method. The main classification of the 10-grade method was based on
the size of brain ventricles and the width of brain sulci. The normal state
was marked as grade 0, while significant atrophy was marked as grade
9. The included participants displayed grades of 0-1, while those with
grades >1 were excluded.

T2-weighted and fluid-attenuated inversion recovery (T2WI-FLAIR)
sequences were used to exclude intracranial organic and demyeli-
nating lesions. The scan parameters were as follows: time of repeat
(TR) = 8000 ms, time of echo (TE) = 145 ms, time of inversion
(Tl) = 2000 ms, matrix = 256 x 224, field of vision (FOV) = 24 cm X

10. Patients with brain atrophy grade >1.

24 cm, NEX = 1, layer thickness = 5 mm, interval = 1.5 mm, layer num-
bers =20 and scan time = 1 min 37 s. Allimages were evaluated by two

experienced radiologists.

2.6 | 3D volume sequence (3D-T1 BRAVO) imaging
The 3D-T1 BRAVO scan used the median sagittal plane as the
scan baseline, and the sagittal plane was scanned using the 3D-T1
BRAVO sequence. The scan parameters were as follows: TR = 8.2 ms,
TE = 3.2 ms, Tl = 450 ms, flip angle (FA) = 12°, matrix = 256 x 256,
FOV = 25.6 cm x 25.6 cm, NEX = 1, layer thickness = 1 mm, noninter-

val scan, layer numbers = 192 and scan time =5min 17 s.

2.7 | Data postprocessing

The computational anatomy toolbox (cat12, 12.5 version) was run
using statistical parametric mapping software (SPM12, http://www.fil.
ion.ucl.ac.uk/spm). Data postprocessing and analysis of T1 structural
images were conducted using default parameters.

2.8 | Spatial standardization

The 3D-T1-weighted brain structure images of all participants were
registered to the Montreal Neurological Institute (MNI) standard
space, which was previously combined as the initial location, and the

standardized voxel size was 1.5 mm3.

2.9 | Segmentation

The standardized brain structural images were effectively segmented

into three parts: gray matter, white matter and cerebrospinal fluid.
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2.10 | Image smoothing

The segmented and modulated gray matter images were smoothed
with an 8-mm full-width at half-maximum Gaussian kernel. The imag-
ing data after smoothing were more in line with a normal distribution,
thus eliminating the error after image reconstruction and facilitating
statistical analysis. Using the cat12 toolbox, the density of gray matter,
white matter and cerebrospinal fluid of each participant was calculated
for the three segmented images.

2.11 | Statistical analysis of the data

All data are presented as the mean + standard deviation (x + s).
SPSS 19.0 was employed for the corresponding analysis. Intergroup
comparisons of age, years of education, height, weight, BMI, blood
pressure and MMSE and MoCA scores were conducted using Student’s
t-test followed Mann Whitney test. Sex differences were tested using
the 2 test.

The age and sex of all participants were adjusted as covariates, and
the gray matter of the whole-brain was used as a template to conduct
the one-way analysis of variance (ANOVA), followed by a Dunn’s multi-
ple comparisons test on the gray matter density of the three groups in
the SPM12 software. Theinitial threshold value was set as p <.001, and
AlphaSim was used for threshold value correction to extract the brain

region clusters >10.

HEET AL.

3 | RESULTS

On the basis of strictly controlling the inclusion and exclusion cri-
teria shown in Table 1, head movement control and cognitive func-
tion assessment, 36, 34 and 30 cases were included in the T2DM-CI,
T2DM and HC groups, respectively, all of whom were Han Chinese. The
T2DM-CI group included 22 males and 14 females, with ages of 33—
67 years, a disease course of 2-6 years and a length of education that
ranged from 5 to 18 years. The T2DM group included 19 males and 15
females, with ages of 35-65 years, a disease course of 1-6 years. In the
healthy control group, 30 participants (16 males and 14 females) were
included, with ages of 33-66 years and the length of education ranged
from 7 to 18 years (Figure 1).

There were no significant differences in gender, age, years of edu-
cation, height, weight, BMI or blood pressure among the T2DM-CI,
T2DM and HC groups. The MMSE and MoCA scores were significantly
decreased in the T2DM-CI group compared with the T2DM and HC
groups (Figure 2). However, no significance in either MMSE or MoCA
score was observed between the T2DM and HC groups. The demo-
graphic indicators, clinical data and cognitive function scores of the
three groups are shown in Table 2.

Compared with that in the T2DM group, the density of the left trian-
gular inferior frontal gyrus and orbital inferior frontal gyrus, as well as
the operculum inferior frontal gyrus and left insular lobe, in the T2DM-

Cl group was significantly reduced (Table 3, p < .001, cluster > 10, the

results were not adjusted).

FIGURE 1 Brainregionsin which the gray matter volume decreased in the early stage of type 2 diabetes mellitus with cognitive impairment
(T2DM-CI) compared with early stage of type 2 diabetes mellitus without cognitive impairment (T2DM) by voxel-based morphometry (VBM). The
VBM result showed that the brain regions in the T2DM group were larger than those in the T2DM-CI group. The volume of the left triangular
inferior frontal gyrus and orbital inferior frontal gyrus as well as the operculum inferior frontal gyrus and left insula in the T2DM-CI group
decreased compared with that in the T2DM group, (p < .001, cluster >10, the results were not adjusted)
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FIGURE 2 The early stage of type 2 diabetes mellitus with cognitive impairment (T2DM-CI) showed decreased Mini-Mental State

Examination (MMSE) scores (a) and Montreal Cognitive Assessment (MoCA) scores (b) compared with early stage of type 2 diabetes mellitus
without cognitive impairment (T2DM) and healthy control (HC). The data presented are mean + SD, ***p < .001; ns: no significance. One-way
analysis of variance (ANOVA) followed by a Dunn’s multiple comparisons test

TABLE 2 The general data of early stage of type 2 diabetes mellitus with cognitive impairment (T2DM-CI), early stage of type 2 diabetes
mellitus without cognitive impairment (T2DM) and normal healthy control groups

Age (years)

Gender (male/female)

Education (years)

Duration of T2DM (years)

BMI (kg/m2)
SBP (mmHg)
DBP (mmHg)
FPG (mmol/L)
HbA1c (%)
MMSE score
MoCA score

T2DM-CI
(n=36)

54.17 + 9.89
22/14
9.43 + 4.18
4.35 + 1.38
24.78 + 4.12
128.66 + 7.94
86.93 + 5.16
9.55 + 1.74
9.48 + 1.43
23.06 + 2.24
16.69 + 3.49

T2DM HC p-Value
(n=234) (n=30) (T2DM-Cl vs. T2DM)
52.39 + 10.55 5344 + 10.21 758
19/15 16/14 .657
10.26 + 4.39 11.84 + 3.98 194
3.93 + 1.55 = 671
25.51 + 3.36 2443 + 2.97 252
126.11 + 6.16 124.42 + 6.91 .097
84.79 + 5.75 8347 + 4.94 .394
8.87 + 1.39 5.46 + 0.46 .086
8.83 + 1.26 5.61 + 0.89 .106
2826 + 0.96 28.77 + 0.86 <.001
27.29 + 1.17 28.07 + 0.94 <.001

Note: The data presented are mean + SD or n. The comparisons of data between the T2DM-CI and T2DM groups were done by unpaired Student’s t-test

followed Mann Whitney test or y? test.

Abbreviations: BMI, body mass index; DBP, diastolic blood pressure; FPG, fasting plasma glucose; HC, healthy control; HbA1C, glycosylated hemoglobin;
MoCA, Montreal Cognitive Assessment; MMSE, Mini Mental State Exam; SBP, systolic blood pressure.

TABLE 3 VBMintergroup differences in brain gray matter volume
between the early stage of type 2 diabetes mellitus with cognitive
impairment (T2DM-CI) and early stage of type 2 diabetes mellitus
without cognitive impairment (T2DM)

MNI coordinate

The total gray matter density was calculated according to the
methods mentioned above. The result in Figure 3a showed that the
total gray matter density was significantly decreased in the T2DM-CI
group compared with the T2DM and HC groups. However, there
was no significant difference between the T2DM and HC groups.

Anatomical location X Y Z Voxels :izlrue Correlation analysis results show that, in the T2DM-CI group, the

Left triangular inferior frontal —36 21 285 177 4.638 total gray matter density was significantly positively correlated with
gyrus the MMSE score (r = 0.5059, p = .0016) (Figure 3b) and MoCA score

Left orbital inferior frontal —27 285 -45 25 3.890 (r = 0.4479, p = .0062). No correlation was found between the total
gyrus gray matter density and MMSE or MoCA score in the T2DM group

Left insular lobe -27 285 -45 18  3.890 (data not shown).

Left operculum inferior -36 21 285 10 4.638

frontal gyrus

Abbreviation: MNI, Montreal Neurological Institute.

4 | DISCUSSION

In this study, there were no significant differences in the general clini-
cal data (age, sex, years of education, BMI and blood pressure) among
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FIGURE 3 The early stage of type 2 diabetes mellitus with cognitive impairment (T2DM-CI) showed decreased total gray matter volume (a)
compared with early stage of type 2 diabetes mellitus without cognitive impairment (T2DM) and healthy control (HC). Spearman’s correlation
analysis was carried out to measure the correlations between total gray matter volume with Mini-Mental State Examination (MMSE) score (b) and
Montreal Cognitive Assessment (MoCA) score (c). The data presented are mean + SD, **p < .01; ns: no significance. One-way analysis of variance

(ANOVA) followed by a Dunn’s multiple comparisons test

the early stage T2DM patients with and without cognitive impairment
and also the HCs. The MMSE and MoCA scores were significantly
decreased in the T2DM-CI group compared with the T2DM and HC
groups. The MMSE can quickly, accurately and comprehensively reflect
the degree of functional impairment in intelligence and cognition in
those tested. It provides a scientific and accurate basis for multiple
aspects such as clinical diagnosis and treatment, as well as psycholog-
ical research and is the preferred scale for dementia screening. The
MMSE score of the T2DM-CI group was 23.06 + 2.24, which was sig-
nificantly lower than 28.26 + 0.96 of the T2DM group. Similar results
were also found in the MoCA scores.

VBM s a method for automatically analyzing the density of full brain
tissue based on voxel level (Ashburner & Friston, 2000). This method
is objective, sensitive and repeatable and can be used to compare dif-
ferences in the full brain gray matter between groups. It has been
widely used in various neurological and psychiatric diseases such as
mild cognitive impairment (MCI), Alzheimer’s disease (AD) and Parkin-
son’s disease to quantitatively detect abnormal microscopic changes in
the brain gray matter (Karas et al., 2004; C. Xie et al., 2012; J. Zhang
etal., 2015).

In recent years, many researchers have used VBM to study subtle
changes in T2DM brain gray matter, with the purpose of finding the
relationship between gray matter density, cognitive impairment and
T2DM (Wu et al., 2017). However, the results from these studies are

different, which may be related to different research sample sizes, data

collection and processing methods. In this study, patients in the early
stage of T2DM with and without cognitive impairment were enrolled
and assessed by the MMSE and MoCA scores. All the participants in
the T2DM-Cl and T2DM groups were in the early stages of the disease
without requiring insulin treatment and without complications. VBM
was used to measure the difference in brain gray matter density among
the T2DM-Cl group, T2DM group and also the HC group to observe the
characteristic brain atrophy regions in the early stages of the disease.

Compared with those in the T2DM and HC groups, the brain regions
with increased gray matter density in the T2DM-CI group were not
found, which was consistent with the results of previous studies (J. Liu
et al,, 2017; Y. Zhang et al., 2014). The reason may be that the enroll-
ment matched the T2DM patients in terms of age, also had brain tissue
atrophy to some extent.

In detail, compared with those in the T2DM and HC groups, the den-
sity of the left triangular inferior frontal gyrus, orbital inferior frontal
gyrus, operculum inferior frontal gyrus and left insular lobe was sig-
nificantly reduced in the T2DM-CI group. Insulin plays an important
role in regulating glucose metabolism in the brain, and insulin recep-
tors are selectively distributed in the cerebral cortex. Insulinis reduced
during transport across the blood-brain barrier, and insulin resistance
in the cortex where insulin receptors are concentrated can impair glu-
cose metabolism in the brain and lead to atrophy of these brain regions
(Srikanth et al., 2011). Y. Zhang et al. (2014) found that compared

with those of the normal control group, the density of the left inferior
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frontal gyrus and medial frontal cortex decreased in both the T2DM
group with cognitive impairment and the T2DM group without cogni-
tive impairment. In addition, the density of the left inferior frontal gyrus
and medial frontal cortex decreased significantly in the T2DM group
with cognitive impairment compared with those in the MClI group, indi-
cating that atrophy of the left inferior frontal gyrus was significantly
correlated with T2DM (De Chastelaine et al., 2016; J. Liu et al., 2017;
McLaren et al., 2012; Srikanth et al., 2011). This study revealed atro-
phy in the left inferior frontal gyrus, which was believed to be involved
in the protection of memory, compared with that in the normal control
group. In addition, the left inferior frontal gyrus, frontal operculum and
triangular area are located in Broca’s area, which is the motor language
center and plays an important role in planning, language execution and
complex semantic judgment. This study found that the density of the
left inferior frontal gyrus in the T2DM-CI group decreased compared
with that in the T2DM group, indicating that the left inferior frontal
gyrus plays a key role in cognitive impairment.

This study also found that the density of the left anterior insula in
the T2DM-CI group was lower than that in the T2DM group. As an
important structure in the nervous system, the insula plays an impor-
tant role in integrating social emotion, motor sensation, smell, taste
and cognitive functions (Kurth et al., 2010). Furthermore, the insula is
also an important node in the salience network (SN) and plays a con-
version role between the central executive network and default mode
network (Caietal., 2018; R. Liet al., 2013; X. Liu et al., 2018). The ante-
rior insula also participates in a network of structural connections with
the orbitofrontal lobe, olfactory cortex, amygdala and olfactory cortex
(Hoistad & Barbas, 2008). In recent years, many neuroimaging studies
found that the volume of the insula, especially the left insula, decreased
in MCI, AD and Parkinson’s disease compared with that in normal con-
trol groups and was significantly correlated with the MMSE score (Lu
etal, 2016; Zhao et al., 2015). Lu et al. (2016) found that volume atro-
phy of the left insula in patients with Parkinson’s disease was associ-
ated with memory impairment, indicating that brain tissue atrophy in
the SN could lead to memory dysfunction. In a study of memory pro-
tection in the elderly, Lin et al. (2017) found that the amplitude of low
frequency fluctuations (ALFFs) in the left inferior frontal gyrus and left
insula among cognitively normal elderly Apolipoprotein E (APOE) carri-
ers was significantly increased compared with those of cognitively nor-
mal elderly non-APOE carriers and MCI/AD APOE carriers, and impor-
tantly, decreased ALFF values in the left inferior frontal gyrus, and
insulawere correlated with the effect of amyloid complexes on memory
impairment. Studies have shown that the frontal and insular lobes play
a key role in preventing the negative effects of neurodegeneration in
people at highrisk of AD. In particular, the left inferior frontal gyrus and
left insula lobe play key roles in protecting memory in the face of early
AD pathological changes. This study also observed density atrophy of
the leftinferior frontal gyrus and insulalobe in T2DM patients. T2DM is
anindependent risk factor for AD, and in this study, the patients werein
the early stages of cognitive impairment. Combined with previous VBM
and functional magnetic resonance imaging (fMRI) studies, brain tissue
atrophy may be caused by compensatory results due to increased cere-
bral blood flow and local metabolic rate (Hoogenboom et al., 2014).

It must be noted that our study has several limitations. First, analysis
with the SPM software requires an artificial threshold value, which is
a limitation. If the threshold value is set relatively high, the sensitivity
increases, and if the threshold value is set relatively low, the specificity
is not adequate. Second, the number of the samples is relatively small,
and the VBM results were not adjusted. Our findings could be further
verified in a larger sample size.

5 | CONCLUSION

In conclusion, the VBM results showed that the density of left trian-
gle part of inferior frontal gyrus, orbital part of inferior frontal gyrus
and opercular part of inferior frontal gyrus and left insula was reduced
in the T2DM-CI group. Correlation analysis results showed that there
was a significant positive correlation between total gray matter den-
sity and MMSE and MoCA scores in the T2DM-CI group. Our findings
suggest that total gray matter density may be an early sign of cognitive
impairment in patients with T2DM.
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