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A B S T R A C T

Type 2 diabetes mellitus (T2DM) is a significant risk factor for mild cognitive impairment (MCI) and the accel-
eration of MCI to dementia. The high glucose level induce disturbance of neurovascular (NV) coupling is sug-
gested to be one potential mechanism, however, the neuroimaging evidence is still lacking. To assess the NV
decoupling pattern in early diabetic status, 33 T2DM without MCI patients and 33 healthy control subjects were
prospectively enrolled. Then, they underwent resting state functional MRI and arterial spin labeling imaging to
explore the hub-based networks and to estimate the coupling of voxel-wise cerebral blood flow (CBF)-degree
centrality (DC), CBF-mean amplitude of low-frequency fluctuation (mALFF) and CBF- mean regional homogeneity
(mReHo). We further evaluated the relationship between NV coupling pattern and cognitive performance (false
discovery rate corrected). T2DM without MCI patients displayed significant decrease in the absolute CBF-mALFF,
CBF-mReHo coupling of CBFnetwork and in the CBF-DC coupling of DCnetwork. Besides, networks which
involved CBF and DC hubs mainly located in the default mode network (DMN). Furthermore, less severe disease
and better cognitive performance in T2DM patients were significantly correlated with higher coupling of CBF-DC,
CBF-mALFF or CBF-mReHo, especially for the cognitive dimensions of general function and executive function.
Thus, coupling of CBF-DC, CBF-mALFF and CBF-mReHo may serve as promising indicators to reflect NV coupling
state and to explain the T2DM related early cognitive impairment.
1. Introduction

Type 2 diabetes mellitus (T2DM) is a significant risk factor for mild
cognitive impairment (MCI). Once MCI occurs, it progresses to dementia
at an annual rate of 8.43% (Roberts et al., 2014; Ma et al., 2015; Xu et al.,
2010; Pal et al., 2018). Though the cognitive function remains “normal”
for a long period before MCI, many subitems of cognitive dimensions
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have already been gradually impaired during this period (Ma et al., 2015;
Yang et al., 2018). To prevent T2DM patients from developing MCI, it's
essential to explore the neuropathological mechanism of cognitive al-
terations, and to screen the imaging biomarkers for early intervention at
the pre-MCI stage (T2DM patients without MCI).

Tentative explorations on cerebral impairment in T2DM without MCI
patients have been performed using functional magnetic resonance im-
aging (fMRI). Significant structural and ironmetabolism disruptions have
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Abbreviation

T2DM type 2 diabetes mellitus
HC healthy control
CBF cerebral blood flow
FC functional connectivity
NV neurovascular
DC degree centrality
mALFF mean amplitude of low-frequency fluctuation
mReHo mean regional homogeneity
DMN default mode network
3D-pCASL three-dimensional pseudo-continuous arterial spin

labeling
3D-BRAVO three-dimensional brain volume imaging
TE echo time
TR repetition time
VBM voxel-based morphometry
FWHM full width at half maximum
HbA1c glycosylated hemoglobin A1c
FBG fasting blood glucose
BMI body mass index
SP systolic pressure
DP diastolic pressure
HDL high density lipoprotein
LDL low density lipoprotein
MMSE mini-mental state examination
MoCA Montreal cognitive assessment
SAS self-rating anxiety scale
SDS self-rating depression scale
GM gray matter

WM white matter
CSF cerebrospinal fluid
MCI mild cognitive impairment
CA correct answers
EA errors answers
MA missed answers
CGRT congruent reaction time
ICRT incongruent reaction time
NRT neutral reaction time
CRT color reaction time
CGCR congruent correct response
ICT incongruent correct response
NCR neutral correct response
CCR color correct response
Cb_Right_X cerebellar lobule X, right
INS_R_6_5 dorsal granular insula, right
STG_L_6_3 superior temporal gyrus, part 3 (area TE), left
PoG_L_4_1 postcentral gyrus, part 1 (area 1/2/3 upper limb), left
MFG_L_7_4 middle frontal gyrus, part 4 (ventral area 9/46), left
PCun_R_4_1 precuneus, part 1 (medial area 7), right
STG_R_6_4 superior temporal gyrus, part 4 (caudal area 22), right
IPL_R_6_3 inferior parietal lobule, part 3 (rostrodorsal area 40), right
pSTS_L_2_1 posterior superior temporal sulcus, part 1

(rostroposterior superior temporal sulcus), left
pSTS_R_2_1 posterior superior temporal sulcus, part 1

(rostroposterior superior temporal sulcus), right
PoG_R_4_4 (1/2/3t) postcentral gyrus, part 4 (area1/2/3 trunk),

right
FDR false discovery rate
GRF gaussian random field

Y. Yu et al. NeuroImage 200 (2019) 644–658
already been found in extensive regions at pre-MCI stage (Yang et al.,
2018; Zhang et al., 2014; Sun et al., 2018). We also demonstrated that the
structural disruptions were closely associated with hippocampal func-
tional connectivity (FC) in T2DMwithout MCI patients (Sun et al., 2018).
However, the putative functional consequences of these observed struc-
tural alterations remain unclear.

Previous functional imaging studies on T2DM mainly focused on ce-
rebral perfusion or neural activity (Cui et al., 2014, 2017; Last et al.,
2007; Dai et al., 2017; Peng et al., 2016; Zhou et al., 2014). However, the
altered cerebral blood flow (CBF) and spontaneous neural activities
(including degree centrality (DC), mean amplitude of low-frequency
fluctuation (mALFF) and mean regional homogeneity (mReHo)) do not
always match in T2DM patients (Dai et al., 2017; Cui et al., 2014; Peng
et al., 2016; Jansen et al., 2016; Liu et al., 2018). The spatial inconsis-
tency between altered cerebral perfusion and neural activities makes it
difficult to figure out the mechanism underlying the diabetic cognitive
impairment.

As is well-appreciated, there is a tight coupling between the blood
supply and the brain function in healthy adults, i.e. the neurovascular
(NV) coupling that is the physiological basis for human brainnetome
(Liang et al., 2013; Del Zoppo, 2013; Muoio et al., 2014). The NV
decoupling is suggested to play an important role in the MCI and Alz-
heimer's disease (Nelson et al., 2016; Iadecola, 2017). Furthermore,
recent animal studies have shown that NV decoupling occurs at the early
stage of T2DM and plays a crucial role in the transformation from
diabetes-related cognitive impairments to Alzheimer's disease (Shekhar
et al., 2017; Duarte et al., 2015; Mogi and Horiuchi, 2011; Bae et al.,
2011; Beauquis et al., 2010). Thus, NV coupling may be a promising
imaging biomarker to explore critical brain regions or networks for early
intervention at the pre-MCI stage (Iadecola, 2017).

According to prior studies, the CBF-DC coupling was used to char-
acterize the coupling between vascular perfusion and spontaneous neural
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activity, which cannot be achieved by investigating the CBF or neural
activity indicators alone (Liang et al., 2013; Zhu et al., 2017; Sheng et al.,
2018; Khalili-Mahani et al., 2014). NV decoupling was found in patients
with major depressive disorder and schizophrenia, and was proved to be
a possible neuropathological mechanism for brain dysfunction (Zhu
et al., 2017; Sheng et al., 2018). However, in T2DM without MCI pa-
tients, it is still unclear what the NV coupling pattern is and what is its
contribution to cognitive function. Besides, it is not clear which cognitive
dimension is most vulnerable in T2DM without MCI patients. We have
preliminarily explored the regional alterations of CBF-DC and CBF-ALFF
coupling in T2DM (Hu et al., 2019). NV biomarkers in T2DM patients
were significantly decreased in 10 brain regions, indicating correlations
between neuronal activity and cerebral perfusion maps to be a feasibility
method for detecting NV coupling abnormalities. However, the cognitive
function state of the recruited patients was heterogeneous in the previous
study. Besides, functional networks are the basis for the organizing and
segregating higher-level functional information (Chen et al., 2016a).
Considering that the regions with altered CBF and DC to be the functional
hubs for the whole brain (Li et al., 2016; Cui et al., 2017; Shen et al.,
2015; Liang et al., 2014; Liska et al., 2015) and be firstly impaired,
leading to the deterioration of disease (Gibas, 2017), networks of regions
with altered CBF or DC may play a key role in the early cognitive
impairment in T2DM (Cui et al., 2016; Xie et al., 2015). Thus, in the
current study, we recruited T2DM without MCI patients and further
explored the NV coupling pattern in the hub-based network. The rela-
tionship between NV indicators and cognitive function was assessed as
well.

We hypothesized that the slight cognitive alteration and the
mismatch of CBF and DC alterations have already existed in T2DM
without MCI patients. The hub-based networks mainly locate in the
default mode network (DMN) and the NV decoupling of these networks
and regions contributes to cognitive impairment at the pre-MCI stage. To
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address these issues, we firstly collected resting-state fMRI (rs-fMRI) and
three-dimensional pseudo-continuous arterial spin labeling (3D-pCASL)
data to identify T2DM-related hubs. Then we explored the voxel-wise
coupling of CBF-DC, CBF-mALFF and CBF-mReHo within the networks
constructed with the altered CBF or DC regions. We further investigated
the relationship between NV coupling alteration and cognitive perfor-
mance. The final goal of this study is to assess the altered NV coupling
pattern that plays an important role in early diabetic cognitive
impairment.

2. Material and methods

2.1. Standard protocol approval, registration, and patient consents

This study has been approved by the “Ethics Committee of Tangdu
Hospital” (2014-03-03) and been registered to ClinicalTrials.gov
(NCT02420470, https://www.clinicaltrials.gov/). Written informed
consents were obtained after a full description of the study to all par-
ticipants. All the experiments were conducted according to the principles
expressed in the Declaration of Helsinki. The datasets used or analyzed
during the current study are available from the corresponding author
upon reasonable request.

2.2. Participants

T2DM patients, Chinese Han and right-handed, were recruited from
inpatients and outpatients in Tangdu Hospital from October 21, 2016, to
December 1, 2017. Matched healthy control (HC) subjects were recruited
from the local community or the physical examination center in Tangdu
Hospital during the same period. Fasting blood glucose (FBG) test and/or
oral glucose tolerance test (OGTT) were conducted. Then, matched
T2DM without MCI patients and HC participants were defined according
to the general cognitive impairment screening by Mini-Mental State ex-
amination (MMSE) and Montreal Cognitive Assessment (MoCA).

The diabetic patients were all previously diagnosed with T2DM, except
for two subjects who were initially recruited as control subjects but with
FPG exceeding 7mmol/L. Diagnosis of T2DM was based on the latest
criteria of American Diabetes Association (American Diabetes, 2014).
Considering that hyperglycemia plays a key role in diabetic cognitive
impairment, diabetic subjects with normal HbA1c were excluded (Cera-
suolo and Izzo, 2017). Individuals with no evidence of T2DM were
recruited into HC group. Their FPG levels were <5.6mmol/L, and 2-h
fasting glucose levels for OGTT were <7.8mmol/L. All the participants
were between 35 and 70 (mean� SD, 52.26� 7.43) years old. None of the
T2DM patients had retinopathy or neuropathy.

Subjects who met any of the exclusion criteria were excluded:
1) MMSE score <27; 2) MoCA score <24; 3) foreign metal in or around
their body; 4) Subjects with pregnancy and claustrophobia; 5) history of
serious brain diseases (significant brain trauma, tumor, stroke, menin-
gitis, cerebral infarction) or myocardial infarction; 6) central nervous
system neurological disorder, or medical illness significantly affecting
neurological function; 7) individuals who took psychoactive or steroid
hormones drugs within 3 months; 8) left-handedness and ambidexterity
(determined by the Edinburgh Handedness Inventory); 9) body mass
index (BMI) �35 kg/m2; 10) poor image quality or excessive head
movement (translation >3.0mm or rotation >3�). Two T2DM patients
with severe white matter hyperintensity were excluded according to the
conventional images reviewed by a senior radiologist. Four T2DM pa-
tients and one HC subject were excluded because of excessive head
movement during fMRI runs. One T2DM patient and one HC subject were
excluded for incomplete image scanning. Another two T2DM patients
were excluded because of significant cognitive impairment. Finally, a
total of 33 T2DM without MCI patients and 33 sex- and age-matched
healthy subjects were recruited for the present study.
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2.3. Demographic, clinical characteristics and cognitive assessment

Demographic and clinical characteristics were recorded, including
age, gender, years of education, months since T2DM was diagnosed,
blood pressure (BP), BMI, FBG, HbA1c, total cholesterol, triglyceride,
low-density lipoprotein (LDL) cholesterol and high-density lipoprotein
(HDL) cholesterol.

All participants completed the MMSE, the MoCA, Self-Rating Anxiety
Scale (SAS), Self-rating depression scale (SDS), the Stroop Color-Word
Test (SCWT), and the California Verbal Learning Test (CVLT). This bat-
tery of psychological assessment mainly assesses general cognitive
capability, state of anxiety and depression, executive function, and
memory function, respectively.

2.4. MRI acquisition

Within 2 h after the cognitive assessment, MRIs were acquired using a
3.0-T MRI system (MR750; GE Healthcare, Milwaukee, WI, USA) with an
8-channel head coil array. Foam paddings were used to restrict the head
motion. All participants were screened for foreign metal in or around
their body before scanning. All procedures of image analysis were blin-
ded to grouping situation. All of the imaging results were interpreted in
the Human Brainnetome Atlas (BNA, https://scalablebrainatlas
.incf.org/human/BNA) (Fan et al., 2016).

2.4.1. Conventional protocols
Volumetric T1-weighted (three-dimensional brain volume imaging,

3D-BRAVO) (echo time (TE)/repetition time (TR)¼ 3.2/8.2ms, inver-
sion time (TI)¼ 450ms, flip angle (FA)¼ 12�, acquisition ma-
trix¼ 256� 256, slice thickness¼ 1mm, slice number¼ 188) images
were collected for the assessment of brain volume. Clinical T1 weighted
images, T2 weighted images, T2 fluid attenuated inversion recovery
(FLAIR) images (TE/TR¼ 149/8400ms, TI¼ 2100ms, FA¼ 111�,
acquisition matrix¼ 256� 256, reconstruction matrix¼ 512� 512, slice
thickness¼ 5mm, gap¼ 6.5mm) and Time-of-flight magnetic resonance
angiography (TOF-MRA) (TE/TR¼ 3.4/25ms, FA¼ 20�, acquisition
matrix¼ 320� 224, reconstruction matrix¼ 512� 512, slice thick-
ness¼ 1.4mm, gap¼ 0.7mm) were obtained for the assessment of white
matter hyperintensity and other intracranial lesions.

2.4.2. 3D-pCASL images
According to the White Paper of the International Society for Mag-

netic Resonance in Medicine (ISMRM) perfusion study group (Alsop
et al., 2015; van Osch et al., 2018), perfusion images were obtained using
a 3D-pCASL technique with the following parameters: slice¼ 50,
TR¼ 5046ms, post label delay (PLD)¼ 2025ms, TE¼ 11ms, slice
thickness¼ 3mm, FA¼ 111�, field of view¼ 256� 256mm, acquisition
matrix¼ 128� 128, the bottom of the slab should be positioned at the
bottom of the cerebellum, with coverage of the entire cerebrum. The
whole scanning time is 4min.

2.4.3. rs-fMRI
rs-fMRI parameters included gradient-echo planar sequence sensitive

to BOLD contrast (TR¼ 2000ms, TE¼ 30ms, FA¼ 90�), whole-brain
volumes with 36 contiguous 3-mm-thick transverse slices, no in-
terstices gap, and 3mm� 3mm two-dimensional resolution. Patients
were required to lie still in the scanner with their eyes closed but remain
awake just before rs-fMRI scanning. After rs-fMRI scanning, they were
asked to ensure if they were awake during scanning.

2.5. Functional imaging analysis

2.5.1. Structural preprocessing
Voxel-based morphometry (VBM) analysis was implemented via sta-

tistical parametric mapping (SPM8) (http://www.fil.ion.ucl.ac.uk
/spm/software/spm8/), in conjunction with DARTEL and vbm8

http://ClinicalTrials.gov
https://www.clinicaltrials.gov/
https://scalablebrainatlas.incf.org/human/BNA
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toolbox. All 3D-BRAVO images were checked to exclude artifacts and
gross anatomical abnormalities. All images were spatially normalized
into the identical Montreal Neurological Institute (MNI) coordinate sys-
tem. Then, the standardized structural images were segmented into gray
matter (GM), white matter (WM) and cerebrospinal fluid (CSF) using the
new Segment and Dartel modules in SPM8. The segmented, modulated
GM images were smoothed with an 8-mm full-width at half-maximum
(FWHM) isotropic Gaussian kernel. Global volumes of GM, WM and
CSF were calculated from the modulated normalized segmented images.

2.5.2. 3D-pCASL analysis
Data was preprocessed using SPM8, in which 3D-BRAVO and 3D-

pCASL images were corrected for gradient nonlinearities in all di-
rections. Realignment, coregistration and segmentation were included in
the preprocessing. ASL images were registered to the brain extracted
from the 3D-BRAVO. Mean whole-brain CBF values were calculated in
the mask, and converted to quantitative CBF maps with the unit of mL/
100 g/min. And then they were normalized to Montreal Neurological
Institute (MNI) space with a 3-mm isotropic resolution, and smoothed
with an isotropic kernel of 8mm. One-sample t-test was performed in
T2DM or HC group to explore the perfusion distribution (p< 0.05, cor-
rected with gaussian random field (GRF)).

2.5.3. rs-fMRI data preprocessing
rs-fMRI imaging data was preprocessed in Data Processing Assistant

for Resting-State fMRI (DPABI, http://www.restfmri.net/forum/
DPARSF) (Yan et al., 2016) and the SPM8 software package in MAT-
LAB R2012b platform. The first 10 time points were discarded. Slice
timing and realignment for head motion correction were performed. Any
images with head motion at 3.0-mm translation or 3.0� rotation in any
direction were excluded. Then, detrending was carried out. Possible
contaminations from the signals in WM, GM and CSF, and 24-motion
vectors were regressed out from the whole brain (Chen et al., 2012).
Then, a bandpass filter was applied to keep only low-frequency fluctua-
tions within the frequency range of 0.01 and 0.1 Hz.

2.5.4. Gray matter DC analysis
For each subject, the DC value was calculated for each voxel. We

computed Pearson's correlation coefficients between the BOLD time
courses of all pairs of voxels within the Brain mask. Then the brain
functional connectivity matrix of each participant was analyzed. Mean-
while, we removed the global signal and restricted our analysis to posi-
tive correlations above a threshold of 0.2 to eliminate weak correlations.
The correlation coefficients over the threshold were averaged over the
whole brain mask. And then, the mean value was stored back in the
certain voxel. The whole process was repeated for all other voxels. The
DC maps were smoothed with an 8mm FWHM Gaussian kernel. To find
the between-group difference, two-sample voxel-wise t-test was per-
formed (p< 0.05, corrected with GRF). Seed-based functional connec-
tivity (FC) was calculated as well. Detailed FC analysis process and results
were described in the Supplementary material.

2.5.5. mALFF and mReHo analysis
The mALFF and mReHo values were both calculated using REST

(REST1.8; http://www.restfmri.net).The ALFF is the averaged square
root of the power spectrum via fast Fourier transform (FFT) across a
0.01–0.1 Hz window at each voxel. mALFF reflected the degree of its raw
ALFF value relative to the averaged ALFF value of the whole brain. After
filtering in data preprocessing, ReHo values were quantified by calcu-
lating Kendall coefficient of concordance (KCC) between a given voxel
and its neighbors in a voxel-wise way (Li et al., 2018a). mReHo reflected
the degree of its raw ReHo value relative to the averaged ReHo value of
the whole brain. Finally, the mReHo were spatially smoothed with the
Gaussian kernel (8mm FWHM). In each participant, mALFF and mReHo
of the regions with altered CBF and DC values were extracted to explore
the between-group difference.
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2.5.6. Whole brain-based, network-based and regional based NV coupling
We constructed the hub-based networks as “CBFnetwork” or

“DCnetwork”, which included the regions with altered CBF or DC values,
respectively. Regional DC, mALFF and mReHo within CBFnetwork or
DCnetwork were calculated and normalized into z-scores, respectively.
To quantitatively evaluate the coupling between CBF and the neural
activity indicators, the CBF, DC, mALFF, mReHo values of each voxel
were extracted. For each individual, 3 whole GM neurovascular bio-
markers were firstly assessed by Pearson correlation analysis, i.e.
coupling coefficients of CBF-DC, CBF-mALFF and CBF-mReHo. The cor-
relation coefficients of each networks and the regions in them were also
analyzed as described in previous studies (Zhu et al., 2017; Sheng et al.,
2018; Hu et al., 2019). In order to investigate the comprehensive
cross-modality relationship among CBF, DC, mALFF, mReHo values in
each network and to explore whether there is a between-group differ-
ence, the mean values of these matrics at network or regional level were
extracted in each individual. These mean values were imported into R (R
version 3.6.0, https://www.r-project.org/) to construct the
cross-modality correlation matrix. Correlation coefficients of each pair in
two groups were extracted as paired samples for the further
group-difference comparison of CBF/DC/mALFF/mReHo correlation
matrix (Aiello et al., 2015).

To test the patterns mALFF and mReHo changes underlying cognitive
impairment in T2DM patients, we also used the regions with altered
mALFF or mReHo to construct “mALFFnetwork” or “mReHonetwork”.
The network-based and regional based CBF-DC, CBF-mALFF and CBF-
mReHo correlation coefficients and CBF/DC/mALFF/mReHo matrix
correlation coefficients were calculated as how these measurements were
analyzed in CBFnetwork.

2.6. Statistical analysis

2.6.1. Group difference of demographic, clinical, brain volume, cognitive
variables

Group differences of demographic, clinical, global mean GM,WM and
CSF volume, and cognitive variables involving continuous data were
analyzed with Student t-test or Mann-Whitney U test. Difference in
gender was analyzed using chi-square test. Z scores of each cognitive test
and image features for each subject were converted from the raw data
with reference to the means and standard deviations of all subjects.

2.6.2. Voxel-wise group analyses
Voxel-wise group comparisons of GM, WM and CSF volume, CBF, DC

maps were performed using two sample t-test in SPM8 with age, gender,
BMI, years of education as covariates while GM volume (GMV) was an
additional covariate in the comparisons of CBF, DC. Results were cor-
rected for multiple comparisons using voxel-based GRF (p< 0.05) which
was implemented in REST on the MATLAB R2012b platform (Yuan et al.,
2016; Li et al., 2018b). Considering that atrophy may cause local changes
in NV coupling, we repeated the above-mentioned analyses without GMV
regression.

2.6.3. Group difference of NV coupling and correlation analysis
Two-sample t-test was implemented to test the group differences of

regional mALFF, regional mReHo, coupling coefficients of CBF-DC, CBF-
mALFF and CBF-mReHo at the global level, network level and region
level, respectively. Group difference of the CBF/DC/mALFF/mReHo
matrix correlation coefficient was tested by paired-samples t-test. Then in
T2DM group, linear correlation analysis was performed to explore the
relationship between the significant altered coupling of CBF-DC, CBF-
mALFF and CBF-mReHo in all networks and cognitive scores with sig-
nificant group differences. In addition, correlations between these im-
aging features and T2DM severity-related clinical indicators (i.e., FBG,
HbA1c, disease duration) were analyzed. The correlation coefficients
were also tested between CBF, DC, mALFF, mReHo and cognitive per-
formance at the regional level and network level. False discovery rate

http://www.restfmri.net/forum/DPARSF
http://www.restfmri.net/forum/DPARSF
http://www.restfmri.net).The
https://www.r-project.org/


Table 2
Neuropsychological performance of the subjects.

Characteristics T2DM without MCI
(n¼ 33)

HC (n¼ 33) P
value

Stroop color-word test (SCWT)
Total score (z
transformed)

�1.36(4.71) �1.50(7.91) 0.96

CA(n) 31.56(11.21) 37.72(17.14) 0.11
EA(n) 39.75(11.52) 41.31(13.76) 0.63
MA(n) 49.44(14.64) 41.59(13.89) 0.04*
CGRT(ms) 216.44(114.00) 214.34(178.38) 0.51
ICRT(ms) 535.00(300.80) 616.03(375.45) 0.35
NRT(ms) 317.22(207.25) 486.21(329.06) 0.02*
CRT(ms) 132.56(93.15) 198.48(176.93) 0.08
CGCR(n) 5.43(2.50) 5.90(3.66) 0.57
ICT(n) 14.28(6.35) 15.62(6.94) 0.43
NCR(n) 8.47(4.06) 11.62(6.22) 0.02*
CCR(n) 3.5(1.85) 4.7(3.4) 0.09
California Verbal Learning Test (CVLT)
Total score (z
transformed)

�2.28(10.09) 1.84(8.20) 0.10

Trial 1(n) 4.72(2.19) 5.39(1.82) 0.22
Trial 2(n) 7.88(2.95) 8.00(2.19) 0.86
Trial 3(n) 9.52(2.80) 10.68(2.45) 0.11
Trial 4(n) 9.96(2.76) 11.77(2.23) 0.01*
Trial 5(n) 11.04(2.89) 12.39(2.39) 0.06
Total trials 1–5(n) 43.12(11.98) 46.97(11.69) 0.23
Trial B(n) 4.79(1.98) 5.87(2.66) 0.10
Short-delay free recall(n) 7.21(3.32) 9.68(3.28) 0.01*
Short-delay cued
recall(n)

8.54(1.96) 10.39(2.35) 0.00*

Long-delay free recall(n) 8.46(2.92) 10.03(2.90) 0.05
Long-delay cued recall(n) 8.92(2.36) 10.23(2.75) 0.07
Free recall intrusions(n) 6.83(5.14) 3.65(3.95) 0.01*
Cued recall intrusions(n) 4.46(3.31) 2.23(3.07) 0.02*
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(FDR) method in R (v3.5.3) was used for the multiple comparison
correction of coupling coefficients of CBF-DC, CBF-mALFF and CBF-
mReHo comparison and the correlation analysis. Significant levels
were set at p< 0.05 after FDR correction.

3. Results

3.1. Demographic, clinical, cognitive results

Clinical and demographic characteristics for T2DM without MCI and
HC groups were summarized in Table 1. There was no significant inter-
group difference in age, gender distribution, education level, BMI, blood
pressure, triglycerides, total cholesterol, HDL, LDL, total score of MMSE,
MoCA, SAS, SDS. Higher levels of FBG (P¼ 0.002), HbA1c (P< 0.001)
were found. According to Table 2, poorer performance was found in
T2DM in 3 subitems of SCWT, i.e. missed answers (MA) (P¼ 0.036),
neutral reaction time (NRT) (P¼ 0.022), neutral correct response (NCR)
(P¼ 0.025). Furthermore, poorer performance was found in T2DM pa-
tients in 6 subitems of CVLT, i.e. trial 4 (P¼ 0.009), short-delay free
recall (P¼ 0.008), short-delay cued recall (P¼ 0.003), free recall in-
trusions (P¼ 0.012), cued recall intrusions (P¼ 0.017), total intrusions
(P¼ 0.008).

3.2. Brain volume

Global MRI metrics are presented in Table 1. After accounting for age,
sex, BMI and education level, no difference in global mean GM, WM and
CSF volume was observed between groups. Furthermore, in terms of
voxel-wise comparison, no significant region was observed after GRF
correction.
Table 1
Demographic and clinical characteristics of the subjects.

Characteristics T2DM without MCI
(n¼ 33)

HC (n¼ 33) P value

Age (years) 53.45(8.4) 51.00(5.3) 0.16
Gender, n (%) 0.09
Female 5(15) 11(33)
Male 28(85) 22(67)
Education (years) 12.75(2.44) 12.91(3.46) 0.84
T2DM duration
(months)

85.12(62.40) – –

HbA1c (%) 8.12(1.73) 5.58(0.34) 0.00**
HbA1c (mmol/mol) 65.21(18.90) 38.70(3.58) 0.00**
FBG (mg/dL) 7.42(3.12) 5.60(0.59) 0.00*
BMI (kg/m2) 25.02(2.34) 23.99(2.12) 0.08
Blood pressure(mmHg)
SP 127 (12) 126 (17) 0.86
DP 75 (15) 81(13) 0.11
Cholesterol(mg/dL)
Total cholesterol 4.08(1.29) 4.32(0.60) 0.36
HDL cholesterol 0.91(0.40) 0.98(0.17) 0.41
LDL cholesterol 2.38(0.80) 2.72(0.50) 0.07
Triglycerides(mg/dL) 2.08(1.75) 2.35(1.45) 0.48
MMSE 28.94(0.93) 28.50(1.11) 0.09
MoCA 26.47(2.10) 26.77(2.02) 0.48
SAS 42.42(6.98) 40.75(7.12) 0.34
SDS 45.52(6.98) 43.22(10.79) 0.31
GM volume(m3) 664.63(47.71) 672.14(55.61) 0.56
WM volume(m3) 524.83(56.24) 508.98(69.17) 0.31
CSF(m3) 252.11(35.87) 242.48(36.44) 0.28

Data are presented as mean (SD), or percentages. Abbreviation: T2DM, type 2
diabetes mellitus; HC, healthy control; HbA1c, glycosylated hemoglobin A1c;
FBG, fasting blood glucose; BMI, body mass index; SP, systolic pressure; DP,
diastolic pressure; HDL, high density lipoprotein; LDL, low density lipoprotein;
MMSE, mini-mental state examination; MoCA, Montreal cognitive assessment;
SAS, self-rating anxiety scale; SDS, self-rating depression scale; GM, gray matter;
WM, white matter; CSF, cerebrospinal fluid. **, P < 0.001; *, P < 0.05.

Total intrusions(n) 11.29(7.83) 5.97(6.47) 0.01*
Total repetitions(n) 5.29(4.06) 5.84(5.18) 0.67
Forced-choice
recognition(n)

98.70(2.59) 93.21(24.68) 0.28

Data are presented as mean (SD), or percentages. Abbreviation: T2DM, type 2
diabetes mellitus; HC, healthy control; MCI, mild cognitive impairment; CA,
correct answers; EA, errors answers; MA, missed answers; CGRT, congruent re-
action time; ICRT, incongruent reaction time; NRT, neutral reaction time; CRT,
color reaction time; CGCR, congruent correct response; ICT, incongruent correct
response; NCR, neutral correct response; CCR, color correct response. **, P <

0.001; *, P < 0.05.
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3.3. Similar intergroup spatial patterns of the CBF, DC, mALFF and
mReHo

T2DM patients and HC subjects exhibited similar spatial distributions
of CBF, DC, mALFF and mReHo (Fig. 1A–B and Fig. 2A–B). Brain regions
with higher CBF were mostly located in the posterior cingulate cortex/
precuneus, anterior cingulate cortex, middle frontal gyrus, lateral tem-
poral cortices, and superior temporal gyrus. Most of these regions are the
main components of the DMN. Brain regions with higher DC were pri-
marily distributed in lateral middle frontal gyrus, occipital gyrus, post-
central gyrus, inferior temporal gyrus, fusiform gyrus, thalamus, and
striatum. Brain regions with higher mALFF were primarily distributed in
bilateral supramarginal gyrus, prefrontal lobe, inferior temporal gyrus,
superior frontal gyrus, posterior cingulate cortex, parahippocampal
gyrus. Brain regions with higher mReHo were primarily distributed in
bilateral parietal lobe, middle frontal gyrus, posterior cingulate cortex/
precuneus, parahippocampal gyrus. As is shown in Figs. S1A–B and
Figs. S2A–B of the Supplementary material, similar pattern of the spatial
distributions of CBF, DC, mALFF and mReHo was observed in the process
without GMV regression.
3.4. CBF, DC, mALFF and mReHo alterations between groups

Compared with HC subjects, T2DM patients showed significant



Fig. 1. Spatial distribution maps and the between-group differences of CBF and DC maps. One-sample t-test was performed in CBF (A) and DC (B) images in the
two groups respectively. Under the between-group “T2DM>HC” t-test, intergroup differences of CBF and DC values were shown in (C) and (D) respectively (GRF
corrected, p< 0.05).

Fig. 2. Spatial distribution maps and the between-
group differences of mALFF and mReHo maps.
One-sample t-test was performed in mALFF (A) and
mReHo (B) images in the two groups respectively.
Under the between-group “T2DM>HC” t-test, inter-
group differences of mALFF and mReHo values were
shown in (C) and (D) respectively (GRF corrected,
p< 0.05). No region with significantly altered mALFF
value was found between groups. mReHo value in part
4 of right postcentral gyrus (PoG_R_4_4 (1/2/3t)) was
significantly decreased in T2DM group compared to
HC group.
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decreased CBF in the right cerebellar lobule X (Cb_Right_X), right dorsal
granular insula (INS_R_6_5), part 3 of left superior temporal gyrus
(STG_L_6_3), left ventral area in middle frontal gyrus (MFG_L_7_4), part 3
of right inferior parietal lobule (IPL_R_6_3) and increased CBF in the left
area 1/2/3 upper limb in postcentral gyrus (PoG_L_4_1), right medial
area 7 in precuneus (PCun_R_4_1), part 4 of right superior temporal gyrus
(STG_R_6_4). T2DM patients exhibited decreased DC in left ros-
troposterior superior temporal sulcus (pSTS_L_2_1) and in right ros-
troposterior superior temporal sulcus (pSTS_L_2_1) (Fig. 1C and Table S1
in the Supplementary material). T2DM patients exhibited decreased
mReHo value in part 4 of right postcentral gyrus (PoG_R_4_4 (1/2/3t))
(Fig. 2C and Table S1 in the Supplementary material). However, no re-
gion with significantly altered mALFF value was found between groups.

In the process without GMV regression, most significant altered re-
gions are the same as the results reported above except for the absence of
IPL_R_6_3, STG_R_6_4 in CBF alterations and pSTS_L_2_1 in DC alter-
ations. (Figs. S1C and S2C and Table S2 in the Supplementary material).
3.5. mALFF and mReHo changes in the CBF and DC network

As compared to HCs, no matter whether regress GMV, T2DM patients
showed lower regional mALFF and mReHo values only in regions with
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altered DC, i.e. DCnetwork (PmALFF<0.001, PmReHo<0.001), pSTS_L_2_1
(PmALFF¼ 0.001, PmReHo¼ 0.014), pSTS_R_2_1 (PmALFF¼ 0.003,
PmReHo<0.001) in process regressed GMV (Fig. 3A) and pSTS_R_2_1
(PmALFF¼ 0.021, PmReHo¼ 0.006) in process without GMV regression
(Fig. 3B).
3.6. Global, network, and regional coupling of CBF-DC, CBF-mALFF and
CBF-mReHo

At the global level, CBF were significantly correlated with DC, mALFF
and mReHo in both groups as is shown in Fig. 4. No significant difference
was found between T2DM and HC groups in CBF-DC coupling coefficient
(rDM¼ 0.06� 0.03, rHC¼ 0.05� 0.03, P¼ 0.212), CBF-mALFF
coupling coefficient (rDM¼ 0.83� 0.04, rHC¼ 0.82� 0.03,
P¼ 0.132), CBF-mReHo coupling coefficient (rDM¼ 0.88� 0.03,
rHC¼ 0.87� 0.02, P¼ 0.160).

For CBFnetwork, CBF-mALFF (PFDR¼ 0.001) and CBF-mReHo
coupling (PFDR¼ 0.002) in T2DM group were found to be higher than
HC group, while no significant CBF-DC coupling was found between
groups (PFDR¼ 0.168) (Fig. 5C and Table 3). However, for DCnetwork,
lower CBF-DC coupling was found in T2DM group comparing to that in
HC group (PFDR, <0.001) (Fig. 5D and Table 3), while no significant



Fig. 3. Between-group comparison of mALFF and mReHo values in CBFnetwork and DCnetwork at region and network level. A., comparison in process
regressed GMV; B., comparison in process without GMV regression. Abbreviation: CBFnet, CBFnetwork; DCnet, DCnetwork; Cb_Right_X, cerebellar lobule X, right;
INS_R_6_5, dorsal granular insula, right; STG_L_6_3, superior temporal gyrus, part 3 (area TE), left; PoG_L_4_1, postcentral gyrus, part 1 (area 1/2/3 upper limb), left;
MFG_L_7_4, middle frontal gyrus, part 4 (ventral area 9/46), left; PCun_R_4_1, precuneus, part 1 (medial area 7), right; STG_R_6_4, superior temporal gyrus, part 4
(caudal area 22), right; IPL_R_6_3, inferior parietal lobule, part 3 (rostrodorsal area 40), right; pSTS_L_2_1, posterior superior temporal sulcus, part 1 (rostroposterior
superior temporal sulcus), left; pSTS_R_2_1, posterior superior temporal sulcus, part 1 (rostroposterior superior temporal sulcus), right. **, P < 0.001; *, P < 0.05.
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group difference was found in CBF-mALFF coupling (PFDR¼ 0.854) and
CBF-mReHo coupling (PFDR¼ 0.886). Besides, no significant intergroup
difference was found in CBF/DC/mALFF/mReHo correlation matrix
(rDM¼ 0.05� 0.26, rHC¼ 0.06� 0.26, P¼ 0.462) (Fig. 5A–B). For
mReHonetwork, no significant intergroup difference was found in CBF/
DC/mALFF/mReHo correlation matrix (rDM¼ 0.05� 0.26,
rHC¼ 0.06� 0.26, P¼ 0.322) (Fig. 6A–B).

Regional coupling of CBF-DC, CBF-mALFF and CBF-mReHo in
different networks were consistent with those of the whole network. As
shown in Table 3 and Fig. 7, no difference of regional CBF-DC coupling
was observed in CBFnetwork, while no difference of regional CBF-mALFF
coupling and CBF-mReHo coupling was observed in DCnetwork. As
shown in Fig. 8A, no significant difference of coupling of CBF-DC, CBF-
mALFF and CBF-mReHo was found in mReHonetwork.

In the process without GMV regression, as illustrated in Table S3 and
Figs. S3–4 in the Supplementary material, most results of network and
regional coupling of CBF-DC, CBF-mALFF and CBF-mReHo were consis-
tent with those with GMV regression except for the absence of significant
intergroup differences in CBF-mALFF coupling (PFDR¼ 0.056) and CBF-
mReHo coupling (PFDR¼ 0.078) of CBFnetwork. No significant inter-
group difference was found in CBF/DC/mALFF/mReHo correlation ma-
trix (rDM¼ 0.07� 0.31, rHC¼ 0.06� 0.30, P¼ 0.097). As shown in
Fig. 6C–D and 8B, there was no intergroup difference in CBF/DC/
mALFF/mReHo correlation matrix (rDM¼ 0.07� 0.31,
rHC¼ 0.06� 0.30, P¼ 0.934) and coupling of CBF-DC, CBF-mALFF and
CBF-mReHo in mReHonetwork.
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3.7. Correlation results

After adjusted by FDR, HbA1c was negatively correlated with CBF-
mALFF coupling and CBF-mReHo coupling in both PoG_L_4_1 and
STG_R_6_4 as shown in Fig. 9. FBG was negatively correlated with CBF-
mALFF coupling of CBFnetwork (rDM¼�0.412, PFDR¼ 0.048). Illness
duration was positively correlated with the CBF-DC coupling in
pSTS_L_2_1 (rDM¼�0.488, PFDR¼ 0.019). In terms of cognitive perfor-
mance, NRT was negatively correlated with CBF-mALFF coupling and
CBF-mReHo coupling in both CBFnetwork and MFG_L_7_4 (Fig. 10). NCR
was negatively correlated with CBF-mALFF coupling in CBFnetwork
(rDM¼�0.481, PFDR¼ 0.036). In addition, MMSE scores was positively
correlated with CBF-mALFF coupling in Cb_Right_X (rDM¼�0.461,
PFDR¼ 0.046). NCR was positively correlated with NRT in both T2DM
(r¼ 0.936, PFDR<0.001) group and HC group (r¼ 0.967, PFDR<0.001).
CBF value in CBFnetwork was negatively correlated with NRT
(rDM¼�0.531, PFDR¼ 0.022) and NCR (rDM¼�0.506, PFDR¼ 0.037)
respectively. mALFF in pSTS_L_2_1 was negatively correlated with MMSE
score (rDM¼�0.323, PFDR¼ 0.031) (Fig. S5 in the Supplementary
material).

In the process without GMV regression, HbA1c was negatively
correlated with CBF-mALFF coupling (rDM¼�0.500, PFDR¼ 0.012) and
CBF-mReHo coupling (rDM¼�0.507, PFDR¼ 0.011) in PoG_L_4_1 as
shown in Fig. S6 in the Supplementary material. NRT was negatively
correlated with CBF-mALFF coupling and CBF-mReHo coupling in both
CBFnetwork and MFG_L_7_4 as shown in Fig. S7. NCR was negatively
correlated with CBF-mALFF coupling and CBF-mReHo coupling in



Fig. 4. CBF-DC, CBF-mALFF and CBF-mReHo coupling at the global level in HC and T2DM groups. Pink dot, T2DM group; light blue dot, HC group; &, coupling.
Abbreviation: T2DM, type 2 diabetes mellitus; HC, healthy control; CBF, cerebral blood flow; DC, degree centrality; mALFF, mean amplitude of low-frequency
fluctuation; mReHo, mean regional homogeneity.
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CBFnetwork. No significant correlation was found between individual
CBF, DC, mALFF, mReHo values and cognitive performance at region
level and network level.

4. Discussion

NV decoupling plays a critical role in diabetes-related Alzheimer's
disease. In the current study, we demonstrated the significant correlation
between blood perfusion and neural activity at global level in HC and
T2DM groups, as well as the significant disruption of blood supply-neural
activity coupling in hubs and hub-based networks in T2DM without MCI
patients. Most regions in the networks mainly located in DMN. More
importantly, the coupling of CBF-DC, CBF-mALFF and CBF-mReHo
increased with better cognitive performance in T2DM group, to some
extent. Coupling of CBF-DC, CBF-mALFF and CBF-mReHo potentially
played an important role in the organization of cognitive network in
early T2DM.

4.1. Slight cognitive alteration and significantly mismatched CBF, DC
alterations were detected in T2DM patients without MCI

T2DM is a significant risk factor for MCI and is associated with an
increased incidence of dementia when co-existing with MCI, according to
longitudinal studies of large T2DM cohort (Pal et al., 2018), (Artero et al.,
2008; Li et al., 2011; Morris et al., 2014; Ciudin et al., 2017). Before MCI,
the general cognitive function in T2DM patients remains “normal” for a
long period, while the complex pathological changes of T2DM keep
undermining patient's cognitive function (Ma et al., 2015; Zilliox et al.,
2016). Our study indicated that the subtle alterations in the cognitive
subitems, perfusion, and neural activity can be detected in T2DMwithout
MCI patients. This finding suggested that T2DM without MCI patients
may be the optimal target population for preventive intervention. Pre-
vious studies have suggested different alteration patterns between cere-
bral perfusion, and neural activity in T2DM patients (Cui et al., 2017;
Yang et al., 2016). Our results confirmed this hypothesis by showing
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significantly different distribution of CBF and DC metrics simultaneously
measured in the same cohort.

4.2. Networks with hubs mainly located in DMN

DMN, mainly including the posterior cingulate cortex/precuneus,
medial prefrontal cortex (mPFC), dorsal mPFC, temporoparietal junction,
temporal lobe and posterior inferior parietal lobe, is regarded as the most
important resting-state network system to be studied (Qi et al., 2017; Liu
et al., 2019). Dysfunction of DMN was found before memory impair-
ments in T2DM (Chen et al., 2016b). The alterations of DMN
sub-networks were also different from each other between T2DM pa-
tients and HC subjects (Cui et al., 2015). In accordance with previous
studies, we identified that the most regions in our CBFnetwork and
DCnetwork located in DMN, indicating that DMN is the main network
impaired in early T2DM patients.

Among those regions, bilateral temporal lobes were heavily involved.
Besides, DCnetwork was even restricted to the superior temporal gyrus.
Previous studies reported that T2DM patients exhibited decreased GMV
in certain brain regions, including the superior and middle temporal gyri
(Zhang et al., 2014). Taking GMV into consideration, more regions in
temporal gyrus were found in our study indicating that bilateral temporal
gyrus was impaired even without any GM atrophy in T2DM patients.

Cb_Right_X was another critical region that was involved in the
CBFnetwork. In addition to regulating balance and eye movements,
recent human and rodent studies have shown that cerebellar regions
were related to cognitive function in different aspects, such as cognitive
flexibility, spatial navigation, working memory and certain types of
discrimination learning under aging and disease states (Shipman and
Green, 2019; Liang and Carlson, 2019). In T2DM patients, decrease in
anatomical connections, mReHo and CBF were reported in cerebellar
regions (Dai et al., 2017; Peng et al., 2016; Fang et al., 2017). In accor-
dance with previous studies, decreased coupling of CBF-mALFF and
CBF-mReHo were also observed in the current study, adding evidence to
the important role of the cerebellum in the cognitive process. In addition,



Fig. 5. Regional and networks cross-modality relationship. No significant intergroup difference in CBF/DC/mALFF/mReHo correlation matrix was found at
network level between HC (A) and T2DM (B) (rHC¼ 0.06� 0.25, rDM¼ 0.05� 0.27, P¼ 0.63). Significantly increased CBF-mALFF and CBF-mReHo coupling were
found in CBFnetwork (C), while significantly decreased CBF-DC coupling were found in DCnetwork (D). Histogram, probability distribution of altered coupling
coefficients of CBF-DC, CBF-mALFF and CBF-mReHo across subjects, averaged across networks; Blue dashed line, corresponding normal distribution; Blue histogram,
HC group; pink histogram, T2DM without MCI group; &, coupling between CBF and neural activity; red line, density curve. PFDR, p value corrected by FDR.
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CBF-mALFF coupling rather than individual CBF in Cb_Right_X was
positively related with MMSE score indicated the potential value of
CBF-mALFF coupling in exploring the mechanism of diabetic cognitive
impairment.

4.3. Coupling of CBF-DC, CBF-mALFF and CBF-mReHo - potential
biomarkers for diabetic cognitive impairment

It is out of our expectation that though CBF was significantly corre-
lated with DC, mALFF, mReHo, no significant group difference was found
at the global level. This may be the reason that most T2DM patient can
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maintain normal cognitive function for a long time, though decreased
CBF and DC exist and some subitems of various cognitive dimensions are
impaired gradually (Iadecola, 2017; Lecrux and Hamel, 2011). In terms
of region and network level, CBFnetwork and DCnetwork were altered
differently. In CBFnetwork, CBF-mALFF and CBF-mReHo coupling
changed significantly between groups, while CBF-DC coupling changed
significantly in DCnetwork. This trend may be because of the consistent
changes between DC and mALFF, mReHo as shown in ours and previous
studies (Cha et al., 2015; Zhu et al., 2018). DC, mALFF andmReHo reflect
the activity characteristics of brain neurons from different aspects. In
addition, these sensitive indicators were significantly correlated with



Table 3
Group differences of regional and network coupling of CBF-DC, CBF-mALFF and
CBF-mReHo in the process regressed GMV.

CBF-cortical activity T2DM group HC group P FDR

CBFnet_CBF_DC 0.08(0.13) 0.03(0.12) 0.168
CBFnet_CBF_mALFF �0.04(0.19) �0.17(0.10) 0.001*
CBFnet_CBF_mReHo �0.05(0.19) �0.17(0.10) 0.002*
Cb_Right_X_CBF_DC 0.24(0.36) 0.35(0.34) 0.265
Cb_Right_X_CBF_mALFF �0.65(0.22) �0.44(0.27) 0.002*
Cb_Right_X_CBF_mReHo 0.44(0.26) 0.21(0.28) 0.002*
STG_L_6_3_CBF_DC 0.10(0.23) 0.18(0.23) 0.224
STG_L_6_3_CBF_mALFF 0.52(0.33) 0.76(0.17) 0.001*
STG_L_6_3_CBF_mReHo 0.52(0.32) 0.75(0.17) 0.001*
PoG_L_4_1_CBF_DC 0.01(0.26) �0.12(0.21) 0.058
PoG_L_4_1_CBF_mALFF �0.15(0.59) �0.61 (0.17) 0.000**
PoG_L_4_1_CBF_mReHo �0.18 (0.59) �0.64(0.17) 0.000**
INS_R_6_5_CBF_DC 0.06(0.18) 0.14(0.20) 0.191
INS_R_6_5_CBF_mALFF 0.32(0.40) 0.71(0.12) 0.000**
INS_R_6_5_CBF_mReHo 0.27(0.43) 0.68(0.15) 0.000**
STG_R_6_4_CBF_DC 0.15(0.33) �0.31(0.36) 0.059
STG_R_6_4_CBF_mALFF �0.27(0.66) �0.66(0.25) 0.004*
STG_R_6_4_CBF_mReHo �0.34(0.67) �0.73(0.24) 0.004*
IPL_R_6_3_CBF_DC 0.13(0.25) 0.17(0.25) 0.644
IPL_R_6_3_CBF_mALFF 0.53(0.46) 0.86(0.10) 0.000**
IPL_R_6_3_CBF_mReHo 0.50(0.47) 0.84(0.10) 0.000**
MFG_L_7_4_CBF_DC 0.08(0.25) 0.10(0.31) 0.854
MFG_L_7_4_CBF_mALFF 0.54(0.32) 0.78(0.14) 0.001*
MFG_L_7_4_CBF_mReHo 0.54(0.32) 0.79(0.13) 0.000**
PCun_R_4_1_CBF_DC 0.02(0.22) �0.24(0.29) 0.612
PCun_R_4_1_CBF_mALFF �0.21(0.43) �0.41(0.35) 0.000**
PCun_R_4_1_CBF_mReHo �0.03(0.42) �0.42(0.34) 0.000**
DCnet_CBF_DC 0.09(0.32) 0.42(0.25) 0.000**
DCnet_CBF_mALFF 0.69(0.11) 0.68(0.11) 0.854
DCnet_CBF_mReHo 0.67(0.12) 0.67(0.09) 0.886
pSTS_L_2_1_CBF_DC 0.01(0.32) 0.31(0.36) 0.001*
pSTS_L_2_1_CBF_mALFF 0.60(0.30) 0.61(0.22) 0.905
pSTS_L_2_1_CBF_mReHo 0.56(0.30) 0.59(0.23) 0.854
pSTS_R_2_1_CBF_DC 0.12(0.39) 0.47(0.28) 0.000**
pSTS_R_2_1_CBF_mALFF 0.72(0.14) 0.72(0.14) 0.878
pSTS_R_2_1_CBF_mReHo 0.71(0.14) 0.71(0.11) 0.971

Data are presented as mean (SD); &, coupling; **, P < 0.001; *, P < 0.05.
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cognitive performance and disease severity. Thus, it is very important to
explore all these coupling indicators, rather than only CBF-DC coupling
(Zhu et al., 2017; Sheng et al., 2018), to integrate the overall information.

Most CBF-mALFF coupling and CBF-mReHo coupling were negatively
correlated with NRT which meant that the higher coupling coefficient,
the shorter time to react to neutral card. However, there was negative
correlation between CBF-mALFF coupling in CBFnetwork and NCR. As
long as is concerned, this may be due to the positive correlation between
NRT and NCR rather than negative intrinsic relationship between CBF-
mALFF coupling and cognitive performance. To our surprise, the CBF-
DC coupling of pSTS_L_2_1 was positively correlated with T2DM dura-
tion. The majority of T2DM patients were treated with insulin and met-
formin. As is reported, metformin can rapidly penetrate the blood–brain
barrier to protect neurons through anti-inflammatory processes and
improvement of brain energy metabolism so as to improve cognitive
function (Lin et al., 2018; Foretz and Viollet, 2014). Considering the risk
of peripheral hypoglycemia, the function of insulin is controversial.
However, there were still series of studies hinted that low dose insulin
can improve cognitive function (Freiherr et al., 2013; Craft et al., 2012).
Our findings could therefore be attributed to the beneficial effect of the
medications, but many other plausible explanations can be expected. For
example, the lifestyle change and exercise.
4.4. Potential physiological meanings

DC is defined as the number of links that are strongly correlated to a
given voxel or node for a binary graph and enables whole brain analysis
at the voxel level, avoiding the bias caused by priori assumption (Zuo
et al., 2012). It can quantify the importance of a node to the rest of the
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brain, and nodes with high DC are defined as hubs (Liu et al., 2018).
Thus, decreased CBF-DC coupling in DCnetwork may reflect that though
functional connectivity was disrupted in these regions, blood supply
struggled to maintain the normal perfusion in order to compensate the
impairment (Liang et al., 2013).

mALFF is defined as the total power within low frequency range
(0.01 Hz–0.1 Hz) and is considered to be physiologically meaningful and
reflective of spontaneous neural activity, while mReHo represent the
consistency of BOLD signal fluctuations in a specific region reflecting
near-neural activity arising at the same frequency. Considering no region
with altered mALFF or mReHo was found in CBFnetwork, the decreased
absolute value of CBF-mALFF coupling and CBF-mReHo coupling in
CBFnetwork may indicate the incongruous between the requirement of
oxygen and the blood supply.

Regional mALFF and mReHo decreased in DCnetwork in present
study. Although some previous studies have demonstrated possible
overlaps between findings from ALFF and functional connectivity ana-
lyses (Aiello et al., 2015; Sato et al., 2019), the neurobiological mecha-
nisms linking the local ALFF and DC remain unknown. A hypothesis to
explain this is that the hub regions are expected to present a greater
variability in spontaneous activation. Regional decrease of DC may owe
to the reduced mean neural activity intensity of simultaneous fluctua-
tions with the other global voxels (Aiello et al., 2015; Buzsaki and Dra-
guhn, 2004). However, mALFF and mReHo are potentially proxies for
local spontaneous neural activity, whereas DC indicates the relationship
between the local activity and the global network dynamics. In accor-
dance with most previous studies, most regions with altered DC, mALFF
and mReHo did not match with each other using the voxel-wise analysis
in present study (Cha et al., 2015; Wang et al., 2017; Tang et al., 2019).
Since different functional networks, such as DMN, dorsal attention
network, ventral attention network, executive control network, are
activated under different activation states. The neural activation of each
voxel in altered DC regions was inhomogeneous. This may be why the
regions with altered mReHo values did not locate at the similar region
with altered DC after voxel-wise analysis in the present study. Further
study is needed to rule out the possibility of artifacts induced by other
physiological signals such as cardiac or vascular systems. Besides, more
neurobiology study is also needed to.

Many previous studies have reported that people with T2DM are
susceptible to cerebrovascular diseases, especially in China (Zhang et al.,
2018; Yang et al., 2013). Though no significant different BMI, blood
pressure, triglycerides, total cholesterol, HDL or LDL was found between
groups, the decreased CBF in Cb_Right_X, INS_R_6_5, STG_L_6_3,
MFG_L_7_4, IPL_R_6_3 and decreased absolute coupling of CBF-DC,
CBF-mALFF and CBF-mReHo may be the result of the cerebrovascular
diseases, such as cerebral atherosclerosis, which can narrow the vessel
diameter, decrease the vasoreactivity, yielding a decline of cerebral
perfusion (Han et al., 2019) and gradually disorganize functional con-
nectivity (Gianaros et al., 2009). Cerebrovascular diseases, especially
cerebral small vessel disease (CSVD), are characterized by its insidious
onset and slow progression (Wardlaw et al., 2013). However, once it
eventually leads to serious consequences, such as cognitive decline,
mental disorders and constipation, it may be too late to be treated. Thus,
it is very important to evaluate the CSVD by exploring vascular reactivity
through functional MRI in T2DM population in the future (McKetton
et al., 2019). The increased CBF in other regions may compensate to
those decreased perfusion (Cui et al., 2017).

Previous studies showed that significantly decreased GMV was found
even in T2DM patients without MCI (Zhang et al., 2014; Callisaya et al.,
2019). Though no significantly altered GMV was observed at global and
voxel level in the current study, more altered regions and more correla-
tions between image measures and cognitive performance were found in
the process with GMV regression. Many previous studies showed that
specific cerebral function relied on the neural structure of certain
cortices, which were mainly evaluated by GMV (Sherrill et al., 2018;
Wagshul et al., 2019; Gilaie-Dotan et al., 2012). In addition,



Fig. 6. mReHonetwork cross-modality relationship in HC and T2DM groups. In the process regressed GMV, no significant difference in CBF/DC/mALFF/mReHo
correlation matrix was found at network level between HC (A) and T2DM (B) (rHC¼ 0.06� 0.25, rDM¼ 0.05� 0.27, P¼ 0.322). The same went for processes without
GMV regression (rHC¼ 0.06� 0.25, rDM¼ 0.05� 0.27, P¼ 0.934).
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inter-individual variability in a wide range of basic and higher cognitive
functions, including perception, motor control, memory, and aspects of
consciousness, were closely related with the local structure of GM as
assessed by voxel-based morphometry (Doucet et al., 2019; Kong et al.,
2019; Kanai and Rees, 2011). Thus, it is very important to take GMV
effect into consideration when dealing with studies on NV coupling. In
the current study, we took GMV as a covariate and regressed the signal of
WM, GM and CSF, and 24-motion vectors managing to reach as close to
the ground truth as possible. However, considering the contradictory
views for regression (Saad et al., 2012; Fox et al., 2009), more research
needs to be done to verify the necessity of GMV regression. In the process
without GMV regression, CBF-mALFFor CBF-mReHo coupling rather
than individual CBF, DC, mALFF, mReHo values were significantly
correlated with cognitive performance. Since NV coupling plays a pivotal
role in maintaining the normal brain function by providing the sufficient
blood. This phenomenon may indicate that coupling of CBF-DC,
CBF-mALFF and CBF-mReHo are more sensitive to cognitive impair-
ment and closer to the true cognitive functional mechanism.
4.5. Limitations and future directions

Our study is limited by its relatively small sample size (n¼ 66) and
cross-sectional design. In the current study, BOLD derived indicators, i.e.
DC, mALFF, mReHo, were taken to reflect different characteristics of
neural activity. These measurements were common in clinical practice
and easy to implement, contributing to subsequent long-term observa-
tion. However, these indicators were indirect measures and may be
affected by several physiological factors such as blood pressure, changes
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in the vascular bed, astrocytes and metabolites. Therefore, our results
should be comprehended cautiously. In addition, task-fMRI or other
measures that can reflect the neuronal responsiveness more directly
should be used to verify our results in the future (Jamadar et al., 2019;
Danjou et al., 2019). According to our results, coupling of CBF-DC,
CBF-mALFF and CBF-mReHo of sub-regions in cerebellum may play
important roles in the cognitive alterations of early T2DM. Thus, further
studies are needed to investigate the functional role of these regions for
the organization of advanced cognitive process.

5. Conclusion

Cognitive, perfusion, neural activity and NV coupling alterations
were detectable in T2DM patients without MCI. Early and subtle cogni-
tive alterations, underpinned by decreased perfusion and neural activity,
may represent an early harmful effect of T2DM to both vascular and
neuronal systems. Decrease in the absolute coupling of CBF-DC, CBF-
mALFF and CBF-mReHo in hub-based networks indicated NV decou-
pling, while the significant correlation between coupling of CBF-DC, CBF-
mALFF or CBF-mReHo and cognitive performance, disease severity, may
hint that coupling of CBF-DC, CBF-mALFF and CBF-mReHo are more
sensitive to the cognitive impairment in early T2DM. Our results
contribute to a better understanding of the mechanism for the cognitive
impairment in T2DM and its neuroimaging biomarkers.
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Fig. 7. Significantly altered regional CBF-neural activity coupling coefficient in HC and T2DM groups. Histogram, probability distribution of altered coupling
coefficients of CBF-DC, CBF-mALFF and CBF-mReHo across subjects, averaged across networks; Blue dashed line, corresponding normal distribution; Blue histogram,
HC group; pink histogram, T2DM without MCI group; &, coupling between CBF and neural activity; red line, density curve. PFDR, p value corrected by FDR.

Fig. 8. Comparison of CBF-DC, CBF-mALFF and CBF-mReHo coupling in mReHonetwork. Intergroup comparisons were explored in process with (A) or without
(B) GMV regression. No significant group difference was found in both processes.
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Fig. 9. Significant correlations between CBF-activation coupling and disease severity in CBFnetwork and DCnetwork in T2DM patients. HbA1c, glycosylated
hemoglobin A1c; FBG, Fasting blood glucose; m, month; PoG_L_4_1, postcentral gyrus, part 1 (area 1/2/3 upper limb), left; STG_R_6_4, superior temporal gyrus, part 4
(caudal area 22), right; CBFnet, CBFnetwork; pSTS_L_2_1, posterior superior temporal sulcus, part 1 (rostroposterior superior temporal sulcus), left; PFDR, p value
corrected by FDR; R, correlation coefficient. &, coupling.

Fig. 10. Significant correlations between CBF-activation coupling and cognitive performance in CBFnetwork and DCnetwork in T2DM patients. NRT,
neutral reaction time; NCR, neutral correct response; MMSE, mini-mental state examination; CBFnet, CBFnetwork; Cb_Right_X, cerebellar lobule X, right; MFG_L_7_4,
middle frontal gyrus, part 4 (ventral area 9/46), left; PFDR, p value corrected by FDR; R, correlation coefficient. &, coupling.
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