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Abstract

Objectives: Chronic pain is one of the most common and challenging symptoms in fibromyalgia
(FM). Currently, self-reported pain is the main criterion used by clinicians assessing patients with
pain. However, it is subjective, and multiple factors can affect pain levels. In this study, we
investigated the neural correlates of FM pain using conditioned pain modulation (CPM),
electroencephalography (EEG), and transcranial magnetic stimulation (TMS).

Methods: In this cross-sectional neurophysiological analysis of a randomized, double-blind
controlled trial, 36 patients with fiboromyalgia were included. We analyzed CPM, EEG variables
and TMS measures and their correlation with pain levels as measured by a visual analog scale.
Univariate and multivariate linear regression analyses were performed to identify the predictors of
pain severity.
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Results: We found: (1) no association between pain levels and CPM; (2) an association between
reduced alpha and beta power over the central region in resting-EEG and higher pain levels; (3) an
association between smaller event-related desynchronization (ERD) responses in theta and delta
bands over the central region and higher pain levels; (4) an association between smaller ERD
responses in theta and delta bands and smaller intracortical inhibition and higher intracortical
facilitation ratios; (5) an association between smaller ERD responses in delta band and reduced
CPM.

Conclusions: Our results do not support CPM as a biomarker for pain in FM. Although a
disrupted endogenous pain system plays a major role in chronic pain, it seems that CPM is
dissociated from clinical manifestations of pain. Specific EEG findings related to pain, CPM and
TMS measures suggest that FM leads to a disruption of inhibitory neural modulators. These neural
targets could be explored in potential future treatment or as biomarkers of pain in FM.
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biomarker; chronic pain; conditioned pain modulation; electroencephalography; event-related
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Introduction

Fibromyalgia syndrome (FM) is a condition characterized by widespread chronic pain and
hyperalgesia, along with psychological distress [4, 69]. Even though the diagnostic criteria
for FM were revised in 2016 [68], diagnosis and follow-up still present challenges for
objective assessment due to clinical heterogeneity and lack of specific confirmatory tests. At
present, self-reported pain is the main criterion used by clinicians assessing patients with
pain [12]. However, it is subjective, and multiple intrinsic and extrinsic factors can affect
pain perception [53]. Therefore, it is important to identify the underlying mechanisms and
investigate physiological markers to develop better treatments.

Even though the etiology of FM is still not fully understood, a few recent studies shed some
light on the mechanisms of FM. Functional neuroimaging studies and biochemical
abnormalities in cerebrospinal fluid, such as decreased serotonin (5HT) and noradrenaline
(NA), suggest pathogenesis of central origin [56, 25]. Also, a decrease in 5HT and NA
supports the idea that dysfunction of the descending inhibitory systems is responsible for the
widespread chronic pain of fibromyalgia [28]. This chronic pain is considered as a
consequence not only of peripheral sensitization, but also neuroplastic changes in the central
nervous system (CNS) [58]. Conditioned pain modulation (CPM), which is part of
quantitative sensory testing (QST), is believed to reflect the endogenous inhibitory pain
modulation mechanism of the CNS [42] and has been widely used in chronic pain
syndromes as evidence of a defective endogenous inhibitory pain system [34]. Normand et
al. showed that FM patients have less CPM efficacy compared to healthy controls and
patients with major depressive disorder, suggesting that a deficit of pain inhibition could be
more specific to fibromyalgia, and could be distinguished from other hyperalgesia
syndromes [45]. Even though an increasing number of studies show that FM patients have
less CPM efficacy than the healthy population, other studies seem to contradict these
findings [11, 52]. Also, the severity of clinical pain and CPM are often not correlated [70].

Neurophysiol Clin. Author manuscript; available in PMC 2021 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Uygur-Kucukseymen et al. Page 3

Even though the difference of CPM between chronic pain patients and the healthy
population has been well studied, more studies are needed before considering CPM as a
valid biomarker of chronic pain among these patients. In this respect, the critical points that
need to be elucidated are whether this variability in results may be related to clinical
characteristics of patients and whether these characteristics can be determined, so that CPM
can be used as a biomarker for characterizing patients with chronic pain.

Quantitative electroencephalography (qEEG) is a potential biomarker to help in
understanding this pain-CPM association. Although the general hypothesis of EEG patterns
related to chronic pain has been widely studied, the EEG signatures related to CPM response
remain unclear. gEEG is a marker that can provide information on central mechanisms
involved in chronic pain [50]. It provides reliable and relevant information about brain
functioning during rest, sensory stimulation, and cognitive tasks [13]. Previous research has
established the presence of thalamocortical dysrhythmia (TCD) in resting state-EEG,
characterized by increases in theta and beta power along with slowing of the dominant alpha
peak in chronic pain patients [18, 36]. Considering that patients with chronic pain have
central sensitization and disruptions of inhibitory brain networks [5, 33, 38], available
biomarkers to evaluate the cortical inhibitory tonus are limited and EEG task-related evoked
potentials could be an option. Some studies have tried to validate EEG correlates with
inhibitory networks in chronic pain patients using pain-related evoked potentials [59, 24].
However, the influences of stimulus type, stimulation location and complex experimental
set-up, reduce the reproducibility and applicability in future clinical practice [65, 2]. One
alternative is the use of the EEG oscillations related to motor tasks, indexed by event-related
desynchronization (ERD) [64]. It has been reported that just before and during a motor-
related task (motor execution, observation or imagery), cortical activation can be seen, as
measured by an absolute and relative power decrease [49]. Given that long-term adaptive
changes in cortical activation associated with sensorimotor behavior exist in chronic pain
even in the absence of peripheral stimulation, it would be essential and more helpful to
understand and explore how chronic pain in FM influences brain activation patterns during
performance of tasks that require sensorimotor processing without acute sensorial
stimulation. Therefore, besides resting EEG, the use of motor tasks can show altered
sensorimotor activation without peripheral nociceptive stimulation, commonly referred to as
event-related desynchronization (ERD) [40].

Transcranial magnetic stimulation (TMS) is another biomarker that can help elucidate
central nervous system (CNS) changes associated with a deficit in inhibitory control in
chronic pain. Therefore, TMS becomes a potential biomarker for chronic pain and can also
be used to explore the association between pain and CPM. Studies of TMS in chronic pain
have shown abnormal cortical excitability as expressed by decreased short-interval
intracortical inhibition (SICI) and intracortical facilitation (ICF) [39]. It has been suggested
that in chronic pain states, there is an imbalance between excitation and inhibition
mechanisms induced by reduction in GABA activity, increase in glutamate activity and
activation of NMDA-dependent activity [44]. This association of changes has been described
as central sensitivity syndrome (CSS) [8]. However, previously published studies have been
limited to showing a relationship between neurophysiological changes and the CPM. It is
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Methods

therefore still unknown how CNS changes (evaluated by EEG and TMS) are affected when
this system is disturbed.

To establish the neurophysiological signatures (EEG and TMS) related to pain perception
and CPM function in FM subjects is important, since this could create an objective
parameter to help discriminate different pain phenotypes and treatment responder subgroups,
allowing clinicians to better personalize pain management.

In this study, therefore, we aimed to assess the relationship between clinical pain perception
and CPM response and to establish the neurophysiological signatures related to these
processes in FM subjects. It is hoped that this research will contribute to a deeper
understanding of robust and specific neurophysiological markers (by EEG and TMS) to pain
and CPM response, considering pain and clinical characteristics. Our main hypothesis is that
FM is associated with commonly seen markers of less inhibitory activity (at cortical and
spinal levels); thus, these markers would display certain patterns expected to be associated
with pain perception and CPM.

Study design

Participants

This study is a cross-sectional analysis of a randomized, double-blind clinical trial
investigating the effects of tDCS in combination with aerobic exercise, on pain in
fibromyalgia patients (NCT03371225) [7]. This study was approved by the IRB at the
Partners Human Research Committee (Protocol approval number: 2017P002524). All
participants have given their written informed consent.

Inclusion criteria: adults (1865 years); diagnosis of fibromyalgia pain according to the
American College of Rheumatology (ACR) 2010 criteria: existing pain for more than 6
months with an average of at least 4 on a 0-10 Visual Analogue Scale (VAS) scale) without
other comorbid chronic pain diagnosis; pain resistant to common analgesics and medications
for chronic pain; patients must have the ability to feel sensation by stimulation. Exclusion
criteria: clinically significant or unstable medical or psychiatric disorder; history of
substance abuse within the past 6 months as self-reported; previous significant neurological
history (e.g., traumatic brain injury), resulting in neurological deficits; previous
neurosurgical procedure with craniotomy; severe depression (with a score of >30 on the
Beck Depression Inventory); pregnancy, as the safety of tDCS in pregnant population (and
children) has not been assessed (though the risk is believed to be non-significant); current
opiate use in large doses; and an increased risk for exercise defined as not fulfilling the
American College of Sports Medicine criteria (i.e., risk of cardiovascular complication) and
in this case not cleared by a licensed physician. Written informed consent was obtained from
each participant.
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Demographic and clinical variables

Demographical and clinical variables were obtained from all the subjects, such as:
information on age; gender; revised Fibromyalgia Impact Questionnaire (FIQ) -instrument
that is useful to assess current health status in fibromyalgia patients with clinical and
research relevance; quality of life assessed by Quality of Life Scale (QoL) - composed by
fifteen areas that have impact in chronic conditions; Beck Depression Inventory (BDI) -
formed by twenty-one questions to estimate depression features, sleepiness and anxiety
measurements (visual analog scale from 0 to 10).

We evaluated the pain outcome through a pain visual analog scale (VAS) (from 0 to 10),
which is a validated, subjective measure for acute and chronic pain [14].

Conditioned pain modulation (CPM)

During the CPM protocol, heat pulses were generated by a TSA-II Stimulator (Medoc
Advanced Medical Systems, Ramat Yishali, Israel) delivered to the right proximal volar
forearm using a 30 mm x 30 mm embedded heat pain (HP) thermode.

We followed the adapted protocol suggested by Granot et al (2008) [22] and Nir et al (2011)
[43]. We first determined the pain-60 test temperature (which is the temperature that induces
pain sensation at a magnitude of 60 on a 0-100 numerical pain scale (NPS) by applying a
Peltier thermode (Medoc Advanced Medical Systems, Ramat Yishai, Israel) on the right
forearm and delivering three short heat stimuli (43°C, 44°C, and 45°C), each lasting 7 s.
Subjects were asked to rate the level of pain intensity using an NPS ranging from 0="no
pain’ to 100="the worst pain imaginable’. If the first temperature of 43°C was considered
too painful (>60/100), we stopped the series and provided additional stimuli at lower
temperatures of 41°C and 42°C. If the three temperatures (43°C, 44°C and 45°C) are unable
to achieve pain-60, we delivered additional stimuli at 46°C, 47°C and 48°C until reaching
the desired pain level of 60/100; in the unlikely event that none of those temperatures
elicited pain-60, we considered it to be 48°C.

On determining the pain-60 temperature, we administered the test stimulus at that
temperature for 30 s, and subjects were asked to rate their pain intensity at 10, 20 and 30s
after the thermode reached the pain-60 temperature (mean scores of the three pain ratings
were calculated). Five minutes after delivering the test stimulus, the conditioning stimulus
was applied: the subject’s left hand was immersed for 30 s in a water bath set at 10°C-12°C.
Then, the same pain-60 temperature was applied to the right forearm (left hand was
immersed) for 30 s and the subject was again asked to rate their pain intensity three times
after the thermode reached the pain-60 temperature: at 10, 20 and 30 s (mean scores of the
three pain ratings were calculated). CPM response was calculated as the difference between
the average of pain ratings from the test stimulus minus the average of pain ratings during
the conditioned stimulus.

Electroencephalography (EEG) assessment

EEG was performed over approximately 45 min: 25 min of participant and software
preparation, 10 min of EEG recording divided into a resting EEG condition and a task-
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related condition (8 min). Participants were asked to relax, and the investigator ensured they
did not fall asleep.

Resting-state EEG protocol

We recorded the EEG in a standardized way [46]. Resting-state EEG was recorded for 10
minutes (5 min with eyes open, 5 min with eyes closed) using a 64-channel EGI system
(Electrical Geodesics, Inc) (EGI, Eugene, USA). The EEG was recorded with a band-pass
filter of 0.3-200 Hz and digitized at the sampling rate of 250 Hz [37]. We averaged the
spectrum values for each frequency bin (1/Hz) and then averaged the signals from the
channels for each region (frontal, central, and parietal). The EEG data were analyzed
visually by an expert EEG clinical neurophysiologist to exclude the existence of
epileptiform discharges and artifacts.

Resting-state power analysis

We used a high-pass filter of 1 Hz and a low-pass filter of 50 Hz, followed by manual
artifact detection and rejection by a blinded assessor. The data were then exported and
analyzed offline with EEGLab [15] and MATLAB (MATLAB R2012a, The MathWorks Inc.
Natick, MA, 2000).

We performed independent component analysis (ICA) decomposition as a spatial filter to
exclude muscular and/or ocular artifacts together with an inspection and manual rejection by
an experienced clinical neurophysiologist. The artifact-free data was next processed using
Fast Fourier transformation (averaged windows of 5 s with 50% overlap) to calculate
absolute power (UV2) and relative power (specific band power/total power) for the following
EEG bands: delta (1 — 3.9 Hz), theta (4 — 7.9 Hz), alpha (8-12.9 Hz), beta (13-30 Hz), and
the sub-bands: low alpha (8-9.9 Hz), high alpha (10-12.9 Hz), low beta (13-19.9 Hz), and
high beta (20-30 Hz). Also, we used the ICA decomposition to assess the spatial distribution
of the brain oscillations in EEG’s bands. Therefore, we chose the components with maximal
percent relative variance for each channel at each frequency band to construct the Figure 1.
All the EEG-related measurements were calculated from the central, parietal, and frontal
areas since they are important cortical regions involved in pain perception [10]. Electrodes
representing these regions were selected and averaged (supplementary figure; S1).

Event-Related Spectral Perturbations Protocol

We performed an event-related spectral perturbations (ERSP) protocol separately from
resting-state EEG. The protocol included movement observation (MO), movement imagery
(M1), and movement execution (ME). These were recorded by connecting the Net Station
software (for EGI) with E-Prime to present the visual stimuli. The entire task-related
condition part consisted of 60 trials, with 20 trials for each of MO, MI and ME in a
randomized order [35, 41]. Each trial lasted 8 seconds (one second of fixation, three seconds
of motor task, and four seconds of rest). It involved initial fixation (on a cross on a screen),
followed by a visual cue stating the task to be performed (‘imagine’ and ‘clench’), and a
video was automatically played for the observation task. During each ME task, the subject
was asked to clench her/his right hand once; during the MO trial, the participant viewed a
video of right-hand clenching; during the Ml task, the participant was asked to imagine
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clenching her/his right hand once. Subjects were instructed on how to perform tasks during
the previous practice time and were instructed to avoid producing artifacts such as blinks or
head movements.

Event-related Desynchronization (ERD) analysis

Transcranial

EEG data were segmented into successive 250-point (1,000ms) windows with 230-point
overlapping. After that, the data were epoched. We calculated ERD from the central area and
it was calculated at each segment with a frequency resolution of 1 Hz. We analyzed the 3
seconds of each motor task (used as the intra-experimental event condition) and the 4
seconds of each resting period (used as the intra-experimental reference). The time-
frequency decomposition was obtained using a Short Time Fourier Transformation in the
frequency range of 1-30 Hz and a Morlet Wavelets was done to assess the reference power
spectrum. ERD values were calculated for each of the subjects and each of the trial periods
(fixation and task) as relative power decrease with respect to a reference period using a
bootstrap resampling method [41]. For the ERD calculation the classic method was used
adapted from Pfurtscheller and colleagues [48, 49]: ERD% = (R-A) / R x 100, where R =
power in the reference period and A = power in the task phase. ERD was defined as the
percentage decrease of the power during the task with respect to the baseline value (rest).
Accordingly, event-related decrements that are representative of a decrease in power and
indicate cortical activation are expressed as negative values [60].

magnetic stimulation (TMS)

We measured motor cortex excitability using TMS. Single-pulse TMS was performed to
acquire resting motor threshold (rMT) and motor evoked potentials (MEPs), and paired
pulse techniques were used to measure short interval cortical inhibition (SICI) and
intracortical facilitation (ICF). We used a Magstim Rapid2 device with a figure-of-eight
magnetic stimulator coil placed at 45 degrees of the scalp, to send a perpendicular pulse over
the right and left motor cortex (for all assessments), the coil stability and direction was
managed by the assessor without neuronavigation; we simultaneously recorded surface
electromyogram from the contralateral first dorsal interosseous muscle. TMS data was
recorded and stored in a computer for off-line analysis.

rMT:Initially, we investigated rMT following the technique described by Rossini and
colleagues, where rMT is defined as the lowest stimulus intensity to evoke a MEP of 100 iV
in 3/5 trials in the relaxed muscle [54].

MEPs:We adjusted the TMS machine output intensity at 120% of MT to achieve a baseline
MEP of 1 mV peak-to-peak amplitude before the intervention. The time between the MEP
trials was 7 seconds. The assessor assures as much as possible a constant participant level of
arousal. We recorded 10 MEPs and averaged their peak-to-peak amplitudes.

SICI and ICF:We used paired pulse protocols with a subthreshold conditioning stimulus
(80% rMT) followed by a suprathreshold test stimulus of 120% of rMT. Interstimulus
intervals were 2 ms for SICI and 10 ms for ICF. Ten randomized stimuli were applied at
each interval and the percentage of inhibition or facilitation for each interstimulus interval
was calculated (MEP ratio).
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Statistical analysis

We used descriptive statistics to report baseline characteristics. Data were expressed as mean
and standard deviation for the analysis. Histogram and Shapiro-Wilk test assessed data
distribution for normality. After determining that data had a sufficiently normal distribution,
we conducted univariate analyses to explore relationships between pain outcomes,
demographic/clinical characteristics, TMS, CPM, and EEG-related variables. Then, we
conducted independent linear regression models to test the association between pain and the
biomarkers of interest (CPM, TMS and EEG variables) as dependent variables.

Confounders assessment

Results

We determined the effects of confounders in these models by adding independent variables
(demographic and clinical) in subsequent multivariate regression models. Considering our
main predictors CPM, EEG and TMS, we assessed for confounding variables if they
changed the B coefficient more than 10 %; the variable that was not a confounder was kept
in the model if the p value was <0.05 and if it did not substantially inflate the standard error
of the main predictors. We also tested the interaction of demographic and clinical variables
with the main predictors’ variables, and this was included in the final models if significant.
We used Stata Statistical Software 15 (Stata Corp LLC) for the statistical analyses. Because
this was an exploratory study and to minimize the risk of type Il errors, no correction for
multiple comparisons was done.

Demographics and clinical characteristics

Twenty-six subjects were included. Further clinical data are provided in Table 1.

Neurophysiological findings

One subject for the TMS and five subjects for the EEG analysis had to exclude because of
the unavailability of the data. CPM and TMS findings were provided in Table 2 and EEG
findings were provided in Table 3.

Multivariate analyses models to identify the association between neurophysiological
markers and pain scores on fibromyalgia

CPM response and pain: we did not find an association between CPM response and pain
levels (p=0.83). Additionally, FIQ, QoL, BDI, sleepiness and anxiety were not confounders
in this association.

Resting-EEG and pain: we found a negative association of pain intensity with the alpha
power in frontal, central and parietal areas (=0.042, p=0.004; p=—0.045, p=0.017; p=
-0.037, p=0.018, respectively) and beta power in central area (p=-0.028, p=0.031). We
adjusted the models by the main confounder, FIQ. No other demographical/clinical variable
fulfilled the confounder criteria. The multivariate regression lines are defined in table 4.
(Figure S1 represents the different topographical maps of representative patients with higher
and lower pain levels).
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ERD and pain: we found a negative association of theta and delta ERD during the fixation
period of M1 and MO tasks (for theta ERD: $=0.028, p=0.001; p=0.027. p= 0.023; for delta
ERD: $=0.08, p=0.016; p=0.022, p= 0.01, respectively) with pain intensity in the central
area adjusted by FIQ. Because ERD is defined as power decrease, negative numbers indicate
bigger ERDs; in other words, a smaller theta ERD predicts higher pain. The multivariate
regression lines are defined in table 5.

ERD and TMS: we found a positive correlation of theta ERD during MO with the SICI
(Pearson coefficient=0.53, p= 0.013) and negative correlation of delta ERD during ME with
the ICF ratios (Pearson coefficient=—0.46, p= 0.034) in central area.

CPM response and ERD: we found a positive association delta ERD during actual MO task
(B=-0.015, p=0.025) with CPM responses in central area adjusted by FIQ. The multivariate
regression lines are defined in table 6.

Discussion

This study explored neural markers for chronic pain in FM patients using different
techniques, namely CPM, EEG, and TMS. Our results provide several valuable insights into
chronic pain markers in FM: (1) no association was shown between pain levels and CPM;
(2) lower alpha and beta power over the central region in resting EEG were associated with
higher pain levels; (3) lower ERD in theta and delta bands over the central region was
associated with higher pain levels; (4) lower ERD in theta and delta bands was correlated
with smaller SICI and higher ICF ratios; and (5) lower ERD in the delta band was associated
with lower CPM efficacy.

The first important result of the current study is that there was no correlation between pain
severity and CPM efficacy. Although in the literature, CPM efficacy has been shown as a
promising marker for pain status [8, 26, 45, 53], this data must be interpreted with caution
because of the samples included in studies. Most of them have investigated CPM comparing
chronic pain patients and healthy population; as such, the high variability of clinical
expression of pain among patients has not usually been considered. Given that FM is a
complex pain disease accompanied by fatigue, sleep disturbance, memory and mood
problems, it can thus be suggested that FM effects on CPM may be a combination of pain
and the behavioral characteristics of the disease. This also accords with a recent review,
which showed that the majority of the results reported non-significant correlations between
CPM efficiency and pain intensity [19]. In this respect, our findings do not support the
validity of CPM as a biomarker of clinical pain among patients with FM and highlight the
need for more objective markers for pain.

Another important finding is that alpha (frontal, central and parietal) and beta (central)
power was relatively decreased in patients who had higher pain levels. Even though it has
been shown that EEG power tends to shift toward slower frequencies as an indicator of
maladaptive plasticity in chronic pain patients [50], a certain ratio between slower and faster
oscillations has yet to be elucidated. The current study found resting-state alpha activity
slowing down to theta frequencies, corresponding to earlier descriptions of TCD, even
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though here the association between theta frequency and pain levels was a non-significant
trend. Besides alpha and theta oscillations, another interesting finding was the negative
correlation between pain levels and beta band power. At present, beta oscillations, one of the
main sensorimotor rhythms, are still not well understood in terms of their functional
significance [17] but are thought to reflect changes in the balance of excitatory and
inhibitory systems due to disrupted GABAergic inhibition [55]. Therefore, given that CSS is
one of the most specific clinical pictures of disrupted neuronal circuits in which the
defective inhibitory function stands out, it is reasonable to consider that decreased beta
power may indicate less cortical organization and thus decreased modulatory effect. Here,
beta oscillations need to be considered as a dynamic state. They usually increase during
periods of intense physical or motor activity, and also once there is increased cortical
demand [9, 1, 30]. Thus, decreased beta oscillations likely indicate a state of chronic cortical
disengagement that leads to less cortical modulatory effects in the chronic pain state. Also,
other studies have shown a decrease in beta power during ictal states in migraine, while it is
increased during painless states [6]. This also goes along with our findings, which showed
that higher beta power was correlated with decreased pain levels.

Moreover, we found that higher levels of pain and lower CPM efficacy were associated with
smaller ERD during motor tasks (imagery, observation and execution) in theta and delta
bands, over the central region (smaller theta and delta for higher pain, smaller delta ERD for
lower CPM). It is known that during motor control (including the execution and
planification) the relationship between inhibitory and excitatory networks is critical [62]. It
seems that increase of inhibitory tonus in the motor and premotor cortex during motor-
related tasks is needed in order to facilitate subcortical activation and release motor activity
[3, 16, 23]. In this respect, the ERD could be a surrogate of this inhibitory tonus, which
could potentially be used to evaluate inhibitory networks in the sensorimotor cortex of
chronic pain patients. Our results support this hypothesis, whereby higher level of pain was
associated with small ERD during motor tasks (imagery, observation and execution) in the
theta and delta bands, over the central region. These findings could represent an EEG
signature of the inhibitory tonus disruption in fibromyalgia patients. Since a higher ERD
needs optimal cortical inhibitory activity, and given that these populations with widespread
pain are associated with dysfunction of cortical inhibitory networks [18, 21, 66], we would
expect a low ERD, even less if the pain levels are higher. Besides, these findings are
predominant in the lower frequency ranges (theta and delta bands), which is consistent with
previous literature on the association of theta and delta brain oscillations with chronic pain
patients [50] and with the intensity of pain [63]. However, to our knowledge, this is the first
report using a motor task paradigm.

To date, little is known about whether theta and delta ERD have any role in the motor task
paradigm. Igarashi et al. showed that theta oscillations play a role in neuronal coordination
during motor preparation and action in rats [27]. Also, Popovych et al. suggested that phase-
locked delta and theta neural oscillations in the motor cortex could be an indicator for the
preparation and execution of motor actions [51]. However, another opinion, suggested by
Sarnthein et al., is that slower oscillations are likely to reflect the underlying central pain,
and can be an indicator of this disruption in resting and active states [57]. The presence of
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theta ERD in sensorimator regions has been found only in spinal cord injury patients with
pain during an M1 task in comparison to patients without pain and healthy controls [67].

Moreover, delta ERD activity is generated by cortico-cortical interactions and is a product of
the distributed network system of the brain involved in cognitive processes, mainly in
decision-making and attentional processes. Besides, theta ERD activity is related to cortico-
hippocampal or fronto-limbic interactions [29] and is associated with a complex set of
cognitive processes including alertness, arousal or readiness, selective attention and error
processing, and reward processing. Pandey et al. investigated the activation-inhibition
dimension in alcoholics using the Go/No-Go task [47] and found that alcoholics had smaller
evoked delta, theta, slow alpha, and fast alpha frequency band power compared to controls,
suggesting deficits in activation/inhibition activity of neural circuits underlying the desired/
required behavior. In this respect, it is reasonable to think that these activities could indicate
a disruption in inhibitory activities in FM patients.

Surprisingly, ERD differences related to pain levels were found only in theta and delta
oscillations. A possible explanation for this might be that theta and delta ERD may be more
specific to pain pathophysiology compared to alpha and beta ERD.

Another interesting point about the role of ERD as a biomarker of inhibitory network
function is the correlation with SICI and ICF. We found that higher ERD to observation and
motor execution over the central area was correlated with high SICI and small ICF ratios.
TMS paired-pulse protocols have been used in several studies to assess inhibitory and
excitatory responses in the motor cortex [31, 32]. Our results suggest that an EEG task-
related experiment using motor tasks could be an alternative and feasible biomarker to
evaluate the inhibitory brain tonus in chronic pain patients. Also, to the best our knowledge,
this is the first report showing the relationship between delta/theta ERD and SICI/ICF.
Therefore, our findings could shed new light on the underlying neural processes in FM
patients. However, one limitation of our analysis is that ERD calculation is based on a
comparison of power spectrum assessed by two different types of spectrum analysis,
although both transformations have been reported to display adequate frequency resolution
at low frequencies [61]. More studies with homogenous calculation, with larger sample sizes
and healthy participants as a control group are needed to confirm these preliminary
observations.

It is important to highlight that disease activity indexed by FIQ was the main confounder in
our models, suggesting that clinical characteristics play a critical role in pain perception in
FM.

This study has identified the neurophysiological biomarkers, particularly EEG, which are
related to both pain perception and CPM efficacy. These findings have important
implications for developing valid biomarkers for pain in FM. Therefore, the potential use of
these markers could be helpful to individualize the treatment response, in particular for
future research into a novel approach for the treatment of chronic pain, such as EEG-based
neurofeedback applications.
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Subjects in this study were not asked to discontinue their usual medications due to ethical
considerations, but they were asked to inform us in case of any changes in their usual
treatment. Although Gervasoni et al. showed that there was no difference between EEGs of
rats that were being given selective serotonin reuptake inhibitors, tricyclic antidepressants,
norepinephrine inhibitors, and a control group [20], investigation of a much larger
population in future studies might allow evaluation of whether there is any influence of
different medications.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel:
Topoplots, showing the topographic distribution of the alpha and beta power in resting-EEG

for representative patients with less and higher pain. Blue areas represent lower activity. A:
Relatively increased alpha power in the central area in a patient with less pain B: Relatively
decreased alpha power in the central area in a patient with higher pain C: Relatively
increased beta power in the central area in a patient with less pain D: Relatively decreased
beta power in the central area in a patient with higher pain
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Table 1.

Demographics and clinical characteristics (n=26)

Characteristic

Mean + SD or Median (IQR) or %

Age

Gender (women, %)
Pain level (VAS)
BDI

Vas (anxiety)

QoL

FIQR

53 (47 to 58)
23 (88.5%)
5.98 +2.01
17.46 +8.81
479£2.79
67.81+15.21
55.74 + 16.88

VAS=visual analog scale, BDI=beck depression scale, QoL=quality of life scale, FIQR=Fibromyalgia Impact Questionnaire-revised.
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Table 2.

CPM and TMS findings (n=26)

Measurements

Mean = SD

CPM response (vas diff) | 0.70 +1.20

MEP
SIClI ratio
LICF ratio

1.03+0.40
0.61 + 0.40 (39% of inhibition)

1.70 + 0.87 (70% of facilitation)

Page 18

CPM=conditioned pain modulation, MEP=motor-evoked potential, SICI= short-interval intracortical inhibition, ICF= intracortical facilitation.
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Table 3.

EEG relative power (in percentage)

Frequency band

Central (Mean £ SD) Parietal (Mean + SD)  Frontal (Mean + SD)

Delta

Theta
Alpha
Beta

20+18 20+ 15 26 £20
11+8 11+7 10+6
45+ 25 49 + 22 43+24
13+9 12+6 11+8
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Table 4.
Resting-EEG and Pain models
Models Multivariate regression lines definition R-squared  p-value
Central Area
Alpha power  Pain (vas) = 1.91 — 0.045alpha power + 0.07FIQ  44% p=0.017
Beta power Pain (vas) = 2.32 - 0.28beta power + 0.06FIQ 40% p=0.031
Frontal Area
Alpha power  Pain (vas) = 2.23 — 0.042alpha power + 0.07FIQ  53% p=0.004
Parietal Area
Alpha power  Pain (vas) = 2.20 - 0.037alpha power+ 0.07FIQ  43% p=0.018
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Table 5.

ERD and Pain models
Models Multivariate regression lines definition R-squared  p-value
Fixation period of Ml in the central area
Theta ERD  Pain (vas) = 1.43 - 0.028theta ERD + 0.06F1Q.  69% p=0.001
Delta ERD  Pain (vas) = 2.02 - 0.08delta ERD + 0.05FIQ 57% p=0.016
Fixation period of MO in the central area
Theta ERD  Pain (vas) = 2.3 - 0.027theta ERD + 0.06FIQ 55% p=0.023
Delta ERD  Pain (vas) = 1.37 — 0.022deltaERD + 0.07FIQ  58% p=0.01
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Table 6.
CPM and ERD Models
Models Multivariate regression lines definition ~ R-squared  p-value
MO period in the central area
DeltaERD CPM = 1.35- 0.015delta ERD - 0.015FIQ.  25% p=0.025
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