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Abstract

Objectives: Although primary motor cortex (M1) transcranial direct current stimulation (tDCS)
has an analgesic effect in fibromyalgia (FM), its neural mechanism remains elusive. We
investigated whether M1-tDCS modulates a regional temporal variability of blood-oxygenation-
level-dependent (BOLD) signals, an indicator of the brain’s flexibility and efficiency and if this
change is associated with pain improvement.

Materials and Methods: In a within-subjects cross-over design, 12 female FM patients
underwent sham and active tDCS on 5 consecutive days, respectively. Each session was performed
with an anode placed on the left M1 and a cathode on the contralateral supraorbital region.

The subjects also participated in resting-state functional magnetic resonance imaging (fMRI) at
baseline and after sham and active tDCS. We compared the BOLD signal variability (SDgoLp),
defined as the standard deviation of the BOLD time-series, between the tDCS conditions. Baseline
SDgoLp Was compared to 15 healthy female controls.

Results: At baseline, FM patients showed reduced SDgg, p in the ventromedial prefrontal cortex
(vmPFC), lateral PFC, and anterior insula and increased SDgg|_p in the posterior insula compared
to healthy controls. After active tDCS, compared to sham, we found an increased SDgop in

the left rostral anterior cingulate cortex (rACC), lateral PFC, and thalamus. After sham tDCS,
compared to baseline, we found a decreased SDgg p in the dorsomedial PFC and posterior
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cingulate cortex/precuneus. Interestingly, after active tDCS compared to sham, pain reduction was
correlated with an increased SDgg p in the rACC/vmPFC but with a decreased SDgg| p in the
posterior insula.

Conclusion: Our findings suggest that M1-tDCS might revert temporal variability of fMRI
signals in the rACC/vmPFC and posterior insula linked to FM pain. Changes in neural variability
would be part of the mechanisms underlying repetitive M1-tDCS analgesia in FM.
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Introduction

Fibromyalgia (FM) is a nociplastic (i.e., centralized) pain syndrome characterized by
chronic widespread musculoskeletal pain accompanied by fatigue and cognitive and
emotional disturbances?. The core explanation for its pathophysiology is the sensitized
central nervous system with inefficient pain modulation and sensory integration, leading to
hypersensitivity to painful and non-painful stimuli3-2. Moreover, studies have suggested
an imbalance between excitatory and inhibitory neurotransmission, such as elevated
glutamate/glutamine and decreased gamma-aminobutyric acid (GABA) concentration,
which contributed to heightened painl9-12, Although our understanding of FM’s neural
basis has advanced considerably over the last decade, most available treatments are often
inadequate, associated with debilitating side effects, and in the case of opioids, can even lead
to addiction13 14,

Transcranial direct current stimulation (tDCS) over the primary motor cortex (M1) has
emerged as a promising treatment and has been reported to alleviate pain for FM patients
who exhibited unsatisfactory responses to pharmacological interventions® 16, tDCS is
designed to flow an electric current between two points where two electrodes (anode and
cathode) are placed and modulates cortical excitability non-invasively by depolarizing or
hyperpolarizing neuronal cells using a weak constant current (1-2 mA)1’. The electric
current, however, extends to other subcortical and cortical areas beyond the stimulated
region18. Indeed, the previous computational study analyzing current flow (electric field)
during tDCS demonstrated that significant electric fields were generated in the insula,
anterior cingulate cortex (ACC), thalamus, and even brainstem regions'®. Moreover, one of
the consistent findings so far is that M1-tDCS activates top-down modulatory pathways,
including the ACC and periaqueductal gray (PAG) in a molecular (e.g., mu-opioid

and glutamate neurotransmission) and functional level even with a single tDCS20: 21,

For instance, M1-tDCS session applied to trigeminal neuropathic pain patient during

the positron emission tomography with a p-opioid receptor (LOR) selective radiotracer,
[*1C]carfentanil, induced a decreased pOR binding (endogenous p-opioid release) in the
pain-related areas including the ACC18,

Previous studies, including our group, have reported reduced clinical pain and/or negative
affect after repetitive M1-tDCS to FM patients®: 15: 22. 23 \\e also provided evidence that
anodal M1-tDCS lowered GlIx (glutamate + glutamine) concentration in the ACC and

Neuromodulation. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Limetal.

Page 3

thalamus?. Further, we demonstrated a decreased resting-state functional connectivity of
the thalamus associated with pain reduction after M1-tDCS?4. A recent study with healthy
participants demonstrated that M1-tDCS decreased central sensitization-related secondary
hyperalgesia by increasing the activities of the descending pain inhibitory system?20,
However, we still lack knowledge of how tDCS modulates to achieve pain relief of FM.
For the better use of brain stimulation in research and clinical settings, it is essential to
enhance our understanding of how tDCS alters brain function to reduce pain and elucidate
brain markers predicting tDCS efficacy.

As a step towards these goals, we applied resting-state blood-oxygen-level-dependent
(BOLD) signal variability measures to the same FM patients, which we have previously
investigated the tDCS effect on brain metabolites and functional connectivityl 24, The
BOLD signal variability, calculated as the standard deviation of the BOLD time-course
(SDgoLp), Was once regarded as a noisy signal but is currently accepted as a sensitive and
reliable marker of cognitive function and pain modulation?>-28, In a study with healthy
participants, higher BOLD signal variability was related to lower pain sensitivity and
better cognitive performance even during painful stimulation?®. By contrast, chronic pain
patients showed higher BOLD signal variability in the ascending pain pathway and default
mode network (DMN)30-32, suggesting the importance of an optimal range of variability
in the context of pain processing. Another critical aspect of BOLD signal variability is
that it reflects the neural system’s readiness in response to external challenges?®. Further,
it is related to the brain’s modulatory capacity, making the neural system more resilient
and responsive to therapeutic intervention, which might be ultimately favorable to pain
modulation33: 34,

In a typical resting-state functional magnetic resonance imaging (fMRI), BOLD signal
fluctuations at low-frequency range (e.g., 0.01-0.1 Hz) are related to spontaneous neural
activity3> 36, 1t has been suggested that distinct neural oscillators generate low-frequency
brain fluctuations with specific physiological functions3’. These low-frequency fluctuations
(LFF) can be decomposed into independent frequency bands, including slow-5: 0.01-0.027
Hz, slow-4:0.027-0.073 Hz, and slow-3: 0.073-0.198 Hz38. Interestingly, LFF in specific
frequency bands showed regionally specific patterns. For instance, LFF within slow-5 was
shown to have higher amplitude in the ventromedial prefrontal region than within slow-4. In
comparison, the LFF amplitude within slow-4 was higher in the basal ganglia and thalamus
than within slow-538. Previous resting-state fMRI studies in chronic pain showed the altered
amplitude of LFF at distinct frequency bands30: 39-41. Therefore, we assumed resting-state
BOLD signal variability in a specific frequency could be a clinically meaningful index of
clinical pain and relief induced by tDCS applications in FM patients.

We first aimed to find regional abnormalities of pre-treatment (baseline) SDgoLp in FM
compared to healthy controls (HC). We then investigated changes of SDgg| p after M1-
tDCS and its relationship with clinical pain improvement in FM. Previous studies have
suggested that activation of the endogenous pain modulatory system would be the neural
basis for M1-tDCS effects on painZ®: 42, Thus, we hypothesized that SDgoy p in the anti-
nociceptive regions, including the ACC and medial prefrontal cortex (mPFC)>: 43, would
change after active M1-tDCS compared with sham. In this study, we examined changes
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in BOLD variability within slow-5 and slow-4 bands. We believe this study provides an
important insight into identifying the neural substrates of repetitive M1-tDCS for FM pain.

Materials and Methods

Study participants

We initially enrolled 13 female FM patients in the study. One patient dropped out after
baseline pain and magnetic resonance imaging (MRI) assessment; hence a total of 12
patients (age range: 34-64 years, mean + SD: 49.3 £ 9.0) completed the tDCS sessions

and were fed into the data analysis related to tDCS effect. Primary inclusion criteria

are 1) patients who met the 1990 criteria of the American College of Rheumatology for
FM#4, 2) widespread chronic pain for at least 1 year, 3) continued presence of pain more
than 50% of the days, and 4) willing to not to use a new medication to control FM
symptoms during the study. We confirmed that none of these participants were taking any
new medication throughout the study. The patients also acknowledged potential risks related
to tDCS treatment. Exclusion criteria are as follows: 1) co-existing autoimmune or chronic
inflammatory disease that causes pain (e.g., rheumatoid arthritis), 2) a history of psychiatric
disease (e.g., major depressive disorders) and substance abuse, 3) currently taking opiates,
4) contradictions with both tDCS and MRI including pregnancy, breastfeeding, any metal
implants (e.g., pacemaker), and 5) participating in any other clinical trials. The Institutional
Review Board of the University of Michigan approved all study procedures. All subjects
provided informed consent before participation of the study.

We used HC MRI data acquired at the University of Michigan from the Multidisciplinary
Approach to the Study of Chronic Pelvic Pain (MAPP) Research Network#°. Data from 15
female HC (age range: 32-61 years, mean + SD: 43.4 + 8.7) were included for baseline
SDgoLp comparisons with 13 FM patients (age range: 27-64 years, mean + SD: 47.6 +
10.6). We included one patient who dropped out after sham-tDCS treatment for baseline
SDgoLp comparisons. There were no significant group differences in age (independent
samples £test, p= 0.26).

Study design

This study is a longitudinal trial with a within-subjects cross-over and sham-controlled
design consisting of 3 phases, including baseline, sham, and active-tDCS (Supplementary
Fig. 1). At baseline, we collected clinical pain intensity and MRI (structural and functional)
data. Next, sham-tDCS was performed for 5 consecutive days, followed by an MRI
(structural and functional) and clinical pain assessment (4.8 £+ 1.3 days apart from the

last sham-tDCS). After 7 to 11 days of washout period (9.9 days on average), active-tDCS
was performed for 5 consecutive days, followed by an MRI (structural and functional) and
clinical pain assessment (5.4 + 2.7 days apart from the last active-tDCS). We assessed
clinical pain immediately before the MRIs. This study was not randomized to prevent a
potential carry-over effect from active to sham, since the previous study reported a lasting
effect of pain improvement up to two months after 5 consecutive days of tDCS over the M1
in phantom-limb pain patients*®.

Neuromodulation. Author manuscript; available in PMC 2024 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Limetal. Page 5

tDCS procedures

We followed the same tDCS parameters used in the landmark trial conducted by Fregni

et al.15, which was shown to reduce pain in patients with FM. A detailed step of tDCS
procedure applied to this study was fully demonstrated in the ref.#” Anode electrodes (35
cm?) were placed on the scalp overlying the left M1, and the cathode electrode was placed
on the scalp overlying the right supraorbital cortex for both the sham and active tDCS
sessions. Experienced investigators (A.F.D. and T.D.N.) placed electrodes over the M1 (C3)
and supraorbital region (FP2) throughout the study. Electrode positions were determined and
marked individually using the 10-20 international system of the electroencephalogram. The
conductive rubber electrode was enclosed in a perforated sponge pocket that was soaked
with saline, 6 mL for each side, and was fixed with an elastic head strap. The shorter side

of the electrode sponge for the M1 was positioned parallel to the midsagittal plane, and the
longer side for the supraorbital region was positioned parallel to the axial plane. We ensured
that the electrode sponge covered the marked areas.

For the sham tDCS, the 2 mA current, which mimics active tDCS, was applied for only 30
seconds at the beginning and end of the session. It has been suggested that a 30 seconds
application of electrical current does not induce a lasting effect and is indistinguishable from
the active one; thus, it was appropriate to blind the procedures to patients*8. During the
active tDCS, the 2 mA current was continuously applied for 20 minutes.

Clinical pain assessment

The clinical pain was measured by using a 10-point visual analog scale (VAS) with 0 (ho
pain) and 10 (worst pain imaginable) and assessed at each daily sham and active-tDCS
treatment (Supplementary Table 1). We asked patients to report their average pain (VAS)
before each MRI session within the time range as follows: 1) the week before the baseline
MRI (5.1 £ 2.3), 2) the period between the first-day sham tDCS and second MRI (4.1 £

2.1), and 3) the period between the first day of active tDCS and final MRI (3.3 + 2.8). We
also acquired clinical pain by using the McGill Pain Questionnaire*?, but only the VAS score
(mean £ SD) changed after active-tDCS (3.3 £ 2.8) when compared with baseline (5.1 + 2.3)
(p=0.04), as we reported previously?4. There was a trend toward a decrease in the VAS
score from baseline to sham tDCS (4.1 + 2.1) (p= 0.10) or sham tDCS to active tDCS (p=
0.16). We found that 6 patients with FM (50 %) showed at least 30% of pain reduction after
active tDCS compared to baseline, whereas only a few (n = 2, 16.7 %) responded to sham
tDCS (30% pain reduction) compared to baseline.

Resting-state fMRI acquisition

All MRI data were collected with an Ingenia 3.0 T system (Philips Medical Systems, Best,
the Netherlands) at the University of Michigan. Resting-state fMRI data for the FM and HC
groups were acquired with the following parameters: repetition time [TR] = 2000 ms; echo
time [TE] = 30 ms; flip angle = 77°; field of view = 22 cm; voxel size for the FM group =
3.44 x 3.33 x 4.00 mm; voxel size for the HC group = 3.44 x 3.44 x 4,00 mm, and number
of volumes = 300. T1-weighted brain image was acquired with the following parameters: TR
=9.8 ms; TE = 4.6 ms; flip angle = 8°; voxel size =1 x 1 x 1 mm for the FM group; TR =
6.6—7.1 ms; TE = 4.7 ms; flip angle = 8°; voxel size = 0.9 x 0.9 x 0.9 mm for the HC group.
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fMRI data preprocessing

Resting-state fMRI data were preprocessed using FSL (http://www.fmrib.ox.ac.uk/fsl) and
AFNI (http://afni.nimh.nih.gov/afni). The preprocessing steps were adapted from the 1000
Functional Connectomes Project (http://www.nitrc.org/projects/fcon_1000). After discarding
the first five volumes, slice time correction, motion correction, grand-mean scaling,
removing of nuisance signals (cerebrospinal fluid, white matter, and six motion parameters)
by regression, removing of linear and quadratic trends, spatial smoothing using a Gaussian
kernel of 6 mm full-width half-maximum, and temporal band-pass filtering (slow-5, 0.01-
0.027 Hz; slow-4, 0.027-0.073 Hz) were applied3®. The preprocessed images were then
linearly registered to 2-mm Montreal Neurological Institute (MNI) 152 template. First,
functional images were aligned to the anatomical image with 6 degrees of freedom affine
transformation. The anatomical image was then aligned into standard MNI space with a 12
degree of freedom affine transformation. Finally, the resulting transformation matrix was
applied to each participant’s functional dataset.

SDgoLp analysis

The temporal variability was calculated as the standard deviation of BOLD time-courses

at each voxel in the MNI standard space. For each participant, the voxel-wise SDgo p

map was standardized into subject-level Z-score maps by subtracting the mean of SDgo|p
across the entire brain (gray matter) and then dividing by the standard deviation of SDgg p
obtained for the entire brain (gray matter)3. A positive value indicates that SDgoy p is
higher than the whole-brain, while a negative value indicates that SDgg, p is lower than the
whole-brain.

We calculated the frame-wise displacement (FD)%C to quantify each subject’s head motion.
There was no significant difference of mean FD between the groups (mean = SD) (FM at
baseline: 0.17 £ 0.05, HC: 0.20 £ 0.09, p= 0.27) or between tDCS session (FM at baseline:
0.17 + 0.05, sham tDCS: 0.15 + 0.07, p= 0.24; sham: 0.15 + 0.07, active tDCS: 0.18 + 0.06,
p=0.10). However, mean FD was included as a covariate in the statistical models to rule out
a potential effect of head micromovements on the SDgo| p°L.

We performed a voxel-wise group comparison between FM and HC groups using an
unpaired two-sample #test. In FM patients, changes in SDgo| p between sham tDCS and
active tDCS, and baseline and sham tDCS were determined by paired #tests. Age and

mean FD were included as covariates of no interest. Multiple comparison correction was
performed at the cluster-level using a family-wise error (FWE) rate of p< 0.025 (0.05/2,

to account for two different frequency bands). We used an initial cluster-forming threshold
p<0.001 to avoid the low spatial specificity and better minimize the false positives®2.
Thus, all statistical contrast maps were thresholded at the voxel-level threshold of p < 0.001
(uncorrected), combined with a cluster-level FWE-corrected p < 0.025. Changes in SDgoLp
in the area of interest (anterior cingulate regions) after active tDCS compared with sham
were probed using small volume correction in the predefined cingulate mask. The cingulate
mask was generated by combining the cingulate gyrus (anterior division) and paracingulate
gyrus from the Harvard-Oxford cortical structural atlas. The significance threshold was set

Neuromodulation. Author manuscript; available in PMC 2024 July 01.
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to voxel-level p< 0.001 (uncorrected), combined with a cluster-level FWE-corrected p <
0.025.

Clinical significance of baseline and changes in SDgg p

Results

To explore the predictability of baseline SDgg| p in tDCS-related changes in pain
symptoms, we examined the relationship between the baseline SDgg| p and changes

in clinical pain from baseline to active tDCS. We performed a whole-brain voxel-wise
correlation analysis between baseline SDgo p map and clinical pain changes (active minus
baseline) with age and mean FD (baseline) as a covariate. The significance threshold was set
to voxel-level Z> 2.3 combined with a cluster-level FWE-corrected p < 0.025 (0.05/2, to
account for two different frequency bands).

Our results revealed an increased SDgg( p in the ACC region within the slow-5 frequency
band after active-tDCS compared to sham. Thus, we examined associations between changes
in SDgo|p and changes in clinical pain after active tDCS compared to sham in the slow-5
frequency band. We first created difference images by subtracting SDgo p maps (active
minus sham) for each subject. Next, we performed a whole-brain voxel-wise correlation
analysis between subtracted SDgo p map (active minus sham) and changes in clinical

pain (active minus sham) with age and mean FD (active minus sham) as a covariate.

The significance threshold was set to voxel-level Z> 2.3 combined with a cluster-level
FWE-corrected p < 0.025.

Baseline SDgo| p

In the slow-5 frequency band, FM patients had reduced SDgg| p in the right ventromedial
prefrontal cortex (vmPFC) compared with HC subjects (p < 0.025, FWE-corrected). In the
slow-4 frequency band, FM patients also exhibited lower SDgg| p in the right vmPFC,
lateral PFC, and anterior insula (aINS) and higher SDgg| p in the left posterior insula (pINS)
compared with HC subjects (p < 0.025, FWE-corrected) (Fig. 1A, Table 1). A whole-brain
correlation analysis revealed that right vmPFC SDgg| p (slow-5 band) at baseline correlated
significantly with VAS pain score changes after active tDCS compared with baseline (r=
-0.770, p=0.003). Namely, FM patients with higher SDgg| p in the vmPFC at baseline
had a greater pain reduction following active treatment. Also, the SDgg p (slow-4 band) in
the left vmPFC (r=-0.881, p< 0.001) was significantly correlated with changes in VAS
pain score after active tDCS compared with baseline (Fig. 1B). Other significant regions are
listed in Table 2.

Changes of SDgg p between sham and active tDCS

After active tDCS, FM patients had increased SDgg| p in the left lateral prefrontal cortex
(slow-5 band) and left thalamus (slow-4 band) compared with sham tDCS (p < 0.025,
FWE-corrected). Separate small-volume correction in the cingulate mask revealed that FM
patients displayed significantly higher SDgp| p in the left rostral ACC (rACC) (slow-5 band)
(p<0.025, FWE-small volume corrected) after active tDCS (Fig. 2, Table 3).

Neuromodulation. Author manuscript; available in PMC 2024 July 01.
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Changes of SDgg| p between baseline and sham tDCS

After sham tDCS, FM patients had decreased SDgg| p in the right dorsomedial prefrontal
cortex (dmPFC) (slow-5 and slow-4 bands) and right posterior cingulate cortex/precuneus
(slow-4 band) constituting the DMN compared with baseline (p < 0.025, FWE-corrected)
(Fig. 3, Table 3). There was no significant increase in SDgg p after sham compared with
baseline.

Association between clinical pain and SDggp

The correlation between changes in SDgg p (slow-5) and changes in clinical pain (VAS)
after active tDCS compared with sham was depicted in Fig. 4 and Table 4. We found that
patients with increased SDgg| p in the vmPFC/rACC (slow-5) had a greater reduction in
clinical pain (p < 0.025, FWE-corrected). Changes in SDgo_p (slow-5) in the midcingulate
cortex/supplementary motor area and pINS was positively correlated with the change in
clinical pain (p < 0.025, FWE-corrected). Namely, patients with decreased SDgg| p in the
midcingulate cortex/supplementary motor area or pINS had a greater reduction in clinical
pain after active tDCS compared with sham tDCS.

Discussion

Our results revealed that FM patients exhibited significantly lower SDgg| p in the vmPFC,
lateral PFC, and aINS, and higher SDgg p in the pINS compared with HCs. After active
M1-tDCS compared with sham, we demonstrated an increased SDgo| p in the rACC/vmPFC
and decreased SDgg| p in the pINS associated with clinical pain improvement in FM
patients.

Previously, higher SDgo| p Was thought to be favorable to cognitive function across aging®3,
pain sensitivity, and modulation2?, but this is not always true. For example, SDggy p of

the salience network (e.g., aINS) increased linearly, whereas most other networks (e.g.,
DMN and sensorimotor network) decreased linearly across the lifespan?’. Also, patients
with ankylosing spondylitis, a form of chronic back pain, showed higher SDgg, p in the
ascending nociceptive pathway and DMN, including the primary somatosensory cortex (S1),
thalamus, posterior cingulate cortex, and precuneus?. These results notably highlight the
importance of an optimal range of variability to perform the desired function?”.

We first found that FM patients exhibited significantly lower SDgg) p in the vmPFC at
pre-tDCS treatment, possibly indicating an inadequate pain modulatory function. This result
is in line with the findings of attenuated activity in the rACC during provoked pain in

FM patients®. It is known that the rACC/VmPFC interacts closely with PAG to exert
descending pain modulation through p-opioid transmission#3: 54. In this regard, increased
SDgoLp of the brain signal in the rACC (with small-volume correction), associated with
pain improvement after active-tDCS compared to sham, would mean that the brain could
more engage in the endogenous pain modulatory function. This hypothesis accords well

with the previous studies indicating that M1-tDCS enhances the endogenous pain inhibitory
system?20: 21 55, 56
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We identified that increases in SDgop from rACC/vmPFC variability were related to
clinical pain reduction after active-tDCS compared to sham. Interestingly, functional
connectivity between the rACC/mPFC and cognitive control network was increased after
Tai Chi treatment, a traditional Chinese mind-body intervention, accompanied by clinical
improvement in FM patients®’. Since an impaired endogenous pain modulation is a
critical feature of FM®: 98-61 changes in rACC/vmPFC signal involved in descending pain
modulation would be essential to elicit the beneficial treatment effects on FM pain.

Moreover, we found that the higher vmPFC variability before tDCS was associated with
more pain reduction after active tDCS treatment. This result indicates that individual
differences in signal variability of the rACC/vmPFC, playing an essential role in the
top-down regulation of pain®3: 62, could serve as a substrate on how an individual
responds or modulates pain after tDCS. This finding is also consistent with a recent
fMRI study reporting that higher baseline variability in the left middle frontal gyrus was
associated with a more significant reduction in pain unpleasantness following a delayed
onset muscle soreness induction34. Given the role of SDgop in reflecting the brain’s
modulatory capacity, resilience, and readiness to change for better performance?8, we
suggest that individual differences in baseline variability may predict the analgesic outcome
by differentiating whether the brain is responsive to tDCS.

Previous studies with FM indicated that thalamic activities are compromised at rest and in
response to painful stimulif3-65, However, we did not observe any alterations in the thalamic
region at baseline. Nevertheless, our result showed that SDgg| p of the left posterior
thalamus encompassing the ventral posterolateral (VPL) and pulvinar nuclei increased after
active tDCS compared with sham. It is noteworthy that higher variability of the thalamus,
other than any other brain regions, reflected greater large-scale functional integration of

the healthy human brain®. Thus, increased SDgoy p of the thalamus after tDCS may

relate to efficient thalamo-cortical integration. This hypothesis is supported by the previous
study showing that M1-tDCS increased functional coupling between the thalamus and M1
in healthy participants®”. Our previous tDCS study with the same patients also revealed

the association between decreased VPL-pINS and VPL-M1/S1 functional connectivity and
pain reduction?. In light of our preliminary finding of the endogenous p-opioid (peptide)
release of the posterior thalamus in a neuropathic pain patient immediately after a single
M1-tDCS!8, we speculated that p-opioid release after M1-tDCS could contribute to changes
in thalamic SDgoy p.

Our study also identified that FM showed lower aINS and higher pINS SDgp) p compared
to HC at baseline. The aINS is implicated in the affective and salience component of
pain®, whereas the pINS is more engaged in discriminative aspects of sensory pain®.

As stated above, brain signal variability under a normal range can be interpreted as
abnormal, which may be linked to disrupted salience/affective pain processing exhibited

in FM70: 71 Also, greater SDgy_p of the pINS might contribute to amplified sensory and
nociceptive processing, given that signal variability reflects a dynamic range of possible
neuronal responses to internal or external stimuli2®. Importantly, accumulating evidence has
indicated that the insular metabolites, as well as their connectivity with the descending

pain modulatory system and DMN, are critically implicated in the central sensitization of
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FM, which contributes to augmented pain perception® 10.11. 72,73 A recent study using
graph-theory based network analysis demonstrated altered hub topology in the aINS74,
Moreover, the eigenvector centrality, indicating a hub strength of the pINS, was positively
correlated with clinical pain intensity”*. Thus, the functional role of the pINS in pain may
explain our result that decreased SDgg( p in pINS after active tDCS was associated with
pain improvement. Together, these findings suggest why we should consider the insula as a
pathogenic region linked to augmented pain and therapeutic targets in FM75,

Regarding the placebo effect of sham-tDCS, we found a decreased SDgg p in the regions
consisting of DMN, including the dmPFC and posterior cingulate cortex/precuneus, while
comparing sham-tDCS to baseline. This result is partly in line with our previous study,
demonstrating an endogenous p-opioid (peptide) release in the precuneus after sham-tDCS
in healthy participants®2. It should be acknowledged that even in a sham session, 2

mA currents were delivered during the first and last 30 seconds, which might affect

patients’ expectancy. Thus, we speculated that attentional and cognitive engagement with

an expectancy for pain relief, known to modify DMN activity’, likely influenced the current
results.

Our study has several limitations. First, the study design was not randomized. We chose
this design to prevent a potential carry-over effect of the active tDCS, which has a long-
lasting effect on pain perception and brain excitability. Second, we did not perform a
blinding assessment to assess whether patients noticed their treatment based on standardized
documentation. Thus, the reader should consider this when interpreting our results since

a lack of assessment could increase the likelihood of biased conclusions. Third, although
we collected the HC data from the same scanner at the same institution, there were subtle
changes in the software versions. The MR environments, including software or personnel,
would unknowingly influence the BOLD signal. However, we cannot assess those potential
effects on SDgg( p Systemically in the current study. Lastly, a larger sample size and long-
term follow-up approaches are warranted to optimize the current protocol to draw fruitful
outcomes.

In conclusion, our findings suggest that M1-tDCS might revert temporal variability of fMRI
signals in the rACC/vmPFC and posterior insula linked to pain improvement in FM. The
rACC/vmPFC variability would have a potential role in responsiveness and readiness to
tDCS treatment; thus, future studies may use this marker to deliver more tailored therapies
(i.e., personalized medicine).
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Fig. 1. Regional abnormalities of baseline (pre-treatment) BOLD signal variability (SDgorp) in
fibromyalgia (FM) compared to healthy controls (HC).

(A) Baseline group differences of resting-state SDgg p in the slow-5 (0.01 — 0.027 Hz)
and slow-4 (0.027 — 0.073 Hz) frequency bands. Blue (FM) and black lines (HC) indicate
the representative time-course of band-pass filtered BOLD signal in each slow frequency
band. Brain regions displaying increased (hot scale bar) and decreased (cool scale bar)
SDgoLp in FM patients compared with HC were overlaid on the MNI standard brain. All
statistical images are displayed with significant clusters (voxel-level threshold p < 0.001 and
cluster-level extent threshold p < 0.025, FWE-corrected*). Grey bars represent FM patients
(n =12), white bars represent HC subjects (n = 15). Bar graphs were expressed as mean +
standard error of the mean. (B) Correlation between baseline SDgg p (slow-5 and slow-4)
in the ventromedial prefrontal cortex (vmPFC) and changes in VVAS pain score between
active-tDCS and baseline. Higher SDgo| p of the vmPFC at baseline predicted a greater
reduction in clinical pain. VVAS, visual analog scale; aINS, anterior insula; pINS, posterior
insula; S2, secondary somatosensory cortex.
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Fig. 2. Changes in BOLD signal variability (SDgorp) in the slow-5 (0.01 — 0.027 Hz) (A) and
slow-4 (0.027 — 0.078 Hz) (B) frequency bands after active tDCS compared with sham tDCS.

All statistical images are displayed with significant clusters (voxel-level threshold p < 0.001
and cluster-level extent threshold p < 0.025, FWE-corrected*) except for the left rostral
anterior cingulate cortex (rACC). Area of interest (ACC) was probed using small volume
correction in the predefined cingulate mask. The cingulate mask (purple) was derived

from the Harvard-Oxford cortical structural atlases. The significance threshold was set to
voxel-level p < 0.001 (uncorrected), combined with a cluster-extent threshold of p< 0.025
(FWE-small volume corrected¥). SDgo| p was adjusted (mean + residual) for age and mean
frame-wise displacement. Each symbol represents an individual fibromyalgia patient. PFC,

prefrontal cortex; M1, primary motor cortex.
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Fig. 3. Changes in BOLD signal variability (SDgorp) in the slow-5 (0.01 — 0.027 Hz) (A) and
slow-4 (0.027 — 0.078 Hz) (B) frequency bands after sham tDCS compared with baseline.

All statistical images are displayed with significant clusters (voxel-level threshold p <
0.001 and cluster-level extent threshold p < 0.025, FWE-corrected*). SDgo p Was adjusted
(mean + residual) for age and mean frame-wise displacement. Each symbol represents

an individual fibromyalgia patient. dmPFC, dorsomedial prefrontal cortex; PCC, posterior

cingulate cortex; Prec, precuneus.
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Fig. 4. Correlation between changes in BOLD signal variability (0.01 — 0.027 Hz, slow-5 band)
and changes in VVAS pain score after active tDCS compared with sham.

Patients with increased SDgg p in the vmPFC/rACC had a greater reduction in clinical
pain. In contrast, patients with decreased SDgg p in the MCC/SMA or pINS had a greater
reduction in clinical pain after active tDCS compared with sham tDCS. Statistical images
are displayed with significant clusters (voxel-level threshold Z> 2.3 and cluster-level extent
threshold p < 0.025, FWE-corrected). VAS, visual analog scale; vmPFC, ventromedial
prefrontal cortex; rACC, rostral anterior cingulate cortex; MCC, midcingulate cortex; SMA,
supplementary motor area; pINS, posterior insula.
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Brain regions with increased and decreased BOLD signal variability (SDgg( p) in fibromyalgia (FM) patients

compared with healthy controls (HC).

Table 1.

Frequency band | Contrast Brain region MNI coordinates | Number of voxels | T-value
.y, 2)
Slow-5 FM <HC | RvmPFC 8,62, -2 128 6.22
(0.01-0.027 Hz)
Slow-4 FM <HC | RvmPFC 12,60,0 117 5.44
(0.027-0.073 Hz) —
R anterior insula 38, 14, 10 95 5.8
R lateral PFC 34,16, 44 111 5.76
FM>HC | L posterior insula/S2 -38, -30, 16 89 4.16

All statistical results were thresholded at voxel-level p< 0.001 and cluster-level p < 0.025,

S2, secondary somatosensory cortex; L, left; R, Right.
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FWE-corrected. vmPFC, ventromedial prefrontal cortex;
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Table 2.
Correlation between clinical pain changes (VAS) (active minus baseline) and baseline BOLD signal variability
(SDgoLD)-
Frequency band | Brain region MNI coordinates | Number of voxels | R-value
(xy,2)
Slow-5 R vmPFC 1048 -10 172 -0.95
(0.01-0.027 Hz)
R thalamus 2-88 306 0.88
L cerebellum -8-72-38 249 0.88
Slow-4 L vmPFC -462 -4 180 -0.89
(0.027-0.073 Hz)
R parahippocampal gyrus 14 -36 -10 220 0.89

Al statistical results were thresholded at voxel-level Z>2.3 and cluster-level p < 0.025, FWE-corrected. vmPFC, ventromedial prefrontal cortex;
rACC, rostral anterior cingulate cortex; pINS, posterior insula; MCC, midcingulate cortex; SMA, supplementary motor area. L, left; R, Right.
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Table 3.

Active and sham tDCS related changes in BOLD signal variability (SDgoyp)-

Frequency band Contrast Brain region MNI coordinates | Number of voxels | T-value
(xy,2)

Sham vs. active tDCS for FM
Slow-5 Sham <active | LrACC -6, 36, -4 2% 8.75
(0.01-0.027 Hz)

L lateral PFC -22,12, 48 50 8.24
Slow-4 Sham < active L thalamus -14, -26, 2 66 6.94
(0.027-0.073 Hz)
Baseline vs. sham tDCS for FM
Slow-5 Baseline > sham | R dmPFC 2,48, 34 73 8.56
(0.01-0.027 Hz)
Slow-4 Baseline > sham | R dmPFC 0, 46, 26 75 6.94
(0.027-0.073 Hz)

R posterior cingulate cortex/precuneus 2,-48, 36 73 8.63

All statistical results were thresholded at voxel-level p< 0.001 and cluster-level p < 0.025, FWE-corrected.

*
Small volume correction in the ACC mask (voxel-level p< 0.001 and cluster level FWE-corrected p < 0.025). ACC, anterior cingulate cortex;

rACC, rostral anterior cingulate cortex; dmPFC, dorsomedial prefrontal cortex; PFC, prefrontal cortex; L, left; R, Right.
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Table 4.

Correlation between changes in clinical pain (VAS) (active minus sham) and changes in BOLDgy, (active
minus sham) in the slow-5 band (0.01-0.027 Hz).
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Brain region MNI coordinates | Number of voxels | R-value
*x.y.2)

L vmPFC/rACC 4,54, -4 170 -0.90

L cerebellum -20, -32, -26 149 -0.92

R pINS 36, 18, 10 270 0.82

MCC/SMA 0,-2,48 273 0.90

All statistical results were thresholded at voxel-level Z>2.3 and cluster-level p < 0.025, FWE-corrected. vmPFC, ventromedial prefrontal cortex;
rACC, rostral anterior cingulate cortex; pINS, posterior insula; MCC, midcingulate cortex; SMA, supplementary motor area. L, left; R, Right.
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