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Greater Somatosensory Afference With Acupuncture
Increases Primary Somatosensory Connectivity and
Alleviates Fibromyalgia Pain via Insular y-Aminobutyric
Acid: A Randomized Neuroimaging Trial
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Objective. Acupuncture is a complex multicomponent treatment that has shown promise in the treatment of
fibromyalgia (FM). However, clinical trials have shown mixed results, possibly due to heterogeneous methodology
and lack of understanding of the underlying mechanism of action. The present study was undertaken to understand
the specific contribution of somatosensory afference to improvements in clinical pain, and the specific brain circuits
involved.

Methods. Seventy-six patients with FM were randomized to receive either electroacupuncture (EA), with
somatosensory afference, or mock laser acupuncture (ML), with no somatosensory afference, twice a week over 8
treatments. Patients with FM in each treatment group were assessed for pain severity levels, measured using Brief
Pain Inventory (BPI) scores, and for levels of functional brain network connectivity, assessed using resting state
functional magnetic resonance imaging (MRI) and proton magnetic resonance spectroscopy in the right anterior
insula, before and after treatment.

Results. Fibromyalgia patients who received EA therapy experienced a greater reduction in pain severity,
as measured by the BPI, compared to patients who received ML therapy (mean difference in BPI from pre- to
posttreatment was —1.14 in the EA group versus —0.46 in the ML group; P for group x time interaction = 0.036).
Participants receiving EA treatment, as compared to ML treatment, also exhibited resting functional connectivity
between the primary somatosensory cortical representation of the leg (S1; i.e. primary somatosensory subregion
activated by EA) and the anterior insula. Increased S1.,-anterior insula connectivity was associated with both
reduced levels of pain severity as measured by the BPI (r = -0.44, P = 0.01) and increased levels of y-aminobutyric
acid (GABA+) in the anterior insula (r = 0.48, P = 0.046) following EA therapy. Moreover, increased levels of GABA+ in
the anterior insula were associated with reduced levels of pain severity as measured by the BPI (r = -0.59, P = 0.01).
Finally, post-EA treatment changes in levels of GABA+ in the anterior insula mediated the relationship between
changes in S1,—anterior insula connectivity and pain severity on the BPI (bootstrap confidence interval —0.533,
—-0.037).

Conclusion. The somatosensory component of acupuncture modulates primary somatosensory functional
connectivity associated with insular neurochemistry to reduce pain severity in FM.
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INTRODUCTION

Fibromyalgia (FM) is a common chronic pain condition affect-
ing 2-8% of the population and is characterized by widespread
somatic pain, fatigue, poor sleep, negative mood, and cognitive
disturbances (1). While peripheral factors, such as small fiber neu-
ropathy (2) and the immune system (3), may play some role in FM,
the disorder is thought to be associated primarily with aberrant
physiologic processes in the central nervous system (CNS) which
amplifies the perception of pain (also known as “centralized” or
“nociplastic” pain [4]). Notably, neuroimaging research has shown
that FM patients exhibit increased levels of the excitatory neuro-
transmitter glutamate (5), decreased levels of the inhibitory neu-
rotransmitter y-aminobutyric acid (GABA) (6), and up-regulated
GABA type A (GABA), receptor concentration (7) within the insula.
Moreover, increased functional brain network connectivity to
pronociceptive areas of the brain and decreased connectivity to
antinociceptive areas of the brain have been found in FM (8-10).
These results suggest that the CNS is a prime target for therapeu-
tic interventions for FM.

Due to the ongoing opioid public health crisis (11), nonphar-
macologic interventions for FM, such as acupuncture, have been
gaining attention. However, meta-analyses of acupuncture trials
have shown mixed results, with some showing that verum (active)
acupuncture is no more effective than sham controls (12,13),
whereas other studies have shown that acupuncture is superior
to both sham and no-acupuncture controls in reducing pain (14).
One reason for the mixed meta-analysis results may be the inclu-
sion of heterogenous treatment paradigms and sham controls
across different trials. Acupuncture is a complex procedure that
consists of multiple methodologic components (e.g., needling
sensation, location, depth, among others) and contextual com-
ponents (e.g., expectancy, patient—practitioner rapport, treatment
ritual) (15). Importantly, sham controls used in previous acupunc-
ture trials may not have properly accounted for all of these different
components of acupuncture.

In the present study, we specifically evaluated CNS mech-
anisms of action underlying the somatosensory afferent compo-
nent of acupuncture, and how such mechanisms may prompt an
analgesic response in FM. Since verum acupuncture produces
somatosensory sensation through needling and palpation, we
designed a comparator sham control procedure to lack all aspects
of tactile sensation. Many previous trials on acupuncture therapy
used sham controls with acupoint palpation and tactile stimula-
tion, mimicking real needle insertion and manipulation, thus con-
founding verum and sham acupuncture in terms of somatosensory
afference (12-14). We randomized FM patients into 2 separate
acupuncture therapy groups: electroacupuncture (EA), which has
somatosensation, and mock laser acupuncture (ML), which has
no somatosensation. EA therapy has been demonstrated to be
clinically effective at reducing pain in FM (13). We hypothesized

that EA therapy would specifically recruit somatosensory path-
ways in the CNS in order to produce greater analgesia compared
to ML therapy.

PATIENTS AND METHODS

Study protocol. The present study was designed as a sin-
gle center, blinded, sham-controlled, randomized non-crossover
longitudinal neuroimaging trial, was preregistered with the NIH
(ClinicalTrials.gov identifier: NCT02064296), and was carried out
at the University of Michigan (Ann Arbor) from December 2014 to
November 2019. Study protocols were approved by the Univer-
sity of Michigan Institutional Review Board (IRB) and conducted in
accordance with the Declaration of Helsinki. All study participants
provided written informed consent.

Study participants and timeline. Individuals with FM
were recruited for the study. Full details of inclusion and exclusion
criteria are provided in the Supplementary Methods, available on
the Arthritis & Rheumatology website at http://onlinelibrary.wiley.
com/doi/10.1002/art.41620/abstract. Following screening, par-
ticipants were invited to complete a baseline behavioral assess-
ment (day 0) and baseline magnetic resonance imaging (MRI)
assessment (occurring sometime between day 1 and day 3), and
eligible subjects were randomly assigned to 1 of 2 parallel study
arms (Figure 1A) via computer-generated permuted block rand-
omization (blocks of 4, 6, or 8). An acupuncturist was informed
of the group allocation of each participant through a sealed enve-
lope, which was not accessible by the principal investigators,
study staff, or data analysts. The 2 intervention arms were 1) EA
therapy, with somatosensory afference, and 2) ML therapy, with-
out somatosensory afference. After treatment, a second behavio-
ral assessment (performed sometime between days 33 and 40 of
the study) and a second MRI assessment (performed sometime
between days 34 and 43) were collected. Patient-reported out-
comes were collected before and after therapy during the behav-
ioral session. Whole-brain resting state functional MRI (fMRI) and
right anterior insula proton magnetic resonance spectroscopy
("H-MRS) scans were collected during MRI sessions before and
after therapy.

Acupuncture treatment. Study participants with FM
received 8 treatments with EA or ML twice a week over 4 weeks.
During all treatment sessions, participants were positioned
supine on an examination table and blindfolded. Blindfolding
ensured masking of the treatments in order to avoid any visual
afference, as visual afference can also influence acupuncture-
induced analgesia (16). All treatments were performed by 3 trained
acupuncturists (HB, MDB, and HS) who had board certification
from the National Certification Commission for Acupuncture and
Oriental Medicine.
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Figure 1. Study overview of non-crossover randomized controlled neuroimaging trial of fibromyalgia (FM) patients with acupuncture intervention.

A, Behavioral session, resting state functional magnetic resonance imaging (rs-fMRI), and proton magnetic resonance spectroscopy ('H-MRS)
images were collected at baseline (Pre-tx) and posttherapy (Post-tx). B, Acupuncture locations for EA and ML treatment. All subjects were
blindfolded and placed in a supine position. In the EA group, stimulation was administered to the large intestine 4 (LI-4) acupoint of the dorsal
surface of the right (R) hand and to the LI-11 acupoint of the crease of the right elbow. Bolt symbols indicate where needles received current
through the EA device. For ML treatment, a deactivated laser was hovered over the same acupuncture points as in the EA group for the same
duration of time. Du-20 = Governor meridian; ST-36 = stomach 36; SP-6 = spleen 6; GB-34 = gall bladder 34; LV-3 = liver 3.

The EA group received low-frequency EA at 3 pairs of acu-
points: right LI-11 to LI-4 (large intestine 11 to large intestine
4), left GB-34 (gall bladder 34) to SP-6 (spleen 6), and bilat-
eral ST-36 (stomach 36). Needles were also inserted in Du-20
(Governor meridian), right ear Shen Men, and left LV-3 (liver 3)
(Figure 1B), but no electrical current was delivered to these sites.
EA needles were stimulated with low intensity and frequency using
a constant-current electroacupuncture device (AS Super 4 Digi-
tal Needle Stimulator), which allowed for flexible setting of pulse
width (1 msec), frequency (2 Hz), and shape (biphasic rectangular)
parameters. The current intensity was set at each session for each
patient individually at the midpoint between sensory and pain
thresholds that are based on typical cutoff values used in clinical
practice and our previous EA study on patients with chronic pain
(17), with stimulation lasting 25 minutes per session. The duration
and frequency of treatment are based on common clinical prac-
tice and are within the bounds of previous acupuncture trials (18).
The selection of acupuncture sites was based on predominant
FM symptoms including multisite pain, headache, gastrointestinal
pain and dysfunction, disrupted sleep, and chronic fatigue.

For the ML acupuncture therapy group, a laser acupunc-
ture device (VitaLaser 650; Lhasa OMS) was manually positioned
approximately 1-2 cm over all of the same acupoints used in the
EA treatment group. There was no palpation prior to positioning
the device, and there was no physical contact between the device
and skin. The laser light was demonstrated to the participants at
the first visit to enhance credibility of the intervention; however, the
laser was turned off during the actual treatment, thus removing any
potential optically induced or thermal sensation, while maintaining

all treatment rituals, as previously described (19,20) (Figure 1B).
ML treatments also lasted 25 minutes.

Participants were not informed about a sham or placebo at
consent, so all participants were led to believe that both EA and
ML are viable treatments for FM. These blinded procedures were
preauthorized by the IRB at the start of the study, and all partici-
pants were fully debriefed after the final MRI visit.

The verbal instructions used by acupuncturists were stand-
ardized across all treatments (Supplementary Methods). After
each treatment, the Massachusetts General Hospital Acupuncture
Sensation Scale (MASS) (21) was used to evaluate “De Qi” and
perceived somatosensory afference. The 13-item questionnaire
included sensations such as soreness, aching, deep pressure, and
tingling, among others, on a 0-10 scale, with O indicating “none”
and 10 indicating “unbearable,” and weighted summation of these
sensations constituted the MASS Index. This assessment served
as a fidelity check to assess whether FM patients consistently
reported increased levels of sensation in response to EA therapy
compared to ML therapy. In addition, after the first treatment and
the last treatment, a Credibility Questionnaire (Supplementary Meth-
ods) was administered which assessed the perception of the validity
and credibility of the treatments. This ensured that any differences in
clinical or neuroimaging outcomes were not due to differences in the
perception of credibility among the study participants.

Clinical outcome measures. Short-Form Brief Pain
Inventory (BPI) severity subscale. The severity subscale of the
Short-Form BPI was the primary clinical outcome measure.
The BPI severity subscale assesses worst pain in 24 hours,
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least pain in 24 hours, pain on average, and pain right now.
Pain severity as measured by the BPI was assessed before
and after therapy. As a secondary clinical outcome measure,
the severity of anxiety and depression was scored using the
Patient-Reported Outcomes Measurement Information System
(PROMIS) (https://www.healthmeasures.net/explore-measurement-
systems/promis). The anxiety and depression scores were also
used to assess whether neuroimaging outcomes were influ-
enced by these factors. Furthermore, we collected a series of
exploratory outcome measures, which included pain interfer-
ence as measured by the BPI, the American College of Rheu-
matology 2010 modified criteria for FM (22), pain catastrophizing
scores measured using the Pain Catastrophizing Scale (23),
and PROMIS scores of physical function, fatigue, and sleep.
Descriptive statistics for each exploratory outcome measure are
available in the Supplementary Results, available on the Arthri-
tis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.41620/abstract.

Resting state functional connectivity scans of the primary
somatosensory cortex (mechanistic outcome measure). Rest-
ing state fMRI scans (performed in study participants while in an
eyes-open resting state) and anatomic T1-weighted MRI scans
were acquired with a 15-channel head coil in a 3.0T MRI system
(Philips Ingenia). Minimal preprocessing of resting state fMRI and
T1 images were performed using fMRIPrep version 1.1.8 (24).
Full details of the MRI acquisition parameters and preprocessing
steps are provided in the Supplementary Methods.

Since somatosensory afferent input is encoded in the primary
somatosensory cortex (S1), we chose the S1 cortical representa-
tion of the legs as the seed region to examine somatosensory cir-
cuits (i.e., communication between S1,,, and other brain regions).
S1,, Was the chosen seed as most EA needles were placed on
the leg (Figure 1B), and our group has previously localized this
S1,, region in FM patients (centroid Montreal Neurological Insti-
tute [MNI] x,y,z coordinates of +8,—-38, 68) (25). Bilateral spherical
seeds (4-mm radius) were used to extract fMRI time series, and
seed-to-voxel correlation analysis was used to evaluate whole-
brain connectivity maps for S1,,. Time series from the S1,, seed
(fsimeants) were used as a generalized linear model regressor (fsl_
glm) to obtain whole-brain parameter estimates and associated
variances for each participant. These parameter estimates and
variances were then passed on to group level analysis, conducted
on an FMRIB (Oxford Centre for Functional Magnetic Resonance
Imaging of the Brain) Local Analysis of Mixed Effects (FLAME 1+2)
algorithm (26) to improve mixed-effects variance estimation. S1,,
connectivity was then contrasted between pretreatment and post-
treatment periods using paired sample t-tests for EA and ML ther-
apies separately. Interactive effects between EA and ML therapy
were evaluated using an independent samples t-test of the paired
posttreatment-pretreatment difference images. As age influences
neuroimaging outcomes, it was included as a regressor of no inter-
est in all analyses. Multiple comparisons familywise error correction

was conducted using a Gaussian random-field cluster threshold
of Z> 2.3, and corrected P values less than or equal to 0.05 were
considered significant.

"H-MRS measurement of Glx and GABA+ in the right ante-
rior insula (mechanistic outcome measure). 'H-MRS spectra
were acquired from automated voxel placement covering the
right anterior insula, as our previous study showed differences
between FM and pain-free controls in this region (6). The 'H-MRS
voxel dimensions were based on our previous study (6). Single-
voxel point-resolved spectroscopy (PRESS) was used to meas-
ure Glx. A separate GABA+—edited Mescher-Garwood-PRESS
(MEGA-PRESS), which co-edits signals from macromolecules
and homocarnosine, was conducted to estimate GABA+ levels
(27). Conventional PRESS spectroscopy data were analyzed with
LCModel (28). MEGA-PRESS spectra were processed in Gannet
version 3.1.5 (29), a MatLab-based toolbox specifically developed
for edited MRS. Full details of PRESS and MEGA-PRESS acquisi-
tion parameters, preprocessing, and analysis details are provided
in the Supplementary Methods. The final GABA+ estimates are
expressed in institutional units (IU), which approximates millimolar
concentrations of GABA+, and are also expressed as an integral
ratio with respect to the creatine signal (GABA+/Cr). Treatment-
related change in Glx and GABA+ was computed as the difference
between pretherapy and posttherapy values.

Statistical analysis. Besides the aforementioned image-
based statistics, statistical analyses were performed in SPSS
software version 26 (IBM). For comparison of changes in the pri-
mary clinical outcome measure (pain severity measured by the
BPI) and secondary outcome measures (data in the Supplemen-
tary Results), an analysis of variance (ANOVA) with 2 x 2 mixed
design (assessing groups [EA or ML] by time [pretreatment or
posttreatment] interaction) was conducted. An ANOVA with a 2 x
8 mixed design (assessing group [EA or ML] by time [pretreatment
or posttreatment] interaction) was used for comparisons of the
MASS Index. Geisser-Greenhouse correction was used to adjust
for sphericity assumptions in the repeated-measures ANOVA.
Mean credibility scores were assessed for group differences using
an independent samples t-test. Associations between changes
in extracted values for S1,,; connectivity, GABA levels, and pain
severity as measured by the BPI were conducted using Pearson’s
correlation adjusted for age.

To determine whether relationships assessed with Pear-
son’s correlation coefficient were directionally different for the EA
group compared to the ML group, the single-tailed Fisher’'s z
cocor algorithm was used (30). For mediation analyses, bias-
corrected bootstrapped (x10,000) mediation was conducted
using the Process Macro with SPSS software (31), and esti-
mates of indirect effects were computed at the 95% confidence
level (adjusted for age).

All charts were created on GraphPad PRISM version 8.2.1
software. Scientific images were created using BioRender.com.
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P = 0.036), showing that EA treatment reduced pain severity, %
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ment (Figure 2A). There was no baseline difference in pain severity (2]
between the EA and ML treatment groups (¢ [70] = 0.85, P = 0.396). ﬁ 2
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Greater somatosensory afference with EA therapy
compared to ML therapy. For MASS Index scores, the 2 x 8
(group x time) mixed-design ANOVA demonstrated a significant main
effect of time (F [4.0, 224.9] = 2.85, P = 0.025), a significant main effect
of group (F[1, 56] = 31.01, P < 0.001), but no group x time interaction
effect (F [4.0, 224.9] = 0.35, P = 0.84) (Figure 2B). Treatment credibility
was equal across both groups (Supplementary Results).

Increased S1,,, connectivity posttherapy in the EA
treatment group versus the ML treatment group. A whole-
brain seed connectivity analysis of S1,, region showed significant
posttherapy increases in connectivity for the EA group, notably to
the bilateral anterior insula, posterior insular, and right non-leg S1
subregions. Conversely, the ML group showed reductions in S1,,
connectivity to the left anterior/mid insula. The whole-brain group
x time interaction effect showed that the magnitude of increase
in §1,,, connectivity for EA treatment was greater than that of ML
treatment, notably showing increased connectivity in regions such
as the bilateral anterior insula, posterior insula, and right non-leg
S1. Relevant contrast images are shown in Figure 3A, and full
details of the clusters are available in the Supplementary Results.
We also confirmed that resting state fMRI results were not con-
founded by head motion (Supplementary Results).

Association between increased S1,, connectivity
and improvements in pain severity scores in the EA
treatment group. In the EA treatment group, there was a
significant relationship between change in S1-anterior insula

Figure 2. Pain severity on the Brief Pain Inventory (BPl) and
Massachusetts General Hospital Acupuncture Sensation Scale
(MASS) Index response to acupuncture therapy. A, Compared to
those who received mock laser acupuncture (ML), fibromyalgia
patients who received electroacupuncture (EA) experienced a sig-
nificantly greater posttherapy (Post-tx) reduction in pain severity
as measured by the BPI (P for group x time interaction = 0.036).
B, Patients receiving EA therapy reported significantly higher
somatosensory afference (MASS Index) compared to those receiv-
ing ML therapy (P < 0.001 for main effect of group). Bars show the
mean = SEM.

connectivity and change in pain severity as measured by the BPI
(r [30] = —0.44, P = 0.01), such that the greater the increase in
S1—anterior insula connectivity, the greater the reduction in
pain severity, as measured by the BPI, posttherapy (Figure 3B).
Change in S14-anterior insula connectivity was not related to
change in BPI severity in the ML group (r [35] = -0.02, P = 0.91).
The correlation between change in S1-anterior insula connec-
tivity and change in pain severity scores was significantly stronger
in the EA treatment group than in the ML treatment group (Fish-
er's z = -1.78, P = 0.04). Changes in S1,,-anterior insula con-
nectivity were not related to posttherapy changes in depression
(r[80]=0.02, P =0.93 in the EA group; r [35] = -0.14, P =0.41 in
the ML group) or anxiety (r [30] = -0.12, P = 0.51 in the EA group;
r[35] =0.11, P = 0.50 in the ML group).

Similarly, we found that in the EA treatment group, there
was a significant relationship between change in S1,—posterior
insula connectivity and change in pain severity measured by the
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Figure 3. S1,, connectivity (conn.) response to acupuncture stimulation, comparing pretherapy (Pre-tx) and posttherapy (Post-tx) levels of
connectivity. A, In the electroacupuncture (EA) treatment group, S1,, connectivity to the right anterior insula (R alNS), right posterior insula
(R pINS), and non-leg S1 subregion increased with stimulation. In the mock laser acupuncture (ML) treatment group, S1,,, connectivity to the
anterior insula/mid insula (&/mINS) decreased with stimulation. The EA > ML contrast showed that the magnitude of S$1,,; connectivity increase
was higher in the EA group compared to the ML group. Bars show the mean + SEM. B, Within the EA treatment group, as S1,.,~anterior insula
and S1~posterior insula connectivity increased, pain severity as measured by the Brief Pain Inventory (BPI) decreased posttherapy. Values
have been adjusted for age.

BPI (- [30] = —0.43, P = 0.01), such that the greater the increase changes in depression (r [30] = —0.19, P = 0.29 in the EA group;
in S1,,-posterior insula connectivity, the greater the reduction in r[35] =0.18, P = 0.29 in the ML group) or anxiety (r [30] = —0.24,
pain severity posttherapy (Figure 3B). Change in S1,,~posterior P =0.18in the EA group; r [35] = 0.13, P = 0.45 in the ML group).
insula connectivity was not related to change in pain severity in

the ML treatment group (r [30] = —0.04, P = 0.84). The correla- Association between changes in anterior insula
tion between S1,.,~posterior insula connectivity and pain severity GABA+ levels and changes in S1,.-anterior insula con-
in the EA treatment group was significantly stronger than that in nectivity in EA treatment. The average MEGA-PRESS spec-
ML treatment group (Fisher's z = —=1.70, P = 0.04). Changes in trum across all subjects is shown in Figure 4A. We found that the
S1g-posterior insula connectivity were not related to posttherapy right anterior insula cluster from the posttreatment—pretreatment

@

+
Q GABA\ peak

Within EA only ® Within EA only

Mean Model ; 19 r=-0.59,
R aINS 'H-MRS voxel f@ %‘@ . .. e P =.0.01 .
<o sa-2%e1 _° 1 2
@ .. 3. N4l
(&) g ‘2 3 °
Frequency (ppm) 25‘— % a 215 o
M'H-MRS voxel © gl®
-ﬁ:t:g;"c':i’:, =8 s1|e -aINs alNS GABA+ (i.u.)
conn. (Post Pre) (Post - Pre)

Figure 4. Anterior insula (aINS) y-aminobutyric acid (GABA) response to electroacupuncture (EA) therapy. A, Average spectrum across all
subjects of the proton magnetic resonance spectroscopy (‘H-MRS) voxel of the right (R) anterior insula transformed to Montreal Neurological
Institute space and the corresponding spectrum frequency in parts per million (ppm) assessed using Mescher-Garwood-single-voxel point-
resolved spectroscopy. B, Intersection of voxels encompassing both the anterior insula GABA voxel and the anterior insula cluster from the S1,
connectivity (conn.) map. C, Greater increase in S1,,,~anterior insula connectivity was associated with greater increase in anterior insula GABA+
concentration (measured in institutional units [IU]) posttherapy (Post) relative to pretherapy (Pre). D, Greater increase in anterior insula GABA+
was associated with greater reduction in clinical pain, measured using the Brief Pain Inventory (BPI), posttherapy in patients with fioromyalgia.
Values have been adjusted for age.
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S1,, connectivity group map of the EA therapy group overlapped
with the MNI-transformed anterior insula 'H-MRS voxel place-
ment (Figure 4B). There was no main effect of EA or ML treat-
ment on levels of GABA+ (Supplementary Results). However, we
found that greater increases in S1.-anterior insula connectivity
were associated with greater increases in GABA+ levels (in 1U) in
the anterior insula posttherapy (for GABA+ levels, r [16] = 0.48,
P =0.046 [shown in Figure 4C]; for GABA+/Cr, r [16] = 0.46, P for
trend = 0.052). This relationship between S1-anterior insula
connectivity and anterior insula GABA+ levels was not observed
in the ML treatment group (for GABA+ levels [in IU], r [23] = -0.17,
P =0.43; for GABA+/Cr, r [23] = -0.15, P = 0.47), and the correla-
tion between S1,,~anterior insula connectivity and anterior insula
GABA+ levels was significantly stronger in the EA group than in
the ML group (for GABA+ levels [in IU], Fisher's z=2.08, P = 0.02;
for GABA+/Cr, Fisher's z = 1.94, P = 0.03). Furthermore, we con-
firmed that this relationship was specific to inhibitory, and not
excitatory, neurotransmitter changes (Supplementary Results).

Association between changes in anterior insula
GABA+levels and improvementsin pain severity as meas-
ured by the BPI in the EA treatment group. We found that
greater increases in anterior insula GABA+ levels were associated
with a greater reduction in BPI pain severity scores (for GABA+
levels [in U], r [16] = —0.59, P = 0.01 [Figure 4D]; for GABA+/Cr,
r[16] = =0.65, P = 0.004). This relationship was not observed in
the ML treatment group (for GABA+ levels [in IU], r [16] = —0.16,
P = 0.44; for GABA+/Cr, r [23] = -0.13, P = 0.53), and the cor-
relation between increased GABA+ levels in the anterior insula

and reduced pain severity was stronger in the EA group than in
the ML group (for GABA+ levels [in IU], Fisher's z = —1.54, P for
trend = 0.06; for GABA+/Cr, Fisher'sz=-1.92, P=0.03). Changes
in anterior insula GABA+ levels in the EA and ML treatment groups
were not related to posttherapy changes in depression (for GABA+
levels [IU], r [16] = 0.12, P = 0.63 in the EA treatment group and
r 23] = 0.07, P = 0.74 in the ML treatment group; for GABA+/Cr,
r[16]=0.23, P = 0.36 in the EA treatment group and r [23] = 0.03,
P =0.89 in the ML treatment group) or anxiety (for GABA+ levels
[in IU], r [16] = =0.21, P = 0.40 in the EA treatment group and
r[23] =0.10, P = 0.65 in the ML treatment group; for GABA+/Cr,
r[16]=-0.06, P = 0.82 in the EA treatment group and r [23] = 0.08,
P =0.72 in the ML treatment group). Furthermore, we confirmed
that this relationship was specific to inhibitory, and not excitatory,
neurotransmitter changes (Supplementary Results).

Mediation of the effect of S1,,-anterior insula con-
nectivity on pain severity by anterior insula GABA+ in
the EA treatment group. Finally, we conducted a mediation
analysis to link S1,,~anterior insula connectivity (X), pain sever-
ity as measured by the BPI (Y), and anterior insula GABA+ lev-
els (in IU) (mediator) in one statistical model. Results showed
that a greater increase in S14-anterior insula connectivity was
associated with greater reduction in pain severity posttherapy
indirectly through a greater increase in anterior insula GABA+ lev-
els (in 1U) (B = —0.187, bootstrapped SE = 0.130, bootstrapped
lower limit of the confidence interval = —0.533, bootstrapped
upper limit of the confidence interval = —0.037) (Figure 5A). The
direct effect of an increase in S1.4-anterior insula connectivity

(A] B=-.187, BootSE=0.130 | Indirect Effect
- BootCI=[-533,-.037] [.— — =

R NS Y%
GABA+ (i.u.) \
AT B=-.184, SE=.186 A BPI
- K Cl=[-.581, .212] | severity
A S1,.4 alNS conn. Direct Effect
—_—
(B
QV%% é‘ ‘} Reduced
@\f >0 L/Q] —— Clinical
A= " Fil
Increased /;JR <
Somatosensory communication between Increased GABAergic
afference $1,q and aINS inhibition in the aINS

Figure 5. Mediation analysis and proposed mechanistic model. A, Increases in levels of y-aminobutyric acid (GABA)+ (measured in institutional

units [IU]) in the right anterior insula (R alNS) mediating the relationship between increased S1

eg—anterior insula connectivity (conn.) and

decreased pain severity, measured using the Brief Pain Inventory (BPI), posttherapy. B, Longitudinally informed mechanistic model proposing
that somatosensory afference increases communication between the S1,,, subregion and the anterior insula, producing an effect of increased
GABAergic inhibition in the anterior insula, leading to reduced clinical pain in patients with fioromyalgia. BootSE = bootstrap SE; BootCl =

bootstrap confidence interval.
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on the reduction in pain severity posttherapy was not signifi-
cant (effect = —0.184, SE = 0.186, lower limit of the confidence
interval = —0.581, upper limit of the confidence interval = 0.212),
suggesting that the effect of S1,,~anterior insula connectivity on
pain severity is transmitted through anterior insula GABA+ levels
(in IU). The R? value for BPI pain severity in this model was 0.39.
This effect was also present when GABA+/Cr estimates were
used as the mediator (Supplementary Results, available on the
Arthritis & Rheumatology website at http://onlinelibrary.wiley.com/
doi/10.1002/art.41620/abstract).

DISCUSSION

Our randomized neuroimaging trial evaluated the role of
somatosensory afference in acupuncture in the reduction of clini-
cal pain in FM. We found that EA treatment (designed to generate
sustained somatosensory afferent activity) was more effective than
ML acupuncture (designed to generate no somatosensory affer-
ence) in reducing clinical pain. As the EA intervention was heavily
directed toward the patient’s legs, we examined brain connectivity
with the primary somatosensory cortical representation of the leg
(S1ieg). We found that following EA therapy, increased communi-
cation of this S1,, region with the anterior and posterior insula in
FM patients was demonstrated, as well as non-leg S1 subregions.
Greater posttherapy increases in S1-anterior insula and S1.~
posterior insula connectivity were associated with greater reduc-
tion in clinical pain. Moreover, we measured the concentration of
the inhibitory neurotransmitter GABA in the insula and found that
a greater posttherapy increase in S1,,~anterior insula connectivity
was associated with a greater increase in anterior insula GABA+,
suggesting that S1,, signaling may increase GABAergic inhibition
in the anterior insula. Furthermore, we found that greater increases
in anterior insula GABA+ were associated with a greater reduction
in clinical pain. Finally, increased anterior insula GABA+ medi-
ated the effect of increased S1,,~anterior insula connectivity on
reduced clinical pain in EA treatment. Cumulatively, these results
allow us to establish a mechanistic model for the role of somatic
sensation in acupuncture therapy: somatosensory afference leads
to increased S14—anterior insula signaling, resulting in increased
GABAergic inhibition in the anterior insula, ultimately reducing clin-
ical pain (Figure 5B).

Our research extends previous work demonstrating somato-
topically specific involvement of the S1 subregion in acupuncture.
Early research in this field of study showed that EA applied to the ST-
36 acupoint produced stimulus-evoked blood oxygenation level—
dependent (BOLD) activation in the contralateral S1,, region (32).
Later work examined somatotopic specificity of S1 morphology
and functional involvement in clinical populations, linking S1 met-
rics with therapeutic outcomes. Specifically, in carpal tunnel syn-
drome, longitudinal EA therapy targeting the median nerve at the
wrist increased the S1 separation distance between median nerve
innervated digits 2 and 3, and this increase in S1 digit separation

predicted long-term clinical improvements (17). Another recent
study that investigated the use of manual acupuncture in treating
chronic low back pain showed increases in gray matter volume
and white matter integrity in the back-specific S1 subregion (20).
However, these studies were limited to local changes within the
S1 region and did not explore cross-network signaling.

There is some evidence of increased cross-network com-
munication in response to acute EA stimulation. In healthy indi-
viduals, acute EA stimulation produced increased connectivity
of the “Default Mode” and sensorimotor network to the anterior
cingulate (a key node of the salience network) (33). In the present
study, we found evidence for increased connectivity between the
S1,, subregion and right anterior insula, and the degree of this
connectivity increase was linked to improvements in clinical pain.
This result may seem counterintuitive as chronic nociplastic pain is
often characterized by heightened resting functional connectivity
of S1 and the anterior insula relative to pain-free controls (34,35).
However, those studies assessed pathologic-specific S1 subre-
gions (e.g., S, for lower back pain). In our study, we evaluated
connectivity of S1 subregions specifically targeted by EA therapy
(i.e., S1.y). Furthermore, recent work has causally shown that
GABAergic inhibition is recruited in the anterior insula to reduce
nocifensive behavior (36). Therefore, our results suggest that
S1,, may be signaling the anterior insula to reduce clinical pain
via GABAergic inhibition. Alternately, acupuncture may temporarily
up-regulate pronociceptive signaling between the S1, subregion
and the anterior insula, which may trigger endogenous descend-
ing inhibitory systems to counteract through GABAergic inhibition
of the anterior insula (i.e., healing processes initiated by tempo-
rary injury) (37). These frameworks need further validation through
reverse translational studies.

In patients with FM, reduced levels of GABA in the anterior
insula (6), and a compensatory up-regulation of GABA type A
receptors, have been reported (7). Pharmacologic interventions
that enhance GABAergic neurotransmission have been found
efficacious for FM, as observed in a phase Ill randomized trial of
sodium oxybate (a GABA agonist) that showed improvements in
FM symptoms (38). Based on these observations, reverse trans-
lational research has shown a causal link between anterior insula
GABA levels and nocifensive behaviors in rats, with decreasing
endogenous levels of GABA in the agranular insula (rat homolog
of the anterior insula) and increased thermal and mechanical
sensitivity (39). Our study extends this literature by showing that
increases in anterior insula GABA+ were associated with improve-
ments in clinical pain following EA treatment, suggesting that
somatosensory afference may modulate GABAergic inhibition to
produce analgesia. The anterior insula is a hyperreactive locus in
FM patients (40), and patients who have a posttherapy increase
in anterior insula GABA+ levels may experience a reduction in
hyperreactivity or hyperactivity in the anterior insula, resulting in
analgesia. Interestingly, although GABA is a molecular product
of glutamate, our study did not show any association between
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clinical outcomes and Glx, suggesting that specific GABAergic
pathways may be involved in somatosensation-enhanced acu-
puncture analgesia.

Another notable link established in our study was that
increased long-range cortico—cortico communication postther-
apy may lead to increased GABAergic inhibition. Although GABAe-
rgic neurons contribute significantly to local energy consumption
(41), the relationship between BOLD activity and GABA derived
from "H-MRS is complex. Some studies in healthy individuals have
shown that greater levels of GABA are related to greater task-
based negative BOLD responses (42,43) whereas other research
across multiple cortical regions has shown no such relationships
(44). With regard to BOLD functional connectivity, both positive
and negative correlations with GABA have been noted, with
greater within-primary motor (M1) connectivity having been shown
to be negatively correlated with M1 GABA (45), and whereas
dorsal anterior cingulate GABA was not related to salience net-
work GABA (46). One recent study in healthy individuals meas-
ured GABA in two nodes of traditionally anti-correlated networks,
the medial prefrontal cortex (MPFC) and the dorsolateral prefrontal
cortex (dIPFC), and showed that mPFC—dIPFC functional connec-
tivity at rest was positively correlated with dIPFC GABA levels and
negatively correlated with mPFC GABA levels (47), suggesting
that intrinsic functional connectivity architecture may be associ-
ated with varying GABAergic tone across the cortex.

Few studies have noted treatment-related changes in GABA
and functional connectivity. It was found in one study that admin-
istration of Gamma-hydroxybutyrate (a GABA agonist) increased
right anterior insula functional connectivity (48). Due to the com-
plex relationship between GABA and BOLD functional connec-
tivity demonstrated across previous studies, our results need
further validation. Nevertheless, our longitudinally informed model
(Figure 5B) proposes that increased S1,.;-anterior insula connec-
tivity influenced GABA+ in the anterior insula to reduce clinical
pain. The downstream effects of this S1,,~anterior insula path-
way need further investigation. One possibility is that S1 taps into
anterior insula regulation of sympathetic outflow, as the anterior
insula is part of the central autonomic network (49). In fact, our
previous study has shown that during experimental pressure pain
in FM patients, S1,,~anterior insula connectivity was associated
with reduced cardiovagal modulation (25). Additionally, GABA is
not the only neurotransmitter regulating anterior insula function.
In a subsample of FM participants from this study, we found that
elevated levels of choline (often involved in neuroinflalmation) in
FM was related to pain interference via anterior insula—putamen
functional connectivity (50). Future studies should more explicitly
examine the role of the autonomic nervous system and/or other
neurotransmitters involved in somatosensation-induced acupunc-
ture analgesia.

While our study demonstrates mechanistic links of acupunc-
ture treatment via S14-anterior insula connectivity and anterior
insula GABA levels, the clinical translation of these brain markers

warrants further evaluation. For instance, a possible hypothesis is
that anterior insula GABA levels and S1,.,—anterior insula connec-
tivity at baseline is predictive of the therapeutic trajectory of acu-
puncture, which would increase its clinical utility. Future studies
should be focused on using neuroimaging markers at baseline to
predict acupuncture treatment outcomes.

Our study was designed to specifically examine somatosen-
sory afference, but other contextual factors (patient—clinician
rapport, expectations, among others) may have contributed to
analgesia as well, particularly in the ML comparator group. Thus,
our results highlight the importance of carefully designed controls
in acupuncture trials, as various specific and nonspecific compo-
nents contribute toward treatment outcomes. Researchers need
a thorough understanding of the various factors that might be
contributing to analgesia while designing an acupuncture trial.

Our study had some limitations. Despite a strong relationship
between changes in anterior insula GABA+ levels and changes in
clinical pain/S1;-anterior insula connectivity, we did not observe
a main effect of posttherapy GABA+ increase. We reason that
the anterior insula may be downstream of our proposed pathway
(Figure 5B) and 4 weeks of treatment may not be sufficient to
increase GABA+ levels in the anterior insula. Future studies should
be designed with a longer treatment schedule, including a post-
therapy assessment period to examine long-term effects.

In summary, our study found that the somatosensory
component of acupuncture specifically modulated functional com-
munication and inhibitory neurochemistry in the somatosensory—
insular circuit in order to reduce clinical pain in FM patients. With
future rigorous mechanistic studies of acupuncture, we may
be able to discover novel CNS pathways involved in nonphar-
macologically induced analgesia and design new treatments
that modulate CNS pathways in the pathologic processes lead-
ing to chronic pain.
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Clinical images: Giant iliopsoas bursitis in systemic juvenile idiopathic arthritis

The patient, a 4-year-old boy with systemic juvenile idiopathic arthritis (JIA), experienced a relapse while being treated with tacrolimus and
tocilizumab (TCZ), and presented with right groin pain and claudication. Physical examination demonstrated mild tenderness and restricted
range of motion in the right hip joint with no palpable mass. Laboratory testing revealed a highly elevated serum matrix metalloproteinase
3 (MMP-3) level (651 ng/dl); however, leukocytosis and C-reactive protein (CRP) elevation (8,700/ul and 0.02 mg/dl, respectively) were
not observed. Unexpectedly, magnetic resonance imaging demonstrated a giant cyst anterior to the right hip joint and posterior to the
iliopsoas muscle (arrows in A and B). The cyst appeared to be connected to the right hip joint (@rrow in C). Percutaneous cyst aspiration
yielded yellow turbid fluid with leukocytes (58,200/ul), predominantly with neutrophils. No bacterial organisms were detected on culture.
lliopsoas (or iliopectineal) bursitis associated with the relapse of systemic JIA was diagnosed. After treatment was switched from TCZ to
canakinumab, the patient’s symptoms rapidly improved and one month later serum MMP-3 level had returned to normal. lliopsoas bursitis
is a rare condition that has been reported to occur in the setting of various hip diseases including rheumatoid arthritis and traumatic or
degenerative conditions, and post-hip replacement (1). Communication between iliopsoas bursa and the hip joint is present in ~14% of
the general population and can result from chronic inflammation of the hip joint (2,3). In our patient, it was considered that active synovitis
caused a marked increase of the fluid in the hip joint, decompressed into the bursa, and resulted in giant iliopsoas bursitis. TCZ can mask
the signs of inflammation, such as fever, pain, local warmth, and CRP elevation. Although iliopsoas bursa is rare, it should be considered in
children with systemic JIA presenting with groin pain, particularly those being treated with TCZ even with mild symptoms.
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