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ABSTRACT

Abstract: About two-thirds of patients with
painful diabetic neuropathy (PDN) suffer from
anxiety and/or depression disorders. However,
the pathogenesis of PDN is unclear, in particular
with respect to the mechanism associated with
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the central nervous system. We used the neu-
roimaging techniques of fraction amplitude of
low-frequency fluctuation (fALFF) and regional
homogeneity of resting-state functional mag-
netic resonance imaging (fMRI) to explore the
brain activity in patients with PDN. The symp-
toms, signs and mental conditions of 19
patients with PDN and of 18 patients with non-
pain neuropathy were assessed separately and
compared. Blood oxygenation level-dependent
resting-state fMRI scans of the brain were per-
formed in all 37 patients with neuropathy and
in 15 gender- and age-matched healthy con-
trols. Our data showed that patients with PDN
had increased insulin resistance (p = 0.03),
increased depression (p = 0.02) and increased
anxiety (p < 0.001) compared with the controls
and that all of these conditions were associated
with abnormal spontaneous activities in several
regions of the brain, including the somatosen-
sory, cognitive and emotional regions. The
duration of diabetes, level of glycated hemo-
globin, homeostasis model assessment of insu-
lin resistance and estimated glomerular
filtration rate were significantly correlated to
abnormal spontaneous activity in patients’
brains. These results lead to the conclusion that
patients with PDN have abnormal brain activ-
ity, indicating that the central nervous system
may contribute to painful diabetic neuropathy.
Trial registration: ClinicalTrials.gov identifier
NCT03700502.
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INTRODUCTION

Neuropathy is one of the more common
chronic complications of diabetes, with about
60% of patients with type 2 diabetes (T2D)
having varying degrees of peripheral neuropa-
thy, among whom one-third have neuralgia [1].
T2D patients with neuralgia suffer from pain at
night, which in turn affects sleep [2]. Nearly
two-thirds of patients with painful diabetic
neuropathy (PDN) suffer from anxiety and/or
depression comorbidities, which contribute to a
poorer life quality of patients with PDN [3].
However, the pathogenesis underlining PDN is
still unclear [4]. The Position Statement on
diabetic neuropathy issued by the American
Diabetes Association in 2017 recommends the
use of psychotropic drugs, such as duloxetine
and pregabalin, as first-line medication for the
treatment of PDN pain [5]. Studies focusing on
the central mechanism of PDN are currently
attracting great interest, with some authors
suggesting that the central nervous system may
be involved in the pain [3]. One recent study
showed that in patients with PDN there was a
reduced volume of gray matter around the
somatosensory cortex and an increasing blood
flow in the thalamus [6]. Patients with PDN
have also been shown to have thalamic and
limbic system nerve dysfunction, as well as
destruction of the default network and atten-
tion network [3].

Resting-state functional magnetic resonance
imaging (rs-fMRI) can reflect the degree and
synchronicity of brain neuron activity in a
specific area of the brain and has been widely
used in studies of central nervous system [7].
Fraction amplitude of low-frequency fluctua-
tion (fALFF) and regional homogeneity (ReHo)
are two common fMRI technologies that are
used in central nervous system research [8]. We
performed a single-blinded clinical trial in
which rs-fMRI single analysis (fALFF and ReHo)
were employed to characterize spontaneous

brain activity in patients with T2DM and pain-
ful or non-painful neuropathy. The aim of our
study was to find correlations between brain
activities and clinical indicators or neuropsy-
chiatric scale scores that might provide new
clues for the diagnosis and treatment of PDN.

METHODS

Participants and trial description

Patients with T2D and painful (Group-PDN) or
non-painful  (Group-N) neuropathy were
recruited to the study from the Department of
Endocrinology of the Nanjing First Hospital,
between 2016 and 2017. Prior to entry to the
study, each patient was given a complete
description of the study and provided written
informed consent.

Inclusion Criteria for Patients

The inclusion criteria for patients were: (1)
voluntary participation and signing of informed
consent form; (2) age 18-60 years, with junior
high school education or higher (3) met the
1999 World Health Organization T2D diagnos-
tic criteria; (4) diagnosis of PN based on the
following three items, of which patients with
painful neuropathy have symptoms of pain: (1)
neuropathy occurred after diagnosis of diabetes;
(2) patient had clinical manifestations of pain,
numbness and abnormal sensation; (3) at least
one abnormal finding in the following five
examinations: ankle reflex, vibratory sensation,
pressure sensation, temperature sensation, and
acupuncture pain.

Inclusion Criteria for Healthy Controls

The inclusion criteria for healthy controls were:
(1) voluntary participation and signing of
informed consent; (2) age 18-60 years, with
junior high school education or higher; (3) no
history of diabetes in the past and glycated
hemoglobin (HbAlc) level of between 4 and
6%; (4) normal results on the anxiety and
depression scales.
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Exclusion Criteria for all Subjects

The exclusion criteria for all participants were:
(1) left-handedness; (2) neuropathy caused by
other causes, such as cervical spondylosis,
cerebral infarction, Guillain-Barré syndrome,
severe arteriovenous disease and neurotoxic
changes caused by drugs and renal insuffi-
ciency; (3) presence of severe cerebral vascular
disease; (4) diagnosed mental disorders, such as
depression, anxiety and Alzheimer’s disease; (5)
intolerance to MRI of the head due to, for
example, the presence of metal (stents, metal
dentures, internal fixation plates, among oth-
ers) and claustrophobia.

The study was approved by the medical
ethics committee of the first hospital of Nan-
jing, Nanjing, China (Document Number:
KY20180205-01). All procedures performed in
studies involving human participants were in
accordance with the Institutional Review Board
committee of the first hospital of Nanjing and
with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards.

Patient Clinical Data

The baseline data, nerve and mental scale scores
and results of the fundus examination, electro-
physiological examination, biochemical exam-
ination (fasting blood glucose, fasting C
peptide, HbAc1 level, blood lipid, creatinine
and urine albumin) were recorded for all
patients. Body mass index (BMI) was calculated
as body weight (kg)/height? (m?); homeostasis
model assessment-insulin resistance (HOMA-IR)
was calculated as 1.5 + fasting blood glucose
(mmol/L) x fasting C peptide (ng/mL)/(2.8 x
0.333) [9]; homeostasis model assessment-f3
(HOMA-B) was calculated as 270 x fasting C
peptide (ng/mlL)/[0.333 x (fasting blood glu-
cose (mmol/L) — 3.5)] [9].

Nerve and Mental Scale Assessment

Nerve and mental scales were assessed inde-
pendently by three trained doctors based on the
symptoms, signs and mental conditions of the
patients. These include pain symptoms and
neurologic signs using the visual analogue scale

(VAS), Toronto Clinical Scoring System (TCSS)
and Leeds Assessment of Neuropathic Symp-
toms and Signs (LANSS); (2) mental conditions
using the Self-Rating Anxiety Scale (SAS), Self-
rating Depression Scale (SDS), Hamilton Anxi-
ety Scale (HAMA), Hamilton Depression Scale
(HAMD) and social function scale.

MRI Scanning Techniques

The whole blood oxygenation-level Dependent
(BOLD) signal was collected using a Philips
Ingenia 3.0T MRI scanner (Philips BV, Amster-
dam, The Netherlands).

T1-Weighted Three-Dimensional Structure

of the Whole Brain

For the T1l-weighted three-dimensional
(T1IWI3D) brain imaging, a T1-FLAIR sequence
was acquired. The scanning parameters were:
parallel to the front and rear joint lines; 170
axes. Pulse repetition time (TR)/echo time
(TE) 8.2/3.8 ms; visual field (field of view
[FOV]) 240 x 240 mm; matrix 240 x 222; layer
thickness 1 mm; scanning time 5’ 29”. For those
patients with no brain structure abnormalities,
a rs-tMRI scan was performed.

Resting State-fMRI
For the rs-fMRI, the imaging technique used was
gradient-recalled echo-planar imaging (GRE-
EPI). The scanning parameters were TR/
TE 2000/30 ms; FOV 220 x 220 mm; matrix 72
x 70; 36 layers; layer thickness 4 mm; scanning
time 12’ 45”. During the scan, subjects closed
their eyes on the examination bed but remained
awake; they were asked to remain still, in par-
ticular to keep the head fixed, and to avoid
deliberate mental activities.

Data Processing and Statistical Analysis

of Acquired Imaging Sequences

Processing of rs-fMRI Data We wused the

REsting-State fMRI data analysis Toolkit (REST)

and DPARSF 2.2 plug-in software to analyze rs-

fMRI data on the Matlab R2012b platform, car-

rying out the steps in the order listed as follows:

1. Remove the first 10 time points to eliminate
early detection interference.
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2. Run MRIcron software to transform the
remaining 220 time points in the data
format.

3. Use the middle layer (35th level) as the
reference layer for time correction.

4. Calibrate head movements with transla-
tional 2 mm and angle 2°, and eliminate
inconsistent data.

5. Normalize image space to Montreal stan-
dard head anatomic template and resample
by 3 x 3 x 3mm in size.

6. Use the Gauss kernel function of 4 mm with
full width and half height for spatial
smoothing (this step is not required in
ReHo).

7. Delete the linear trend caused by too long
image acquisition time.

8. Filter at a frequency of 0.01-0.08 Hz.

Extraction of fractional amplitude of low-fre-
quency fluctuation Data The first step in
extracting the fractional amplitude of low-fre-
quency fluctuation (fALFF) data was to select
the whole brain as the seed in order to calculate
the ALFF value of each voxel. The fALFF value
was obtained by dividing the total value of the
0- to 0.25-Hz amplitude of the whole frequency
band. The average amplitude of the whole brain
was then divided, and the standard deviation
was subtracted. Standard values were compared
to determine differences across each group. The
second step was to analyzed the fALFF data of
each group using one-way analysis of variance
(ANOVA). On the basis of differences between
the three groups, we carried out two-indepen-
dent samples t tests between the PDN- and
N-groups and performed the Alphasim multiple
comparison correction using Data Processing
Assistant for Resting-State fMRI (DPARSF) ver-
sion 2.2. We used these parameters as the sig-
nificance threshold, which was combined with
the individual voxel at a significance level of
p <0.05 and a minimum cluster size of
459 mm?®. We obtained the parameter by using
the cluster threshold size estimator plug-in in
REST software. In applying the parameter, the
tamily-wise (corrected) false probability rate was
set at p < 0.05. The automated anatomical
labeling (AAL) function was employed to parti-
tion the brain and the Slice viewer of REST was

used to determine the Montreal Neurological
Institute (MNI) coordinates of the peak points,
which were defined as statistically significant
regions.

Extraction of ReHo Data The first step in
extracting ReHo data was to use the Kendall
coefficient of concordance (KCC) to calculate
the similarity in time series of 27 adjacent
individual voxels. The smReHo graphs obtained
from the standardized ReHo diagram, pro-
ceeded by 4 x 4 x 4-mm® Gauss smoothing,
were used for the statistical analysis. The second
step was to analyze the ReHo data of the three
groups using ANOVA. Based on the different
brain regions of the three groups, the two-in-
dependent samples ¢ test was conducted
between Group-PDN and group-N. After per-
forming the Alphasim multiple comparison
correction, obtaining the threshold of the single
activator at p < 0.01, the minimum cluster size
of 91 mm?® was defined as a region with statis-
tically significant difference. MNI coordinates,
voxels and peak values of different brain regions
were obtained by REST.

Statistical Analysis of Clinical Data

SPSS version 22.0 statistical software (IBM
Corp., Armonk, NY, USA) was used to analyze
each patient’s clinical index and nerve mental
scale. Data which were normally distributed
data are reported as the mean + standard devi-
ation, and the normal and variance homo-
geneity tests were subsequently carried out. The
comparison of the mean values between groups
was tested by the independent-samples t test.
Data which were not normally distributed were
analyzed by logarithmic transformation. Enu-
meration data are expressed as frequency. The
Chi-square test was used to compare groups.
Statistical significance was set at p < 0.05.

REST software was used to extract fALFF and
ReHo values for seed points with a significant
difference in brain region coordinates, so that
the volume of voxel was quantified to facilitate
Pearson correlation analysis with clinical indi-
cators and neuropsychiatric scales. Statistical
significance was set at p < 0.05.
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RESULTS

Patient Clinical Data

We consecutively recruited 56 right-handed
patients with T2D. Of these, 20 (12 males, 8
females) were assessed to have painful neu-
ropathy and allotted to Group-PDN; 20 (13
males, 7 females) were assessed to have non-
painful neuropathy and allotted to Group-N. A
third group of 16 healthy volunteers (9 males, 7
females), matched for age, sex, and years of
education, was also included as the control
group. One patient in Group-PDN, two patients
in Group-N and one healthy volunteer were
subsequently excluded due to head motion
of > 2 mm during the MRI scans. There was no
significant difference in gender, age and edu-
cation level after the clinical data of three
groups were tested by normal distribution and
homogeneity of variance. There was no signifi-
cant difference in the course of disease between
Group-PDN and Group-N (Table 1).

The HOMA-IR, TCSS, SAS, HAMD, HAMA
and social function scale scores were all signifi-
cantly different between Group-PDN and
Group-N patients (p < 0.05), while age, sex,
waist-to-hip ratio, hemoglobin, HbAlc, C-pep-
tide, blood lipid, BMI, creatinine, urine protein
quantitative, estimated glomerular filtration
rate (eGFR), HOMA-B, neurophysiology and
retinopathy were not significantly different
(p > 0.05; Table 2).

Results of the fALFF

One-way ANOVA showed that the fALFF values
of the three groups differed significantly in the
Cerebelum_9_R, Fusiform_L, Temporal_Pole_
Sup_R, Occipital Mid_R, Frontal Inf Orb_L,
Occipital_Mid_L, Temporal Mid_R, Cingulum_
Post_R, Postcentral_R, and Supp_Motor_Area_R
sequences (p < 0.05; Alphasim correction: p
< 0.05; minimum cluster size 459 mm?; Fig. 1).
Compared with Group-N, the fALFF values of
Group-PDN in the Temporal_Inf I, Lingual R,
Occipital_ Mid_L, Occipital Sup_L, Postcen-
tral_L and Parietal_Inf L sequences were signif-
icantly higher, while the fALFF values in the
Temporal_Pole_Sup_L, Frontal_Inf Oper_L,
Temporal_Sup_R, Rolandic_Oper_L, Cingu-
lum_Post_L, Precentral_L, Supp_Motor_Area_R
and Supp_Motor_Area_L sequences decreased
significantly (p < 0.05; Alphasim correction: p
< 0.05; minimum cluster size 459 mm?; Fig. 2).

Results of ReHo

One-way ANOVA analysis showed that the
ReHo values indicated significant differences in
brain activity, including in the temporal lobe,
frontal lobe, occipital lobe and cerebellum,
among the three groups (p < 0.05; Fig. 3).

The ReHo values of Group-PDN in the
Frontal Mid_R, Parietal Inf . sequence were
significantly higher than those of Group-N,
while those in the Heschl_L sequence were sig-
nificantly lower (p < 0.05; Fig. 4).

Table 1 Demographic data for the patients in the three study groups included in the analysis

Group-N (z = 18) Control group (z = 15) p value®

Data Group-PDN (z = 19)
Gender (male/female) 12/7

Age (year) 53.8 + 8.1

Education (year) 99 + 33

Course of disease (number of years) 8.9 £+ 5.4

12/6 8/7 0.72
54.1 + 6.9 539 £ 54 0.88
10.6 + 3.9 114 £ 2.3 0.47
9.8 £ 69 - 0.93

Data are presented as the mean =+ standard deviation (SD)

Group-PDN Patients with type 2 diabetes (T2D) and pain neuropathy; Group-N patients with T2D and non-pain

neuropathy, Control group healthy volunteers

* p < 0.05 was considered to indicate a significant difference, according to one-way analysis of variance (ANOVA)
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Table 2 Demographic and clinical data for the patients of Group-PDN and Group-N

Demographic and clinic data Group-PDN (z = 19) Group-N p value®
Age (year) 53.8 + 8.1 541 + 6.9 0.82
Gender (male/female) 12/7 12/6 0.82
Education (ear) 9.9 + 3.3 (0-15) 10.6 + 3.9 (0-16) 051
Weight (kg) 68.29 £ 9.65 (49-94) 69.19 & 11.69 (51-95) 0.51
BMI (kg/m?) 2484 + 350 (18.67-29.94) 2446 + 231 (20.43-30.08) 0.70
Waist-to-hip ratio 0.93 + 0.04 (0.83-1.01) 0.94 % 0.05 (0.88-1.10) 0.83
Hemoglobin (g/L) 129.21 + 12.10 (96-153) 136.61 + 15.25 (107-164) 0.19
Cholesterol (mmol/L) 495 + 1.17 (2.50-7.06) 5.15 & 129 (3.28-7.53) 0.62
Triglyceride (mmol/L) 236 + 2.67 (0.68-12.28) 243 £ 3.04 (0.62-13.41) 0.88
HbAIC (%) 845 + 1.93 (6.0-12.8) 8.68 £ 1.73 (5.2-11.5) 0.71
C-peptide (ng/mL) 161 £ 093 (0.45-3.65) 113 + 0.66 (0.2-2.55) 0.08
Fasting blood glucose (mmol/L) 8.97 £ 3.13 (4.4-15.04) 7.59 £ 3.55 (3.75-19.16) 0.22
HOMA-IR 17.43 + 10.44 (4.27-37.72) 10.92 + 6.64 (2.44-27.36) 0.03*
HOMA-B 320.18 £ 242.94 (71.36-972.97) 377.93 £ 450.97 (45.56-1988.05) 0.88
Creatinine (jmol/L) 67.98 + 19.15 (36.1-117.5) 69.24 + 32.03 (42.2-183.5) 033
Urine protein (mg/24 h) 331.05 + 553.69 (7.03-1860)  205.11 + 382.19 (4.16-1200) 0.52
¢GEFR (ml/(min x 1.73 m?) 107.93 + 2522 (59.16-168.96)  111.97 + 2848 (3524-15141)  0.65
Neurophysiology (abnormal/normal)  (15/1) (12/3) 0.25
retinopathy (abnormal/normal) (9/5) (9/9) 0.42
VAS 68 £ 1.9 - -
TCSS 9.7 £ 34 62 £+ 1.8 0.00*
LANSS 174 £ 4.5 - -
SDS 352 £ 71 319 + 6.2 0.14
SAS 39.8 £+ 8.1 28.8 + 44 0.00*
HAMD 9.0 = 7.2 48 £ 2.7 0.02*
HAMA 7.1 £ 4.3 38 £22 0.00*
Social function (work) 52427 28 + 24 0.01°
Social function (life) 5.0 £ 29 23 +£20 0.01*
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Table 2 continued

Demographic and clinic data Group-PDN (2 = 19) Group-N p value®

Social function (family) 53 £ 3.1 21+17 0.00*

Data are presented as the mean & SD with the range (minimum-maximum) given in parenthesis where appropriate
BMI Body mass index; HbAIC glycated hemoglobin; HOMA-IR homeostasis model assessment-insulin resistance; HOMA-
B homeostasis model assessment-; ¢GFR estimated glomerular filtration rate; VA4S visual analogue scale; TCSS Toronto
Clinical Scoring System; LANSS Leeds Assessment of Neuropathic Symptoms and Signs; SDS Self-rating Depression Scale;
SAS Self-Rating Anxiety Scale; HAMD Hamilton Depression Scale; HAMA Hamilton Anxiety Scale

* p < 0.05 was considered to indicate a significant difference( *) between groups, according to the independent-sample

¢ test

Fig. 1 Images of the fraction amplitude of low-frequency
fluctuation (fALFF) in the transverse plane (a), coronal
plane (b) and sagittal plane (c) to show areas that had
significantly different activity intensity among the three

Correlation Between fALFF and ReHo
Values in Abnormal Brain Regions
and Clinical Index in Groups-PDN and -N

Correlation between the fALFF and ReHo values
in abnormal brain regions and the clinical index
in the Group-PDN and Group-N according to
the Pearson correlation analysis indicated that
the duration of diabetes, HbA1lc level, HOMA-IR
values and eGFR values were significantly cor-
related to the fALFF and ReHo values (p < 0.05,
respectively). We performed a binary logistic
stepwise regression analysis, controlled for
duration of diabetes, HbAlc, HOMA-IR and
eGFR values, to identify which factors con-
tributed to the fALFF and ReHo values. In
Group-PDN, the fALFF value in the Fronta-
| Inf Oper_L sequence was negatively corre-
lated with the eGFR value (r = — 0.49; p = 0.03)
and with HbAlc level (r = — 0.54; p = 0.02), the

groups. The fALFF data were analyzed by analysis of
variance (ANOVA). Red color indicates an area that has
significant difference in activity intensity

fALFF value in the Occipital Mid_L sequence
was negatively correlated with the HOMA-IR
value (r = — 0.61; p = 0.01) and the ReHo value
in the Frontal Mid_R sequence was positively
correlated with the duration of diabetes (r

=0.63; p =0.00). In Group-N, the fALFF value
in the Frontal Inf Oper_L sequence was posi-
tively correlated with the eGFR
(r =0.52; p=0.03), the fALFF value in the
Parietal_Inf L sequence was positively corre-
lated with HbA1lc level (r = 0.53; p =0.02) and
the value of fALFF in the Postcentral_L sequence
was negatively correlated with the HOMA-IR
value (r=— 0.56, p =0.01). There was no sig-
nificant correlation between the fALFF value of
the abnormal brain area and the anxiety and
depression score, the duration of diabetes and
HOMA-B value (p > 0.05). There was also no
significant correlation between the ReHo value
of the abnormal brain area and the anxiety and
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(d)

Fig. 2 Images of fALFF in the transverse plane (a),
coronal plane (b), and sagittal plane (c) to show areas that
had significantly different activity intensity between the
Group-PDN and Group-N. Two-independent samples
# test was performed. Red color indicates an area that has
an increased activity intensity of the Group PDN, and blue
indicates a decrease. (d) Quantification of peak region

depression scores, eGFR, HbAlc level, HOMA-IR
and HOMA-B (p > 0.05; Fig. 5).

DISCUSSION

The main results of our study are as follows: (1)
patients with PDN had increased insulin resis-
tance, depression and anxiety than did patients
with non-painful neuropathy; (2) multiple

b) (c)
| Peakpoint | Kvalue | Tvalue _
y z

-18 38 3.80
-24 24 -3.23

0 32 -2.86

0 35 -4.22

0 226 4.17

9 51 4.00
15 49 -3.94
24 18 2.76
24 22 -2.94
30 17 2.76
48 22 3.66
57 72 -4.42
72 150 -3.72
72 31 -3.46

from the x, y and z coordinates. Peak region obtained using
the automated anatomical labeling (AAL) function; x, ,
z coordinates of primary peak locations in the Montreal
Neurological Institute (MNI) space. K value represents the
continuous voxel value; positive # value indicates the
fALFF value increases; negative ¢ value indicates the fALFF
decreases

brain regions in patients with diabetic neu-
ropathy exhibited abnormities in terms of
neuron activity and synchrony; (3) compared
with T2D patients with non-painful neuropa-
thy, those with PDN showed abnormal activities
in several brain regions, including the
somatosensory, cognitive, emotional and other
related brain regions; (4) the disease duration of
diabetes, HbAlc level, HOMA-IR values and
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Fig. 3 Images of regional homo- geneity (ReHo) in the
transverse plane (a), coronal plane (b), and sagittal plane
(c) to show areas that had significantly different activity
synchronism among the three groups. The ReHo data was

b ]

| |
|
[ |
[ |
B
B
‘l,

(a) (b)

Fig. 4 Images of ReHo in the Frontal Mid R (a),
Heschl_L (b) and Parietal_Inf L (c) sequences to show
areas that had increased activity synchronism. Two-
independent samples 7 test was performed between the
Group PDN and Group N. Red color indicates an area
that has increased activity synchronism in the Group
PDN, and blue indicates a decrease. (d) Quantification of

eGFR values were significantly correlated to
abnormal spontaneous activity in some brain
regions.

PDN is a type of neuropathic pain experi-
enced by patients with diabetes. It can lead to
mental problems, such as anxiety and depres-
sion [2]. Present-day treatment options for PDN
are far from satisfactory, primarily because the
pathophysiological mechanism remains known
[2]. Tesfaye et al. reported that PDN is not only a
disease of the peripheral nervous system but
that it also involves the entire pain transmission
pathway, including the central nervous system
[3].

The rapid development of MRI as a diag-
nostic tool has facilitated knowledge of the
pathophysiological mechanism of the brain

analyzed by analysis of variance (ANOVA). Red color
indicates an area that has significant difference in activity
synchronism

|

=, 33 -24 12 9 -4.67

=i \ 48 9 39 6 4.33

f 33 -57 51 17 4.82
(d)

x, y and z coordinates of primary peak locations in the
Montreal Neurological Institute (MNI) space. Peak region
obtained from AAL; x, y z coordinates of primary peak
locations in the MNI space. K value represented the
continuous voxel value; positive # value indicates the ReHo
value increases; negative ¢ value indicates the ReHo value
decreases

structure and function in relation to many dis-
eases, including PDN [3, 10, 11]. Rs-fMRI values
can reflect the strength and connectivity of
neural activity in pain circuits, thus detecting
the occurrence and conduction of pain in these
patients. In the present study, we found signif-
icant differences in the activity of multiple
brain regions between patients with diabetic
neuropathy and healthy controls, suggesting
that diabetes and neuropathy are closely related
to abnormal functioning of the brain. Interest-
ingly, our data showed that patients with PDN
had severe insulin resistance compared to those
without PDN or healthy control subjects. Based
on this result, we recommend that patients with
severe insulin resistance should monitored for
the development of PDN.

I\ Adis



Diabetes Ther (2019) 10:135-147

144

25102
$210qerp 01 pasepa1 Apansod sem 2duanbas Y PIA TeaU0r] UT N(IJ 242 JO OHY 2y ‘N J-dno1n) uf 8 I-VINOH 03 pa3e]ar £panedou sem 2duanbas T [erauaniso
a3 Jo JITVY AYp ‘N-dnoiny uy 3 -onfes (Y[-VINQH) 29ULISISDI UINSUI-IUIWISSISSE [JPOW SISEISOWOY Y3 03 pasefor Apanedou sem duoanbas T pry [eadooQ
oy Jo IITVJ 2y ‘Ndd-dnoiny uy o onfea o[yqy o1 parepr Apanisod sem oouonbos T jup Tessueg oy jo TV oy ‘N-dnoiny uy p P (d1VqH)
urqojoway paned[3 01 pare[ar Apanedou sem souanbos T 10dQ Ul TeauoI] 9y3 Jo TV Ay ‘NdJ-dnoin) uf 3 *(q) [249] (TYD?) UoNELN[Y IBMIdWO[F PIILWNSD
03 pare[a1 Apantsod sem aouanbos T 10d U Teau0I] ot Jo TV Y3 ‘N-dnoiny ur pue (e) onfea Y2 03 pare[d1 ApAaneSou sem duanbas T 1od Juy [eIvor]
o oYt Jo IITVY 9P ‘NJ-dnoiny uy q ‘e sauoned jo Xopur [edIUId Syl pue SUOISAI UTelq [EWIOUQe Ul Oy Pue JJTVJ U22Mm1aq suoneprio)) § -Siy

(6) ® ()

(1eah) Nad dnoub 3o asinod sajaqelp N dnoib o ¥I-YWOH Nad dnoib 30 ¥I-YWOH
8 9 v 7z 0 8 8 v z 0 4 o st o s € 3

* *

k4 0z Sl ok S

2 s =
I m oD
o m m
*
10°0=d 10°0=d . Ll
L el 60
65°0-=4 19°0-=4 * el
I S TR S A S S € *
Y PIN [e3uoly q |esjuadysod “1 PIN |e}1d120
(p) ) (a) (e)
(%) N dnou6 jo DTVqH (%) Nad dnoib 3o STYqH ((ZwgZ Toutw)/jw) N dnoub 3o 4492 (@mgLT.mm)™) Nad dnoib jo 499
z I ol 6 ] 2 a s € o 1\ o 6 8 L g or [iq! 004 [ 09 or 09, 03l Ol 05l 0ZL O 000 05 03 0. 09
I g0 80
t 580 50
= = - =
2 = 2 2
m m m m
n m o i
F 0=d szl z0'0=d -
S0 r oy s Ly il S P £00=d i
| £50=1 gy 5°0-= p z5°0= ot
* * F * 4 [ * BEk * (43
1 JuI |e3aued T 4edo7jur |e3uosy T 42dOJur [eauoly T19dQ jur [e3uoIy

A\ Adis



Diabetes Ther (2019) 10:135-147

145

Our results also showed that there were dif-
ferences in the fALFF between the Group-PDN
and and Group-N and that these differences
were mainly located in the temporal lobe,
occipital lobe, parietal lobe, anterior central
gyrus, central posterior gyrus and the supple-
mentary motor area. These areas are mainly
related to somatosensory functions, cognition
and emotion [12]. The temporal lobe is related
to memory, hearing, emotion and mental
activity, and the occipital lobe is mainly
responsible for visual processing. Patients with
diabetic neuropathy often suffer from
retinopathy and impaired vision, indicating
that the brain area associated to visual functions
is dysfunctional. The parietal lobe is involved in
sensory processing and episodic memory
retrieval [13]. The posterior cortex is an impor-
tant part of the cerebral cortex and limbic sys-
tem pathway, and it may participate in the
learning and memory of pain [14]. The post-
central gyrus is mainly responsible for the
acceptance and integration of sensation; and
patients with PDN suffer from limb hyperalgesia
and the symptoms of temperature loss.

The difference in ReHo between Group-PDN
and Group-N was mainly found in the Fron-
tal_Mid_R, Parietal_Inf . and Heschl_L
sequences. Heschl is the auditory center. The
synchronization of PDN patients in this area is
weakened, suggesting that the auditory network
is damaged. The frontal lobe is an important
part of the default mode network (DMN), and it
plays an important role in cognition and emo-
tion. The brain network activity of the DMN is
more active when it is quiet and restful, infer-
ring that patients with PDN are in more pain
during night rest than during daily activities.

Pain is transmitted as stimulation of the
sensory fibers through the spinal dorsal horn to
the thalamus and then to different parts of the
cerebral cortex. Sewards and Sewards [15] sug-
gested that pain is mediated by multiple path-
ways, including through the transmission of
sensory information in the thalamus and sen-
sory cortex and the transmission of emotional
information in such brain regions as the limbic
system. In other words, the production of pain
is regulated by two pathways: lateral perception
recognition and medial emotional cognition

[16]. The results of our study suggest that there
were also abnormalities in the sensory and
emotional brain regions and their associated
brain regions in our patients with PDN. Li et al.
reported that patients with diabetic neuropathy
not only show abnormalities in the brain region
of the somatosensory pathway (insula, caudate
nucleus, frontal lobe, cingulate gyrus), but also
in brain regions related to cognition (temporal
lobe, sea horse, spindle gyrus) [17]. Our results
are consistent with this study.

The correlation analysis we conducted
showed that the ReHo and fALFF values of
abnormal activity brain regions in Group-PDN
and Group-N were significantly correlated with
the course of diabetes, eGFR, HbAlc levels and
HOMA-IR values. We therefore logically specu-
late that diabetes may further lead to the devel-
opment of neuropathy. We did not observe
significant correlations between the rs-fMRI
results and the anxiety and depression scores of
the patients in this study. One possible explana-
tion for this lack of significant correlation may be
that the patients in this study had not reached a
sufficiently severe degree of anxiety and depres-
sion to be measured and that the neuropathy had
not significantly affected the activity of the brain.

This study has a number of limitations.
Firstly, there are sampling errors because of the
small sample size, so we cannot draw a solid
conclusion from our data; further studies are
needed with a larger sample size to verify these
results. Secondly, this was a cross-sectional
study and as such we draw a causal relationship
between abnormal activity of the brain and the
occurrence of the disease; a prospective longi-
tudinal study is needed for further clarification.
Thirdly, the neuropsychiatric scale lacks dia-
betes-related cognitive memory function
assessment; however, it is necessary to link
cognitive situation with the brain function.
Fourthly, a simple diabetic control group with-
out neuropathy was needed.

CONCLUSION

In conclusion, patients with PDN have abnor-
mal neural activity in the somatosensory, cog-
nitive and emotional regions of the brain. Our
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data may provide new information pertaining
to further elucidation of the mechanism of
PDN.
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