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Purpose: Primary dysmenorrhea (PD) is a common gynecological disease, characterized by crampy and suprapubic pain occurring with
menses. Growing evidences demonstrated that PD patients were associated with abnormalities in brain function and structure. However,
little is known regarding whether the large-scale brain network changes in PD patients. The purpose of this study was to investigate the
effect of long-term menstrual pain on large-scale brain network in PD patients using independent component analysis (ICA) method.
Methods: Twenty-eight PD patients (female, mean age, 24.25+1.00 years) and twenty-eight healthy controls (HCs) (mean age, 24.46
+1.31 years), closely matched for age, sex, and education, underwent resting-state magnetic resonance imaging scans. ICA was applied
to extract the resting-state networks (RSNs) in two groups. Then, two-sample #-tests were conducted to investigate different intranet-
work FCs within RSNs and interactions among RSNs between two groups.

Results: Compared to the HC group, PD patients showed significant increased intra-network FCs within the auditory network (AN),
sensorimotor network (SMN), right executive control network (RECN). However, PD patients showed significant decreased intra-
network FCs within ventral default mode network (vDMN) and salience network (SN). Moreover, FNC analysis showed increased
VN-AN and decreased VN-SMN functional connectivity between two groups.

Conclusion: Our study highlighted that PD patients had abnormal brain networks related to auditory, sensorimotor and higher cognitive
network. Our results offer important insights into the altered large-scale brain network neural mechanisms of pain in PD patients.
Keywords: primary dysmenorrhea, independent component analysis, resting-state networks

Introduction
Primary dysmenorrhea (PD) is a common gynecological disease characterized by crampy pain located in the lower
abdomen, which often occurs before or after the onset of the menstrual bleeding. According to the most recent survey, the
prevalence of primary dysmenorrhea is 41.7% among female university students in China.' Meanwhile, the prevalence of
primary dysmenorrhea is 7.7% with non-pathological dysmenorrhea.” There are several risk factors for PD, including
biological, psychological, social, and lifestyle factors.> > The main pathophysiology of PD comprises uterine ischemia
modulated by prostaglandin synthesis, in association with other factors that affect pain perception and severity. There is
increasing evidence that PD patients have both abdominal pain and psychological problems.®” Meanwhile, the kinesio
taping and lifestyle can improve pain symptoms of dysmenorrhea patients.®

Recently, neuroimaging studies have revealed brain functional and structural changes in PD patients. Zhang et al
reported that PD patients had decreased amplitude of low-frequency fluctuation (ALFF) in several pain-related brain
regions including the right cerebellum posterior lobe, right middle temporal gyrus, and right parahippocampal gyrus.’

Journal of Pain Research 2022:15 2123-2131 2123
Received: 13 March 2022 © 2022 i et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 1 July 2022
Published: 28 July 2022

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Yi et al Dove

Additionally, Jin et al found that PD patients in the menstrual phase had increased regional homogeneity (ReHo) values
in the left midbrain, hippocampus, right posterior cingulate cortex (PCC), insula, and middle temporal cortex (MTC);
they had decreased ReHo values in the left dorsolateral prefrontal cortex and right medial prefrontal cortex (mPFC)."
Moreover, PD patients exhibited brain network dysfunction. Liu et al found that PD patients showed abnormal functional
connectivity in the default mode network (DMN)." Liu et al reported that abnormal anterior cingulate cortex (ACC)
connectivity may be associated with PD-related disturbances in pain perception, modulation, and affection.'* Dun et al
found that PD patients had lower gray matter density in the left anterior insula (aINS), along with hypoconnectivity
between the aINS and medial prefrontal cortex (mPFC); these findings were negatively associated with the VAS during
menstruation.'® Thus far, studies have demonstrated that PD patients exhibit abnormal pain-related is minimal informa-
tion concerning whether large-scale brain networks are altered in PD patients.

In the human brain, functional activities can be divided into several functional networks. Previous neuroimaging
studies demonstrated that RSNs can be divided into perceptual networks (visual, sensorimotor, and auditory), higher-
order cognitive networks (default mode, executive, and salience), and other subcortical networks (basal ganglia network
[BGN]).'*!* Independent component analysis (ICA) is a powerful data-driven approach for identifying multiple RSN,
then investigating intra- and inter-network functional connectivity (FC) in vivo.'®'” There are several advantages of ICA
method compared to other fMRI methods. The ICA method does not require a preset seed point, compared with resting-
state functional connectivity-based seed points. Besides, the ICA method was applied to independent components (ICs)
using the Infomax algorithm and ICASSO algorithm to assess the repeatability or stability of ICs. Thus, the ICA method
has the advantage of good repeatability. However, it is generally unknown whether alterations of large-scale brain
networks in PD patients can be identified using the ICA method. Thus, we hypothesized that PD patients would exhibit
large-scale brain network dysfunction when observed by ICA.

Based on this hypothesis, we performed this study to determine whether large-scale brain network dysfunction occurs
in PD patients. Our findings might provide new insights into the neural mechanisms that underlie long-term menstrual
pain in PD patients.

Research Design and Methods

Participants
This is a retrospective cohort study. Twenty-eight PD patients during their menstruation period with pain phase (28
women; mean age, 24.25+1.00 years) and 28 HCs (28 women; mean age, 24.46+1.31 years), matched for age, sex, and
education, participated in this study. All participants enrolled in the study met the following criteria: 1) they had no
cardiac pacemaker or implanted metal devices and could undergo magnetic resonance imaging; 2) they did not have heart
disease or claustrophobia; 3) they did not have cerebral diseases, as determined by high-resolution T1-weighted images
assessed by an experienced radiologist.

The diagnostic criteria of PD patients were:' childless, right-handed women between the ages of 16 and 30 years;”
a regular menstrual cycle of 21-35days;’ a course of menstrual pain lasting longer than 6 months;* no receipt of
medication or other treatment for menstrual cramps in the three months prior to participation in the study;® an average
visual analogue score (VAS) of menstrual pain of greater than or equal to 40 (0 =no pain sensation, 100 = the worst pain
sensation) in the three months prior to participation in the study. The exclusion criteria of PD patients included the
presence of pelvic organic diseases; severe life-threatening disease; psychiatric disorder; a history of drug use, such as
any oral contraceptives, analgesics or antidepressants within 6 months of participation in the study;

All HCs met the following criteria:' a pain score between 0 and 1 in VAS for the last 3 months.;* presence of pelvic

3

organic diseases;” no mental disorders.

Ethical Statement

The research protocol adhered to the tenets of the Declaration of Helsinki and was approved by the institutional review
board of Jiangxi Provincial People’s Hospital. Ethics committee decision number is 202210012. All subjects provided
written informed consent to participate in the study.
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MRI Acquisition
MRI scanning was performed on a 3-tesla magnetic resonance scanner (Discovery MR 750W system; GE Healthcare,
Milwaukee, WI, USA) with eight-channel head coil. Whole-brain T1 weights were obtained with three-dimensional brain
volume imaging (3D-BRAVO) MRI with the following parameters: repetition time [TR]}/echo time [TE] = 8.5/3.3,
thickness = 1.0 mm, no intersection gap, acquisition matrix = 256 x 256, field of view = 240x240 mmz, and flip angle = 12°.
Functional images were obtained by using a gradient-echo-planar imaging sequence with the following parameters:
TR/TE = 2000 ms/25 ms, thickness = 3.0 mm, gap = 1.2 mm, acquisition matrix = 64 x 64, flip angle = 90°, field of
view = 240x240 mm?, voxel size = 3.6 x 3.6x3.6 mm>, and 35 axial slices. All the subjects were instructed to rest quietly
with their eyes closed and relaxed without thinking about anything in particular or falling asleep. PD patients during their
menstruation period with pain phase. The MRI scanning time is 8 minutes.

Data Analysis

All preprocessing was performed using the toolbox for Data Processing & Analysis of Brain Imaging (DPABI, http://
www.rfmri.org/dpabi),'® which is based on Statistical Parametric Mapping (SPM12) (http://www.fil.ion.ucl.ac.uk)
implemented in MATLAB 2013a (MathWorks, Natick, MA, USA) and briefly the following steps: 1) DICOM format
images converted to NIFTI format and remove first ten volumes. 2) The BOLD images were corrected for slice timing

effects, motion corrected. For head motion parameters, more than 2 mm or for whom rotation exceeded 1.5°during
scanning were excluded.'® 3) Individual 3D-BRAVO images were registered to the mean fMRI data, then resulting
aligned T1-weighted images were segmented using the diffeomorphic anatomical registration through Exponentiated
Lie Algebra (DARTEL) toolbox to improve spatial precise in the normalization of fMRI data.”’ Normalized data (in
Montreal Neurological Institute [MNI] 152 space) were re-sliced at a resolution of 3 x 3 x 3 mm®. 4) spatial smoothing

by convolution with an isotropic Gaussian kernel of 6% 6 x 6 mm full width at half maximum.

Group ICA Analysis
Group ICA was performed to decompose the data into independent components (ICs) using the GIFT toolbox (http://icatb.

sourceforge.net/, version 3.0b). First, 25 IC maps were estimated in this study using the minimum description length criterion
to adjust for spatial correlation. Second, the ICs for each subject were derived from the group ICA back-reconstruction step
and were converted into z-scores.?' Components retained for further analysis among the 25 estimated ICs were selected based
on the largest spatial correlation with specific RSN templates.”*** The IC time-courses and spatial maps for each subject were
transformed to z-scores. Thirteen RSNs were identified in this study. We selected thirteen meaningful ICs by using the
following criteria: (a) peak coordinates of spatial maps located primarily in the gray matter, (b) no spatial overlap with
vascular, ventricular, or susceptibility artifacts, and (c) time courses dominated by low-frequency signals (ratio of powers
below 0.1 Hz to 0.15-0.25 Hz in the frequency spectrum).

Statistical Analysis

Spatial Maps for Each of the RSNs

The ICs corresponding to nine RSNs were extracted from all subjects and one-sample #-tests were performed for the
spatial maps of each RSN by using SPM12 software. Statistical significance thresholds were set at P < 0.001 (false
discovery rate [FDR]-corrected).

Intranetwork Functional Connectivity Analysis

Two-sample -tests were used to compare differences between the two groups in the intra-network FC within RSN maps;
the Gaussian random field method was used to correct for multiple comparisons and regressed covariates of age, sex
using SPM12 software. Group comparisons were masked to the voxels within corresponding RSNs (two-tailed, voxel-
level P < 0.01, Gaussian random field correction, cluster-level P < 0.05).
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Table 1 Demographics and Visual Measurements Between Two Groups

PD Group HC Group T-values P-values
Gender (male/female) 28 28 N/A N/A
Age (years) 24.25+1.00 24.46£1.31 —0.684 0.497
Handedness 28 R 28 R N/A N/A
Education (years) 15.00+0.72 14.67+0.98 1.396 0.169
VAS-A 54.2+23.4 N/A N/A N/A
VAS-P 69.6£15.0 N/A N/A N/A
History of PD (years) 5.85+0.80 N/A N/A N/A
Duration of PD (days) 32.14+7.38 N/A N/A N/A
Treatment of PD None N/A N/A N/A

Note: Independent t-test for the other normally distributed continuous data (means + SD).
Abbreviations: PD, primary dysmenorrhea; HC, health control; VAS-A, visual analog score for anxiety;
VAS-P, visual analog score for pain.

Internetwork Functional Connectivity Analysis
The FNC method was used to calculate temporal relationships between RSNs. Two-sample #-tests were used to compare
distinct temporal relationships between RSNs between the two groups (P < 0.01, uncorrected).

Results

Demographics and Visual Measurements
There were no significant differences in the gender, age, weight between the groups. Meanwhile, the clinical character-
istics of the history of PD, the duration of PD, and possible received treatment of PD are shown in Table 1.

Spatial Pattern of RSNs in Each Group

The typical spatial patterns in each RSN of both PD and HC groups, as illustrated in Figure 1. Thirteen of these
components coincided with RSNs included: visual network (VN1-4), cerebellum network (CER), auditory network (AN),
left executive control network (IECN), right executive control network (RECN), sensorimotor network (SMN), dorsal
default mode network (dDMN), Dorsal attention network (DAN), ventral default mode network (vVDMN), salience
network (SN).

Altered RSNs in the PD Group

Significant increased intra-network FC within RSNs were identified in PD group relative to HC group (Figure 2 and
Table 2). Compared with the HC group, the PD group showed increased intra-network FC in the left superior temporal
gyrus of the AN (Figure 2A), the left supplementary motor area of the SMN (Figure 2B), the left superior frontal gyrus of
the RECN (Figure 2C). The PD group showed decreased intra-network FC in the left superior parietal lobule of vDMN
(Figure 2D), the right inferior parietal lobule of the SN (Figure 2E). (two-tailed, voxel-level P < 0.01, GRF correction,
cluster-level P < 0.05).

FNC Analysis
FNC analysis showed increased VN-AN (Figure 3A) and decreased VN-SMN (Figure 3B) functional connectivity
between two groups (P < 0.01, uncorrected).

Discussion

To our knowledge, this is the first study to investigate the effects of long-term menstrual pain on large-scale brain
network alterations in PD patients. Compared with the HC group, PD patients showed significantly increased intra-
network FCs within the auditory network (AN), sensorimotor network (SMN), and right executive control network
(RECN). However, PD patients showed significantly decreased intra-network FCs within the ventral default mode
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Figure | The typical spatial patterns in each RSN of both PD and HC groups, including, VNI, CER, AN, VN2, VN3, VN4, LECN, SMN, RECN, dDMN, DAN, vDMN, SN.
scale represents T values with a range of 1~6.9 in each RSN (p < 0.001, FDR corrected).

Abbreviations: PD, primary dysmenorrhea; HC, health control; VN, visual network; CER, cerebellum network; AN, auditory network; IECN, left executive control
network; SMN, sensorimotor network; SMN, sensorimotor network; dDMN, dorsal default mode network; DAN, Dorsal attention network, vDMN, ventral default mode
network; SN, salience network.

network (VDMN) and salience network (SN). Moreover, FNC analysis revealed increased VN-AN and decreased VN-
SMN functional connectivity between the two groups. There are two main pathways in pain neural pathways that process
pain information. A neural pathway is that it projects from the medial thalamus to the anterior cingulate and guide cortex,
which is responsible for processing the emotional motivational components. Another neural pathway is that it projects
from the lateral thalamus to the primary somatosensory central cortex and the guide lobe cortex, which processes the
discrimination of pain sensations. In the study, we hypothesized that PD patients might be accompanied by abnormalities
in sensory and emotional brain networks. The AN is located in the temporal lobe, which has an important role in auditory
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Figure 2 Brain regions with significant differences for eight RSNs in the PD group vs the HC group (two-tailed, voxel-level P < 0.01, GRF correction, cluster-level P < 0.05).
Compared with HC group, Cool colors indicated the decreased functional connectivity and hot colors indicated the increased functional connectivity in the PD group. (A-E)
correspond to different resting-state networks. AN, SMN, RECN, vDMN and SN.

Abbreviations: PD, primary dysmenorrhea; HC, health control; VN, visual network; CER, cerebellum network; AN, auditory network; IECN, left executive control
network; SMN, sensorimotor network; SMN, sensorimotor network; dDMN, dorsal default mode network; DAN, Dorsal attention network, vDMN, ventral default mode
network; SN, salience network.

information processing. Bingren Zhang et al demonstrated that PD patients showed higher functional and emotional scale
scores, along with stronger auditory evoked potentials.>* Pin-Shiuan Lee et al reported that PD patients had increased
theta activity in the left middle/inferior temporal gyrus during pain processing.>> Fan et al also demonstrated that chronic
pain patients have a faster auditory memory trace decay, compared with healthy controls.’® Thus, PD patients show
increased intra-network FCs in the left superior temporal gyrus of the AN, suggesting that auditory function is impaired
in PD patients.

Table 2 Different Intra-Network FC of RSNs Between Two Group

Condition | RSN Brain Regions BA | Peak MNI Coordinates | Cluster Size
T-Scores | (x,Y, z) (Voxels)

PD>HC AN Left Superior Temporal Gyrus - 4.3874 -39 -240 147

PD>HC SMN Left Supplementary motor area 3 6.4448 —12 -3 63 962

PD>HC RECN | Left Superior Frontal Gyrus - 4.9704 -21 15 54 95

PD<HC vDMN | Left Superior Parietal Lobule 7 —4.5698 —18 =57 45 169

PD<HC SN Right Inferior Parietal Lobule - —4.7154 57 —48 42 123

Notes: The statistical threshold was set at the voxel level with p < 0.01 for multiple comparisons using Gaussian random-field theory (voxel-
level P < 0.01, GRF correction, cluster-level P < 0.05). T score-represents the statistical value of peak voxel showing the differences in FC
between the two groups.

Abbreviations: PD, primary dysmenorrhea; HC, health control; FC, functional connectivity; RSNs, Resting state networks; BA, brodmann area;
MNI, Montreal Neurologic Institute; AN, auditory network; SMN, sensorimotor network; RECN, right executive control network; vDMN,
ventral default mode network; SN, salience network; GRF, gaussian random field; L, left; R, right.
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Figure 3 FNC correlations matrix (averaged over subjects) (A); the VN-AN and VN-SMN connections were found to be significantly altered between two groups (P <
0.01) (B).
Abbreviations: PD, primary dysmenorrhea; HC, health control; FNC, functional network connectivity; VN, visual network; AN, auditory network; SMN, sensorimotor
network.

The SMN is located in the precentral and postcentral gyri, which have important roles in motion control and pain
processing. Zhang et al reported that migraine patients showed decreased FC between the S1 and brain areas within the
pain intensity and spatial discrimination pathways and trigemino-thalamo-cortical nociceptive pathway.”’ Bhatt et al
found that pain in localized provoked vulvodynia (PVD) patients involved a greater volume of gray matter in
sensorimotor cortices.”® The primary somatosensory cortex (SI) is a critical component of the neural substrate that
underlies interindividual differences in pain sensitivity.”® There is increasing neuroimaging evidence that PD patients
exhibit SMN dysfunction. Yu et al demonstrated that PD patients had abnormal FC in the SMN.?° Furthermore, Tu et al
found that decreased activity was mainly present in sensorimotor regions of the left hemisphere at onset of PD, compared
to offset of PD.>' Consistent with these findings, our PD patients had increased intra-network FCs in the left
supplementary motor area of the SMN, which implies sensorimotor dysfunction in PD patients.

The ECN is involved in goal-directed selection of stimuli and responses, as well as cognitive control. In our study, PD
patients showed increased intra-network FCs in the left superior frontal gyrus of the RECN. Keogh et al demonstrated
that tasks requiring higher-order processes (eg, executive control) are susceptible to pain interference.** Pei et al also
found that patients with low-back-related leg pain had abnormal hyperconnectivity between the S1 cortex and the
executive control network.’®> Overall, previous studies have demonstrated that chronic pain can alter higher cognitive
control functions. Thus, we speculated that persistent chronic pain in PD patients might contribute to hyperconnectivity
in the left superior frontal gyrus of the RECN.

The DMN is regarded as an endogenous neural network that demonstrates consistently higher blood oxygenation
level-dependent activity at rest. Previous neuroimaging studies demonstrated that the DMN has an important role in
clinical pain.** Jones et al found that increasing levels of pain are associated with potential desegregation of the DMN
and the prefrontal cortex, which are important for cognitive control; increasing levels of pain are also associated with
novel patterns of connectivity between the DMN and cerebellum.*®> A previous neuroimaging study showed that PD
patients have DMN-related abnormalities; that finding might provide insights concerning disease pathophysiology."'
Consistent with the previous findings, our study showed that PD patients had decreased intra-network FC in the left
superior parietal lobule of the vDMN.
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The SN is involved in processing several internal and external stimuli to identify the most relevant stimulus for
current behavior; this network consists of the dorsal anterior cingulate and anterior insula, which are involved in
switching between the ECN and DMN. Isenburg et al reported that chronic low back pain (cLBP) patients had abnormal
salience network (SLN) connectivity.”® van Ettinger-Veenstra et al demonstrated that chronic widespread pain (CWP)
patients had decreased connectivity in the inferior posterior cingulate cortex (PCC) in the DMN, along with increased
connectivity in the left anterior insula/superior temporal gyrus in the SN.>” Lin-Chien Lee et al demonstrated that the
global and regional network metrics and modular structure of the resting-state brain functional networks were not altered
in young PDM females.*® In our study, we found that PD patients had decreased intra-network FC in the right inferior
parietal lobule of the SN. Therefore, we hypothesize that PD patients exhibit impaired attention and working memory.

Furthermore, FNC analysis revealed increased VN-AN and decreased VN-SMN functional connectivity between the
two groups. Figley et al demonstrated that interactions among the VN, AN, and SMN are involved in multisensory
tasks.’® Thus, we speculate that increased functional connectivity in the VN-AN and decreased functional connectivity in
the VN-SMN reflect RSN compensation in PD patients with persistent pain. In conclusion, our results suggest that PD
patients have alterations in auditory, sensorimotor, and higher cognitive brain networks. The findings in this study offer
important insights into the altered large-scale brain network neural mechanisms that underlie pain in PD patients.

Some limitations should be mentioned in the study. First, the sample size of PD patients in our study was small.
Second, the lack of psychological tests prevented us from investigating the relationship between RSNs and psychological
characteristics in these PD patients. Third, blood oxygenation level-dependent (BOLD) signals would still be affected by
physiological noise.
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