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Primary dysmenorrhea (PDM) is a common complaint in women throughout the
menstrual years. Acupuncture has been shown to be effective in dysmenorrheg;
however, there are large interindividual differences in patients’ responses to acupuncture
treatment. Fifty-four patients with PDM were recruited and randomized into real or sham
acupuncture treatment groups (over the course of three menstrual cycles). Pain-related
functional connectivity (FC) matrices were constructed at baseline and post-treatment
period. The different neural mechanisms altered by real and sham acupuncture were
detected with multivariate analysis of variance. Multivariate pattern analysis (MVPA)
based on a machine learning approach was used to explore whether the different
FC patterns predicted the acupuncture treatment response in the PDM patients. The
results showed that real but not sham acupuncture significantly relieved pain severity
in PDM patients. Real and sham acupuncture displayed differences in FC alterations
between the descending pain modulatory system (DPMS) and sensorimotor network
(SMN), the salience network (SN) and SMN, and the SN and default mode network
(DMN). Furthermore, MVPA found that these FC patterns at baseline could predict
the acupuncture treatment response in PDM patients. The present study verified
differentially altered brain mechanisms underlying real and sham acupuncture in PDM
patients and supported the use of neuroimaging biomarkers for individual-based precise
acupuncture treatment in patients with PDM.

Keywords: functional connectivity, primary dysmenorrhea, machine learning, multivariate pattern analyses,
acupuncture

INTRODUCTION

Primary dysmenorrhea (PDM), cyclic menstrual pain in the absence of pelvic anomalies, is a
common, and often debilitating, gynecological condition that affects between 45 and 95% of
menstruating women (Coco, 1999). Despite the high incidence rate of PDM, it is unfortunately
often underdiagnosed and poorly treated (O’Connell et al., 2006). Acupuncture, a traditional
Chinese medicine procedure, has been widely used to alleviate diverse types of pain for over
2000 years (Zhao, 2008). The National Institutes of Health has also recommended acupuncture
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as an effective tool for certain health problems, including
menstrual pain (Campbell and McGrath, 1999). Subsequently,
the efficacy and safety of acupuncture for PDM have been
reported in our systematic review (Yu et al., 2017) and several
randomized controlled trials (RCTs) (Witt et al., 2008; Ma et al.,
2013; Armour et al., 2017).

Although acupuncture has been shown to be effective in
PDM, patients’ responses to acupuncture treatment vary widely
between individuals (Liu et al., 2017; Liu et al, 2019; Tu
et al., 2019b). In addition, responses to other analgesic therapies
have also been characterized by robust individual differences
(Coghill and Eisenach, 2003; Wager et al.,, 2011; Angst et al,
2012). If we can identify the interindividual differences in pain
processing, this would greatly help to achieve improved and
personalized treatment. By definition, pain is a subjective and
highly personal experience, and treatment outcomes are likely
to be affected by an individual’s baseline characteristics, such as
demographic characteristics (e.g., sex, race, and age), levels of
clinical pain and some objective biological markers (Wandner
et al., 2012; Fillingim, 2017). Thus, baseline characteristics of
individuals would be useful to predict the differential response to
intervention strategies. Previous research has found that baseline
clinical and demographic factors influence treatment response,
but these characteristics have not achieved the accuracy required
for prediction (Underwood et al., 2007; Azevedo et al.,, 2019;
Witt et al, 2019). Some studies have focused on quantitative
sensory testing (QST) in the prediction of analgesic effects,
but with contradictory results (Grosen et al., 2013). In light
of these studies showing limited individual predictive value for
clinical measures, brain-based biomarkers have recently shown
promise at predicting response to treatment (Chen et al., 2018;
Reggente et al., 2018).

PDM has been proposed to be part of the central sensitization
syndromes together with several chronic pain conditions,
including fibromyalgia, irritable bowel syndrome, idiopathic
low back pain, headache and migraine (Yunus, 2012; Tacovides
et al., 2015). In recent years, using neuroimaging techniques,
our group (Shen et al, 2019; Zhang et al., 2019) and other
groups (Tu et al, 2009; Liu et al, 2018; Chen et al., 2019)
have confirmed that PDM is associated with significant changes
in the central nervous system’s anatomy, metabolism, and
resting-state function. Although the exact mechanisms of the
analgesic effects of acupuncture are not known, studies have
postulated that acupuncture can alleviate pain by modulating
brain regions and networks associated with pain processing
(Chen et al., 2015; Maeda et al., 2017). Neuroimaging research
has demonstrated that chronic pain may be associated with
alterations in multiple brain networks, such as the default mode
network (DMN), sensorimotor network (SMN), salience network
(SN), and descending modulation pathways (DPMS) (Kucyi and
Davis, 2015; Kucyi and Davis, 2017). These particular networks,
involved in the cognitive, sensorimotor, and affective aspects
of pain, have been implicated in the core symptomatology of
chronic pain and treatment response (Shi et al., 2015; Wu et al,,
2016; Low et al., 2017; Lee et al, 2019; Zhang et al., 2019).
However, it remains largely unknown where and how specific
changes in these pain-related networks give rise to symptom

improvement in patients with PDM after acupuncture treatment
and whether network-level markers can predict the clinical
response before intervention.

In this study, we used a longitudinal study design to investigate
brain plasticity following acupuncture treatment. Our main
aim was to explore whether particular pretreatment functional
connectivity (FC) patterns (including those of the DMN, SMN,
SN and DPMS) would predict the real and sham acupuncture
response in PDM patients. First, we assessed FC alterations after
acupuncture over the course of three menstrual cycles. Second,
the different FC alterations between real and sham acupuncture
treatment were explored. Third, we used multivariate pattern
analyses (MVPA) based on a machine learning approach (support
vector regression, SVR) to explore whether the different FC
patterns predicted the acupuncture treatment response in PDM
patients. We hypothesized that there were different neural
mechanisms underlying real and sham acupuncture treatment
that could predict the treatment response in PDM patients.

MATERIALS AND METHODS

Participants

Fifty-four patients with PDM were recruited from advertisements
and word of mouth to participate in a dysmenorrhea study,
and all participants were screened using telephone and in-
person structured interviews. The Research Ethics Committee
of Chengdu university of Traditional Chinses Medicine
(CDUTCM) approved this study, and all participants gave
written informed consent. The inclusion criteria for patients
with PDM were (1) a regular menstrual cycle (27-32 days);
(2) a history of PDM longer than 1 year; (3) no exogenous
hormones or centrally acting medication in the last 6 months; (4)
lower quadrant abdominal pain (including cramping, swelling,
tingling, etc.) during menstruation in the last 6 months rated
higher than 4 on a visual analog scale (VAS) (0 = not at all,
10 = the worst pain sensation); and (5) right-handedness, as
confirmed by the Edinburgh Handedness Inventory (Oldfield,
1971). The exclusion criteria for patients with PDM were as
follows: (1) other chronic pain conditions, such as low back pain;
(2) organic pelvic disease or abnormalities found in gynecological
ultrasonography; (3) visceral pain and other neurology that may
cause hyperalgesia; (4) a positive pregnancy test or plan for
pregnancy; (5) a neurologic or psychiatric disorder history;
and (6) any contraindication for MRI scanning. Ten patients
dropped out before the baseline clinical assessment and MRI
scan, and nine patients dropped out during the treatment period.
All the participants did not have any acupuncture experience.
Finally, thirty-five patients (20 in the real and 15 in the sham
acupuncture groups) completed all the clinical assessments and
image scans and received real or sham acupuncture treatment
during 3 menstrual cycles (Table 1). The details of the study
design can be found in Figure 1.

Clinical Assessment
The primary outcome assessed in this trial was abdominal
pain severity, as measured by the 0-10 VAS rom “no pain at
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TABLE 1 | The demographic and clinical information of each group.

Items Real acupuncture (n = 20) Sham acupuncture (n = 15) T P
Age 24.70(2.10) 24.33(1.84) 0.54 0.59
BMI 19.55(1.38) 19.30(1.69) 0.49 0.63
Duration (months) 91.05(34.88) 91.00(33.72) 0.01 0.99
SAS 41.87(4.77) 40.46(7.82) 0.66 0.51
SDS 40.36(6.61) 43.33(10.17) 017 0.30
Baseline VAS 6.17(0.99) 5.87(1.18) 0.94 0.41
Post-treatment VAS 3.35(1.49) 5.39(1.38) 4.03 <0.001
VAS change 3.40(1.53) 1.03(1.84) 4.07 <0.001
VAS change rate (%) 50.80(22.57) 19.42(36.59) 3.49 <0.001

BMI, body mass index; SAS, self-report anxiety scale; SDS, self-report depression scale; VAS: visual analog scale.

Consent, Evaluation, and Enrollment of Patients (N=54)

\4

Y

Dropout (N=10)
¢  Schedule conflicts (N=4)
e Lost to follow-up (N=6)

Assessed, 1*' MIRI scan (N=44)

Dropout (N=2)
e Schedule conflicts (N=1)
o Lost to follow-up (N=1)

Real acupuncture group (N=22)
three menstrual cycles

Sham acupuncture group (N=20)

three menstrual cycles

Dropout (N=2)
o  Lost to follow-up (N=2)

A 4

Dropout (N=5)
e  Lost to follow-up (N=5)

A 4

Assessed, 2" MRI scan (N=35)

FIGURE 1 | Procedures and data used for the studly.

all” to “unbearable pain (Larroy, 2002). In addition, the self-
rating anxiety scale (SAS) and self-rating depression scale (SDS)
were applied as secondary outcomes to evaluate the anxiety
and depression levels of the PDM patients (Zung et al., 1965;
Zung, 1971). All clinical outcomes were measured at baseline
and after completion of three sessions of treatment during the
periovulatory phase (days 12-16 of the menstrual cycle).

Acupuncture Treatment

Patients were randomized using a computer-generated, random-
allocation sequence and then assigned to either the real
acupuncture group or the sham acupuncture group. All patients

and study staff were blinded to the treatment groups. Only the
acupuncturist, who had to know whether to deliver real or sham
treatment, was not blinded.

Real Acupuncture Treatment

For the real acupuncture treatment group, sanyinjiao (SP6)
was selected based on data mining from our previous review
and expert opinions. SP6 is located on the tibial aspect of
the leg, posterior to the medial border of the tibia and 3 cun
(proportional bone cun), above the medial malleolus (World
Health Organization, 2008). The acupuncture procedures were
as follows: after the skin was cleaned with tincture of iodine
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and alcohol, 0.25 x 40 mm stainless needles (Hwatuo, Suzhou,
China) were inserted 1.0-1.2 cun and gently twisted, lifted and
thrust with even amplitude, force and speed four to six times
until deqi was obtained (soreness, numbness, distension and
heaviness). Needles were retained at the acupoints for 30 min,
and the above manipulation was repeated twice every 10 min
for 30 s each time.

Sham Acupuncture Treatment
An adjacent sham acupoint located at the midpoint between the
stomach and gall bladder meridians in the same level of SP6 and
xuanzhong (GB39) was selected in the sham group (Ma et al,
2010). The patients in this group underwent an acupuncture
procedure similar to the patients in the real acupuncture group,
but no needle manipulation was performed after needle insertion,
and deqi sensation was not obtained. The real and sham
acupuncture targets are displayed in Supplementary Figure S1.
The acupuncture interventions for both groups were
performed by two licensed acupuncturists with over 3 years of
experience. Acupuncture treatments started 7 days before the
beginning of menses and did not stop until the onset of the next
menstruation. All participants received acupuncture treatment
once a day, there were 7 days in a session, and there were 3
sessions over 3 menstrual cycles.

Imaging Acquisition

All participants underwent two MRI scans on the same 3.0-
Tesla magnetic resonance scanner (Discovery MR750, General
Electric, Milwaukee, WI, United States) in the Department of
Radiology at the Affiliated Hospital of CDUTCM at baseline
and the forth periovulatory phase after each clinical assessment.
Tight, but comfortable, foam padding was used to minimize
head motion, and earplugs were used to reduce scanner noise.
Sagittal 3D T1-weighted images were acquired using a brain
volume sequence with the following parameters: repetition time
(TR) = 8.16 ms; echo time (TE) = 3.18 ms; flip angle (FA) = 7%
field of view (FOV) = 256 x 256 mm; matrix = 256 x 256; slice
thickness = 1 mm, no gap; and 188 sagittal slices. The resting-
state functional fMRI (rs-fMRI) datasets were obtained in 7 min
with a gradient-recalled echo-planar imaging pulse sequence. The
rs-fMRI imaging parameters were TR = 2000 ms, TE = 30 ms,
FA =90°, acquisition matrix = 64 x 64, FOV = 240 x 240 mm,
thickness = 4.0 mm, voxel size = 3.5 x 3.5 x 4.02 mm?,
gap = 0.5 mm, NEX = 1.0, and number of slices = 33. A total
of 210 volumes were acquired. All subjects were scanned during
the first three days of the menstrual phase. During the data
scans, all subjects were instructed to relax and maintain closed
eyes, and all participants reported that they did not fall asleep
during the scanning.

fMRI Data Preprocessing

MRI data were preprocessed and analyzed using the SPM8
toolbox' implemented in MATLAB 8.0 (Mathworks Inc.,
Sherborn, MA, United States). Structural images were
coregistered with resting-state functional images. Conventional

Thttp://www.filion.ucl.ac.uk/spm

preprocessing steps were performed, which included (1)
removing the first 5 time points; (2) slice timing correction;
(3) realignment (participants with head motion greater than
1.5mm maximum displacement in any direction (x, y, z) or 1.5°
of angular motion were excluded); (4) normalization of images
with a T1 template in the Montreal Neurological Institute (MNI)
atlas space and resampling to 32 x 3 x 3mm? cubic voxels; (5)
linear detrending; (6) nuisance covariate regression including six
motion parameters, average signals of cerebrospinal fluid and
white matter, and time points having spike motion of framewise
displacement (FD) > 0.5; (7) temporal filtering (bandpass
0.01-0.1 Hz); and (8) spatial smoothing using a Gaussian kernel
of 6-mm full-width at half-maximum (FWHM). The images with
all preprocessing steps were used for region of interest (ROI) to
ROI functional connectivity analysis, while the images after the
first four preprocessing steps were used for group independent
component analysis (GICA). There were no differences in head
motion parameters (FD) within or between groups.

ROI Selection and Functional

Connectivity Analyses

First, GICA analysis was conducted using group ICA of the fMRI
toolbox (GIFT 3.0b, Medical Image Analysis Lab, University of
New Mexico, Albuquerque, NM, United States) implemented in
MATLAB 8.0 and SPMB8. A set of independent components (ICs)
were identified as intrinsic resting-state networks in all subjects
at both the baseline and post-treatment periods (Calhoun et al.,
2001). The optimal number of ICs was automatically estimated
by minimum description length (MDL) criteria in GIFT, and the
median of the MDL over all subjects was 66 (Li et al., 2006).
The ICA components were calculated by infomax algorithms, and
spatial maps were transformed to z-scores.

Second, the default mode network (DMN), sensorimotor
network (SMN), and salience network (SN) were chosen as
components of interest to be evaluated from the resting-
state data. ten ROIs in these resting-state networks (RSNs)
were manually chosen from the 66 extracted ICs, which were
identified as anatomically and functionally classical RSNs by
two experienced neuroimaging researchers (Y] and YSY) (Smith
et al., 2009). Four ROIs in the DMN, including the medial
prefrontal cortex (mPFC), posterior cingulate cortex (PCC) and
bilateral inferior parietal cortices (IPC), are involved in pain
rumination (Kumbhare et al,, 2017). Four ROIs in the SN,
including the bilateral dorsolateral prefrontal cortices (dIPFC)
and bilateral anterior insula (aINS) represent the sustained
activation during attention to pain (Kucyi and Davis, 2015,
2017), and descending pathways that modulate the transmission
of ascending nociceptive signals (Hemington et al., 2016; Davis
et al., 2017). Bilateral primary somatosensory cortices (S1) and
bilateral thalami in the SMN represent the major ascending
pathways of pain (Tracey and Mantyh, 2007; Davis et al., 2017).
In addition, two key regions in the descending pain modulatory
system, the periaqueductal gray (PAG) and rostroventral medulla
(RVM) (Goksan et al., 2018), were also selected as ROIs for the
pain-related FC matrix in PDM. The ten cortical ROIs were saved
as masks by one sample t-test by using SPM8. The subcortical
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ROI of the thalamus in the SMN was acquired from automated
anatomical labeling, and the PAG and RVM masks were acquired
from the DPMS network mask in standard space (Goksan et al.,
2018; Figure 2).

Third, an ROI-wise FC matrix was constructed using the REST
toolbox’. The averaged time series in each ROI were extracted,
and the Pearson correlations with time series in other ROIs were
calculated. Then, the FCs were transformed to Z values (Lowe
etal., 1998). Thus, a 14 x 14 FC pattern matrix for each individual
was separately obtained for further analysis.

Statistical Analysis

Demographic and Clinical Features

Two independent t-tests were performed to compare the
demographic and clinical traits between the two groups, and
paired t-tests were employed to determine whether the alterations
in VAS scores were significant after treatment in each group
(SPSS 20.0; SPSS Inc., Chicago, IL, United States). Pearson
correlation analyses were employed to explore associations
between duration of disease, baseline VAS, SDS, and SAS scores,
and changes of the VAS scores. The significance level was set at
P <0.05.

Functional Connectivity Difference Analysis

The paired t-tests were performed to detect the FC matrix
alterations after treatment in each treatment group. In addition,
we employed a 2 x 2 (group x time) multivariate analysis of
covariance (MANCOVA) on the FC matrix to detect whether
there were different neural mechanisms underlying the different
treatments, with age and duration of disease as covariates (Hand
and Taylor, 1987; Davis, 2002). Traditional Pearson correlation
analyses were used to explore the associations between the
FCs of MANCOVA and VAS changes after three sessions of
acupuncture. The significance level was set at P < 0.05 and
corrected for multiple comparisons by the false discovery rate

Zhttp://www.restfmri.net

(FDR) approach. The in-house script was write in MATLAB to
conduct the MANCOVA in the study. The codes for MANCOVA
of ROI-wise functional connectivity can be downloaded from
https://github.com/cdutcmysy/ROIwise_FC_mancova.

MVPA-Based Clinical Symptom Prediction Analysis
MANCOVA found differences in FC between the real and
sham treatments for PDM. We proposed that these different
FC patterns could reveal the neural mechanisms underlying the
effects of acupuncture treatment for PDM and that these FC
patterns at baseline would be used for predicting the treatment
response to acupuncture in patients with PDM. Here, MVPA
based on linear support vector regression (SVR, implemented
by LIBSVM®) (Chang and Lin, 2011) was employed to verify
our hypothesis. We set the change in pain severity (VAS change
and VAS change rate) as the dependent variable and FCs from
the MANCOVA results at baseline as independent variables
(predictors) in all participants and regressed out the effects of age,
treatment method and duration of disease. A leave-one-out cross-
validation (LOOCV) method was used for prediction to ensure
separation between training and testing samples (Plitt et al.,
2015). We calculated the squared prediction-outcome correlation
(R?) as well as the mean absolute error (MAE) to evaluate the
SVR predictive ability (Wager et al., 2013; Lindquist et al., 2017).
Furthermore, we employed the permutation test to verify that the
predictor was not from a random chance (repeated 5000 times).

RESULTS

Demographic and Clinical Features

There were no significant differences in age, BMI, duration of
disease, and baseline SAS, SDS or VAS scores between the real and
sham acupuncture treatment groups (all P > 0.05; see Table 1).
The VAS at the post-treatment period was lower in the real group
than in the sham group, and the VAS change score and VAS

Shttps://www.csie.ntu.edu.tw/$\sim$cjlin/libsvm/

Default Mode Network
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Salience Network

FIGURE 2 | The brain networks selected in the present study.

Descending Pain Modulatory System

3 oo

Y Z=-48

Sensorimotor Network

X=42 Y =-25 Z=0

Frontiers in Neuroscience | www.frontiersin.org

September 2020 | Volume 14 | Article 559191


http://www.restfmri.net
https://github.com/cdutcmysy/ROIwise_FC_mancova
https://www.csie.ntu.edu.tw/$\sim $cjlin/libsvm/
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Yu et al.

FC Patterns Predict Acupuncture Response

change rate were significantly higher in the real acupuncture
treatment group than in the sham acupuncture treatment group.
Paired t-tests showed that the VAS change in the real acupuncture
treatment group was significant (¢ = 9.90, P < 0.01), while the
VAS change in the sham acupuncture group was not significant
(t = 2.10, P = 0.06). In addition, there were no significant
associations between duration of disease and baseline VAS, SDS,
and SAS scores and post-treatment VAS score changes in either
group (all P > 0.05; see Table 2).

FC Matrix Alterations After Real and

Sham Acupuncture Treatment

As illustrated in Figures 3A-C, after real acupuncture treatment,
both increased and decreased FCs were found; specifically, FCs
between the mPFC-right S1, PAG-bilateral thalami, PAG-RVM,
RVM-bilateral thalami and RVM-DMN (all four ROIs in the
DMN) were increased, while FC between the left S1-right aINS
was decreased after real acupuncture treatment. For the sham
acupuncture treatment group, increased FCs were found in the
right S1-right aINS, left IPC-bilateral aINS, right dIPFC-left S1,
right dIPFC-PCC and right dIPFC-right IPC, while FC between
the PAG-RVM was decreased after sham treatment (Figures 3D-
F). Interestingly, we did not find the same patterns of altered FC
in the real and sham acupuncture treatment groups.

Group Differences in the FC Matrix

The MANCOVA analysis results are displayed in Figure 4 and
Supplementary Figure S2. Eight paired FCs showed significant
differences between the two groups, including the right aINS-
bilateral S1, right dIPFC-bilateral S1, right dIPFC-left IPC, RVM-
bilateral thalami and RVM-PAG. Specifically, FCs that were
decreased in the real group but increased in the sham group
were located in the SMN-SN and DMN-SN, while FCs that were

TABLE 2 | The correlations between baseline clinical features, FCs and VAS
changes in PDM patients.

Items VAS change VAS change rate
R P R P
Duration of disease 0.05 0.80 0.11 0.54
Baseline VAS score —-0.15 0.39 0.05 0.78
Baseline SDS score —-0.19 0.29 —-0.23 0.19
Baseline SAS score —0.00 0.98 —-0.11 0.562
L_S1-R_alNs 0.05 0.81 0.00 0.99
R_S1-R_alNs —0.10 0.60 —0.10 0.59
L_S1-R_dIPFC 0.09 0.64 0.05 0.79
R_S1-R_dIPFC —0.01 0.95 -0.15 0.42
RVM-L_Tha 0.15 0.42 0.33 0.07
RVM-R_Tha 0.23 0.21 0.21 0.25
RVM-PAG —-0.17 0.37 -0.24 0.20
L_IPC-R_dIPFC 0.02 0.93 0.17 0.37

FC, functional connectivity; VAS: visual analog scale; PDM, primary dysmenorrhea;
SAS, self-report anxiety scale; SDS, self-report depression scale; L, left side;
R, right side; S1, primary somatosensory cortex; alNS, anterior insula;, dIPFC,
dorsolateral prefrontal cortex; RVM, rostroventral medulla; Tha, thalamus; PAG,
periaqueductal gray; IPC, inferior parietal cortex.

increased in the real group but decreased in the sham group were
found in the DPMS-SMN and within the DPMS pathway.

Clinical Prediction Results

As we found significant group differences in FC alterations
between the real and sham groups, we used the baseline FCs
as predictors of the treatment response and controlled for the
effect of age, duration and treatment method. The SVR analyses
revealed that the eight baseline FC patterns predicted the VAS
change scores (R? = 0.27, P = 0.002, MAE = 0.36; Figure 5A)
and VAS change rate after treatment (R? = 0.30, P = 0.0009,
MAE = 2.26; Figure 5B). The permutation tests confirmed
that the results could not be obtained by chance (P < 0.001).
Conversely, the traditional bivariate correlation analyses did not
find any significant associations between these differences in FC
and VAS changes after acupuncture treatment in the patients with
PDM (all P > 0.05; see Table 2).

DISCUSSION

This study in patients with PDM used MVPA recognition to
identify neurobiological predictors of acupuncture treatment
response. We first verified the efficacy of real but not sham
acupuncture treatment in the patients with PDM. Then, we
identified FCs involving the SMN-SN, DMN-SN, DPMS-SMN
and DPMS pathway that showed different alterations after real
and sham acupuncture treatment in PDM patients. Furthermore,
MVPA revealed that these pretreatment multivariate FC patterns
in the SMN, SN, DMN and DPMS significantly predicted
individual patient pain symptoms after 3 menstrual cycles
of intensive acupuncture treatment. Conversely, pretreatment
clinical variables and traditional correlation analyses were not
able to predict posttreatment pain severity in these patients with
PDM. These findings have implications for identifying who will
benefit most from acupuncture, as well as for understanding the
pathophysiology of PDM as it relates to acupuncture effects.

The present study verified the effect of acupuncture on
reducing menstrual pain intensity in PDM (Yu et al, 2017).
In the present study, for the real acupuncture treatment, we
selected sanyinjiao (SP6) as the acupuncture target based on data
mining from our previous review (Yu et al., 2015) and expert
opinions, while for the sham acupuncture treatment, an adjacent
non-acupoint was selected. We found that real acupuncture
was superior to sham acupuncture for pain relief. The results
indicated that correct acupuncture point locations are important
contributors to the treatment effects and that the acupuncture
effect of pain relief cannot be explained solely in terms of placebo
effects (Smith et al., 2011; Vickers et al., 2018). Subsequently, we
detected the potential brain mechanisms underlying the real and
sham acupuncture treatment effects in PDM.

To date, no study has explored the underlying mechanisms of
pain reduction by acupuncture in patients with PDM. For other
types of chronic pain, Lee et al. found that both real and sham
(phantom) acupuncture could reduce pain ratings in patients
with low back pain (LBP), but the reduced pain intensity was
associated with reduced FC between the mPFC and posterior

Frontiers in Neuroscience | www.frontiersin.org

September 2020 | Volume 14 | Article 559191


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

Yu et al. FC Patterns Predict Acupuncture Response

A Mean FC Matrix in Real Group at Baseline B Mean FC Matrix in Real Group after Treatment C FC Change in Real Group after Treatment
. - 08 - 08 1 3.0
mPFC;
PCC!
L_IPC!
R IPC 0.0 0.0 0.0
L_alNs
R_aINS!
L _dIPFC|
R_dIPFC
0.8 3.0
Mean FC Matrix in Sham Group at Baseline Mean FC Matrix in Sham Group after Treatment FC Change in Sham Group after Treatment
E 08 08 || 30
mPFC
pCC I
R_IPC
L_alNS
rRans [l
L_diPFC
R_dprciill | ]
PAG
0.8 0.8 RVM 30
ggegZZrpes
o TS s ES2ax
£ Jdo ST T
e 2%
—

FIGURE 3 | FC matrix pattern in each group. (A,D) The FC matrix pattern at baseline. (B,E) The FC matrix pattern after treatment. The color bar indicates the
correlation coefficient between two regions. (C,F) FC alterations after acupuncture treatment; the color bar indicates the T value. (A,B,C) Real acupuncture group.
(D,E,F) Sham acupuncture group. Abbreviations: FC, functional connectivity; L, left side; R, right side; S1, primary somatosensory cortex; Tha, thalamus; mPFC,
medial prefrontal cortex; PCC, posterior cingulate cortex; IPC, inferior parietal cortex; aINS, anterior insula; dIPFC, dorsolateral prefrontal cortex; RVM, rostroventral
medulla; PAG, periaqueductal gray.
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FIGURE 4 | Changes in the different brain connections following real and sham acupuncture for PDM. The line charts display the different alterations between real
and sham acupuncture for PDM in these FCs after treatment. Abbreviations: FC, functional connectivity; L, left side; R, right side; S1, primary somatosensory cortex;
alNS, anterior insula; dIPFC, dorsolateral prefrontal cortex; RVM, rostroventral medulla; Tha, thalamus; PAG, periaqueductal gray; IPC, inferior parietal cortex.

insula in the real acupuncture group, while the decreased pain  in patients with PDM by combining the data-driven approach
intensity was associated with enhanced FC between the PCC  (GICA) and hypothesis-based ROI selection method with rs-
and aINS (Lee et al, 2019). The results indicated differential fMRI data. The findings showed that altered pain-related FCs
brain influences on real and sham acupuncture in LBP. Here, after real acupuncture were located in FC between the DPMS-
we constructed the pain-related functional connectivity matrices SMN and DPMS-DMN and within the DPMS, while altered
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FIGURE 5 | MVPA-based clinical prediction results. (A) Baseline FC patterns predict VAS change scores after treatment. (B) Baseline FC patterns predict VAS
change rates after treatment. Abbreviations: MVPA, multivariate pattern analysis; MAE, mean absolute error; VAS, visual analog scale.
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FCs after sham acupuncture were found in FC between the
SN-SMN and SN-DMN and within the DPMS. In general, real
acupuncture modulated the DPMS-associated brain network
more, while sham acupuncture modulated the SN-related brain
network more. These results indicated that real acupuncture
could modulate widespread brain networks associated with the
DPMS, while sham acupuncture had a more focused modulation
in the salience network associated with analgesia in patients with
PDM. Furthermore, MANCOVA was used to detect the different
brain functional modulatory mechanisms between real and sham
acupuncture treatment in patients with PDM.

We found eight functional couplings that showed differences
in alterations after real and sham treatment of PDM. As
illustrated in Figure 3, real acupuncture increased but sham
acupuncture decreased FC between the DPMS and SMN and
FC within the DPMS (RVM-PAG), while real acupuncture
reduced but sham acupuncture enhanced FC between the SN
and SMN, and the SN and DMN. Our study was consistent
with previous findings of different modulatory effects in the
central nervous system between real and sham acupuncture in a
healthy population. Cao et al. found that real acupuncture could
increase pain intensity thresholds, which were associated with
increased neural activity in the insula (Cao et al., 2018). A recent

neuroimaging meta-analysis about acupuncture effects in the
brain in healthy individuals found that in 29 out of 33 studies,
real acupuncture, compared to sham acupuncture, resulted in
more/different modulatory effects on neurological components
measured by neuroimaging, including somatosensory, affective,
and cognitive aspects (Scheffold et al., 2015). The dIPFC is
known to be associated with center control and top-down
processes for pain control (Wager et al., 2004; Kong et al,
2006), as well as anticipation of pain relief and expectation-
related placebo analgesia (Krummenacher et al., 2010). The SMN
represents the major ascending pathways of pain (Tracey and
Mantyh, 2007; Davis et al., 2017), while the DMN is involved
in the self-regulation of pain, such as mind wandering (Kucyi
et al., 2013; Kucyi and Davis, 2015). Multiple neuroimaging
studies have suggested that acupuncture may achieve analgesic
effects by modulating the SN, DMN and SMN (Chen et al,,
2015; Shi et al., 2015; Lee et al., 2019; Zhang et al, 2019).
The DPMS is considered the key system for pain modulation
(Millan, 2002) and has also been found to be modulated by
acupuncture treatment in migraine (Li et al., 2016). The different
modulatory effects of real and sham acupuncture in the pain-
associated brain networks indicated different and complex neural
mechanisms of real and sham acupuncture in patients with PDM.
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The different alterations in these pain-related FCs resulted in
different treatment responses, which also indicated the potential
use of these FCs as predictors for acupuncture treatment response
in PDM patients.

Our research is in line with the growing interest in
predictive modeling using neuroimaging and machine learning
methods (Janssen et al., 2018; Keshavan et al., 2020). Most
machine learning studies have focused on differential diagnosis,
identifying brain signatures that discriminate patients from
healthy controls, and further established objective signs of
disease pathology (Lai, 2019). Another important application of
machine learning has been the use of brain characteristics to
predict therapeutic outcomes and offer personalized tailoring
of interventions (Gao et al., 2018; Leaver et al., 2018; Mithani
et al., 2019). Here, using MVPA (Yang et al., 2012), a widely
applied machine learning approach, we found that several pain-
related FC patterns at baseline could be a useful predictor for
acupuncture treatment response (both VAS changes and the
change rate) in PDM patients. Recently, Tu et al. also used
MVPA-based rs-FCs to predict real and sham acupuncture
treatment responses in chronic LBP, and the rs-FC characteristics
were significantly predictive of the differential responses to
real and sham treatment in LBP (Tu et al, 2019a). In our
study, the predictive power and strength of the MVPA approach
was validated in several ways. First, we found that baseline
clinical or demographic features were unable to predict the
outcome responses of the PDM patients. Second, the traditional
univariate correlations between FCs and VAS changes were
not significant. Given the nature of MVPA approaches, these
techniques provide improved sensitivity to subtle and spatially
distributed brain differences that would likely remain undetected
with the use of conventional univariate approaches (Fan
et al, 2006; Haxby, 2012). Therefore, we demonstrated the
feasibility and reliability of the MVPA model for predicting
clinical symptom changes after acupuncture treatment in
patients with PDM.

LIMITATIONS

The present study also has several limitations. First, the sample
size in this study was small, especially in the sham acupuncture
group, and previous studies have also found a significant
analgesic effect of sham acupuncture (Tu et al., 2019a). Our
study found that the VAS change in the sham acupuncture group
was nearly significant (P = 0.06), and further studies with larger
sample sizes are needed to address this point. Second, as the
PDM is a cyclic chronic pain, the present study only explored
the “trait pain” (average pain experienced over time) in the
patients with PDM, and future studies should also explore the
mechanism of the acupuncture-related analgesic effect on “state
pain” (pain at the menstrual period) in PDM patients (Low et al.,
2018). Third, to increase the statistical power, we combined the
two treatment groups as a pooled group in the MVPA analysis
after controlling for the effect of treatment. Nevertheless, we did
not find that baseline FCs predicted the treatment response in
the single groups. Further studies with larger sample sizes are

needed to further detect the different predictors for real and sham
treatment effects in PDM.

CONCLUSION

The present study verified the different brain mechanisms
underlying real and sham acupuncture in PDM patients.
In addition, the pain-related FC patterns at baseline could
predict the acupuncture treatment response for patients with
PDM. The findings supported the use of neuroimaging
biomarkers for individual-based precise acupuncture treatment
in patients with PDM.
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