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Background: Increasing evidence shows that the default mode network (DMN) and cerebellum are prone
to structural and functional abnormalities in patients with type 2 diabetes mellitus (T2DM). However, the
type of change in the functional connection between the DMN and cerebellum is still unknown.

Methods: In this study, seed-based functional connectivity (FC) analysis was used to examine the intrinsic
FC of the cerebellum-DMN between healthy controls (HCs) and T2DM patients. Pearson correlation
analysis was used to explore the relationship between clinical variables and changes in FC.

Results: Compared with HCs, T2DM patients showed significantly increased FC of the left crus I-left
medial superior frontal gyrus, left crus I-right medial superior frontal gyrus, and right crus I-left medial
orbitofrontal cortex. Compared with HCs, T2DM patients showed decreased FC of the lobule IX-the right
angular gyrus. Moreover, diabetes duration was positively correlated with increased FC of the left crus I-right
medial superior frontal gyrus (r=0.438, P=0.007).

Conclusions: Concomitant functional impairment and reorganization in the linkage between the
cerebellum and DMN in patients with T2DM may be a biomarker of early brain damage that can help us

better understand the pathogenesis of cognitive impairment in T2DM.
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Introduction T2DM (2,3), but the specific mechanism is still unclear.
Type 2 diabetes mellitus (T2DM) is a global epidemic of The brain is an organ with h%gh metabolic and oxygen
chronic metabolic disease characterized by hyperglycemia demands, a structure and function vulnerable to abnormal
and insulin resistance (1). Cognitive impairment has been glucose metabolism (4). In recent years, resting-state
gradually recognized as comorbidity and complication of functional magnetic resonance imaging (rs-fMRI) has
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provided an advanced noninvasive tool for investigating
cerebral functional alterations and the neural basis of
cognitive impairment in T2DM.

The interactions within the default mode network
(DMN) and between the DMN and other brain systems
play a critical role in maintaining fundamental cognitive
functions (5). In the resting state, the DMN has high
basic glucose metabolism and higher aerobic glycolysis
than other brain networks. Furthermore, local glucose
consumption is related to functional connectivity (FC)
within the DMN (6,7). These characteristics make DMN
(high-level cognitive network) more vulnerable to injury in
T2DM. Compared with healthy controls (HCs), T2DM
patients show impaired FC, topological configuration, and
structural connectivity within the DMN and between DMN
hub regions and other brain regions (8-12). Magnetization
transfer imaging revealed that the biophysical integrity of
macromolecular protein pools in the DMN hub region
(posterior cingulate cortex) was selectively compromised in
T2DM and related to diabetic hyperglycemia (13). A recent
systematic review found that reduced DMN connectivity
was a more consistent outcome in T2DM and that this
change was associated with cognitive decline (14). These
results suggest that DMN connectivity plays a critical role
in the neuropathology of cognitive dysfunction in T2DM.

The cerebellum has traditionally been considered a stable
area against the damage of diabetic hyperglycemia (15),
but recent neuroimaging studies have challenged this view.
Structural MR studies have shown that cerebellar gray matter
(GM) is atrophic in patients with T2DM (16-18). Diffusion
tensor imaging (DTI) studies have shown that the white
matter microstructure of posterior cerebellar and cerebral-
cerebellar white matter connections are decreased in T2DM
patients (19,20). Furthermore, rs-fMRI studies have identified
abnormal low-frequency fluctuation (ALFF) (21-23)
and reduced integrity connectivity of the cerebellum (8),
as well as wide cerebrum-cerebellum FC (24) in T2DM
patients. In addition, our recent study reported that
the negative FC between the DMN and the posterior
cerebellum was increased in high plasma glucose participants
compared to those with normal plasma glucose (25).
Consequently, the cerebellum may be a sensitive region for
damage by T2DM, and its abnormalities may play a role in
abnormal brain circuits.

In recent years, the advanced functions of the cerebellum
have gradually attracted the attention of researchers.
Animal experiments and human neuroimaging studies have
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demonstrated that the cerebellum is involved in various
cognition, emotion regulation, and reward processes
(26,27). Several previous resting-state FC studies have
shown that the cerebellum is involved in multiple high-
level brain networks. Of these, crus I and lobule IX
primarily participate in the DMN and have intrinsic
connectivity with cerebral DMN regions (28-32). Recently,
the relationship between changes in the resting-state FC
pattern of the cerebellum-DMN and cognitive dysfunction
in neuropsychiatric diseases has been widely explored
(33-35). Although the structure and function of the
cerebellum and DMN regions were altered in T2DM
patients, the relationship between the cerebellum and DMN
abnormalities has remained unclear. Herein, we chose the
above crus I and lobule IX as seed regions to investigate
alterations of resting-state FC between the cerebellum and
DMN regions by seed-based FC analysis. We hypothesized
that T2DM patients would show abnormal resting-state FC
between the cerebellum and DMN regions.

Methods
Participants

In this study, we recruited 71 participants (34 HCs and 37
T2DM patients) from the Diabetes Clinic and Physical
Examination Center of the Third Xiangya Hospital between
2015 and 2017. The inclusion criteria for all participants
in this study were as follows: (I) aged 30-70 years; (II)
education >6 years; (III) right-handedness. The exclusion
criteria were as follows: (I) major medical illnesses such as
cardiovascular disease, kidney disease, and tumors; (II) self-
reported history of alcohol and other substance dependence,
brain injury, major depression, or other neuropsychiatric
diseases that could affect cognitive function; (III) severe
hearing or visual impairment and contraindications for MRI
examination; and (IV) Fazekas score of 2 or 3.

Based on the World Health Organization (WHO)
diagnostic criteria for diabetes from 1999 (36), all participants
were divided into either the T2DM or HC groups. All
participants with T2DM received stable hypoglycemic
treatment. The therapeutic agents used to treat them are
shown in Table 1. Importantly, no participant self-reported
having experienced mild or severe hypoglycemia. The study
was conducted following the Declaration of Helsinki (as
revised in 2013) and was approved by the Ethics Committee
of the Third Xiangya Hospital of Central South University.
All participants provided informed consent.
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Table 1 Participant demographic and clinical characteristics

Variables T2DM group (n=37) HC group (n=34) P value
Age (years) 56.41+7.90 56.38+6.84 0.999
Gender (male/female) 18/19 13/21 0.380
Education (years) 11.51+£3.97 11.00+3.24 0.554
Duration (years) 5.65+2.88 -
BMI (kg/m?) 24.26+1.98 23.66+2.52 0.274
Systolic BP (mmHg) 127.41+12.53 122.76+17.97 0.229
Diastolic BP (mmHg) 76.00+9.53 74.35+£10.43 0.491
Total cholesterol (mmol/L) 5.24+0.94 5.08+1.03 0.507
Triglyceride (mmol/L) 1.95+1.87 1.40+0.71 0.175
HDL (mmol/L) 1.59+0.45 1.81+0.48 0.046*
LDL (mmol/L) 2.85+0.72 2.83+0.83 0.902
FPG (mmol/L) 9.78+3.16 5.35+0.47 0.000*
HbA1c (%) 8.49+1.96 5.70+0.23 0.000*
MoCA 27.89+1.43 28.34+1.03 0.136
T2DM therapeutic agents -

Dietary restriction 10 -

Oral hypoglycemic agents 23 -

Insulin 2 -

Insulin + oral medication 2 -

All data are expressed as the mean + standard deviation (SD) unless otherwise indicated. *, indicate significant group difference (P<0.05).
BMI, body mass index; BP, blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein; FPG, fasting plasma glucose;

MoCA, Montreal cognitive assessment; T2DM, type 2 diabetes mellitus.

Procedure and measurements

Demographic data, disease history, and drug use were
recorded in detail for each participant. Before MR scanning,
blood samples were collected to measure fasting plasma
glucose (FPQG) levels, glycosylated hemoglobin (HbAlc),
and serum lipids through standard laboratory analysis.
In addition, we used the Montreal Cognitive Assessment
(MoCA) scale to evaluate the global cognitive status of the 2
groups.

Image acquisition

All participants’ rs-fMRI images were obtained using an
8-channel head coil on a 1.5-T Siemens Avanto scanner
(Siemens Healthineers, Erlangen, Germany). All participants
were given earphones to reduce noise impact during the scan.
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Each participant was instructed to rest quietly with their eyes
closed and to clear their mind of thought. For rs-ftMRI, echo
planar imaging (EPI) sequence was used to obtain functional
images and the parameters as follows: repetition time (TR)
=2,000 ms, echo time (TE) =40 ms, slice thickness =4 mm,
slices =28, field of view (FOV) =240 mm x 240 mm, matrix
=64x64, flip angle =90°, scan range =250, and scan time
=506 s. To obtain brain structural images, high-resolution 3D
T1WI scanning was chosen with follow parameters: TR/TE
=1,900/2.93 ms, flip angle =15°, slice thickness =1.0 mm, slice
gap =0 mm, FOV =240 mm x 240 mm, matrix =256x256,
slices numbers =256, and scan time =423 s. All participants’
brain scans included the entire cerebellum.

Iimage preprocessing

We used RESTplus software to preprocess all images (37) in
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Figure 1 Cerebellar ROISs used for functional connectivity analysis. (A) Left crus I (green); (B) right crus I (blue); (C) lobule IX (red). ROIs,

regions of interest.

the MATLAB 2014a operating environment (MathWorks,
Natick, MA, USA). The main procedure was employed
as follows: (I) the first 10 time points were removed to
achieve magnetic field saturation. (II) For slice-timing
and realignment, participants with the excessive head
movement were excluded based on the obtained realignment
parameters (translation >1.5 mm or rotation >1.5° around
any axis). (IIT) Then, structural images and functional images
were co-registered. Structural images were segmented using
the unified algorithm (38) and converted into the standard
Montreal Neurosciences Institute (MNI) space to generate
a series of parameters. Finally, functional images were
normalized to the MNI space based on these parameters
and resliced to 3x3x3 mm’ (4). A 6-mm Gaussian filter
kernel was used for spatial smoothing (5). Several nuisance
variables were regressed, including head motion parameters
and global, white matter, and ventricular signals (6). Linear
detrending and bandpass filter (0.01-0.08 Hz).

FC analysis

To assess the cerebellar intrinsic FC patterns in T2DM
patients and HCs, we used the voxel-wise FC analysis in
the RESTplus toolbox (36). In this study, we defined 3
seed regions of interest (ROIs), including the left crus I
(MNI: -33, -76, -34), right crus I (MNI: 33, -76, -34),
and lobule IX (MNI: 0, -55, -49) (Figure I). These seed
ROIs have previously shown intrinsic connectivity with
cerebral DMN regions in schizophrenia (34) and healthy
participants (28,31,39). In the RESTplus toolbox, the seed
ROIs were defined as spheres centered on MNI coordinates
with a radius of 6 mm. The correlation map for statistical
analysis was obtained by calculating the Pearson correlation
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coefficient between seed ROIs and other whole-brain
voxels, then performing Z transformation with Fisher’s
r-to-z transform.

Statistical analysis

The demographic parameters and clinical variables were
statistically analyzed using SPSS version 22 (SPSS Inc.,
IBM, Chicago, IL, USA). Independent sample 7-tests and
chi-square tests were used to compare differences between
groups of variables (P<0.05 was considered a significant
difference between groups). The FC statistical analysis
within and between groups was carried out in a voxel-
wise manner using SPM8 (40). A single-sample #-test was
used for intragroup comparisons to obtain brain regions
significantly correlated with seed ROIs in each group [voxels
P<0.001, Gaussian random fields (GRF) correction]. After
controlling for age and gender, the 2-sample 7-test was used
for between-group comparisons in the union mask obtained
by the single-sample z-test to clarify the distribution of
brain regions significantly related to the seed ROIs (voxels
P<0.001, cluster P<0.05, GRF correction). Finally, we used
Pearson correlation analyses to explore the correlation
between variables and the z-value of FC with significant
intergroup differences in the T2DM group.

Results
Participant characteristics

Detailed demographic characteristics and clinical variables
of the 2 groups of participants are summarized in Table 1.
Compared to HCs, the participants with T2DM showed
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Table 2 Brain regions exhibiting significantly abnormal rsFC with cerebellar seed ROIs in T2DM

MNI coordinates (mm)

Seed ROIs Brain regions Cluster voxels t value
X y z
L crus | mPFC (R.mSFG) 33 9 57 42 4.43
mPFC (L.mSFG) 21 -6 51 42 4.42
Rcrus | mPFC (L.mOFC) 22 -6 51 -15 4.38
Lobule IX IPL (R.ANG) 18 36 -63 48 -4.54

T2DM, type 2 diabetes; ROlIs, regions of interest; mOFC, medial orbitofrontal cortex; mSFG, media superior frontal gyrus; ANG, angular
gyrus; IPL, inferior parietal lobule; L, left; R, right; rsFC, resting state functional connectivity.

higher FPG levels, HbAlc, and high-density lipoprotein
(HDL) levels (all P<0.05). No significant differences in age,
gender, education years, body mass index (BMI), systolic
and diastolic blood pressure, triglyceride, total cholesterol,
low-density lipoprotein (LDL), or MoCA (all P>0.05) were
identified between groups.

FC results

In the HC group, 3 cerebellar seed ROIs were positively
connected to DMN cerebral regions. These regions
included the medial prefrontal cortex (mPFC), bilateral
inferior parietal lobule (IPL), precuneus/posterior cingulate
gyrus, and lateral temporal cortex, consistent with previous
research results (28,32,41). In the T2DM group, the FC
pattern of the 3 seed regions was similar to that of the HC
group, but some FC was different.

Tuble 2 summarizes the MNI coordinates, cluster
size, and t-value of brain regions exhibiting significantly
increased and decreased FC with cerebellar seed ROIs in
the T2DM group after corrected. Figure 2 presents the FC
maps of cerebellar seed regions with significant intergroup
differences. Specifically, participants with T2DM showed
increased FC between the left crus I and right medial
superior frontal gyrus (mSFG) and left mSFG compared
to HCs (Figure 2A4,B). Additionally, the FC between the
right crus I and the left medial orbitofrontal cortex (mOFC)
was also higher in T2DM patients than HCs (Figure 2C).
Besides, T2DM patients showed significantly decreased
FC between lobule IX and the right angular gyrus (ANG)
compared to HCs (Figure 2D).

Correlation analyses

In the correlation analysis, we found that diabetes duration
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was positively correlated with FC between the left crus I and
right mSFG (r=0.438, P=0.007, Figure 3). After controlling
for age, gender, and education level, this correlation
persisted (r=0.351, P=0.039). Moreover, no other significant
correlations exsited among the T2DM patients.

Discussion

This study aimed to investigate the intrinsic FC patterns
between the cerebellum and the DMN in T2DM patients
using a seed-based FC analysis method. We found increased
FC between the cerebellum and anterior DMN (mPFC)
and decreased FC between the cerebellum and posterior
DMN (IPL) in T2DM patients compared with HCs. The
increased FC between the cerebellum and mPFC (right
mSFG) was positively correlated with diabetes duration.
This changing pattern of impairment combined with
compensation may be a marker of early brain damage in
T2DM patients that can help us better understand the
pathogenesis of brain dysfunction in T2DM.

More specifically, we found decreased FC between lobule
IX and the right ANG in T2DM patients compared with
HCs, suggesting that the functional interactivity of the
cerebellum with the posterior DMN (IPL) was disrupted
in T2DM patients. Multiple previous studies have revealed
the abnormal morphological structure and cell metabolism
of the cerebellum and IPL and abnormal structural
connectivity between the cerebellum and parietal regions
in patients with T2DM (16,19,42). These abnormalities
provide a structural basis for discovering the decreased
FC between the cerebellum and IPL and support our
findings. Due to its unique anatomical location, the ANG
is closely related to the input information integration of
the occipital, temporal, and parietal lobes (43). A tasking
fMRI study showed that the ANG plays an important
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Figure 2 The distribution of brain regions with significant differences in functional connectivity. Enhanced functional connectivity of the
left crus I with right mSFG (A) and left mSFG (B) (voxelwise P<0.001, cluster P<0.05, GRF corrected; cluster size >18 voxels); (C) enhanced
FC between right crus I and right mOFC (voxelwise P<0.001, cluster P<0.05, GRF corrected; cluster size >20 voxels); (D) reduced
functional connectivity of lobule IX with right angular gyrus in T2DM (voxelwise P<0.001, cluster P<0.05,GRF corrected; cluster size
>10 voxels). mSFG, medial superior frontal gyrus; mOFC, medial orbitofrontal cortex; FC, functional connectivity; T2DM, type 2 diabetes;
GRF, Gaussian random fields.
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Figure 3 Increased functional connectivity between the left crus I and mPFC (right mSFG) was positively correlated with diabetes duration

(r=0.438, P=0.007). (A) The location of the right medial superior frontal gyrus; (B) the strength of FC between the left crus I and right

mSFG in 2 groups; (C) scatter plot of correlation. mPFC, medical prefrontal cortex; mSFG, medial superior frontal gyrus; FC, functional

connectivity; HC, healthy control; T2DM, type 2 diabetes.

role in the working memory of healthy participants (44).
Working memory impairment is a common type of
cognitive impairment in T2DM, and it has been shown to
appear in the early stages of T2DM (45). Tasking fMRI
also confirmed that the neural activity of the ANG was
weakened during memory coding in T2DM patients (46).
In addition, the cerebellum is involved in working
memory, and cerebellar abnormalities impair working
memory (47,48). Taken together, the decreased functional
interactivity between the cerebellum and posterior DMN
(right ANG) may be involved in the impairment of
working memory in T2DM patients, but further studies are
necessary for confirmation.

In this study, increased FC between the cerebellum and
mPFC (left crus I-bilateral mSFG and right crus I-left
mOFC) was also found in T2DM patients compared
with HCs. Previous anatomical and neuroimaging studies
have confirmed that the cerebellum interacts with the
prefrontal lobe (such as the mPFC) through anatomical
and functional connections in normal participants (31,49).
This provides a basis for studying the FC pattern between
the cerebellum and mPFC in T2DM patients. In contrast,
a recent fMRI study observed decreased FC between the
cerebellum and the prefrontal lobe in T2DM patients (24).
We determined that the most likely explanation for
these contradictory results was the inconsistent diabetes
duration of the participants through further analysis.
The average disease duration of the T2DM participants
in this study was approximately 5.6 years, indicating that
they were in the early stage of the disease. In our recent
fMRI study, increased negative FC was found in early-
stage T2DM (25). Other studies have shown that patients
with early-stage type 1 diabetes also exhibit enhanced FC
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(50,51). This change may be related to the loss of local
inhibitory neurons, causing increased activation of long-
distance neurons (52). Another explanation is to define
FC enhancement as functional reorganization, which is a
compensatory mechanism in response to early structural
damage (53,54). The mPFC, an important node of the
anterior DMN (55), participates in emotional processing,
executive control, memory, and decision making (56). The
structure of the mPFC and cerebellum were damaged
in T2DM patients (16,17,57,58). Therefore, increased
anterior DMN connectivity with the cerebellum may serve
as a compensatory mechanism. Before the onset of apparent
cognitive deterioration, functional reorganization of
networks already has started as a compensatory mechanism
for slight decrements in cognitive performance among
prediabetes and T2DM patients, and this functional
reorganization increased over time in the early stage of
T2DM but decreased in the later stage (59). Therefore,
this compensatory may be why the patients with early
stage T2DM in this study had higher connectivity than
HCs. Besides, we found that the increase in FC between
the left crus I and bilateral mSFG was positively correlated
with diabetes duration. This indicated that the functional
reorganization of the cerebellum with the anterior DMN
became more obvious with the progression of the disease in
early-stage T2DM patients. Taken together, the increased
FC between the cerebellum and the anterior DMN might
be used as a biomarker of early brain damage and provide
a basis for the early diagnosis and prevention of cognitive
impairment in patients with T2DM.

In correlation analysis, we did not find any relationship
between diabetes-related biomedical measures (such as

glycosylated hemoglobin and FPG) and FC changes.
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However, it should be noted that DMN connectivity
exhibits an opposite change trend in different diabetes
duration (25), which indicated inconsistent patterns of
brain damage at different stages of T2DM. Therefore, we
speculate that a single correlation model cannot describe
the relationship between the changes of FC and diabetes-
related variables in patients with varied diabetes duration,
which may be the reason why a consistent correlation could
not be found in this study. By trying the correlation analysis
in 2 subgroups with different diabetes duration, we found
diabetes-related variables (FPG and HbAlc) and the altered
FC showed a strong correlation in early stage T2DM
patients, but not in late-stage T2DM patients, which
supports our speculation to some extent. However, the small
number of participants with later stage T2DM in this study
limited our subgroup study. Therefore, it is necessary to
increase the sample size to investigate the changes in brain
function of T2DM patients with different stages in future
research, which may help to reveal better the pathological
mechanism of brain damage in patients with T2DM.

Several limitations in the present study should be
considered. First, it is difficult for a small sample cross-
sectional study to reflect the universality of the results.
Second, we did not consider the effect of hypoglycemic
drugs, which may impact the interpretation of the results.
In addition, the MR device used in this study had a low
field strength, so the signal-to-noise ratio of images was
lower than 3.0 T. Therefore, it is necessary to repeat or
confirm our findings on data acquired with high field
strength. Finally, we did not find a correlation with
neuropsychological tests, which might be because our
cognitive test was not sufficiently detailed; therefore,
meticulous assessments of cognition in T2DM patients
could be carried out in the future.

To conclude, concomitant functional impairment and
reorganization in the linkage between the cerebellum and
DMN in patients with T2DM (based on the results that the
FC between the cerebellum and mPFC is increased and that
the FC between the cerebellum and the IPL is decreased)
may be a biomarker of early brain injury in T2DM patients
that can help us better understand the pathogenesis of
cognitive impairment in ' T2DM.
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