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Background: Type 2 diabetes mellitus (T2DM)-related cognitive decline is associated

with neuroimaging changes. However, only a few studies have focused on early

functional alteration in T2DM prior to mild cognitive impairment (MCI). This study aimed

to investigate the early changes of global connectivity patterns in T2DM by using a

resting-state functional magnetic resonance imaging (rs-fMRI) technique.

Methods: Thirty-four T2DM subjects and 38 age-, sex-, and education-matched healthy

controls (HCs) underwent rs-fMRI in a 3TMRI scanner. Degree centrality (DC) was used to

identify the functional hubs of the whole brain in T2DM without MCI. Then the functional

connectivity (FC) between hubs and the rest of the brain was assessed by using the

hub-based approach.

Results: Compared with HCs, T2DM subjects showed increased DC in the right

cerebellum lobules III–V. Hub-based FC analysis found that the right cerebellum lobules

III–V of T2DM subjects had increased FC with the right cerebellum crus II and lobule VI,

the right temporal inferior/middle gyrus, and the right hippocampus.

Conclusions: Increased DC in the right cerebellum regions III–V, as well as increased

FC within cerebellar regions and ipsilateral cerebrocerebellar regions, may indicate an

important pathophysiological mechanism for compensation in T2DM without MCI.

Keywords: type 2 diabetes mellitus, resting state, functional connectivity, degree centrality, cognitive function

INTRODUCTION

Type 2 diabetes mellitus (T2DM) is a systemic metabolic disease, resulting in severe complications
of multiple systems. Recently, T2DM-related cognitive dysfunction has been paid more attention
(1–3). Mild cognitive impairment (MCI), an important complication of T2DM, is intermediate
transition state between age-appropriate cognition and dementia (4). Although the integral
cognitive function kept “normal” up for a long time before MCI, there has been a gradually
imperceptible decline in some aspects of cognitive function (5, 6). Early detection of the brain
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Pearson’s r > 0.2) to exclude weak correlations, which may
be caused by signal noise based on previous studies (22, 33,
34). Then smooth was performed with a 6 × 6 × 6 mm3

Gaussian kernel.
The hub-based FC analysis was also conducted by RESTplus.

Peak MNI coordinates of the brain functional hubs were
acquired by group comparison of DC maps, and the hubs
were considered to be the center of ROI with a 6-mm radius.
The average time series of ROI was extracted by using the
anatomical automatic labeling (AAL) template in the RESTplus
software package and correlated with the time series of voxel
in other brain regions of the whole brain. And then a
Fisher z-transform was used to improve the normality of the
correlation coefficients.

Statistical Analysis
Demographic and Clinical Characteristics Analysis
Kolmogorov–Smirnov test (33) was applied to detect
the normality of the continuous variables, including the
demographic data and biochemical characteristics of the T2DM
subjects and HCs. Independent two-sample t-tests were used if
the data meet normal distribution and variance homogeneity;
otherwise, Mann–Whitney non-parametric tests were used. The

chi-square test was used to evaluate intergroup difference in
gender. All statistical analyses were using the IBM Statistical
Package for the Social Sciences 22.0 software (IBM SPSS
Inc., Chicago, IL, USA). The significance level was set at P
< 0.05.

Intergroup Comparison of Resting-State Degree

Centrality and Hub-Based Functional Connectivity
The two-sample t-test in the RESTplus data analysis kit V1.21
software was used to compare the DC statistical parameter
charts of the two groups of subjects. The built-in brain mask
of RESTplus (61 × 73 × 61mm) was used as the registration
template, and the initial threshold was P< 0.01, and the Gaussian
random field (GRF) correction was performed. Voxel P < 0.01
and cluster P < 0.05 were set. The inspection is double tail
inspection. The corrected cluster size threshold is 179 voxels.
Then, an independent sample t-test and a GRF were also used to
explore the differences between T2DM subjects and HCs in terms
of FC.

These brain regions were positioned, and the location,
size, peak MNI coordinates, and t-values of statistically
significant brain regions were recorded according to the AAL
partition template.

FIGURE 1 | The colored brain regions represent significantly increased degree centrality (DC) in type 2 diabetes mellitus (T2DM) subjects compared with healthy

controls (HCs). The color bar indicates the t-value from two-sample t-tests.
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The Relationship Between Clinical Biochemical Index

and Neurocognitive Function
Partial correlation analysis was applied to analyze the correlation
between various clinical biochemical indicators (HbA1c, TC, TG,
FINS, FBG, and LDL) and scores of different neurocognitive
function scales (MoCA, AVLT, TMT-a, TMT-b, GPT, DST,
CDT, and SDT) in the T2DM group after controlling for
gender, age, and education level. P < 0.05 was considered
statistically significant.

RESULTS

Demographic, Clinical, and Cognitive
Characteristics
Demographic, clinical, and cognitive information of all the
subjects is listed in Table 1. There was no statistical difference
in age, gender, and education levels between the two groups.
Compared with HCs, the T2DM group had significantly
higher levels of BMI and blood pressure and exhibited worse
performance on the tests of MoCA, CDT, and SDT (P < 0.05).

Intergroup Differences in Degree Centrality
After GRF multiple comparison correction (voxel P < 0.01,
cluster P < 0.05), only one cluster survived in the T2DM group
compared with the HC group in the brain areas with increased
DC (Table 2, Figure 1), involving the right cerebellum areas III–
V. To further verify the validity and reliable of the results by using
0.2 as threshold in the DC analysis, the thresholds of 0.1 and
0.3 had also been processed (Supplementary Figures 1, 2). The
location of the peak MNI point and the cluster were consistent,
but the size of the cluster was slightly altered.

Intergroup Differences in Functional
Connectivity
Hub-based FC analysis showed the brain regions with increased
FC in the T2DM group mainly involving the right cerebellum
crus II, right cerebellum lobule VI, right temporal inferior gyrus,
right temporal middle gyrus, and right hippocampus (Table 3,
Figure 2).

Correlation Analysis Results
Partial correlation analysis found that HbA1c was negatively
correlated with AVLT immediate memory scores in the T2DM
group and FBGwas negatively correlated with TMT-B (Figure 3).
However, there were no correlations between increased DC or FC
and scores of the neuropsychological tests.

DISCUSSION

This study focused on changes of brain functional hubs and
their connectivity in T2DM without MCI by using DC and
FC. Compared with the HCs, the T2DM subjects exhibited
significantly increased DC in the right cerebellum regions III–
V. And according to the hub-based analysis, we found that FC
increased between the right cerebellum regions III–V and the
right cerebellum crus II/VI, right inferior/middle temporal gyrus,
and right hippocampus in the T2DM group. The increased DC

TABLE 3 | Brain regions with increased FC in T2DM compared with HCs.

Cluster Brain regions Peak MNI Number of

voxels

t-value

X Y Z

Cluster

1

Right cerebellum crus II

Right Cerebellum

lobule VI

−12 −69 −39 404 3.6218

Cluster

2

Right temporal inferior

gyrus

Right temporal middle

gyrus

Right Hippocampus

51 −27 −12 477 4.0098

FC, functional connectivity; GRF correction (P < 0.01, voxel P < 0.01, cluster P < 0.05).

and FC may provide evidence of early compensatory mechanism
in T2DM without MCI.

Cognition Assessment of Type 2 Diabetes
Mellitus and Healthy Controls
There was no significant difference of neuropsychological
assessment between T2DM and HCs, except for a few scales,
i.e., MoCA-B, CDT, and SDT. Most of the T2DM subjects
were younger than 50 years and had no obvious vascular
complications, such as retinopathy and cerebrovascular diseases.
This may explain why cognitive functions of the T2DM group are
not significantly impaired (5). MoCA-B mainly assesses attention
and concentration and has different sensitivity in differentmental
disorder diseases (35). Longer test durations of CDT and SDT
were commonly reported in T2DM patients compared with
HCs, indicating that mild impairment of executive function and
inflexibility of movement firstly exist at the early stage of the
disease (36, 37). Negative correlation between cognitive function
and clinical measurement (i.e., HbA1c and FBG) suggested that
higher blood sugar level may have some impact on cognitive
decline in preclinical stage (38).

Degree Centrality Alteration in Cerebellum
Regions in Type 2 Diabetes Mellitus
DCquantifies local degree, whichmeasures the centrality of every
voxel in the human brain connectome (22, 24). The increased
DC may imply the transition from an economic connection to
the costly connection; that is, brain regions with high energy-
consumption such as brain hubs can be reconfigured to meet
different and variable cognitive needs through negotiations
between connection costs and the topological characteristics
of the networks (39, 40). In the current study, increased DC
of the right cerebellum regions III–V in T2DM compared
with HCs could be attributed to a compensatory mechanism
invoked following dysfunction of the neuro architectural network
that typically would support a cognitive task (41, 42). The
compensation mechanisms of the cerebellum in neural functions
in T2DM individuals with the early stage had been reported via
not only rs-fMRI but also task fMRI or structure MRI studies
(42–45). Our previous study also indicated that T2DM subjects
exhibited increased nodal efficiency in the right cerebellum
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FIGURE 2 | The colored brain regions represent significantly increased functional connectivity (FC) in type 2 diabetes mellitus (T2DM) patients compared with healthy

controls (HCs). The color bar indicates the t-value from two-sample t-tests.

FIGURE 3 | (A) Fasting blood glucose was negatively correlated with trail making test-B score (P = 0.047, r = −0.360). (B) Glycosylated hemoglobin (HbA1c) was

negatively correlated with auditory verbal learning test (AVLT) immediate recall score (P = 0.021, r = −0.413).

III, which were associated with cognitive performance (41).
However, some previous studies reported that T2DM subjects
showed significant decreased anatomical connections, mean
regional homogeneity (mReHo), cerebral blood flow (CBF), and

DC in cerebellar regions (46–48), providing evidence to the
significant role of the cerebellum in terms of cognitive function.
Although inconsistent results were obtained, it is believed that the
cerebellum might play an important role in maintaining normal
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cognitive functions in T2DM before the onset of symptoms or
even at the prediabetic stage (15, 43).

Functional Connectivity Alteration in Type
2 Diabetes Mellitus
The FCs are accumulation of the paired regional connections
in the brain and are rich in information associated with the
intrinsic interactions among the brain regions, which are caused
by the spontaneous neural activities. Higher FCs indicate the
enhancement of temporal consistency of the different brain
regions. In the present study, increased FC based on the hub
DC analysis was found not only within different cerebellar
regions but also between ipsilateral cerebrocerebellar regions,
suggesting sophisticated recruitment capacity of the cerebellum
in T2DM (15, 42, 43). Though the cognitive functions of
the cerebellum are not yet well-understood, a study based on
exceptionally large and high-quality dataset analysis indicated
that functional gradients of the cerebellum correspond to
intrinsic connectivity of cerebellar voxels with the rest of the
cerebellum (49). On the other hand, correlation studies have
shown interactions between the cerebellum and non-motor areas
of the cerebral cortex (50). The inferior and middle temporal
lobes contain fiber tracks (e.g., middle cerebellar peduncle
and unciform fasciculus) crossing several brain regions and
associating with language processing, verbal working memory,
visual spatial perception (51), and so forth. The hippocampus is
involved in different aspects of memory formation and learning
process (10) and plays an important role during the cognitive
process of normal cognition to Alzheimer’s disease. It was
reported that T2DM subjects usually has existing atrophy of
the hippocampus and reduced cortical thickness in the right
middle and inferior temporal gyri and at the early stage of the
disease (12, 52). The increased FC between the cerebellum and
temporal gyrus (including the hippocampus) might present the
potential impairment of cognition, which could be compensated
by means of adjustment of functions of other regions to
“recover” the potential impairments before the clinical onset of
cognitive impairment.

We did not find any correlation between the aberrant FC
and the multiple neurocognitive assessment scale scores. This is
probably because the subjects’ cognitive function was still in the
normal range, and it was not linear enoughwith the increasedDC
or FC brain regions. In addition, in most of the cases, correlations
could exist in any area, even that without group difference. Even
further searching correlations in an area with group difference
itself do not guarantee that only patients show a correlation but
controls do not. Therefore, we feel that it is more reasonable to do
exactly the same exhausted search, for group difference detection,
as well as for correlation identification, based on the exploratory
nature of this work (53).

Limitations
There were some limitations in this study. Firstly, it was a
cross-sectional investigation and had relatively small sample size.
Further longitudinal studies are needed to elaborate the changes
in the whole brain DC associated with cognitive impairment,
particularly as it develops to MCI or AD. Secondly, uncontrolled

thoughts and/or other activities during the resting-state scan
could confound the result (43, 54). In addition, different doses
of hypoglycemic agents may affect the results, though the blood
sugar level of all the T2DM individuals was well-controlled,
and we have tried to control for confounding factors. Future
studies should take these into consideration, and multimodal
MRI that provide comprehensive channels of information should
be conducted (55).

CONCLUSION

The present study found increased DC in the right cerebellum
regions III–V, as well as increased FCs within cerebellar regions
and ipsilateral cerebrocerebellar regions, indicating complicated
compensatory mechanisms of the cerebellum in the early stage of
T2DM without MCI. These results provide valuable insights into
the neurological pathophysiology of T2DM-related of cognitive
decline and hold great potential in detecting early imaging
markers of T2DM.
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