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The study aimed to investigate the aberration of brain spontaneous activity and
synchronization in type 2 diabetes mellitus (T2DM) patients homozygous for the
apolipoprotein E (APOE)-ε3 allele. In the APOE-ε3 homozygotes, 37 T2DM patients
and 37 well-matched healthy controls (HC) were included to acquire blood sample
measurements, neuropsychological tests, and brain functional MRI data. The amplitude
of low-frequency fluctuations (ALFF) analysis was conducted to identify the brain areas
with abnormal spontaneous activity. Then, the identified brain areas were taken as seeds
to compute their functional connectivity (FC) with other brain regions. The two-sample
t-test or the Mann–Whitney U test were applied to reveal significant differences in
acquired measurements between the two groups. The potential correlations among
the three types of measurements were explored using partial correlation analysis in the
T2DM group. The T2DM group had elevated glycemic levels and scored lower on the
cognitive assessment but higher on the anxiety and depression tests (p < 0.05). The
T2DM group exhibited higher ALFF in the left middle occipital gyrus, and the left middle
occipital gyrus had lower FC with the left caudate nucleus and the left inferior parietal
gyrus (p < 0.05). No significant correlations were observed. T2DM patients homozygous
for the APOE-ε3 allele exhibited aberrant brain spontaneous activity and synchronization
in brain regions associated with vision-related information processing, executive function,
and negative emotions. The findings may update our understanding of the mechanisms
of brain dysfunction in T2DM patients in a neuroimaging perspective.

Keywords: type 2 diabetes mellitus, APOE-ε3 homozygotes, resting-state functional magnetic resonance imaging,
amplitude of low-frequency fluctuations, functional connectivity

INTRODUCTION

Diabetes is an established risk factor for brain dysfunction, especially cognitive impairment,
which ranges from subtle cognitive changes to dementia (Biessels and Despa, 2018). A recent
study reported that the global economic burden of diabetes will increase from 1.8% (2015) to 2.2%
(2030) of the global GDP (Bommer et al., 2018). Since patients with type 2 diabetes mellitus (T2DM)
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account for the majority of the population with diabetes
(Koekkoek et al., 2015), the elucidation of the underlying
neurological mechanisms of T2DM-related brain dysfunction
may be a crucial part of mitigating the economic burden of
diabetes. Even more importantly, it may enable early diagnosis
and treatment to enhance the quality of life of patients.

Functional magnetic resonance imaging (fMRI) opens
avenues to study human brain function at a timescale of
seconds and a spatial scale of millimeters in vivo (Jiang and
Zuo, 2016). Experimental investigations into the domain of
T2DM-related brain dysfunction have increased to characterize
the aberrant brain activity of patients, from the regional
oscillations to the layout of the network (Xia et al., 2017;
Liu et al., 2019; Xu et al., 2019). However, several studies
have yielded inconsistent results. For instance, the amplitude
of low-frequency fluctuations (ALFF), which reflects brain
spontaneous activity (Zuo et al., 2010), was reported to both
increase (Wang et al., 2014) and decrease (Xia et al., 2013)
in the bilateral middle temporal gyrus and left fusiform
gyrus. The functional connectivity (FC), which reflects brain
activity synchronization (Biswal et al., 1995), was reported
to both increase (Xia et al., 2015) and decrease (Cui et al.,
2015) in the precuneus with independent component analysis.
The discrepant results across studies may reflect genetic
polymorphisms, clinical or environmental heterogeneity, and so
on. We focus on apolipoprotein E (APOE) variations in the
present study.

The APOE gene has three allelic variations, including ε2, ε3,
and ε4. The ε2 allele of APOE is considered to be protective
against Alzheimer’s disease. The ε3 allele is the most common
and is often regarded as the ancestral allele. Carriers of the
ε4 allele were demonstrated to have a high risk of developing
Alzheimer’s disease (Farrer et al., 1997; Liu et al., 2013).
Patients with amnestic mild cognitive impairment who are
APOE-ε2 carriers have increased FC, but APOE-ε3 and APOE-
ε4 carriers have decreased FC anchored by the amygdala (Gong
et al., 2017). Structural analysis has also revealed that the APOE-
ε2 carriers have a more reserved volume of the medial temporal
lobe than APOE-ε3 and APOE-ε4 carriers in Alzheimer’s disease
patients (Groot et al., 2018); also, APOE-ε2 carriers have more
volume of hippocampal gray matter than APOE-ε3 and APOE-
ε4 carriers in healthy young adults (Konishi et al., 2016).
The ε4 allele is the most researched in numerous studies.
For instance, APOE-ε4 carriers showed specific hippocampal
functional activity in a mnemonic discrimination task (Sinha
et al., 2018) and increased brain activity synchronization within
the default mode network (Filippini et al., 2009; Hodgetts et al.,
2019). Recent evidence shows that APOE status influences
cognitive impairment in T2DM patients (Zhen et al., 2018; Tang
et al., 2019). The aforementioned findings suggest that the APOE
polymorphisms perturb brain functional activity and structure,
which may lead to inconsistencies in resting-state fMRI results in
T2DM patients.

Inspired by previous work, the present study aimed
to characterize the brain abnormalities in T2DM patients
without the potential influence of a mutated APOE gene.
We hypothesized that aberrant brain spontaneous activity and

synchronization, which were assessed with ALFF and FC,
respectively, may contribute to brain dysfunction in T2DM
patients. The findings may provide insight into the neurological
underpinnings of T2DM-related brain dysfunction.

MATERIALS AND METHODS

Subjects
The Medical Research Ethics Committee of the Southwest
Hospital examined this cross-sectional study protocol and
granted the permission of the ethics (ID: KY201864, Chongqing,
China). Fifty-seven T2DM patients were recruited from the
inpatients of the hospital and 70 healthy controls (HCs)
were recruited from communities during December 2013 and
November 2016. After being informed of the study details, all
participants provided written informed consent. The participants
met the inclusion criteria as follows: (1) aged from 45 years
to 70 years; (2) were educated at least 6 years; and (3) were
right-handed. Moreover, for T2DM patients, a diagnosis by
an endocrinologist according to the criteria recommended by
the World Health Organization in 1999 (Alberti and Zimmet,
1998) and a disease duration of at least 1 year were required
for inclusion. Participants were excluded according to the
criteria as follows: (1) a history of neurological or psychiatric
diseases (major depressive disorder, dementia, multiple sclerosis,
schizophrenia, amyotrophic lateral sclerosis, and epilepsy);
(2) brain organic abnormalities (trauma, stroke, tumor, white
matter or basal ganglia lesions rated ≥2 scores (Wahlund
et al., 2001) or a history of brain surgery); (3) disabilities; and
(4) contraindication to participation in MRI scans. Moreover,
T2DM patients with severe complications were also excluded,
including diabetic foot, retinopathy, nephropathy. The subjects
were selected randomly based on ε3-homozygosity, taking into
account only age, sex, body mass index (BMI) and level of
education to match the two groups for these variables. Among
the 57 T2DM patients, 11 ε4-carriers and four ε2-carriers were
excluded according to the subsequent APOE genotyping analysis.
One patient was excluded as he was 73 years old. And four
subjects were excluded in the inter-group matching of age, sex,
education, and BMI. Among the 70 HCs, 17 ε4-carriers and
eight ε2-carriers were excluded according to the subsequent
APOE genotyping analysis. Eight HCs were excluded in the
inter-group matching of age, sex, education, and BMI. We
thus obtained a study population of 37 patients with T2DM
and 37 HCs.

Clinical Evaluation
All subjects underwent a standardized clinical evaluation to
obtain demographic and physical information and biometric
measurements. First, the age, sex, handedness, years of
education, and dates of T2DM diagnoses were acquired
from questionnaires and interviews. Second, the physical data,
including height, weight, and resting arm arterial blood pressure,
were obtained on the spot. BMI was calculated according
to the established formula [BMI = (weight in kg)/(height
in m)2]. Third, medication use was obtained from medical
records and interviews. Fourth, after fasting for at least 6 h,
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venous blood samples were collected for laboratory testing,
including glycemic parameters, lipid levels, thyroid function
parameters, renal function parameters, and homocysteine levels
(listed in Table 1).

APOE Genotyping
The venous blood samples of all recruited subjects were
also provided for APOE genotyping for the presence of the
APOE ε2, APOE ε3, and APOE ε4 alleles [Invitrogen Trading
(Shanghai) Co., Limited]. The genotypic distribution for those
127 participants was ε2ε2 (0/127, 0%), ε2ε3 (12/127, 9.4%), ε2ε4
(0/127, 0%), ε3ε3 (87/127, 68.5%), ε3ε4 (28/127, 22.0%), and
ε4ε4 (0/127, 0%). Because APOE-ε2 and APOE-ε4 carriers are
relatively rare and ε3 is often considered to be the ‘‘wild-type’’
allele (Hu et al., 2011), we included only people carrying the
homozygous phenotype ε3ε3.

Neuropsychological Evaluation
Extensive neuropsychological evaluation was conducted using a
battery of neuropsychological tests before an MRI scan. General
cognitive screening measures included the Mini-Mental State
Examination (MMSE) and the Montreal Cognitive Assessment
(MoCA). Then, the following major cognitive domains were
assessed: executive function and psychomotor speed (Trail
Making Test, TMT), mental flexibility (Verbal Fluency Test,
VFT), working memory (Digital Span Test, DST), and episodic
memory (Auditory Verbal Learning Test, AVLT). Moreover,
anxiety and depression were also evaluated with the Hamilton
Anxiety Scale (HAMA) and the Hamilton Depression Scale
(HAMD), respectively. A trained neuropsychologist blinded to
the grouping situation administered the test battery. Every

subject took approximately 60 min to complete all the tests.
Please find the details in Table 1.

MRI Data Acquisition Parameters
On the same day as the clinical and neuropsychological
evaluation, an MRI scan was performed with a 3.0 Tesla MR
scanner (Trio, Siemens healthineers, Erlangen, Germany) using
a 12-channel head coil. Subjects lay supine and were instructed
to stay awake with their eyes closed and relaxed during the
scan. Earplugs were used to alleviate the influence of scanner
noise, and foam pad were used to restrict head movement.
Conventional was acquired for brain lesion detection, including
T2-weighted images and fluid-attenuated inversion recovery
images, as well as high-resolution T1-weighted structural images.
High-resolution T1-weighted structural images and resting-
state functional images were obtained for subsequent MRI data
preprocessing. The parameters are the same as our previous study
(Liu et al., 2018).

MRI Data Processing
Two radiologists reviewed the T1-weighted, T2-weighted, and
fluid-attenuated inversion recovery images to identify brain
organic abnormalities and to score white matter changes. Both of
the radiologists have at least 5 years of work experience and were
blinded to the group status, and none of the participants were
excluded based on the above exclusion criteria. The structural
and functional images were preprocessed with the toolbox for
Data Processing and Analysis for Brain Imaging (DPABI V4.0)1

software in a standard protocol (Yan et al., 2016). First, the

1http://rfmri.org/dpabi

TABLE 1 | Demographic and clinical data comparisons.

T2DM HC p-values

Age (years) 57.57 ± 7.12 57.86 ± 5.68 0.843
Sex (male/female) 24/13 17/20 0.102a

Education (years) 12 (9, 14) 12 (9, 12) 0.853b

BMI (kg/m2) 25.07 ± 2.68 24.20 ± 4.09 0.283
Systolic blood pressure (mmHg) 130.11 ± 16.93 136.62 ± 16.69 0.100
Diastolic blood pressure (mmHg) 81.22 ± 10.15 80.54 ± 9.76 0.771
Disease duration (years) 8.70 ± 5.51 NA NA
HbA1c (%) 7.40 (6.65, 8.60) 5.70 (5.40, 5.95) <0.001∗b

Fasting plasma glucose (mmol/L) 7.74 ± 2.85 5.27 ± 0.50 <0.001∗

Fasting insulin (mIU/L) 14.87 (9.61, 23.82) 11.63 (9.11, 17.39) 0.258b

Fasting C-peptide (ng/ml) 2.08 ± 1.11 2.10 ± 0.92 0.917
FT3 (pmol/L) 4.25 ± 0.83 4.99 ± 0.79 <0.001∗

FT4 (pmol/L) 15.34 ± 2.30 16.58 ± 1.60 0.009*
TSH (mIU/L) 2.11 (1.42, 2.61) 1.96 (1.49, 3.35) 0.261b

Total cholesterol (mmol/L) 4.93 ± 1.20 5.22 ± 1.14 0.280
Triglyceride (mmol/L) 1.37 (1.05, 2.29) 1.12 (0.89, 1.46) 0.025∗b

HDL cholesterol (mmol/L) 1.23 ± 0.29 1.47 ± 0.35 <0.001∗

LDL cholesterol (mmol/L) 3.15 ± 0.94 3.30 ± 0.78 0.449
Blood urea nitrogen (mmol/L) 5.40 (4.25, 7.00) 5.30 (4.80, 5.95) 0.779b

Serum creatine (µmol/L) 64.00 (57.00, 78.00) 75.00 (63.00, 84.00) 0.070b

Uric acid (µmol/L) 318.76 ± 71.82 331.84 ± 68.13 0.424
Cystatin C (mg/L) 0.72 (0.65, 0.87) 0.73 (0.69, 0.87) 0.387b

Homocysteine (µmol/L) 10.36 (8.28, 15.08) 9.93 (8.24, 12.06) 0.364b

∗p < 0.05. Data are presented as n for proportions, means ± SD for normally distributed continuous data, and median (QR) for non-normally distributed data. aThe p-value for sex
was obtained using the χ2 test. bThe p-value was obtained using the Mann–Whitney U test. T2DM, type 2 diabetes mellitus; HC, healthy controls; BMI, body mass index; FT3, free
triiodothyronine; FT4, free thyroxine; TSH, thyroid-stimulating hormone; HDL, high-density lipoprotein; LDL, low-density lipoprotein; NA, not applicable.
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original DICOM format data were converted into a NIfTI format.
Then, the first 10 volumes of individual resting-state functional
images were removed to avoid their probable heterogeneity.
Next, slice timing was performed to correct the signal acquisition
time differences between slices of the remaining 230 volumes.
Realignment was performed to correct for head motion so that
the brain across images was in the same position. This step
automatically generated a report of head motion based on the
realignment parameters, which could be the reference for subject
exclusion for head motion>2.0 mm in any direction or>2.0◦ of
any angle in Montreal Neurological Institute (MNI) coordinates.
No subjects met the exclusion criteria. Then, covariate regression
was conducted to remove the nuisance variables, including head
motion parameters, white matter signals, and cerebrospinal fluid
signals. Since global signal regression is controversial, it was
not executed in the present study (Saad et al., 2012). To make
inter-subject comparisons feasible, the individual functional
images were spatially normalized to standard MNI space using
unified segmentation on T1 images. Detrending was applied
to reduce the systematic signal drift with time using a linear
model. Further, the data were band-filtered (0.01–0.10 Hz) to
reduce the effects of very-low-frequency and high-frequency
physiological noise. Finally, the data were spatially smoothed
with a 4 mm full-width half-maximum to improve the signal-to-
noise ratio.

The measure ALFF was calculated based on the preprocessed
images. The resulting images were standardized with
mean-regression to reduce the impact of many sources of
nuisance variation (Yan and Zang, 2010). Then, the correlation
coefficients of time series between the seed regions and each
voxel of the rest of the brain were calculated to obtain the
FC pattern of every subject. It is worth noting that the brain
regions with aberrant ALFF were considered as the seed regions
according to the subsequent inter-group comparison of ALFF.
Fisher’s r-to-z transformation was performed to improve the
normality of the correlation coefficient values of FC.

Statistical Analysis
Numeric data analyses were carried out with SPSS software
(version 25.02). First, the inter-group comparison of nominal
variables (sex) was performed using the Chi-square (χ2)
test. Then, the Kolmogorov-Smirnov test was applied in each
group to verify the normality of the other numerical data
distribution. According to the normality or non-normality,
the two-sample t-test and the Mann–Whitney U test was
applied to reveal significant differences between the T2DM
group and the HC group. Values of p < 0.05 were considered
statistically significant.

Intra- and inter-group analyses of ALFF and FC map
analyses were conducted in the Statistical Analysis module
of DPABI V4.0 software. First, the one-sample t-test was
performed to check the ALFF and FC distribution pattern
in each group (compared to ‘‘0’’). Then, the two-sample
t-test was performed to reveal the differences in ALFF and
FC between the T2DM group and the HC group with age,

2https://www.ibm.com/products/spss-statistics

sex, education years and BMI imported as covariates. The
resulting maps were corrected for multiple comparisons
using the Gaussian random-field theory based on the
estimated effective smoothness (p < 0.05). As mentioned
above, the brain regions with significant differences in
ALFF were saved as masks to calculate the seed-based FC
in each group.

The ALFF values and FC z scores of aberrant brain
regions were extracted to investigate the relationships with
neuropsychological test scores and clinical data in the
T2DM group. To be specific, partial correlation analyses
were conducted among the functional MRI parameters,
neuropsychological performances, and diabetes-related
blood measurements with adjustment for age, sex, education
years, and BMI.

RESULTS

Demographic and Clinical Data
Comparison
According to the two-sample t-test, significantly elevated levels
of HbA1c, fasting plasma glucose and triglyceride and reduced
levels of free triiodothyronine (FT3), free thyroxine (FT4) and
high-density lipoprotein (HDL) cholesterol were observed in
the T2DM group compared to the HC group (p < 0.05).
There were no significant differences between the T2DM group
and the HC group in terms of age, sex, education years,
BMI, systolic and diastolic blood pressure and other blood
chemistry parameters (p > 0.05; Table 1). Also, the T2DM
patients were undergoing standard treatment with one or
more medications according to their state, including insulin,
biguanides, sulfonylureas, glinides, α glucosidase inhibitors,
and thiazolidinediones.

Neuropsychological Test Comparison
According to the two-sample t-test, the T2DM patients scored
significantly lower in the MoCA but higher in the HAMA and
HAMD than the HC group (p< 0.05). There were no significant
inter-group differences in the other neuropsychological
tests, including the MMSE, TMT, VFT, DST, and
AVLT (Table 2).

ALFF and FC Analysis
The distribution patterns of ALFF and FC in each group
are shown in Figure 1 according to the results of the
one-sample t-tests. The results of the two-sample t-tests show
that the T2DM group exhibited significantly higher ALFF
in the left middle occipital gyrus (p < 0.05, corrected with
Gaussian random-field theory). Moreover, the left middle
occipital gyrus had significantly lower FC with the left caudate
nucleus and left inferior parietal gyrus in the T2DM group
(p< 0.05, corrected with Gaussian random-field theory; Table 3,
Figures 1, 2).

Correlation Analysis
According to the partial correlation analyses, no significant
correlations were observed among the aberrant functional
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TABLE 2 | Neuropsychological test comparison.

T2DM HC p-values

MMSE 28.00 (27.00, 29.00) 29.00 (27.50, 29.00) 0.137a

MoCA 22.00 (21.00, 24.50) 24.00 (22.50, 26.00) 0.003∗a

TMT-A 58.00 (46.00, 110.00) 56.00 (39.50, 86.50) 0.083a

TMT-B 145.00 (113.00, 180.50) 115.50 (100.25, 195.50) 0.425a

VFT 42.43 ± 6.62 40.62 ± 7.58 0.277
DST forward 9.00 (8.00, 10.00) 10.00 (8.00, 10.00) 0.170a

DST backward 4.00 (3.00, 4.50) 4.00 (3.00, 4.00) 0.559a

AVLT immediate recall 6.52 ± 1.90 6.76 ± 1.42 0.544
AVLT short-term delayed recall 7.00 (4.00, 9.50) 7.00 (6.00, 9.00) 0.719a

AVLT long-term delayed recall 5.00 (2.50, 8.50) 6.00 (5.00, 8.50) 0.140a

AVLT long-term delayed recognition 11.00 (8.00, 13.00) 11.00 (8.50, 13.50) 0.387a

AVLT total score 29.15 ± 11.28 31.84 ± 7.46 0.230
HAMA 7.00 (3.50, 10.5) 3.00 (2.00, 6.00) <0.001∗a

HAMD 5.00 (3.00, 10.00) 2.00 (1.00, 4.00) <0.001∗a

∗p < 0.05. Data are presented as the mean ± SD for normally distributed continuous data and the median (QR) for non-normally distributed data. aThe p-value was obtained using
the Mann–Whitney U test. MMSE, Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment; TMT, Trail Making Test; DST, Digital Span Test; VFT, Verbal Fluency Test;
AVLT, Auditory Verbal Learning Test; HAMA, Hamilton Anxiety Scale; HAMD, Hamilton Depression Scale.

TABLE 3 | The brain regions with aberrant amplitude of low-frequency fluctuations (ALFF) and functional connectivity (FC).

Brain regions BA Peak MNI coordinates voxels t-values p-values

x y z

ALFF
L.MOG 37 −51 −69 0 130 3.8075 <0.05

FC
L.CN 11 −12 15 −3 436 −4.1624 <0.05
L.IPG NA −57 −48 48 340 −3.8626 <0.05

MNI, Montreal Neurological Institute; BA, Brodmann area; R, right; L, left; MOG, middle occipital gyrus; CN, caudate nucleus; IPG, inferior parietal gyrus; NA, not applicable. p-values
were corrected with Gaussian random-field theory.

MRI parameters, neuropsychological performances, and
diabetes-related blood measurements in the T2DM
group. The only correlation trend found was between

the FC z scores of the left middle occipital gyrus-left
inferior parietal gyrus and HAMA scores (r = −0.339,
p = 0.054; Figure 3).

FIGURE 1 | Amplitude of low-frequency fluctuations (ALFF) and functional connectivity (FC) distribution of intra-group (one-sample t-test) and inter-group
comparisons (two-sample t-test). p < 0.05 (corrected with Gaussian random-field theory). The color bar denotes the t-value. R, right; L, left.
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FIGURE 2 | Comparison of ALFF (A) and FC (B) between the type 2 diabetes mellitus (T2DM) and healthy controls (HC) groups (two-sample t-test). *p < 0.05
(corrected with Gaussian random-field theory). Error bars define the SEM. R, right; L, left; MOG, middle occipital gyrus; CN, caudate nucleus; IPG, inferior
parietal gyrus.

FIGURE 3 | The correlation trend between the FC z-scores of the left middle
occipital gyrus-left inferior parietal gyrus and Hamilton Anxiety Scale
(HAMA) scores.

DISCUSSION

To better understand the function of the brain, which is
considered to be the most complex system, it is essential
not only to look at individual regions’ activations but also
to consider how they work together through signal coherence
(Bassett and Sporns, 2017). In the present study, ALFF was
used to assess brain spontaneous activity and FC was used
to assess synchronization between brain regions. Without the
influence of APOE-ε2 and APOE-ε4, the T2DM patients
exhibited aberrant ALFF in the left middle occipital gyrus,
and with the left middle occipital gyrus as an anchor,
changes in the FC with the left caudate nucleus and left
inferior parietal gyrus were also detected. These findings may
contribute to advancing the understanding of T2DM-related
brain dysfunction.

Our findings identified the brain regions vulnerable to the
T2DM attack without the interference of the mutated APOE
gene. In previous studies, the occipital cortex, parietal cortex,
and caudate nucleus exhibited abnormal functional activity both

in T2DM patients and APOE-ε4 carriers (Lind et al., 2006;
Peng et al., 2016; Wang et al., 2017; Liu et al., 2018). The
aberrant brain regions reported in T2DM patients overlap with
those in APOE-ε4 carriers, which makes it difficult to infer
whether T2DM disease is a primary factor associated with
functional abnormalities. It is noteworthy that the occipital
cortex was reported to decrease ALFF in T2DM patients
(Xia et al., 2013; Cui et al., 2014), which is contrary to
our findings. However, according to the findings in APOE-
ε3 homozygotes, we can infer that the functional activities of
these brain regions are susceptible to T2DM disease, and the
APOE gene mutation may be a candidate factor driving the
aforementioned discrepancy.

Since the occipital cortex is usually considered to be the
visual area, especially the primary visual cortex (Wandell,
1999), the aberrant spontaneous activity in the occipital cortex
may indicate the dysfunction of vision-related information
processing in T2DM patients. The visual cortex is activated in
visual-processing tasks (Grill-Spector and Malach, 2004), and
its gamma-aminobutyric acid levels are negatively associated
with cognitive failures in daily life (Sandberg et al., 2014).
In terms of T2DM, decreased cerebral blood flow in the
occipital cortex was associated with worse visual-memory
performance (Cui et al., 2017). In addition, T2DM patients
also showed decreased regional homogeneity (Peng et al.,
2016), smaller regional brain volumes (Schneider et al., 2017)
and lower surface area (Bernardes et al., 2018) than HC in
previous literatures.

The inferior parietal cortex is spatially adjacent to the
middle occipital gyrus (Tzourio-Mazoyer et al., 2002) and
is involved in executive function. According to the results
of a meta-analysis, T2DM patients showed decrements in
executive function (Sadanand et al., 2016). Even though
the decreased ALFF of the inferior parietal lobe showed
no relation with neuropsychological performance in T2DM
patients (Wang et al., 2017), the reduced cerebral blood
flow of the inferior parietal lobe was associated with poor
performance on processing speed, which serves as a subdomain
of executive function (Bangen et al., 2018). It is well known that
executive function is the core component of advanced cognition
(Petersen and Posner, 2012).
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The caudate nucleus is involved in mood symptoms,
including anxiety disorders and negative states
(Amemori et al., 2018). In degenerative disorders such as
Huntington’s disease and Parkinson’s disease, caudate nucleus
injury was correlated with major depressive disorder (Kumar
et al., 2009). Similarly, T2DM disease doubled the risk of major
depression compared with the general population (Semenkovich
et al., 2015). Our study also suggested that T2DM patients
may be vulnerable to negative emotions according to their
higher HAMA and HAMD scores. The biophysical changes
in the bilateral caudate nuclei may disturb the circuits that
mediate mood, especially depression (Kumar et al., 2009).
In line with previous studies, the abnormality of the caudate
nuclei in our findings may indicate a mood disorder in the
T2DM population.

To better understand the dysfunction of the T2DM
brain, it is essential to consider how the brain regions
work together rather than studying them in isolation. On
the one hand, high visual cortex recruitment predicted
poor motor execution, which was represented by the strong
activation of the inferior parietal cortex (Lebon et al.,
2018). The caudate nucleus subserves not only the complex
regulation of mood but also the executive function (Yang
et al., 2015; Huang et al., 2016). It can excite the correct
action schemas and select the appropriate sub-goals based
on an evaluation of action-outcomes (Grahn et al., 2008).
Therefore, the changed FC of the left middle occipital gyrus-left
caudate nucleus and left middle occipital gyrus-left inferior
parietal gyrus may reflect the impairment of vision-related
information processing and executive function in T2DM
patients. On the other hand, the inferior parietal lobe is
thought to contribute to the cognitive-behavioral therapy
response in major depressive disorder (Sambataro et al.,
2018). The correlation trend between the decreased FC z-
scores of the left middle occipital gyrus-left inferior parietal
gyrus and the increased HAMA scores may indicate the
involvement of these two brain regions in negative emotions
to some extent. Also, the visual cortex was the supporting
brain area crucial for facial emotion processing in major
depression (Stuhrmann et al., 2011). Taking the three brain
regions as a sub-network, we infer that the appearance of
vision-related information processing, executive function, and
mood symptoms in T2DM patients may have a combined
neurological foundation.

The limitations of this study are as follows. First, because of
the relatively small sample size, only T2DM patients who were
APOE-ε3 homozygous carriers were enrolled in the study. The
characteristic brain activity in T2DM patients who are APOE-
ε2 and APOE-ε4 carriers remains to be investigated with larger
sample size. Second, we preprocessed the MRI data without
the removal of the global signal since the resulting negative
correlations are ambiguous for interpretation (Murphy et al.,
2009). Third, the two groups differed in FT4, triglyceride, and
HDL cholesterol levels, even when we controlled them within
normal range and attempted to achieve inter-group homogeneity
of biometric measurements. Also, the different medication use
in T2DM patients may affect their brain functional change

patterns. The heterogeneity we cannot rule out completely may
represent the real situation, but further studies are necessary
to reveal their influences on brain function. Despite these
limitations, the positive findings are promising and warrant
further exploration.

CONCLUSION

In the present study, brain spontaneous activity and
synchronization were used to characterize the pattern of
brain dysfunction in T2DM patients homozygous for the
APOE-ε3 allele. We found that the T2DM patients exhibited
aberrant brain activities in the visual cortex, caudate nucleus,
and left inferior parietal gyrus, which may be associated with
vision-related information processing, executive function, and
negative emotions. The findings may contribute to updating
the T2DM-related brain dysfunction characterization and
mechanism understanding from a neuroimaging perspective. It
also raises questions of the roles of APOE gene polymorphisms
in cognitive impairment in T2DM patients, which should be
further studied in the future.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the article.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Medical Research Ethics Committee
of the Southwest Hospital (Chongqing, China). The
patients/participants provided their written informed consent to
participate in this study.

AUTHOR CONTRIBUTIONS

DL contributed to the experiments, data analysis, and the
writing of the manuscript. SD, PW, and JW contributed to data
collection. LC contributed to the statistical analysis. JZ are the
guarantors of this study and had complete access to all data in
the study. They accept responsibility for the integrity of the data
and the accuracy of the data analysis.

FUNDING

The study was supported by the National Natural Science
Foundation of China (81471647, 81771814), achievement
encourage specific projects for Chongqing Research Institutes
(grant No. cstc2018jxjl130072), combination projects of
medicine and engineering of the Fundamental Research
Funds for the Central Universities in 2019 (project No.
2019CDYGYB008), the Chongqing key medical research
project of combination of science and medicine (grant No.
2019ZDXM007), and the 2019 SKY Imaging Research Fund
of the Chinese International Medical Foundation (project No.
Z-2014-07-1912-10).

Frontiers in Aging Neuroscience | www.frontiersin.org 7 June 2020 | Volume 12 | Article 181

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


Liu et al. Aberrant Brain Activities in T2DM

ACKNOWLEDGMENTS

We thank all volunteers who participated in the study
and the staff of the Department of Laboratory Medicine

and Department of Nuclear Medicine at the Southwest
Hospital of the Third Military Medical University (Army
Medical University) in Chongqing, China for their selfless and
valuable assistance.

REFERENCES

Alberti, K. G., and Zimmet, P. Z. (1998). Definition, diagnosis and classification
of diabetes mellitus and its complications. Part 1: diagnosis and classification
of diabetes mellitus provisional report of a WHO consultation. Diabet. Med.
15, 539–553. doi: 10.1002/(sici)1096-9136(199807)15:7<539::aid-dia668>3.0.
co;2-s

Amemori, K. I., Amemori, S., Gibson, D. J., and Graybiel, A. M. (2018).
Striatal microstimulation induces persistent and repetitive negative decision-
making predicted by striatal beta-band oscillation. Neuron 99, 829.e6–841.e6.
doi: 10.1016/j.neuron.2018.07.022

Bangen, K. J., Werhane, M. L., Weigand, A. J., Edmonds, E. C., Delano-Wood, L.,
Thomas, K. R., et al. (2018). Reduced regional cerebral blood flow relates to
poorer cognition in older adults with type 2 diabetes. Front. Aging Neurosci.
10:270. doi: 10.3389/fnagi.2018.00270

Bassett, D. S., and Sporns, O. (2017). Network neuroscience. Nat. Neurosci. 20,
353–364. doi: 10.1038/nn.4502

Bernardes, G., RG, I. J., Ten Kulve, J. S., Barkhof, F., Diamant, M., Veltman, D. J.,
et al. (2018). Cortical and subcortical gray matter structural alterations in
normoglycemic obese and type 2 diabetes patients: relationship with adiposity,
glucose, and insulin. Metab. Brain Dis. 33, 1211–1222. doi: 10.1007/s11011-
018-0223-5

Biessels, G. J., and Despa, F. (2018). Cognitive decline and dementia in diabetes
mellitus: mechanisms and clinical implications. Nat. Rev. Endocrinol. 14,
591–604. doi: 10.1038/s41574-018-0048-7

Biswal, B., Yetkin, F. Z., Haughton, V. M., and Hyde, J. S. (1995).
Functional connectivity in the motor cortex of resting human brain using
echo-planar MRI. Magn. Reson. Med. 34, 537–541. doi: 10.1002/mrm.19103
40409

Bommer, C., Sagalova, V., Heesemann, E., Manne-Goehler, J., Atun, R.,
Barnighausen, T., et al. (2018). Global economic burden of diabetes in adults:
projections from 2015 to 2030. Diabetes Care 41, 963–970. doi: 10.2337/dc17-
1962

Cui, Y., Jiao, Y., Chen, H. J., Ding, J., Luo, B., Peng, C. Y., et al. (2015). Aberrant
functional connectivity of default-mode network in type 2 diabetes patients.
Eur. Radiol. 25, 3238–3246. doi: 10.1007/s00330-015-3746-8

Cui, Y., Jiao, Y., Chen, Y. C., Wang, K., Gao, B., Wen, S., et al. (2014). Altered
spontaneous brain activity in type 2 diabetes: a resting-state functional MRI
study. Diabetes 63, 749–760. doi: 10.2337/db13-0519

Cui, Y., Liang, X., Gu, H., Hu, Y., Zhao, Z., Yang, X. Y., et al. (2017).
Cerebral perfusion alterations in type 2 diabetes and its relation to insulin
resistance and cognitive dysfunction. Brain Imaging Behav. 11, 1248–1257.
doi: 10.1007/s11682-016-9583-9

Farrer, L. A., Cupples, L. A., Haines, J. L., Hyman, B., Kukull, W. A., Mayeux, R.,
et al. (1997). Effects of age, sex and ethnicity on the association between
apolipoprotein E genotype and Alzheimer disease. A meta-analysis. APOE
and Alzheimer disease meta analysis consortium. JAMA 278, 1349–1356.
doi: 10.1001/jama.278.16.1349

Filippini, N., MacIntosh, B. J., Hough, M. G., Goodwin, G. M., Frisoni, G. B.,
Smith, S. M., et al. (2009). Distinct patterns of brain activity in young
carriers of the APOE-ε4 allele. Proc. Natl. Acad. Sci. U S A 106, 7209–7214.
doi: 10.1073/pnas.0811879106

Gong, L., Shu, H., He, C., Ye, Q., Bai, F., Xie, C., et al. (2017). Convergent
and divergent effects of apolipoprotein E ε4 and ε2 alleles on amygdala
functional networks in nondemented older adults. Neurobiol. Aging 54, 31–39.
doi: 10.1016/j.neurobiolaging.2017.02.013

Grahn, J. A., Parkinson, J. A., and Owen, A. M. (2008). The cognitive functions
of the caudate nucleus. Prog. Neurobiol. 86, 141–155. doi: 10.1016/j.pneurobio.
2008.09.004

Grill-Spector, K., and Malach, R. (2004). The human visual cortex. Annu. Rev.
Neurosci. 27, 649–677. doi: 10.1146/annurev.neuro.27.070203.144220

Groot, C., Sudre, C. H., Barkhof, F., Teunissen, C. E., van Berckel, B. N. M.,
Seo, S. W., et al. (2018). Clinical phenotype, atrophy and small vessel disease
in APOEε2 carriers with Alzheimer disease. Neurology 91, e1851–e1859.
doi: 10.1212/WNL.0000000000006503

Hodgetts, C. J., Shine, J. P., Williams, H., Postans, M., Sims, R., Williams, J.,
et al. (2019). Increased posterior default mode network activity and structural
connectivity in young adult APOE-ε4 carriers: a multimodal imaging
investigation. Neurobiol. Aging 73, 82–91. doi: 10.1016/j.neurobiolaging.2018.
08.026

Hu, P., Qin, Y. H., Jing, C. X., Lu, L., Hu, B., and Du, P. F. (2011).
Does the geographical gradient of ApoE4 allele exist in China? A systemic
comparison among multiple Chinese populations.Mol. Biol. Rep. 38, 489–494.
doi: 10.1007/s11033-010-0132-0

Huang, R. R., Jia, B. H., Xie, L., Ma, S. H., Yin, J. J., Sun, Z. B., et al. (2016). Spatial
working memory impairment in primary onset middle-age type 2 diabetes
mellitus: an ethology and BOLD-fMRI study. J. Magn. Reson. Imaging 43,
75–87. doi: 10.1002/jmri.24967

Jiang, L., and Zuo, X. N. (2016). Regional homogeneity: a multimodal, multiscale
neuroimaging marker of the human connectome. Neuroscientist 22, 486–505.
doi: 10.1177/1073858415595004

Koekkoek, P. S., Kappelle, L. J., van den Berg, E., Rutten, G. E., and Biessels, G. J.
(2015). Cognitive function in patients with diabetes mellitus: guidance
for daily care. Lancet Neurol. 14, 329–340. doi: 10.1016/s1474-4422(14)
70249-2

Konishi, K., Bhat, V., Banner, H., Poirier, J., Joober, R., and Bohbot, V. D. (2016).
APOE2 is associated with spatial navigational strategies and increased gray
matter in the hippocampus. Front. Hum. Neurosci. 10:349. doi: 10.3389/fnhum.
2016.00349

Kumar, A., Gupta, R., Thomas, A., Ajilore, O., and Hellemann, G. (2009).
Focal subcortical biophysical abnormalities in patients diagnosed with
type 2 diabetes and depression. Arch. Gen. Psychiatry 66, 324–330.
doi: 10.1001/archgenpsychiatry.2008.548

Lebon, F., Horn, U., Domin, M., and Lotze, M. (2018). Motor imagery training:
kinesthetic imagery strategy and inferior parietal fMRI activation. Hum. Brain
Mapp. 39, 1805–1813. doi: 10.1002/hbm.23956

Lind, J., Persson, J., Ingvar, M., Larsson, A., Cruts, M., Van Broeckhoven, C.,
et al. (2006). Reduced functional brain activity response in cognitively intact
apolipoprotein E ε4 carriers. Brain 129, 1240–1248. doi: 10.1093/brain/
awl054

Liu, D., Duan, S., Zhou, C., Wei, P., Chen, L., Yin, X., et al. (2018). Altered
brain functional hubs and connectivity in type 2 diabetes mellitus patients: a
resting-state fMRI study. Front. Aging Neurosci. 10:55. doi: 10.3389/fnagi.2018.
00055

Liu, C. C., Liu, C. C., Kanekiyo, T., Xu, H., and Bu, G. (2013). Apolipoprotein E and
Alzheimer disease: risk, mechanisms and therapy.Nat. Rev. Neurol. 9, 106–118.
doi: 10.1038/nrneurol.2012.263

Liu, H., Liu, J., Peng, L., Feng, Z., Cao, L., Liu, H., et al. (2019). Changes in
default mode network connectivity in different glucose metabolism status
and diabetes duration. Neuroimage Clin. 21:101629. doi: 10.1016/j.nicl.2018.
101629

Murphy, K., Birn, R. M., Handwerker, D. A., Jones, T. B., and Bandettini, P. A.
(2009). The impact of global signal regression on resting state correlations: are
anti-correlated networks introduced? NeuroImage 44, 893–905. doi: 10.1016/j.
neuroimage.2008.09.036

Peng, J., Qu, H., Peng, J., Luo, T. Y., Lv, F. J., Chen, L., et al. (2016).
Abnormal spontaneous brain activity in type 2 diabetes with and without
microangiopathy revealed by regional homogeneity. Eur. J. Radiol. 85, 607–615.
doi: 10.1016/j.ejrad.2015.12.024

Petersen, S. E., and Posner, M. I. (2012). The attention system of the human brain:
20 years after. Annu. Rev. Neurosci. 35, 73–89. doi: 10.1146/annurev-neuro-
062111-150525

Frontiers in Aging Neuroscience | www.frontiersin.org 8 June 2020 | Volume 12 | Article 181

https://doi.org/10.1002/(sici)1096-9136(199807)15:7<539::aid-dia668>3.0.co;2-s
https://doi.org/10.1002/(sici)1096-9136(199807)15:7<539::aid-dia668>3.0.co;2-s
https://doi.org/10.1016/j.neuron.2018.07.022
https://doi.org/10.3389/fnagi.2018.00270
https://doi.org/10.1038/nn.4502
https://doi.org/10.1007/s11011-018-0223-5
https://doi.org/10.1007/s11011-018-0223-5
https://doi.org/10.1038/s41574-018-0048-7
https://doi.org/10.1002/mrm.1910340409
https://doi.org/10.1002/mrm.1910340409
https://doi.org/10.2337/dc17-1962
https://doi.org/10.2337/dc17-1962
https://doi.org/10.1007/s00330-015-3746-8
https://doi.org/10.2337/db13-0519
https://doi.org/10.1007/s11682-016-9583-9
https://doi.org/10.1001/jama.278.16.1349
https://doi.org/10.1073/pnas.0811879106
https://doi.org/10.1016/j.neurobiolaging.2017.02.013
https://doi.org/10.1016/j.pneurobio.2008.09.004
https://doi.org/10.1016/j.pneurobio.2008.09.004
https://doi.org/10.1146/annurev.neuro.27.070203.144220
https://doi.org/10.1212/WNL.0000000000006503
https://doi.org/10.1016/j.neurobiolaging.2018.08.026
https://doi.org/10.1016/j.neurobiolaging.2018.08.026
https://doi.org/10.1007/s11033-010-0132-0
https://doi.org/10.1002/jmri.24967
https://doi.org/10.1177/1073858415595004
https://doi.org/10.1016/s1474-4422(14)70249-2
https://doi.org/10.1016/s1474-4422(14)70249-2
https://doi.org/10.3389/fnhum.2016.00349
https://doi.org/10.3389/fnhum.2016.00349
https://doi.org/10.1001/archgenpsychiatry.2008.548
https://doi.org/10.1002/hbm.23956
https://doi.org/10.1093/brain/awl054
https://doi.org/10.1093/brain/awl054
https://doi.org/10.3389/fnagi.2018.00055
https://doi.org/10.3389/fnagi.2018.00055
https://doi.org/10.1038/nrneurol.2012.263
https://doi.org/10.1016/j.nicl.2018.101629
https://doi.org/10.1016/j.nicl.2018.101629
https://doi.org/10.1016/j.neuroimage.2008.09.036
https://doi.org/10.1016/j.neuroimage.2008.09.036
https://doi.org/10.1016/j.ejrad.2015.12.024
https://doi.org/10.1146/annurev-neuro-062111-150525
https://doi.org/10.1146/annurev-neuro-062111-150525
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Liu et al. Aberrant Brain Activities in T2DM

Saad, Z. S., Gotts, S. J., Murphy, K., Chen, G., Jo, H. J., Martin, A., et al.
(2012). Trouble at rest: how correlation patterns and group differences
become distorted after global signal regression. Brain Connect. 2, 25–32.
doi: 10.1089/brain.2012.0080

Sadanand, S., Balachandar, R., and Bharath, S. (2016). Memory and executive
functions in persons with type 2 diabetes: a meta-analysis. Diabetes Metab. Res.
Rev. 32, 132–142. doi: 10.1002/dmrr.2664

Sambataro, F., Doerig, N., Hanggi, J., Wolf, R. C., Brakowski, J., Holtforth, M. G.,
et al. (2018). Anterior cingulate volume predicts response to psychotherapy and
functional connectivity with the inferior parietal cortex in major depressive
disorder. Eur. Neuropsychopharmacol. 28, 138–148. doi: 10.1016/j.euroneuro.
2017.11.008

Sandberg, K., Blicher, J. U., Dong, M. Y., Rees, G., Near, J., and Kanai, R. (2014).
Occipital GABA correlates with cognitive failures in daily life. NeuroImage 87,
55–60. doi: 10.1016/j.neuroimage.2013.10.059

Schneider, A. L. C., Selvin, E., Sharrett, A. R., Griswold, M., Coresh, J.,
Jack, C. R. Jr., et al. (2017). Diabetes, prediabetes and brain volumes
and subclinical cerebrovascular disease on MRI: the atherosclerosis risk in
communities neurocognitive study (ARIC-NCS).Diabetes Care 40, 1514–1521.
doi: 10.2337/dc17-1185

Semenkovich, K., Brown, M. E., Svrakic, D. M., and Lustman, P. J. (2015).
Depression in type 2 diabetes mellitus: prevalence, impact, and treatment.
Drugs 75, 577–587. doi: 10.1007/s40265-015-0347-4

Sinha, N., Berg, C. N., Tustison, N. J., Shaw, A., Hill, D., Yassa, M. A., et al. (2018).
APOE ε4 status in healthy older African Americans is associated with deficits
in pattern separation and hippocampal hyperactivation. Neurobiol. Aging 69,
221–229. doi: 10.1016/j.neurobiolaging.2018.05.023

Stuhrmann, A., Suslow, T., and Dannlowski, U. (2011). Facial emotion processing
in major depression: a systematic review of neuroimaging findings. Biol. Mood
Anxiety Disord. 1:10. doi: 10.1186/2045-5380-1-10

Tang, Y., Li, Y. M., Zhang, M., Chen, Y. Q., and Sun, Q. (2019). ε3/4 genotype
of the apolipoprotein E is associated with higher risk of Alzheimer’s disease
in patients with type 2 diabetes mellitus. Gene 703, 65–70. doi: 10.1016/j.gene.
2019.03.024

Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O.,
Delcroix, N., et al. (2002). Automated anatomical labeling of activations in SPM
using a macroscopic anatomical parcellation of the MNI MRI single-subject
brain. NeuroImage 15, 273–289. doi: 10.1006/nimg.2001.0978

Wahlund, L. O., Barkhof, F., Fazekas, F., Bronge, L., Augustin, M., Sjogren, M.,
et al. (2001). A new rating scale for age-related white matter changes
applicable to MRI and CT. Stroke 32, 1318–1322. doi: 10.1161/01.str.
32.6.1318

Wandell, B. A. (1999). Computational neuroimaging of human visual
cortex. Annu. Rev. Neurosci. 22, 145–173. doi: 10.1146/annurev.neuro.
22.1.145

Wang, C. X., Fu, K. L., Liu, H. J., Xing, F., and Zhang, S. Y. (2014). Spontaneous
brain activity in type 2 diabetics revealed by amplitude of low-frequency

fluctuations and its association with diabetic vascular disease: a resting-state
FMRI study. PLoS One 9:e108883. doi: 10.1371/journal.pone.0108883

Wang, Z. L., Zou, L., Lu, Z. W., Xie, X. Q., Jia, Z. Z., Pan, C. J., et al. (2017).
Abnormal spontaneous brain activity in type 2 diabetic retinopathy revealed
by amplitude of low-frequency fluctuations: a resting-state fMRI study. Clin.
Radiol. 72, 340.e1–340.e7. doi: 10.1016/j.crad.2016.11.012

Xia, W., Chen, Y. C., and Ma, J. (2017). Resting-state brain anomalies in type
2 diabetes: a meta-analysis. Front. Aging Neurosci. 9:14. doi: 10.3389/fnagi.2017.
00014

Xia, W., Wang, S., Rao, H., Spaeth, A. M., Wang, P., Yang, Y., et al. (2015).
Disrupted resting-state attentional networks in T2DM patients. Sci. Rep.
5:11148. doi: 10.1038/srep11148

Xia, W., Wang, S., Sun, Z., Bai, F., Zhou, Y., Yang, Y., et al. (2013).
Altered baseline brain activity in type 2 diabetes: a resting-state fMRI study.
Psychoneuroendocrinology 38, 2493–2501. doi: 10.1016/j.psyneuen.2013.05.012

Xu, J., Chen, F., Liu, T., Wang, T., Zhang, J., Yuan, H., et al. (2019). Brain
functional networks in type 2 diabetes mellitus patients: a resting-state
functional MRI study. Front. Neurosci. 13:239. doi: 10.3389/fnins.2019.00239

Yan, C.-G., Wang, X.-D., Zuo, X.-N., and Zang, Y.-F. (2016). DPABI: data
processing and analysis for (resting-state) brain imaging. Neuroinformatics 14,
339–351. doi: 10.1007/s12021-016-9299-4

Yan, C. G., and Zang, Y. F. (2010). DPARSF: a MATLAB toolbox for
‘‘pipeline’’ data analysis of resting-state fMRI. Front. Syst. Neurosci. 4:13.
doi: 10.3389/fnsys.2010.00013

Yang, S., Ajilore, O., Wu, M., Lamar, M., and Kumar, A. (2015). Impaired
macromolecular protein pools in fronto-striato-thalamic circuits in type
2 diabetes revealed by magnetization transfer imaging. Diabetes 64, 183–192.
doi: 10.2337/db14-0316

Zhen, J., Lin, T., Huang, X., Zhang, H., Dong, S., Wu, Y., et al. (2018).
Association of ApoE genetic polymorphism and type 2 diabetes with cognition
in non-demented aging chinese adults: a community based cross-sectional
study. Aging Dis. 9, 346–357. doi: 10.14336/ad.2017.0715

Zuo, X. N., Di Martino, A., Kelly, C., Shehzad, Z. E., Gee, D. G., Klein, D. F., et al.
(2010). The oscillating brain: complex and reliable.NeuroImage 49, 1432–1445.
doi: 10.1016/j.neuroimage.2009.09.037

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Liu, Duan, Wei, Chen, Wang and Zhang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 9 June 2020 | Volume 12 | Article 181

https://doi.org/10.1089/brain.2012.0080
https://doi.org/10.1002/dmrr.2664
https://doi.org/10.1016/j.euroneuro.2017.11.008
https://doi.org/10.1016/j.euroneuro.2017.11.008
https://doi.org/10.1016/j.neuroimage.2013.10.059
https://doi.org/10.2337/dc17-1185
https://doi.org/10.1007/s40265-015-0347-4
https://doi.org/10.1016/j.neurobiolaging.2018.05.023
https://doi.org/10.1186/2045-5380-1-10
https://doi.org/10.1016/j.gene.2019.03.024
https://doi.org/10.1016/j.gene.2019.03.024
https://doi.org/10.1006/nimg.2001.0978
https://doi.org/10.1161/01.str.32.6.1318
https://doi.org/10.1161/01.str.32.6.1318
https://doi.org/10.1146/annurev.neuro.22.1.145
https://doi.org/10.1146/annurev.neuro.22.1.145
https://doi.org/10.1371/journal.pone.0108883
https://doi.org/10.1016/j.crad.2016.11.012
https://doi.org/10.3389/fnagi.2017.00014
https://doi.org/10.3389/fnagi.2017.00014
https://doi.org/10.1038/srep11148
https://doi.org/10.1016/j.psyneuen.2013.05.012
https://doi.org/10.3389/fnins.2019.00239
https://doi.org/10.1007/s12021-016-9299-4
https://doi.org/10.3389/fnsys.2010.00013
https://doi.org/10.2337/db14-0316
https://doi.org/10.14336/ad.2017.0715
https://doi.org/10.1016/j.neuroimage.2009.09.037
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Aberrant Brain Spontaneous Activity and Synchronization in Type 2 Diabetes Mellitus Patients: A Resting-State Functional MRI Study
	INTRODUCTION
	MATERIALS AND METHODS
	Subjects
	Clinical Evaluation
	APOE Genotyping
	Neuropsychological Evaluation
	MRI Data Acquisition Parameters
	MRI Data Processing
	Statistical Analysis

	RESULTS
	Demographic and Clinical Data Comparison
	Neuropsychological Test Comparison
	ALFF and FC Analysis
	Correlation Analysis

	DISCUSSION
	CONCLUSION
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	FUNDING
	ACKNOWLEDGMENTS
	REFERENCES


