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Cognitive impairment in type 2 diabetes mellitus (T2DM) is associated with functional
and structural abnormalities in the intrinsic brain network. The salience network (SN)
is a neurocognitive network that maintains normal cognitive function, but it has
received little attention in T2DM. We explored SN changes in patients with T2DM
with normal cognitive function (DMCN) and in patients with T2DM with mild cognitive
impairment (DMCI). Sixty-five T2DM patients and 31 healthy controls (HCs) underwent
a neuropsychological assessment, independent component analysis (ICA), and voxel-
based morphometry (VBM) analysis. The ICA extracted the SN for VBM to compare
SN functional connectivity (FC) and gray matter (GM) volume (GMV) between groups.
A correlation analysis examined the relationship between abnormal FC and GMV
and clinical/cognitive variables. Compared with HCs, DMCN patients demonstrated
increased FC in the left frontoinsular cortex (FIC), right anterior insula, and putamen, while
DMCI patients demonstrated decreased right middle/inferior frontal gyrus FC. Compared
with DMCN patients, DMCI patients showed decreased right FIC FC. There was no
significant difference in SN GMV in DMCN and DMCI patients compared with HCs. FIC
GMV was decreased in the DMCI patients compared with DMCN patients. In addition,
right FIC FC and SN GMV positively correlated with Montreal Cognitive Assessment and
Mini-Mental State Examination (MMSE) scores. These findings indicate that changes in
SN FC, and GMV are complex non-linear processes accompanied by increased cognitive
dysfunction in patients with T2DM. The right FIC may be a useful imaging biomarker for
supplementary assessment of early cognitive dysfunction in patients with T2DM.

Keywords: type 2 diabetes mellitus, salience network, independent component analysis, voxel-based
morphometry, neuroimaging

Abbreviations: AD, Alzheimer’s disease; AGEs, glycation end-products; BMI, body mass index; CDT, Clock-Drawing
Test; DMCN, T2DM with normal cognitive function; DMCI, T2DM with mild cognitive impairment; DMN, default-mode
network; ECN, executive control network; FBG, fasting blood glucose; FC, functional connectivity; fMRI, functional
magnetic resonance imaging; FIC, frontoinsular cortex; GMV, gray matter volume; HbAlc, glycated hemoglobin; HC,
healthy controls; ICA, independent component analysis; LDL-C, low-density lipoprotein cholesterol; MMSE, Mini-Mental
State Examination; MoCA, Montreal Cognitive Assessment; SN, salience network; T2DM, type 2 diabetes mellitus; TC,
cholesterol; TG, triglyceride; TMT-A, Trail Making Test A; VBM, voxel-based morphometry; VSN, visuospatial network.
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INTRODUCTION

Diabetes is becoming increasingly common worldwide and is
considered a global chronic illness burden in aging societies
(Sinclair et al., 2020). Type 2 diabetes mellitus (T2DM)
accounts for 90%-95% of all cases of diabetes (Henning,
2018). T2DM not only leads to multiple chronic complications,
such as cardiovascular disease, nephropathy, and retinopathy,
but it also increases the risk of dementia, as well as the
proportion of patients who convert from mild cognitive
impairment to dementia (Koekkoek et al., 2015). Currently,
it is believed that the neuropathological basis of cognitive
impairment in patients with T2DM is related to increased
levels of advanced glycation end-products (AGEs) caused by
chronic hyperglycemia. Accumulation of AGEs not only leads
to inflammation and oxidative stress but also accelerates
amyloid-beta and neuronal tau pathologic processes, which
promote neurodegeneration (Munch et al., 1998). T2DM-related
cognitive impairment is concealed, mainly affecting executive
function, including memory, attention, and visuospatial ability
(Palta et al., 2014). Cognitive scales are often used to assess
cognitive impairment in clinical practice; however, they are
relatively subjective, and it is difficult to identify early changes
in cognitive impairment using these tools. Therefore, exploration
of biomarkers that can evaluate cognitive decline in patients with
T2DM would guide early clinical diagnosis and treatment, as well
as prevent or delay cognitive dysfunction and dementia.

Many neuroimaging studies have shown that cognitive
impairment is related to structural and functional abnormalities
in brain networks (Macpherson et al., 2017; Rosenberg et al.,
2019). Among the intrinsic brain networks, the default mode
network (DMN), the executive control network (ECN), and
the salience network (SN) are considered as the three core
neurocognitive networks (Li et al, 2019). The DMN is
mainly associated with self-referential mental processes, while
the ECN is involved in the maintenance and manipulation
of information in working memory, decision making, and
goal-directed behavior (Sridharan et al., 2008; Davey et al., 2016).
The SN mainly consists of the anterior cingulate cortex and
the frontoinsular cortex (FIC), which participate in cognition,
emotion, and the internal environment (Seeley et al., 2007). Thus,
the SN maintains normal cognitive function and has attracted
much attention in recent years (Menon, 2011). One study found
that structural and functional impairments in the SN FIC impair
one’s ability to identify salient stimuli and reduce perception
capacity, which may result in impaired cognitive function (He
et al., 2014). The SN is abnormal in patients with Alzheimer’s
disease (AD) and frontotemporal dementia. Particularly in the
early stages of AD, the SN demonstrates characteristic changes
(Zhou et al., 2010).

Previous studies have explored the relationship between
cognitive function and intra- and inter-network disconnection,
such as in the DMN, the ECN, and the attention network, in
patients with T2DM (Cui et al,, 2015; Xia et al., 2015; Yang
et al., 2016). However, there is no research on the relationship
between changes in intra-SN functional connectivity (FC) and
cognitive function in patients with T2DM. Although multiple

neuroimaging studies (Liu et al., 2017; Wu et al., 2017; Roy et al,,
2020) have found that gray matter (GM) volume (GMV) atrophy
in the SN core region (insula) is related to cognitive function, the
results of research examining functional changes in the SN are
not consistent in patients with T2DM. Research using resting-
state functional magnetic resonance imaging (fMRI) found that
neuronal activity increases in the anterior cingulate cortex of
patients with T2DM (Liu et al,, 2016), the degree centrality
of the right insula and the dorsal anterior cingulate increase,
and FC is enhanced (Cui et al., 2016). In addition, patients
with T2DM also display increased nodal efficiency in the left
insula and right anterior cingulate gyrus (Qin et al, 2019;
Xu et al, 2019). These studies speculate that enhancement of
neural activity in core regions of the SN in patients with T2DM
may be related to compensation of early cognitive impairment.
However, Zhou et al. (2014) found that the neural activity of
the bilateral insula is decreased in patients with T2DM with
mild cognitive impairment (DMCI). Task-based fMRI studies
also confirmed that DMCI patients have reduced activation
intensity in the right insula and left caudate nucleus under
working memory load (Chen et al,, 2014). Dai et al. (2017)
found that the clustering coefficient and short feature path
length of the insula and parahippocampal gyrus are reduced in
patients with T2DM with retinal complications, and cognitive
impairment is often more severe in patients with T2DM with
complications. The heterogeneous results of the above studies
may be related to the different cognitive states of subjects.
Some studies (Li et al., 2016, 2018) have found that different
stages of diabetes-associated cognitive dysfunction exist with
different cognitive features. Considering the special role of
the SN in cognitive function, it is necessary to explore the
relationship between SN changes and cognitive function in
patients with T2DM with different cognitive states, which may
help us to understand variations in the brain in the context of
T2DM-related cognitive impairment.

Independent component analysis (ICA) is a data-driven
method that automatically identifies intrinsic connectivity
networks in the brain without the need for priori seed regions
(Fox and Raichle, 2007). Voxel-based morphometry (VBM) is a
fully automated whole-brain measurement technique based on
voxel level (Ashburner and Friston, 2000). Therefore, this study
aimed to apply ICA and VBM to explore SN changes in patients
with T2DM with normal cognitive function (DMCN) and
DMCI patients to comprehensively evaluate neuropathological
changes in the SN in different cognitive states from both
functional and structural viewpoints. We speculate that under
different cognitive states, intra-SN FC in patients with T2DM
may exhibit different changes, while the GMV of SN-related
brain regions in patients with T2DM is consistently atrophied.
Abnormally altered FC or GMV in the SN may be related to
cognitive function.

MATERIALS AND METHODS
Subjects

One-hundred and five subjects were recruited, including
71 patients diagnosed with T2DM at the Endocrinology
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Department of Shaanxi Provincial People’s Hospital from May
2018 to July 2019, as well as 34 Healthy controls (HCs), who
were examined at the health examination center of our hospital
during the same period. All subjects were between 45 and
70 years of age, right-handed, and had at least 6 years of
education. The inclusion criteria in the HC group were as
follows: (1) no symptoms of T2DM; (2) fasting blood glucose
(FBG) concentration of <7.0 mmol/l; (3) glycated hemoglobin
(HbA1c) of <6.0%; (4) Mini-Mental State Examination (MMSE)
score of >27; and (5) Montreal Cognitive Assessment (MoCA)
score of >26. T2DM was diagnosed according to the criteria
proposed by the American Diabetes Association in 2014.
Patients with T2DM were on stable therapy (diet, oral
medications, and/or insulin). Patients were excluded from the
study if they had a history of hypoglycemia (blood glucose
concentration of <3.9 mmol/l) or hyperglycemia (blood glucose
concentration of >33.3 mmol/l). The exclusion criteria in
both groups were as follows: (1) severe claustrophobia or
contraindications to MRI; (2) alcoholism, Parkinson’s disease,
major depression, brain injury, epilepsy, or other neurological
or psychiatric disorders; and (3) any other systemic disease.
Then, patients with T2DM were subdivided into the DMCN
group and the DMCI group. The inclusion criteria in the
DMCI group were as follows: (1) complaints of hypomnesis;
(2) MMSE score of >24 and MoCA score of <26; and
(3) no other physical or mental disorders that could lead to
abnormal cognition.

Every subject arrived at the department for MRI at
6:30-7:00 pm after dinner and controlled their blood glucose
according to their doctor’s orders on the day of the scan.
MRI was performed after approximately 30 min of structured
clinical interview and a series of psychological tests. Only one
subject was scanned each day to ensure that each subject
had completed the examination with a relatively stable blood
glucose. The test procedure and scan time of HCs were the
same as those of subjects with T2DM. All subjects were awake
during the scan and did not experience discomfort. The study
was approved by the Ethics Committee of Shaanxi Provincial
People’s Hospital. The study protocol was explained to all
subjects, and all subjects provided written informed consent
before participation.

Clinical Data and Neuropsychological Test

Information

All subjects underwent the following neuropsychological
examinations: MMSE, MoCA, Clock-Drawing Test (CDT),
and Trail-Making Test A (TMT-A). The MMSE and MoCA
were used to assess general cognitive function. Information
processing speed and attention were tested using TMT-A.
Executive function and visuospatial skills were evaluated
using the CDT. Neuropsychological tests were performed by
a psychiatrist with more than 5 years of experience. Clinical
data were recorded for all subjects, and clinical data of HCs
were collected from the outpatient medical examination center.
The medical history and clinical data of subjects were obtained
from medical records and questionnaires. Clinical data included
blood pressure, height, weight, and body mass index (BMI).

Furthermore, HbAlc, FBG concentration, postprandial blood
glucose concentration (T2DM patients only), triglyceride (TG)
concentration, cholesterol (TC) concentration, and low-density
lipoprotein cholesterol (LDL-C) concentration were measured
by standard laboratory testing.

Image Acquisition

MRI data were obtained using a 3.0-T scanner (Ingenia, Philips
Healthcare, the Netherlands) and a 16-channel phased-array
head coil. All subjects were scanned in a supine head-first
position during fMRI, and all subjects were instructed to
stay as motionless as possible with their eyes closed, to
remain awake, and to think of nothing in particular during
scanning. Foam pads and headphones were used to reduce
head motion and decrease scanner noise as much as possible
during scanning. Additionally, routine T2-weighted imaging
and fluid-attenuated inversion recovery (FLAIR) examinations
were performed by two radiologists to exclude visible brain
lesions. Sagittal three-dimensional T1-weighted imaging was
used with the following acquisition parameters: repetition time
[TR] = 7.5 ms, echo time [TE] = 3.5 ms, flip angle [FA] = 8°,
field of view [FOV] = 250 x 250 mm, matrix = 256 X 256,
slice thickness = 1 mm, no gap, and 328 sagittal slices. Resting-
state functional blood oxygenation level-dependent images
were acquired using a gradient-echo planar sequence with the
following parameters: TR = 2,000 ms, TE = 30 ms, slices = 34,
thickness = 4 mm, gap = 0 mm, FOV = 230 x 230 mm,
matrix = 128 x 128, FA = 90°, and 200 volumes.

Preprocessing of Structural MRI

The VBM analysis was performed using the Computation
Anatomy Toolbox (CATI2'), which is based on Statistical
Parametric Mapping 12 (SPM122). First, structural MR images
were segmented into GM, white matter, and cerebrospinal
fluid (CSF), and then segmented GM images were spatially
normalized into the Montreal Neurological Institute (MNI)
space using DARTEL. After normalization, voxel values
within GM images were modulated with the Jacobian
determinant of the deformation field. Finally, GM images
were smoothed with a full width at a half-maximum
(FWHM) kernel of 8 mm. After spatial preprocessing,
normalized, modulated, and smoothed maps were used for
statistical analysis.

Preprocessing of Resting-State fMRI Data

All functional images were preprocessed using Data Processing
and Analysis for Brain Imaging 3.0°, which is based on
Statistical Parametric Mapping 12 (SPM12%). First, the first
10 volumes were removed to allow subjects to adapt to the
magnetic field. Second, slice timing correction was performed
to correct for inter-slice time delay within each volume. Third,
headmotion >1.5 mm and(or) translation >1.5° of rotation in
any direction were excluded. Images were spatially normalized

http://www.neuro.uni-jena.de/cat
Zhttp://www.fil.ion.ucl.ac.uk/spm
3http://rfmri.org/dpabi
4http://www.filion.ucl.ac.uk/spm
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into the MNI space using a standard EPI template provided
by SPMI12 and resliced into a voxel size of 3 x 3 x 3 mm.
Finally, data were spatially smoothed using a 6-mm FWHM
Gaussian kernel.

ICA

The ICA was applied to fMRI data using the group ICA
(GICA) of the fMRI toolbox® (MICA version beta 1.2).
The toolbox performed the analysis in three stages: (i) a
principal component analysis was performed for each subject
for data reduction; (ii) the ICA algorithm was applied; and
(iii) back-reconstruction was performed for each individual
subject. In this study, we performed GICA 100 times, and
the number of components (maps and corresponding time
courses) estimated for each subject was set to 30. The SN was
identified by inspecting aggregate spatial maps and averaging
power spectra with four viewers. Individual-level components
were obtained from back-reconstruction and converted into
Z-scores, which reflect the degree to which the time series
of a given voxel correlates with the mean time series of
its corresponding component. For each SN component, the
Z-score of each voxel was defined as resting-state intra-
network FC. The SN mask identified by ICA is shown in
Supplementary Figure 1.

An age-related white matter change scale with a single-blind
method was used to quantitatively evaluate lacunar infarcts and
white matter hyperintensity (WMH) based on FLAIR recovery
images, and subjects with a rating of >2 were excluded. Nine
participants were excluded from the final statistical analysis: six
subjects (four with T2DM and two HCs) were excluded for
excessive motion or poor image quality, and three participants
(two with T2DM and one HC) were excluded for a WMH rating
of >2. In total, 31 DMCI patients, 34 DMCN patients. and
31 HCs were included in the analyses.

Statistical Analysis

Demographic and Clinical Variable Analysis

Statistical analyses were performed using SPSS 17.0. Analysis
of variance (ANOVA) was used to compare demographic data,
clinical features, and neuropsychological scores among the three
groups. GRF correction and least significant difference (LSD)
were used to perform post hoc comparisons. The x? test was
used to compare proportions, and an independent two-sample
t-test was used to assess T2DM duration and postprandial blood
glucose concentration. P-values were considered significant
at < 0.05 (for GRF correction, the voxel P-value was set to 0.001,
and the cluster P-value was set to 0.05).

FC and GMV Analyses in the SN

Component maps were entered into a random-effect one-sample
t-test to create a sample-specific component map (P < 0.05,
GREF-corrected), and the union algorithm was used to combine
the three groups’ statistical Z-scores, which was used as the
mask for subsequent analysis. One-way ANOVA was used to
test FC and GMYV differences among groups within the SN

Shttp://www.nitrc.org/projects/cogicat/

mask, while GRF correction and LSD were used to perform post
hoc comparisons.

Correlation Analysis

Pearson’s correlation analysis was performed to compare FC
and GMV within the SN and neuropsychological test scores
and clinical results in patients with T2DM. Mean Z-scores
for FC and GMV of each brain area that showed significant
differences were extracted using Data Processing and Analysis for
Brain Imaging 3.0%. Pearson’s correlation coefficients between
FC, GMV, cognitive performance, and clinical variables were
subsequently analyzed using SPSS 17.0. A P-value of < 0.05 was
considered statistically significant.

RESULTS

Clinical and Neuropsychological Data
Demographic, clinical, and neuropsychological data are
presented in Table 1. There were no significant differences
between groups in age, sex, education level, BMI, blood pressure,
TG concentration, TC concentration, LDL-C concentration,
and CDT score (P > 0.05). As expected, patients with T2DM
had higher levels of HbAlc and FBG compared with HCs (all
P < 0.001). In terms of cognitive performance, DMCI patients
had poorer MMSE and MoCA scores (all P < 0.001) and
higher TMT-A scores compared with DMCN patients and HCs
(P < 0.05).

FC and GMV Differences Within the SN

We observed a significant difference in intra-SN FC in the
bilateral FIC using an ANOVA (Table 2, Figure 1A). A
between-group analysis demonstrated that the DMCN group
displayed increased FC in the left FIC, as well as in the right
anterior insula and putamen compared with HCs (Table 2,
Figure 1B). The DMCI group showed decreased FC in
the right middle/inferior frontal gyrus compared with HCs
(Table 2, Figure 1C). Compared with the DMCN group,
the DMCI group showed decreased FC in the right FIC
(Table 2, Figure 1D).

One-way ANOVA showed significant GMV differences
among groups within the SN mask, including the right FIC
(Table 3, Figure 2A). Compared with HCs, there was no
significant difference in SN GMV between the DMCN and DMCI
groups. Compared with the DMCN group, GMV in the right
FIC was decreased in the DMCI group (Table 3, Figure 2B).
Additionally, the overlapping region where both FC and GMV
were different between the DMCN and DMCI patients within SN
is shown in Supplementary Figure 2.

Correlation Analysis

After Bonferroni correction for P, FC in the right FIC
significantly correlated with MoCA and MMSE scores for all
T2DM subjects (r = 0.334, P = 0.007 and r = 0.369, P = 0.002,
respectively; Figures 3A,B), and MoCA and MMSE scores
positively correlated with GMV in the right FIC (r = 0.409,
P =0.001 and r = 0.348, P = 0.005, respectively; Figures 3C,D).

Shttp://rfmri.org/dpabi
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TABLE 1 | Demographic, clinical, and neuropsychological test results.

HC (n = 31) DMCN (n = 34) DMCI (n = 31) F/x?2 value P-value
Male/female 18/13 22/12 17/14 0.69 0.71*
Age (years) 53.42 +£4.97 53.97 + 7.60 56.10 + 6.12 1.54 0.22
Educational level (years) 14.90 £+ 2.57 14.00 £+ 2.54 13.90 £ 2.24 1.58 0.21
Diabetes duration (years) - 9.44 £5.35 9.26 £+ 5.40 - 0.89
BMI (kg/m?) 23.92 +3.24 25.10 +£2.75 24.74 +2.90 1.17 0.32
Systolic BP (mmHg) 122.90 £+ 9.01 126.91 £ 22.97 127.97 £ 16.99 0.73 0.49
Diastolic BP (mmHg) 81.87 +£5.89 80.74 + 11.21 82.16 + 15.85 0.14 0.87
FBG (mmol/l) 538 £0.78 9.16 + 3.042 9.12 + 3.672 13.96 <0.001*
PBG (mmol/l) - 14.59 + 6.46 14.03 £5.10 - 0.71
HbA1c (%) 5.53 £ 0.60 8.43 £ 1.752 8.00 £ 2.752 21.36 <0.001*
TG (mmol/l) 1.58 +£0.92 1.80 + 1.53 1.84 +£0.95 0.38 0.68
TC (mmol/l) 4.85 +1.01 4.60 + 0.88 474 +£1.21 0.42 0.66
LDL-C (mmol/l) 2.90 £ 0.95 2.60 + 0.57 2.67 £0.85 1.10 0.34
MMSE 28.84 +1.16 29.03 + 1.06 26.45 4 0.72% 65.31 <0.001*
MOCA 27.24 £ 1.61 27.25 +£1.08 22.95 + 2,03% 89.23 <0.001*
CDT 20.97 £ 6.76 19.50 + 9.46 22.47 +7.30 1.1 0.33
TMT-A 68.33 + 26.83 72.74 £29.72 92.68 + 29.512 6.30 0.003*
DR (n) - 3 4 0.28 0.596"*
DPN (n) - 8 10 0.62 0.432%
DN (n) - 6 8 0.64 0.424*

Note. Data are presented as mean + standard deviation or number (%) unless otherwise indicated. BMI, body mass index; FBG, fasting blood glucose; PBG, postprandial blood
glucose; HbATc, glycated hemoglobin; TG, triglyceride; TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; MMSE, Mini-Mental State Examination; MoCA, Montreal
Cognitive Assessment; CDT, Clock-Drawing Test; TMT-A, Trail-Making Test A; DR, diabetic retinopathy; DPN, diabetic peripheral neuropathy; DN, diabetic nephropathy. *P for the x?
test; *P < 0.05; 2post hoc paired comparisons show significant differences compared with HCs; ?post hoc paired comparisons show significant differences compared with DMCN

patients.

TABLE 2 | Group differences of intra-SN FC among the three groups.

Brain region BA Voxels (mm?3) Peak MNI coordinates t-value P-value
X Y z

ANOVA

R FIC 13/45 28 42 24 6 12.18 <0.05

L FIC 13/45 29 —42 15 6 13.3 <0.05

HC < DMCN

L FIC 13/45 89 42 15 6 4.96 <0.05

R insula/putamen 26 27 18 6 4.93 <0.05

HC > DMCI

R middle/inferior frontal gyrus 10/45 46 42 45 3 —4.45 <0.05

DMCN > DMCI

R FIC 13 36 42 18 6 —5.01 <0.05

BA, Brodmann'’s area; MINI, Montreal Neurological Institute; FIC, frontoinsular cortex; L, left; R, right.

In addition, the T2DM duration in the DMCI group positively
correlated with TMT-A scores (r = 0.364, P = 0.044;
Figure 4).

DISCUSSION

This study reveals altered intra-SN FC and GMYV in patients
with T2DM under different cognitive states and clarifies the
relationship between SN changes and cognitive function. The
novel aspect of our research is that DMCI patients demonstrated
weakened intra-SN FC and reduced GMV, while DMCN patients
exhibited enhanced intra-SN functional coupling. In addition,
right FIC FC and GMV in the SN were related to general
cognitive function in all patients with T2DM. Our results support
the hypothesis that with continuous impairment of cognitive
function, the SN, regardless of FC or GMV, may exhibit a
complex non-linear pattern of change.

Intra-SN FC and GMV Changes in DMCN

Patients

The SN integrates all kinds of perceptual information from
inside and outside the body and identifies the most salient
stimulation signals to guide the brain’s activities (Seeley et al,,
2007). It is one of the important networks that maintains efficient
allocation of brain resources. The FIC and putamen play more
integral roles in cognition and executive function (Balleine and
O’Doherty, 2010; He et al., 2014). Although DMCN patients
did not show obvious cognitive impairment, there were still
extensive abnormalities in the brain network (Xiong et al,
2020) and in different cognitive domains (van den Berg et al,,
2009; Palta et al., 2014). Van Bussel et al. (2016) found that
even in patients with pre-diabetes, there is extensive network
reorganization in the brain, which mainly manifests as increased
local efficiency, suggesting a functional reorganization of cerebral
networks as a compensatory mechanism to cognitive decrement.
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FIGURE 1 | Differences in intra-salience network (SN) functional connectivity (FC; P < 0.05, GRF-corrected) among the three groups. (A) A one-way analysis of
variance (ANOVA) showed brain regions with differences in FC among the three groups. (B) Differences in intra-SN FC between DMCN patients and healthy controls
(HCs). (C) Differences in intra-SN FC between DMCI patients and HCs. (D) Differences in intra-SN FC between DMCI patients and DMCN patients.

A previous study (Cai et al., 2020) showed that compared with
HCs, subjective cognitive decline showed increased intra-SN FC
in the insula and caudate nucleus, hinting that even individuals
with normal cognitive function show a compensatory increase
in intra-SN activity with self-perceived cognitive decline. In
addition, a recent study (Lin et al., 2017) on AD found that
increased neuronal activity in the left FIC can counteract
abnormal pathological changes caused by early AD and plays a
key role in maintaining normal cognitive function. Therefore, we
speculate that elevated FC in the intra-SN core node in DMCN
patients may serve as a protective mechanism to compensate for
existing pathological damage before the clinical manifestation
of MCI in patients with T2DM. However, a structural analysis

found no significant difference in SN GMV between DMCN
patients and HCs, which may indicate that during the period of
increased neurological compensation, the gray matter structure
does not change significantly, which is consistent with the view
that functional changes precede structural damage in cognitive
impairment-related diseases.

Intra-SN FC and GMV Changes in DMCI

Patients

The typical pathological basis of cognitive dysfunction in AD is
the deposition of B-amyloid and tau proteins (Lemche, 2018).
Studies have found that the SN is also one of the brain areas where
p-amyloid accumulates (Schultz et al., 2020). T2DM and MCI are
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TABLE 3 | Demographic, clinical, and neuropsychological test results.

Brain region BA Voxels (mm?3) Peak MNI Coordinates t-value P-value
X Y z

ANOVA

R FIC 47/13/45 298 45 18 —-1.5 14.36 <0.05

DMCN > DMCI

RFIC 47/13/45 605 45 18 -1.5 -5.05 <0.05

BA, Brodmann'’s area; MINI, Montreal Neurological Institute; FIC, frontoinsular cortex; L, left; R, right.

FIGURE 2 | Salience network brain regions with differences in gray matter volume (GMV) among the three groups (P < 0.05, GRF-corrected). (A) A one-way
ANOVA showed SN brain regions with GMV differences between the three groups. (B) Differences in GMV within the SN between DMCI patients and DMCN patients.

both predispositions for AD and have similar neuropathological
mechanisms (Bedse et al.,, 2015; Gibas, 2017). In addition,
insulin resistance and high glucose in patients with diabetes also
accelerate B-amyloid deposition (Verdile et al., 2015), including
in SN core nodes. One study (Jagust and Mormino, 2011) showed
that accelerated p-amyloid deposition could lead to premature
interruption of compensatory frontal processes, which may be
the reason DMCI patients showed reduced FC in the right FIC
compared with both HCs and DMCN patients.

This study found that unlike the enhanced functional
coupling within the SN of DMCN patients, DMCI patients
may have an impairment (decompensation) in the SN, which
is consistent with the results of Yang et al. (2016), who found
that the right insula is one of the most severely damaged nodes
in patients with DMCI. A previous study (He et al., 2014) has
shown that the reduction in intra-SN FC in the bilateral FIC of
patients with AD is related to cognitive impairment, and intra-SN
changes may be a biological marker of AD (Cai et al., 2020). This
study observed decreased FC in the right FIC of the SN in DMCN
patients, which may indicate that with the decline in cognitive
function, an intra-SN disorder in patients with T2DM may show
a similar damage pattern to AD.

Another novel finding of this study is that compared
with HCs, SN GMV in DMCI patients was no different, but

compared with DMCN patients, right FIC GMV in DMCI
patients was reduced. T2DM is accompanied by low-grade
neuroinflammation (Spranger et al., 2003), which is involved
in cognitive impairment associated with T2DM (Marioni et al,,
2010) and appears in the early stages (Gispert et al., 2016b).
Early neuroinflammation causes extracellular edema and leads
to a relatively large GMV (Schwartz et al, 2006; Sykova
and Nicholson, 2008), while long-term neuroinflammation
eventually leads to neurodegenerative changes, GMV atrophy,
and cognitive dysfunction (Daulatzai, 2014). Previous studies
have found that the neuroinflammation marker CSF YKL-40
showed an inverted u-shaped association with insular and
inferior frontal gyrus GMV in patients with early AD (Gispert
et al., 2016a). Therefore, we speculate that DMCN patients may
have gray matter edema due to early neuroinflammation, which
leads to further aggravation of GMV differences in DMCN
patients. The difference in GMV between the DMCI and HC
groups was not obvious. This suggests that SN GMV in patients
with T2DM may not be a linear process with a continuous
decrease in cognitive impairment. In addition, this study found
that SN structure and function in DMCI patients have a high
degree of overlap, which not only confirms that the right FIC is
the key hub for SN disorder in DMCI patients, but also further
verifies that structural damage is the basis for dysfunction.

Frontiers in Aging Neuroscience | www.frontiersin.org

May 2021 | Volume 13 | Article 674288


https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Zhang et al.

T2DM and Right Frontoinsular Cortex

FC in R_FIC
(Z score)
o
m
[u}
m\oo
0Omoo
o
> >
»> »
> »
>

o Y

0o{ O o A

o A

-0.5 T
18 20 22 24 26 28 30
MoCA
C
0.65
DMl

0.6 ADMCN %

e
w
by

GMV in R_FIC
°
S & o <
= &5
0O 0
0O O
o\o
o o
0O Dmgo
amn Oomm
> a4
»ERP> > >
I ddd
>
>
N
Ti
2
(=3
2

0.3 A o

0.25

right SN FIC and the MMSE score of patients with T2DM (r = 0.348, P = 0.005).

FIGURE 3 | Correlation between the right FIC and cognitive scores. (A) Correlation between FC in the right SN FIC and the MoCA score of patients with T2DM
(r = 0.334, P = 0.007). (B) Correlation between FC in the right SN FIC and the Mini-Mental State Examination (MMSE) score of patients with T2DM (r = 0.369,
P =0.002). (C) Correlation between GMV in the right SN FIC and the MoCA score of patients with T2DM (r = 0.409, P = 0.001). (D) Correlation between GMV in the

35
B ODMCI
31  ADMCN A
A
25 4
i 4 A 0369
A
9 2 o g i i p=0.002
‘14‘ 2
o § 15 A 4
23 E .
°% | o N
4 A
5 o A
0:5 o o A
o A
0 o u] A
P
-0.5
24 25 26 27 28 20 30
MMSE
D
0.65
ODMCI
06 ADMCN i A 2
0.55 A
5 u] g A : g 70348
,';'_K 0.5 o A »=0.005
- o [a] o *
- i
% 0.4 o g
0.35 E
B
0.3 o
0.25
24 25 26 27 28 29 30
MMSE

[ o]
W
)

3
(=]
L
[ ]

=0.364
p=0.044

—
w
L

—_
(=}
L

Diabetes duration (year)

W
)

0 T T T
50 100 150 200

Time spent in TMT-A (s)

FIGURE 4 | Correlation between TMT-A score and T2DM duration
(r=0.364, P = 0.044).

Correlation Between Intra-SN FC, GMV
Changes, and Clinical/Cognitive Variables

in Patients With T2DM

The SN has obvious right dominance (Ham et al., 2013; Zhang
et al., 2019), the right FIC is the core hub of the SN, which
plays an important role in maintaining normal cognition and
adjusting the relationship between the CEN and the DMN
(Sridharan et al., 2008; He et al., 2014). A meta-analysis (Pan
et al.,, 2017) of MCI found that spontaneous neuronal activity of
the bilateral FIC was robustly reduced in patients. It is speculated

that the low efficiency of cognitive processes in patients with
MCI may be related to an imbalance between networks caused
by FIC dysfunction. Zhou et al. (2010) found that decreased
right FIC FC is related to the clinical severity of frontotemporal
dementia. They believe that the altered characteristics of this
inherent network may become non-invasive biomarkers for
disease monitoring. Our research found that FIC FC, and GMV
in all patients with T2DM are positively correlated with MMSE
and MoCA scores. Both the MMSE and MoCA can effectively
assess comprehensive cognitive function from different levels,
and this correlation may indicate altered FC and GMV in the
right FIC, which may, in turn, reflect the degree of cognitive
impairment in patients with T2DM. Therefore, we speculate
that the FIC may serve as a potential imaging marker to assess
cognitive impairment in patients with T2DM.

MCI is a transitional level between the normal brain state
and dementia (Albert and Blacker, 2006; Odawara, 2012). It
is characterized by decreased memory and attention (Eshkoor
et al., 2015). This study shows that DMCI patients have
significantly higher TMT-A scores compared with HCs and
DMCN patients, which also confirms that DMCI patients have
impaired attention. In addition, the correlation analysis found
that disease duration positively correlated with TMT-A score
in the DMCI group, which may indicate that as the disease
duration increases, attention as a function in patients with T2DM
gradually decreases. This is consistent with the results of previous
studies, which show that as the duration of T2DM increases,
cognitive dysfunction worsens (Hu et al., 2019; Liu et al., 2019).
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Several limitations of this study should be mentioned. First,
the treatment plan for T2DM differed between patients. Different
drugs may have had a certain bias on the study results,
but this would be difficult to avoid. Second, this experiment
has a cross-sectional design and a relatively small sample,
therefore, a longitudinal self-controlled study with a large sample
would provide strong evidence for our speculation of intra-SN
compensation mechanisms. Third, due to the lack of diffusion
tensor imaging (DTI) data, we are unable to explore the variation
characteristics of SN-related white matter microstructural in
patients with T2DM. In future studies, we will collect and analyze
DTI data to fully clarify the relationship between SN change
patterns and cognitive functions under different cognitive states.

CONCLUSION

In conclusion, this study combined ICA and VBM to explore
structural and functional changes in the SN in patients
with T2DM under different cognitive states. Intra-SN FC
and GMV changes differ in DMCN and DMCI patients.
Changes in intra-SN FC and GMV are non-linear and
complex in patients with T2DM and cognitive impairment.
Changes in intra-SN FC may occur through a dynamic process
that progresses from compensation to decompensation. More
importantly, this study found that the right FIC may be a
neuroimaging substrate susceptible to T2DM-related cognitive
impairment. This will provide a useful imaging biomarker
for the supplementary assessment of cognitive impairment,
particularly early recognition of cognitive dysfunction, in
patients with T2DM.
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