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Abstract: People with fibromyalgia have been shown to experience more somatosensory distur-
bances than pain-free controls during sensorimotor conflicts (i.e., incongruence between visual and
somatosensory feedback). Sensorimotor conflicts are known to disturb the integration of sensory
information. This study aimed to assess the cerebral response and motor performance during a senso-
rimotor conflict in people with fibromyalgia. Twenty participants with fibromyalgia and twenty-three
pain-free controls performed a drawing task including visual feedback that was either congruent with
actual movement (and thus with somatosensory information) or incongruent with actual movement
(i.e., conflict). Motor performance was measured according to tracing error, and electrocortical activity
was recorded using electroencephalography. Motor performance was degraded during conflict for all
participants but did not differ between groups. Time–frequency analysis showed that the conflict was
associated with an increase in theta power (4–8 Hz) at conflict onset over the left posterior parietal
cortex in participants with fibromyalgia but not in controls. This increase in theta suggests a stronger
detection of conflict in participants with fibromyalgia, which was not accompanied by differences
in motor performance in comparison to controls. This points to dissociation in individuals with
fibromyalgia between an altered perception of action and a seemingly unaltered control of action.

Keywords: pain disorder; motor adaptation; sensorimotor integration; electroencephalography

1. Introduction

Our brain continuously integrates afferent information provided by our senses and
efferent information, such as motor commands. This sensorimotor integration is essential
for optimal motor control [1] and to generate a unified and accurate body representation [2].
For instance, distortions of body representation were reported when the processing of
somatosensory information was altered with pain [3,4]. Individuals with chronic pain
often report that painful body parts are larger [5–7], missing [5,8,9], or have the impression
that these body parts do not belong to them and that they cannot move them [9,10].
Moreover, several studies show that, compared to pain-free controls, participants with
chronic pain make movements that are slower [11,12] and less precise [13]. These motor
deficits, accompanied by the alterations of body representation, suggest that sensorimotor
integration may be altered in individuals with chronic pain.
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To study sensorimotor integration alterations, a commonly used method is to expose
subjects to experimental paradigms that induce a sensorimotor conflict since these con-
flicts disturb the use of afferent information [14–19]. In these experimental paradigms,
participants perform a movement, while sensory information, such as visual feedback,
contradicts the efferent and somatosensory information. In two recent studies performed in
populations with chronic pain, participants pointed at targets while their arm was replaced
by a virtual arm displayed in a 2D environment [20,21]. The virtual arm either followed
the actual movement of the participants’ arm or displayed a reaching movement of smaller
or larger amplitude (conflict conditions). Participants with fibromyalgia (FM; [21]) and
with complex regional pain syndrome (CRPS; [20]) displayed a poorer ability to identify
the direction of the conflict (smaller or larger amplitude) than the pain-free participants
did. Motor performance during the conflict was either not assessed [20] or not altered in
participants with chronic pain [21]. It should be noted, however, that the conflict used
in these studies was subtle, and so perturbations of movement were relatively small. In
studies using a more drastic sensorimotor conflict (e.g., visual feedback rotated by 180◦),
individuals with chronic pain reported more somatosensory disturbances and distortions
of body representation, such as an increase in pain or the feeling of having an extra arm or
losing an arm, in the conflict condition compared with the pain-free participants [17,22].
Despite these distortions, no alterations in motor performance [17] or motor adaptation [19]
were observed during the conflict in participants with chronic pain. This dichotomy be-
tween perceptual deficits (i.e., reporting more somatosensory disturbances) and unaltered
motor control in the presence of sensorimotor conflict could be hypothesized to result
from a greater reliance on visual information, compared with somatosensory and efferent
information, in individuals with chronic pain [18]. Overall, participants with chronic pain
experience perceptual alterations in the presence of a sensorimotor conflict, as shown by
body distortions and difficulties perceiving the conflict, but these alterations do not seem
to be accompanied by motor impairments.

The study of the cortical response to sensorimotor conflicts in individuals with chronic
pain could shed light on the discrepancy between perceptual deficits and the absence
of motor impairments. However, to the best of our knowledge, the electrocortical ac-
tivity of individuals with chronic pain has never been studied during a sensorimotor
conflict; such studies have been performed exclusively on pain-free participants. They
reveal that a sensorimotor conflict decreases the processing of afferent information, as ex-
pressed by reduced somatosensory-evoked potentials [23] and a decreased gamma power
(≈30–100 Hz [15]) in the somatosensory cortex during the conflict. This has been suggested
to reflect a sensory reweighting wherein somatosensory information is weighted less (and
therefore less relied upon to guide movement) compared with visual information [15,24–26].
This could be a way for the brain to resolve the conflict by favoring one type of information
(in this case, visual) over another. The attenuation (or suppression) of somatosensory
information is accompanied by an improvement in motor performance (i.e., an adaptation
to the conflict [15,27–29]), suggesting that reduced power in the sensorimotor cortex allows
better motor performance during the conflict. In addition to the sensorimotor cortex, the
posterior parietal cortex (PPC) also seems to play a role in adapting to conflict. Modulations
of amplitude in gamma and theta power in the sensorimotor cortex and the PPC have
been observed during the early stages (for gamma) and late stages (for theta) of adaptation
to a sensorimotor conflict [30]. Furthermore, studies in pain-free individuals also suggest
that the activity of the sensorimotor and posterior parietal areas may be modulated by
conflict detection [31]. In a recent study, participants had to point at visual targets as
quickly and accurately as possible. The visual feedback was delayed, creating a conflict that
either was detectable (larger delays) or not detectable (smaller delays). The authors found
an increased gamma power at electrodes pertaining to the sensorimotor cortex, which
was greater when the conflict was detectable, and a decreased alpha power at posterior
parietal electrodes, which was reduced when the conflict was detectable [31]. Overall,
studies in pain-free individuals suggest that the oscillatory activity of brain areas, such as
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the sensorimotor and posterior parietal regions, during the sensorimotor conflict could be
linked to conflict processing and motor performance. Assessing changes in the oscillatory
activity of these brain areas (particularly in alpha, gamma, and theta frequency bands) is,
therefore, of interest to understand the response to sensorimotor conflicts in individuals
with chronic pain.

The general objective of this study was to assess the effect of sensorimotor con-
flict on motor performance and cortical activity in individuals with FM compared to
pain-free controls. Fibromyalgia is a chronic widespread pain syndrome characterized
by various symptoms, including fatigue, unrefreshing sleep, cognitive problems, and
sensory alterations [32,33]. FM is also associated with a higher prevalence of several
comorbidities, such as psychiatric disorders [34], irritable bowel syndrome, lupus, or
chronic headaches [32,35]. Participants with FM and pain-free participants were exposed to
a sensorimotor conflict, while cortical activity was recorded with electroencephalography
(EEG). The first specific objective was to determine whether the behavioral performance dif-
fered between individuals with FM and pain-free controls. It was hypothesized that because
of somatosensory alterations reported in individuals with FM, they would rely more on
visual information and therefore show better performance when exposed to a sensorimotor
conflict (i.e., a smaller difference between a condition with Congruent visual feedback
and Incongruent visual feedback). The second specific objective was to explore the elec-
trocortical response to the conflict in each group, which was performed by contrasting
electrocortical activity between the Incongruent and the Congruent visual condition for
each region of interest. Based on studies in pain-free subjects, we expected that the occur-
rence of sensorimotor conflict would result in changes in the gamma frequency band in
the sensorimotor cortex and in the alpha and theta frequency bands in the PPC. Finally,
the third specific objective was to compare the response to conflict (i.e., electrocortical
response in the Incongruent condition only) between groups (FM vs. Control). No a priori
hypothesis was made, given that no previous study explored this question.

2. Materials and Methods
2.1. Participants and Ethical Statement

A total of 20 adults with FM and 23 pain-free Controls matched for age and sex
were recruited via the Fibromyalgia Association of Quebec City and Laval University for
the individuals with FM and via Laval University and the FADOQ Network (a group
of organizations for residents of Quebec who are 55 years old or older) for the controls.
Sample size calculation was not performed because of a lack of quantitative reporting in
EEG studies (mean, standard deviation, and effect sizes are often replaced by figures). The
sample size was estimated according to previous studies showing statistically significant
electrocortical differences during sensorimotor conflicts [15,23,36].

For all participants, inclusion criteria were as follows: (1) being 18 years old or
older; (2) being right-handed (confirmed with the Edinburgh laterality inventory [37–39];
(3) having normal or corrected vision. Only right-handed participants were included
because of differential activations in the left and right hemispheres during conflicts [40,41].
Participants with FM were included if (1) they had received a diagnosis of FM according to
the American College of Rheumatology by a qualified doctor [32,42,43], (2) they had no
motor impairments unrelated to FM that would interfere with the task performance (such
as paresis or paralysis of the upper limb), and (3) they did not undergo surgery in the last
three months. Exclusion criteria for control participants were the presence of a history of
chronic pain (such as FM, chronic low back pain, or chronic headaches) and/or of acute
pain severe enough to interfere with daily functioning in the last month or of acute pain on
the day of the participation.
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All participants provided their written informed consent prior to their participation in
this study. The experiment was performed in accordance with the Declaration of Helsinki
(except for registration in a database), and the study protocol was approved by the local
ethical review board (Institut de réadaptation en déficience physique de Québec, Canada,
no 2020-1858 RIS).

2.2. Study Design

Participants took part in one experimental session of about three hours at the Centre
de recherche interdisciplinaire en réadaptation et intégration sociale (Cirris). All participants
(FM and controls) first filled out questionnaires and underwent a tactile acuity assessment
to identify potential somatosensory alterations in participants with FM. Additionally,
individuals with FM completed clinical questionnaires. Then, all participants performed
the sensorimotor task in which they were exposed to two conditions (Congruent and
Incongruent). All trials started with an immobile phase to obtain a baseline electrocortical
activity to normalize the activity during the other two conditions. Trials from the Congruent
and Incongruent conditions were performed in random order.

2.3. Clinical Status and Tactile Acuity

Participants with FM were questioned about their medical history and asked to fill out
the Brief Pain Inventory (BPI [44,45]) to assess the severity of pain and its impact on daily
function. Tactile acuity was assessed in both groups with the two-point discrimination test
(TPDT) [46]. A two-point esthesiometer was placed under its own weight (i.e., 10 g) on
the participants’ skin of the ventral side of the index fingertip of the right hand, ensuring
one or two simultaneous contact points while the participants’ eyes were closed. After
each stimulation, participants were asked if they perceived one or two points. A series
consisted of ten one-point stimulations and ten two-point stimulations, applied in random
order. The initial distance between the two tips was 3 mm [47] and was decreased or
increased gradually after each series, depending on the participant’s performance. The
threshold was defined as the smallest distance between the two tips, which was perceived
as two distinct stimuli at least 7 times out of 10. This measure was used to determine if
participants with FM had alterations of somatosensory information, which could influence
sensorimotor integration [27,48].

2.4. Instrumentation and Stimuli

The setup was composed of three levels (see Figure 1): an upper level with a computer
screen (33.5 × 37.5 cm) facing downward, a middle level with a semi-reflecting glass, and
a lower level with a digitizing tablet (20.3 × 32.5 cm; Wacom Intuos 4, Kazo, Japan) on the
table. The glass was positioned at an equal distance between the screen and the digitizing
tablet and reflected the virtual images of the screen that were used to complete the task
on the tablet with a stylus. Since the set-up was in a dark room and the glass obstructed
the vision of the participant’s hand, the only visual information available was the virtual
images reflected by the glass. The participant’s task was to draw, as precisely as possible,
the contour of sequentially presented two-dimensional shapes using the stylus held in their
right hand. Visual feedback of the tip of the stylus was provided by a 3 mm grey square.
The shapes were two irregular white polygons displayed on a black background. They
consisted of 1–10 mm straight lines (10 angles) whose lengths varied between 31–90 mm
(see Figure 2). The total perimeter was 186 mm for both shapes. The presentation of the
visual stimuli and of the tracing trajectories was controlled by a custom MATLAB program
(ver. R2020, MathWorks Inc., Natick, MA, USA) using the Psychtoolbox-3 [49].
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Figure 2. Time course of a single trial. The experiment (excluding familiarization trials) included
a total of 48 trials, with 24 in the Congruent condition (veridical visual feedback) and 24 in the
Incongruent condition (rotated visual feedback). In this last condition, half of the trials involved
a 120◦ clockwise rotation and the other half a 120◦ counterclockwise rotation. The order of the trials
in the two conditions and two directions of rotation was fully randomized.

2.5. Experimental Task

The time course of a trial is presented in Figure 2. Each trial started with the presenta-
tion of a shape and of the cursor. The participants had to place the cursor on the starting
point—a red circle located at a randomly selected angle of the shape—and keep it still.
After 3 s (period hereafter called the immobile phase), a 7 mm green segment indicated the
direction to follow when tracing the contour of the shape. The participants were instructed
to start tracing as soon as the segment appeared at a slow and constant speed (slow enough
to draw about half of the shape). For 5 s, the visual feedback of the stylus (i.e., the cursor)
remained veridical of the position of the tip of the stylus (congruent visual feedback). Then,
for the remaining 22 s, the visual feedback either (1) continued to be veridical (Congruent
condition, 24 trials) or (2) was rotated 120◦ clockwise or counterclockwise (12 trials for
each rotation, randomized) compared to the actual stylus position (Incongruent condition).
When the cursor left the shape’s contour, participants were instructed to bring it back to
the point where it had left as quickly as possible and resume tracing. The 120◦ angle was
chosen based on Lebar et al. [15], who determined that adaptation to sensory incongruence
was the most difficult at this angle; it would therefore prevent a ceiling effect on motor
performance. Moreover, the use of a design with rotations that were randomly applied
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clockwise or counterclockwise aimed to make the task more challenging and limit the speed
of adaptation to obtain relatively stable conditions for the analysis of the cortical activity.

Frequent verbal feedback was provided between trials to ensure tracing speed was
maintained slowly and constantly. This control of speed aimed to prevent large muscular
artifacts and potential changes in neural oscillations [50]. It also allowed for reducing the
speed of the ocular pursuit, which can contaminate EEG recordings. Two familiarization
training were performed at the beginning of the experimental task (Congruent trials only)
to ensure that the participants understood the instructions. The task consisted of 50 trials in
total (2 familiarization trials and then 48 experimental trials with congruent or incongruent
visual feedback) and lasted about an hour and a half, including breaks.

2.5.1. Behavioral Measures

The stylus displacements were acquired at a sampling frequency of 30 Hz. The position
of the stylus was low-pass filtered using a Butterworth filter (cut-off frequency = 4 Hz and
order = 4). The (x, y) coordinates of the stylus position on the tablet were used to compute
two complementary motor performance variables: (1) the radial error and (2) the number of
zero-crossings [15,36]. The radial error was defined as the shortest perpendicular distance
between the cursor position and the contour of the shape. The radial errors of each trial
were averaged, and then the grand average across trials for each condition and for each
participant was calculated. A large radial error means the position of the cursor was far
from the contour of the shape, while a small radial error means the cursor was close to the
contour of the shape. A sub-movement is composed of acceleration and deceleration phases.
The transition from acceleration to deceleration is characterized by a zero-crossing, which
is an instant at which the acceleration equals zero. Smooth tracing movements should
contain a small number of zero-crossings [51]. Therefore, to quantify tracing smoothness,
for each trial, the number of reversals in direction was calculated by computing the total
number of zero-crossings in the resultant velocity time series of the cursor. This measure
provides an estimate of the number of times the trajectory was corrected.

To control the effect of muscle contraction on electrocortical activity, the grip force
applied to the stylus during the task was measured in mV with a strain gauge located
where the fingers naturally sit on the stylus. To assess whether the force applied in the
stylus was different in each condition and group, changes in strength of 2000 ms after
conflict onset compared with 2000 ms before conflict onset were expressed with the Root
Mean Square (RMS) value, from which the baseline voltage (i.e., voltage when the stylus is
on the table, with no contact with the fingers) was subtracted.

2.5.2. Electrocortical Activity Measures

Electrocortical activity was recorded with a 64-electrode HydroCel™ Geodesic Sen-
sor Net (Electrical Geodesics Inc., Eugene, OR, USA) and amplified with the Net Amps
400 amplifier (Electrical Geodesic Inc., Eugene, OR, USA). EEG recording was sampled at
1000 Hz using Net station 5.4 software (EGI, Eugene, OR, USA), and electrode impedances
were kept below 50 kΩ. The size of the sensor net was chosen to match the participants’
head size. A microcontroller (Arduino Uno, Atmel, Corporation, San Jose, CA, USA) syn-
chronized EEG data with specific temporal events (i.e., trial onset and offset and change
from Congruent to Incongruent condition).

EEG data were processed offline using custom MATLAB scripts (ver. 2019b) and
EEGLAB 2021.1 [52]. For the preprocessing, EEG signals were down-sampled to 250 Hz,
and then a band-pass filter was applied between 1 Hz and 100 Hz, and power line noise and
its harmonics were removed using the EEGLAB plug-in CleanLine and ZapLine. CleanLine
(which uses a non-stationary temporal filter) and ZapLine (which uses a stationary spatial
filter). These two algorithms improve line-noise cleaning since they are complementary [53].
Clean_rawdata, another EEGLAB plug-in, was subsequently used to detect and subtract
artifacts originating from eye blinks, muscles movement, or electrode motion, and to
interpolate or reject segments of the signal that exceeded (or electrodes whose signal
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exceeded) the mean amplitude by four standard deviations of a clean portion of the same
data. The electrode signals were then re-referenced against the average of the activities
recorded by all electrodes. For both experimental conditions, trials lasted 30 s in total.
For the Incongruent condition, the conflict occurred 8 s after trial onset (i.e., after 3 s of
immobility and 5 s of congruent visual feedback). After preprocessing, the EEG data epochs
were realigned such that the onset of the conflict was set to time = 0 s. EEG data were
segmented into epochs from −4 to +4 s with respect to conflict onset. For the Congruent
condition, EEG epochs were also realigned with a temporal marker at 8 s following trial
onset. The period between −2 and −0.2 s served as a baseline, and the period between
0 and 3 s was used for conditions comparison. Epochs containing large artifacts were
rejected through visual inspection.

For each participant and each cortical region of interest (i.e., visual, left and right
PPC, and left and right sensorimotor areas), the electrode with the larger difference of
alpha power in the Incongruent condition compared with the Congruent condition was
selected. The electrodes chosen for each region of interest are shown in Figure 3. For
each selected electrode, the time–frequency map was calculated by multiplying the power
spectrum of the electrode calculated from the fast Fourier transform by the power spectrum
of complex Morlet wavelets [54]. The Morlet wavelets were defined as ei2πt f e−t2/(2σ2),
where t is the time; f is the frequency, which increased from 1 to 50 Hz in 60 linearly
spaced steps; and σ is the width of each frequency band. The Morlet wavelets were set
according to n/(2π f ), where n is the number of wavelet cycles, which increased from
4 to 12 in linearly spaced steps. Then, the inverse fast Fourier transform (i.e., frequency
domain convolution) was performed. From the resulting complex signal, an estimate of
frequency band specific power at each time point was defined as the squared magnitude of
the result of the convolution Z

(
real[z(t)]2 + imag[z(t)] 2

)
. Power was normalized using

a decibel (dB) transform (dB power = 10 × log10 [power/baseline]), where the baseline was
the average power at each frequency band from −2 s to −0.2 s before time 0, averaged
across conditions. Conversion to dB ensures that data across all frequencies, time points,
electrodes, conditions, and participants are on the same scale and thus comparable. The
frequency bands analyzed were theta, known in particular for its role in the detection of
errors [55–57] and adaptation to conflict [30]; alpha, whose increase has been associated
with rest and cortical deactivation [55,58]; beta, implicated in motor control [55,56,59]; and
gamma, linked to sensorimotor integration [55,58].
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2.6. Statistics
2.6.1. Clinical and Demographic Data

Since the distribution of the TPDT threshold was not normal, the comparison was
performed with Mann–Whitney–Wilcoxon’s U, using IBM SPSS Statistics (ver. 29), with
a significance threshold at p < 0.05. Other clinical and demographic data were synthesized
with descriptive statistics. Note that because nonparametric statistics were used, the
descriptive statistics reported include median and interquartile range (IQR).

2.6.2. Behavioral Data

Since none of the data followed a normal distribution (as shown by a significant
Shapiro–Wilk test), and transformations did not resolve the skewness of the data, nparLD,
a non-parametric equivalent of a repeated measures ANOVA [60], was performed on all
kinematic variables, with the within-subject factor Condition (Congruent and Incongruent)
and the between-subject factor group (FM and Control) (specific objective #1). NparLD
is a robust method for mixed designs with inequivalent samples and does not require
normality of distributions and homoscedasticity [60]. NparLD was performed with RStudio
Team (2023). Note that because nonparametric statistics were employed, the descriptive
statistics reported include median and IQR. The effect sizes were expressed as the difference
between the relative treatment effects for each modality that was compared. The bigger
the difference between relative treatment effects, the larger the effect size is (see [61];
a difference around 0.11 is considered small, and a difference around 0.43 is considered
large). Outliers (as defined as values outside of 2.5 times the interquartile range) were
excluded from the data.

For the Incongruent condition, a comparison of the motor performance in the first six trials
and the last six trials of each group was performed to verify whether sensorimotor adap-
tation to the conflict was similar between groups (methodological control for analyses on
electrocortical activity measures). Results were considered significant for p < 0.05.

2.6.3. Electrocortical Activity Measures

T-tests were performed on the time–frequency data, and multiple comparisons were
corrected with cluster-based permutation testing [62,63]. First, a distribution of maximal
cluster sizes under the null hypothesis was obtained with permutation testing, which con-
sists of randomly shuffling the attribution of condition for each data point and recomputing
statistics each time. After thresholding each permutation map (p < 0.05), the t-values were
stored. This was repeated 1000 times to create a distribution of t-values under the null
hypothesis. Then, the real data was compared to the data under the null hypothesis to
see if there were any significant differences: any cluster in the real data with a t-value
larger than 97.5% of the distribution of the null hypothesis was considered statistically
significant [62,63]. The permutation test makes it possible to test the null hypothesis (H0),
which states that the data in the experimental conditions (Incongruent vs. Congruent for
specific objective #2; FM vs. Control for specific objective #3) come from the same prob-
ability distribution. Thus, the following significant result means that H0 can be rejected:
the alternative hypothesis (H1) is supported, suggesting that the data come from different
distributions and is, therefore, different between conditions. Overall, cluster-based per-
mutation tests indicate whether there is a significant difference between conditions. Since
permutation tests result in a normal data distribution (even though they are technically
non-parametric tests), the reported descriptive statistics for the electrocortical measures
include mean and standard deviation.

First, this method was performed to test the differences between conditions (Incongru-
ent vs. Congruent) in each group separately for each chosen electrode to confirm that the
Incongruent condition was associated with differences in electrocortical activity (specific
objective #2). The complete time window was used for this analysis.
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Second, the same statistical method was used to explore the differences between
groups (FM vs. Control) in the Incongruent condition only (specific objective #3), but
this time over specific time periods that were relevant to each frequency band based on
the first analysis (contrast between the Congruent and Incongruent conditions) for theta
frequency band (4–8 Hz), [0; 800] ms; for alpha frequency band (8–12 Hz), [500; 3000] ms;
for beta frequency band (15–30 Hz), [500; 3000] ms; and for gamma frequency band
(35–60 Hz), [500; 3000] ms. An increase in power in each frequency band means there is
synchronization of the underlying neuronal population in this frequency band, whereas
a decrease in power reflects a desynchronization [58]. Preprocessing of the data removed
an average of 7.0% of the total trials for the FM group and an average of 12.2% for the
Control group. NparLD showed no significant difference in the number of trials removed
in each Group (F(1, 25) = 0.93, p = 0.37) and each Condition (F(1, 25) = 1.32, p = 0.25), and
no interaction effect (F(1, 25) = 0.01, p = 0.90).

3. Results

In total, the data of 43 participants (20 participants with FM and 23 controls) were
included in the behavioral analysis, and two trials were removed because of technical
issues. A subsample of 25 participants (12 FM and 13 controls) performed the task as their
electrocortical activity was recorded.

The FM group and the Control group were both composed exclusively of female
participants who were of similar age (FM: median = 46.5, IQR = 19.5 years old; Control:
median = 44, IQR = 25.5 years old). Mann–Whitney–Wilcoxon’s U showed no statistical
difference in the TPDT threshold between the two groups (3 ± 2 mm for the Control
group and 3 ± 1 mm for the FM group, p = 0.39). The clinical profile of the FM group is
described in Table 1. For this group, the BPI scores indicated a median pain severity of
4.8/10 (IQR = 0.7) and a median pain interference with daily living of 4.9/10 (IQR =1.3).

3.1. Behavioural Results
3.1.1. Results of the Complete Sample

Results are presented in Figure 4. Sixteen trials were excluded (in a total of
48 trials × 43 participants = 2064 trials) because they were outliers with respect to the ra-
dial error or the number of zero-crossings. For the grip force, the data of one participant
(S32) were excluded because of technical issues; hence, the analysis was performed on
42 participants.

We first compared the tracing speed and the grip force applied on the stylus between
the groups to determine whether the task was performed similarly (results not shown;
methodological controls). The nparLD test showed that participants were faster under
Incongruent (median = 28.18, IQR = 15.87 a.u.) compared with Congruent visual feedback
(median = 24.09, IQR = 4.67 a.u.; F(1, 42) = 42.92, p < 0.001, effect size = 0.27), but there was
no significant difference in speed between Control participants and participants with FM
(F(1, 42) = 1.20, p = 0.27), and there was no Group–Condition interaction (F(1, 42) = 0.00,
p = 0.98). For changes in grip force during the conflict, the nparLD test revealed no effect of
Group (F(1, 41) = 0.04, p = 0.85) or Condition (F(1, 41) = 0.28, p = 0.59), and no interaction
(F(1, 41) = 0.28, p = 0.59).
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Table 1. Clinical profiles of participants with FM.

Participant Sex Age (years) Currently
Working?

Pain Duration
(years)

BPI: Pain
Severity

BPI: Pain
Interference

Pharmacological
Treatments

Non-Pharmacological
Treatments Current Comorbidities

S02 F 66 no 32 4.8 ± 0.8 6.4 ± 1.2

Acetaminophen,
tridural, tramacet,
amitriptyline,
gabapentine

Migraines

S04 F 56 no 11 6.5 ± 1.7 3.4 ± 3 Naproxen Physiotherapy,
osteopathy Hypothyroidism, coeliac disease

S06 F 32 yes 7 3.5 ± 1.7 1.6 ± 1.2 Amitriptyline,
duloxetine, bisoprolol

Psychotherapy,
massage,
acupuncture, TENS

Tachycardia, chronic
fatigue syndrome

S14 F 59 no 3 7 ± 0.7 5.6 ± 2.8 Venlafaxine Meditation Epstein-Barr virus, irritable bowel
syndrome

S15 F 20 yes 3 4.8 ± 1.1 5 ± 1.7 Diclofenac,
duloxetine

Psychotherapy,
acupuncture,
massage, nutritionist

Restless leg syndrome, arthritis,
irritable bowel syndrome, migraines,
generalized anxiety disorder,
borderline personality disorder,
eating disorder, attention and
hyperactivity disorder,
triple X syndrome

S16 F 34 yes 21 4 ± 1.2 2.1 ± 2.6 Cyclobenzaprine Psychotherapy

Arthritis, borderline personality
disorder, migraines, endometriosis,
post-traumatic stress
disorder, hyperlaxity

S21 F 64 no 12 4.8 ± 0.8 4.6 ± 1.8 Acetaminophen,
codeine Physiotherapy

Eczema, asthma, irritable bowel
syndrome, arthritis,
Raynaud’s disease

S39 F 52 no 10 3 ± 1.2 0.6 ± 0.9 Pregabalin,
acetaminophen Massage, chiropractic Aerophagia

S01 F 45 yes 31 5.5 ± 1.5 5.4 ± 1.8
Pregabalin, naproxen,
amitriptyline,
escitaloprame

Physiotherapy,
meditation

Slipped disc, hypothyroidism,
chronic fatigue
syndrome, kinesiophobia
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Table 1. Cont.

Participant Sex Age (years) Currently
Working?

Pain Duration
(years)

BPI: Pain
Severity

BPI: Pain
Interference

Pharmacological
Treatments

Non-Pharmacological
Treatments Current Comorbidities

S03 F 51 yes 46 4.5 ± 0.9 5 ± 1.9 None Physiotherapy,
psychotherapy

Biliary cirrhosis, hypothyroidism,
generalized anxiety disorder,
post-traumatic stress disorder, type 2
diabetes, obesity, sleep apnea,
asthma, migraines, chronic fatigue
syndrome, depression

S05 F 21 yes 9 4 ± 0.7 0.9 ± 0.8 Aventyl Physiotherapy, massage Irritable bowel syndrome, migraines

S08 F 23 yes 5 5.3 ± 2.3 3.6 ± 2.8 Acetaminophen,
cyclobenzaprine Massage Attention disorder, post-traumatic

stress disorder

S11 F 39 no 39 1.5 ± 1.1 1.6 ± 1.2 None Chiropractic,
osteopathy, massage

S12 F 51 no 6 5.8 ± 1.8 7 ± 1.2 Flexeril Massage Depression

S13 F 41 yes 41 7 ± 0.7 5.1 ± 3.1 Pregabalin, celebrex,
flexeril, cannabis

Psychotherapy,
physiotherapy,
osteopathy

Depression, rhumatoid arthritis,
irritable bowel syndrome, migraines

S17 F 48 no 10 5 ± 2 5.3 ± 1.7 Restoril

Psychotherapy,
osteopathy,
physiotherapy,
acupuncture

Sclero-atrophic lichen

S19 F 48 no 9 4.3 ± 1.5 5.4 ± 2.6 None Osteopathy

S22 F 24 yes 10 4.8 ± 1.1 4 ± 2.4 Pregabalin Osteopathy
Hyperactivity disorder,
hypothyroidism, irritable bowel
syndrome, asthma, migraines

S23 F 37 yes 12 6 ± 1 4.9 ± 1.4
Ibuprofen,
acetaminophen,
decontractyl

Massage, chiropractic,
osteopathy Type I diabetes

S26 F 66 no 21 4 ± 1.6 4.9 ± 2.4 None
Psychotherapy,
physiotherapy,
meditation

Irritable bowel syndrome,
osteoporosis, chronic rhinitis

Median ± IQR 10.5 ± 15 4.8 ± 1.6 4.9 ± 2.3

The grey box includes the participants with FM for whom EEG data during the sensorimotor task is available.
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The nparLD tests performed to test the specific objective #1 showed a higher radial er-
ror in the Incongruent condition compared with the Congruent condition (F(1, 42) = 321.82,
p < 0.001, effect size = 0.51), but no effect of the Group (F(1, 42) = 2.11, p = 0.15) and no inter-
action (F(1, 42) = 0.05, p = 0.81) (see Figure 4A). The same pattern of results was observed
for the number of zero-crossings, with a significant effect of the Condition (F(1, 42) = 51.77,
p < 0.001, effect size = 0.32) and no effect of the Group (Group: F(1, 42) = 0.43, p = 0.51) or
interaction (F(1, 42) = 0.02, p = 0.88) (see Figure 4B). Unsurprisingly, these results confirm
a poorer motor performance when exposed to a conflict between visual and proprioceptive
information. However, the performance did not differ significantly between participants
with FM and controls for both conditions. No adaptation to the conflict was found for either
group. Indeed, no effect of the type of trials (first six trials, last six trials) was found for the
radial error (F(1, 42) = 1.95, p = 0.16) or the number of zero-crossings (F(1, 42) = 2.50, p = 0.11)
and no interaction type of trial X Group was observed for the radial error (F(1, 42) = 1.83,
p = 0.18) or the number of zero-crossings (F(1, 42) = 0,47, p = 0.49).

Overall, these results show no significant difference in the mean performance between
groups, whether in Congruent or in Incongruent conditions. Moreover, the lack of adapta-
tion to the conflict is likely due to the randomized presentation of trials without conflict
and trials with either clockwise or counterclockwise visual rotations. Importantly, this
lack of adaptation to the sensory conflict allowed us to pool all trials for the analysis of
electrocortical activity measures (specific objectives #2 and 3; see Section 3.2).

3.1.2. Results of the Subsample of Participants for Which Electrocortical Activity
Was Recorded

We present the behavioral results for the subsample of participants (12 FM and
13 controls) who performed the task while having their electrocortical activity recorded.
The results (not shown) are similar to the full sample but with less statistical power due to
the smaller sample size. The nparLD revealed that participants were faster under Incongru-
ent compared to Congruent visual feedback (F(1, 24) = 35.39, p < 0.001, effect size = 0.26),
but there was no difference in speed between Control participants and participants with
FM (F(1, 24) = 1.34, p = 0.25) and no Group–Condition interaction (F(1, 24) = 0.000009,
p = 1.0). For the changes of grip force at conflict onset, the nparLD test revealed no effect of
Group (F(1, 24) = 0.0007, p = 0.98) or Condition (F(1, 24) = 1.36, p = 0.24), and no interaction
effect (F(1, 24) = 1.83, p = 0.18).

The nparLD tests showed a higher radial error in the Incongruent condition as com-
pared with the Congruent condition (F(1, 24) = 260.67, p < 0.001, effect size = 0.50), but no
effect of the Group (F(1, 24) = 0.37, p = 0.55) and no interaction (F(1, 24) = 3.31, p = 0.07),
although there was a trend towards a greater performance deterioration in the Incongruent
condition for the Controls. For the number of zero-crossings, we found a significant effect
of the Condition (F(1, 24) = 32.67, p < 0.001, effect size = 0.31) and no effect of the Group
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(Group: F(1, 24) = 1.06, p = 0.30) or interaction (F(1, 24) = 0.76, p = 0.38). Unsurprisingly,
these results confirm a poorer motor performance when exposed to a conflict between
visual and proprioceptive information. Similar to the results of the full sample, the per-
formance was not statistically different between participants with FM and controls for
both conditions.

3.2. Electrocortical Activity Results

The time–frequency maps of the contrast between the Congruent and the Incongruent
conditions for each group and each region of interest (visual cortex, left/right PPC, and
left/right sensorimotor cortex) are shown in Figure 5.
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Figure 5. Time–frequency map differences for the Incongruent condition compared with the
Congruent condition. The two rows represent differences in activation in the Incongruent con-
dition compared with the Congruent condition for each group (FM and CTRL, respectively).
A positive power (represented by warm colors, as indicated in the power bar) means an increase
in power (i.e., synchronization), while a negative power (cold colors) reflects a decrease in
power (i.e., desynchronization). The frequency bands can be defined as follows: theta (≈4–7 Hz),
alpha (≈8–12 Hz), beta (≈15–30 Hz), and gamma (≈35–60 Hz). Bold lines enclose regions of con-
tinuous pixels that were significantly different from the Congruent condition (see black arrows).
CTRL = Control participants.

When looking at each group independently across the complete time window
(0 to 3000 ms), the cluster-based permutation test indicated that significant differences
across conditions could be observed as follows (outlined by bold lines in Figure 5):

• Visual cortex: For both groups, a significant increase in theta (4–7 Hz) power in the
Incongruent condition was observed within the first 1000 ms following sensorimotor
conflict onset, compared with what was observed in the Congruent condition.

• PPC: In the left PPC, an increase in theta power was observed only for the FM group
between 0 and 1000 ms after the onset of sensorimotor conflict in the Incongruent
condition compared with the Congruent condition, whereas no significant differ-
ence was found for the Control group. In the right PPC, theta power increased
between 0 and 1000 ms after conflict onset for both groups. A decrease in alpha power
(8–12 Hz) was observed, from approximately 300 to 1200 ms after conflict onset for
the FM group and from between 300 and 800 ms after conflict onset for the Control
group. A decrease in beta power was also observed, with a cluster extending from
approximately 2000 to 2500 ms after conflict onset in the Control group.

• Sensorimotor cortex: In the right sensorimotor cortex (ipsilateral to the tracing hand), there
was a significant increase in theta power (a cluster extended from ~200 to ~1000 ms)
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after conflict onset, followed by a decrease in beta power (a cluster extended from
~500 to ~2000 ms), only for the Control group.

When comparing the electrocortical activity across the groups in the Incongruent
condition for specific time periods that were relevant for a given frequency band (theta:
0 to 800 ms; alpha, beta, and gamma: 500 to 3000 ms), the only statistically significant
difference was found in the left PPC: the amplitude of theta power after conflict onset
was higher in the FM group compared with the Control group (p = 0.029). This is shown
in Figure 6.
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4. Discussion

At the behavioral level, results show a degradation in motor performance in the
Incongruent condition compared with the Congruent condition; this is similar across both
groups. No substantial adaptation to the conflict over time was observed. The analysis
for changes in electrocortical activity between the Incongruent and Congruent conditions
(Figure 5) revealed that conflict onset was marked by a general increase in theta power in the
visual cortex, which confirms that both groups visually detected the conflict. Comparisons
between the Incongruent and Congruent conditions showed significantly larger power in
the theta band over the left and right parietal cortex for the FM group and only over the
right parietal cortex for the Control group. Group comparison confirmed that the conflict
caused a larger increase in theta band power over the left parietal cortex for the FM group
(Figure 6). With the Congruent condition, shortly after conflict onset, a decrease in alpha
power in the right PPC was observed in both groups, followed by a decrease in beta power
in the right PPC for the Control participants. A decrease in beta power was also observed
over the right sensorimotor cortex in Control participants. The absence of group differences
for the behavioral variables will first be examined; then, EEG results will be discussed.
The dissociation between altered perception and unaltered motor control during exposure
to sensorimotor conflict in individuals with FM will then be interpreted. Lastly, some
limitations of this study will be outlined.

4.1. Effect of the Sensorimotor Conflict on the Behavioral Measures

Our first specific objective was to determine whether the behavioral performance dif-
fered between individuals with FM to the performance of pain-free Controls. As expected,
the sensorimotor conflict disturbed movement, and participants made more motor errors
with biased visual feedback. Sensory and motor information is generally congruent in
daily life. Consequently, being exposed to an incongruence between visual information and
somatosensory/motor information will temporarily lead to more errors until the nervous
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system changes its strategy and adapts [15,23,36,48,64,65]. Contrary to findings in several
previous studies [15,23,36,48,66], no motor adaptation during the conflict was found in
either group. Our behavioral paradigm was specifically designed to be challenging and
limited the speed of adaptation (e.g., it unpredictably varied between clockwise and coun-
terclockwise visual rotation [67], and the amplitude of the rotation was high (±120◦) [67]).
The stability of motor performance allowed us to pool the results of all trials for the analysis
of cortical responses. However, we were still expecting some adaptation, considering
Lebar et al. (2017) [15] did show an adaptation to the conflict used in this present study in
healthy volunteers. The fact that we did not observe significant improvement over time in
the Incongruent condition might be explained by the fact that our participants were older
(mean age of 46 years old in our study vs. 26 years old in Lebar’s study [15]) and/or that
there were fewer trials (half the number used in Lebar’s study), due to the fatigability of the
FM population. The high level of difficulty of the task, which was optimized for the EEG
analyses, might also contribute to explaining why, contrary to our initial hypothesis, no
differences were observed between groups at the behavioral level. Future research should
focus on behavioral measures if only to avoid this constraint since Bultitude et al. (2016) [68]
hypothesized that a large sensorimotor conflict could reduce or prevent the integration of
sensory and motor information. According to this view, when the discrepancy between
visual and somatosensory/motor information is too large, the central nervous system infers
separate origins for the signals (i.e., the drawing errors seen through the visual feedback are
not generated by the motor system) and so processes them separately, without correcting
for the motor errors.

4.2. Effect of the Sensorimotor Conflict on the Electrocortical Activity

Specific objective #3 was to compare the response to conflict (i.e., electrocortical re-
sponse in the Incongruent condition only) between groups (FM vs. Control). No a priori
hypothesis was made given that no previous study explored this question. The only differ-
ence between groups was found in theta power, and therefore, theta power will be discussed
first (for both specific objectives #2 and #3). Results show an increase in theta power at the
onset of conflict, over the sensorimotor, posterior parietal, and occipital cortices in both
FM and Control groups. Similar modulation of theta has frequently been observed during
sensory conflicts, especially in regions pertaining to the frontoparietal network [30,69–75].
In a sensorimotor conflict, a modulation of theta power slightly anticipated movement
correction and was influenced by the amplitude of the motor error [75]. This modulation
is commonly interpreted as a general error processing mechanism, encompassing error
detection and error correction [70,71,73,76–80]. According to the internal model theory,
the detection of error arises when a discordance occurs between the actual state of the
sensorimotor system, estimated by the sensory afferences, and its predicted state [81,82].
This implicit process is essential for motor adaptation [64,83,84]. In contrast, the correction
of error originates from comparing the desired state of the system and its estimated actual
state [81,82]. The correction of error also plays a key role in the strategic modification of
the motor command to minimize error [85–88]. These processes could partly rely on theta
oscillations. In an attempt to disentangle error detection from error correction, Savoie and
colleagues (2018) compared the electrocortical activity of participants who were explicitly
taught to counter a sensorimotor conflict with that of participants who had already adapted
to the conflict. The authors found an increase in theta power at posterior parietal electrodes
in the first group of participants, which suggests a particular role of parietal theta oscilla-
tions in detecting conflict for subsequent adaptation [30]. This result is corroborated by
findings that show clear deficits of motor adaptation in patients with posterior parietal
lesions, with no impairment in online error correction [89,90]. In this present study, the
increase in theta power was observed over the sensorimotor, posterior parietal, and visual
cortices, suggesting the detection of the incongruence between visual, somatosensory, and
motor information. These regions are typically involved in the processing of visual infor-
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mation (visual cortex; [91]), somatosensory information (somatosensory cortex; [92]), and
their subsequent integration (PPC; [93]).

Importantly, the increase in theta power over the left PPC was only present in partici-
pants with FM, in contrast to Control participants. This difference could indicate a stronger
discordance between the predicted state of the sensorimotor system and the actual state
estimated by the sensory afferences in individuals with FM. Considering that the motor
performance of FM and Control participants was disturbed by the conflict, it is unlikely
that the sensory consequences estimated by afferences were more altered in the FM group
than in Controls [21] (notably, no alteration in TPDT threshold was found in our sample,
consistent with the results of a recent meta-analysis [94]). Therefore, the predicted state
generated by the predictors (also referred to as the forward model) might be impaired in
the FM participants. This result is in accordance with a recent study showing sensory dis-
turbances during a sensorimotor conflict in participants with FM and controls, which were
stronger in FM participants during active movement only but not during passive movement
(i.e., no predicted state involved). Moreover, no difference in motor perturbations was
found between the groups [17].

Besides changes in theta power, results related to specific objective #2 showed a response
to sensorimotor conflict, without group differences, in alpha and beta power. More specifi-
cally, a decrease in alpha and beta power was observed over the PPC, and a decrease in
beta power was observed over the sensorimotor cortex. Overall, the results are consistent
with our hypothesis in terms of regions involved in the response to conflict (sensorimotor
cortex and PPC) but not completely in terms of frequency bands involved. This can be
explained by the fact that the tasks that have been used in the few studies on electrocortical
activity during sensorimotor conflicts are quite different from each other (and so the hy-
potheses put forward would be based on limited evidence). The observation of a decrease
in alpha over right PPC, starting at 300 ms after conflict onset for both groups, further
supports the involvement of the PPC in conflict detection. This decrease, which occurs
rather simultaneously with the theta power increase, could reflect an increase in the local
excitability of the neuronal population with respect to incoming afferent information [56].
This alpha modulation is thought to reflect an attentional (top-down) modulation of cortical
excitability related to the enhancement of task-relevant information (i.e., visual here) or
suppression of irrelevant information (i.e., proprioceptive here) [95,96]. Finally, the decrease
in beta power found over the sensorimotor cortex could be related to higher processing of
somatosensory information in the Incongruent condition [15,97,98]. A possible explanation
for this modulation is the higher tracing speed in this condition. It has been shown that
the use of somatosensory information is favored over visual information during rapid
movements because of its superior transmission speed [1]. In our study, frequent feedback
was given about speed to control for this variable, but participants of both groups still drew
faster in this condition compared with the no-conflict condition [15]. This increase in speed
could reflect the participants’ wish to quickly bring the cursor back to the point it left the
polygon and rapidly correct their trajectory.

Contrary to our hypothesis, we found no difference in gamma-band power in the
Incongruent condition compared with the Congruent condition. This contrasts with studies
that show a decrease in gamma power during sensorimotor conflicts [15,25]. The lack
of change in our study could be linked to the absence of adaptation in the Incongruent
condition. Lebar et al. (2017) hypothesized the role of decreased gamma power in reducing
the weight of somatosensory information, thus improving performance during a sensori-
motor conflict [15]. The fact that we did not observe any motor improvement during the
conflict in our study could therefore suggest a steady contribution of somatosensory inputs
throughout the conflict trials. Another explanation could be the poorer signal-to-noise ratio
in higher frequencies because power decreases with frequency [58]. This makes significant
differences in gamma power harder to observe.
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4.3. Clinical Implications

This present study focused on the impact of chronic pain (FM) on the effect of sen-
sorimotor conflict on motor performance and electrocortical activity. Because individuals
with FM or other types of chronic pain have been shown to report higher somatosensory
perturbations in response to conflicts [14,22] and have also been shown to have an impaired
ability to detect feedback manipulation [20,21], we expected to see differences between
groups, especially in brain activity related to conflict perception. The results are rather
consistent with observations from recent studies that show that motor performance in
chronic pain individuals is similar to or even better than [19] that of pain-free individ-
uals [18,19,21]. Our results can be interpreted in a theoretical framework that proposes
two distinct visual pathways: one mediating conscious perception (ventral stream) and
the other guiding motor action (dorsal stream) [99]. One of the lines of evidence for such
dissociation comes from research on the effect of visual illusions on reaching and grasping
behavior. Although the two visual systems theory has been challenged and alternative
mechanistic explanations have been proposed, there is still ample evidence that at the
behavioral level, perception is prone to visual illusion while action remains immune to
it [100]. However, these dissociations may depend critically upon the stimuli used and the
response conditions used [101]. While the paradigms in those dissociation studies are very
different from the ones that have been used in studies of individuals with chronic pain,
these observations may help us understand the apparent discrepancy between the presence
of substantial perceptual alterations and the absence of motor alterations during exposure
to sensorimotor conflict in individuals with chronic pain [14,19,21,22].

4.4. Limitations

This study has some limitations. First, the participants were only women, so the results
are not generalizable to men. This is because, even though the more recent diagnostic
criterion for FM affects women and men in similar proportions [102] and sex was not
an exclusion criterion in this study, the sample reflects the overall higher proportion of
women in this population, most of whom were diagnosed with older criteria. Second, we
did not test whether proprioception was altered in the FM group. The hypothesis would
be that if proprioception is altered in participants with FM, it would be weighted less
than visual information during the sensorimotor conflict [18,103]. Therefore, participants
with FM would be less affected by the conflict [103], which might result in an attenuated
cerebral response to conflict and fewer motor errors during the conflict compared with
pain-free participants. Since studies assessing proprioception in individuals with FM report
conflicting results [104–107], we can only assume that, in light of our results (i.e., similar
motor performance between FM and Control groups), it is likely that no difference in
proprioception would have been found between our groups. Third, electrocortical activity
was recorded with EEG for a subsample of participants (25 out of 43). Some participants
with FM had trouble tolerating the EEG net, so we chose to only measure behavior in these
participants. It should be noted that the EEG net is both wet and relatively tight, two factors
that can trigger or accentuate pain in FM [108,109]. Since we found similar behavioral
results in the subsample and the whole sample of participants, it is unlikely that the subsam-
pling introduced any bias into our data. (Moreover, several EEG studies on sensorimotor
adaptation have similar sample sizes per group [23,36,66].) Finally, the electrocortical
activity was analyzed at the electrode level and not at the source level, which provides
less precise spatial information and could explain the presence of brain modulations in the
ipsilateral hemisphere. That said, modulations of the activation of parieto-occipital and
sensorimotor cortices have been observed in previous studies involving movement and
integration of somatosensory information and could reflect transcallosal inputs from the
contralateral hemisphere [58,110–112]. Moreover, the EEG data is still in accordance with
previous research on conflict detection, which validates our methodology.
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5. Conclusions

In conclusion, the presence of conflict was associated with worse performance for both
FM and Control participants (a significant increase of 400% for the radial error and 10%
for the number of zero-crossings, compared with the condition with no conflict). Results
suggest the presence of a stronger error detection signal, as shown by a significant increase
in power in the theta frequency band over the left posterior parietal cortex in the FM
group. Thus, despite this stronger signal and the somatosensory perturbations observed in
individuals with FM during the sensorimotor conflict, motor performance does not seem
to be more altered in this population, compared with pain-free individuals. This points to
a dissociation between an altered perception of action and a seemingly unaltered control of
action in individuals with fibromyalgia.

Author Contributions: Conceptualization, T.A., M.S., C.B. and C.M.; methodology, T.A., M.S., C.B.
and C.M.; software, M.S.; formal analysis, T.A., M.S. and C.B.; investigation, T.A.; resources, J.B. and
L.M.; data curation, C.B.; writing—original draft preparation, T.A.; writing—review and editing, M.S.,
C.B., A.M.P., J.B., L.M. and C.M.; visualization, T.A. and M.S.; supervision, M.S. and C.M.; project
administration: C.M. and C.B.; funding acquisition, C.M., M.S., J.B., L.M. and A.M.P. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by a pilot project grant from the Quebec Pain Research Network
(QPRN). T.A. is supported by a fellowship from the Center of Interdisciplinary Research in Reha-
bilitation and Social Integration (Cirris) and a fellowship from the Thematic Center of Research in
Neurosciences (CTRN), M.S. and CM are supported by the NSERC discovery grant program, and
C.M. is supported by an Emeritus salary award from the Fonds de recherche Québec–Santé (FRQS).

Institutional Review Board Statement: This study was conducted in accordance with the Declara-
tion of Helsinki (except for the registration in a database) and approved by the Ethics Committee
of sectorial research in rehabilitation and social integration of the Québec City integrated univer-
sity health and social services centre of the national capital (CIUSSS-CN; project #2020-1858, RIS_,
9 July 2019).

Informed Consent Statement: Informed consent was obtained from all subjects involved in this study.

Data Availability Statement: The data presented in this study are available upon request from the cor-
responding author. The data are not publicly available due to restrictions related to ethical approval.

Acknowledgments: We would like to thank Roxane Crépin for her contribution to the scripts for
the stimuli presentation and the data acquisition, Élodie Traverse for her assistance during data
collection, and Steve Forest for his technical support.

Conflicts of Interest: The authors declare no known conflicts of interest. The funders had no role
in the design of this study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

References
1. Crevecoeur, F.; Munoz, D.P.; Scott, S.H.; Crevecoeur, F.; Munoz, D.P.; Scott, S.H.; Crevecoeur, F.; Munoz, D.P.; Scott, S.H. Dynamic

Multisensory Integration: Somatosensory Speed Trumps Visual Accuracy during Feedback Control. J. Neurosci. 2016, 36,
8598–8611. [CrossRef] [PubMed]

2. Dieguez, S.; Lopez, C. The Bodily Self: Insights from Clinical and Experimental Research. Ann. Phys. Rehabil. Med. 2017, 60,
198–207. [CrossRef] [PubMed]

3. Bouffard, J.; Gagné, M.; Mercier, C. Effect of Painful and Non-Painful Sensorimotor Manipulations on Subjective Body Midline.
Front. Hum. Neurosci. 2013, 7, 77. [CrossRef] [PubMed]

4. Gandevia, S.C.; Phegan, C.M.L. Perceptual Distortions of the Human Body Image Produced by Local Anaesthesia, Pain and
Cutaneous Stimulation. J. Physiol. 1999, 514, 609–616. [CrossRef] [PubMed]

5. Valenzuela-Moguillansky, C. Pain and Body Awareness: An Exploration of the Bodily Experience of Persons Suffering from
Fibromyalgia. Constr. Found. 2013, 8, 339–350.

6. Moseley, G.L. Distorted Body Image in Complex Regional Pain Syndrome. Neurology 2005, 65, 773. [CrossRef]
7. Peltz, E.; Seifert, F.; Lanz, S.; Müller, R.; Maihöfner, C. Impaired Hand Size Estimation in CRPS. J. Pain 2011, 12,

1095–1101. [CrossRef]

https://doi.org/10.1523/JNEUROSCI.0184-16.2016
https://www.ncbi.nlm.nih.gov/pubmed/27535908
https://doi.org/10.1016/j.rehab.2016.04.007
https://www.ncbi.nlm.nih.gov/pubmed/27318928
https://doi.org/10.3389/fnhum.2013.00077
https://www.ncbi.nlm.nih.gov/pubmed/23504448
https://doi.org/10.1111/j.1469-7793.1999.609ae.x
https://www.ncbi.nlm.nih.gov/pubmed/9852339
https://doi.org/10.1212/01.wnl.0000174515.07205.11
https://doi.org/10.1016/j.jpain.2011.05.001


Brain Sci. 2023, 13, 931 19 of 22

8. Moseley, G.L. I Can’t Find It! Distorted Body Image and Tactile Dysfunction in Patients with Chronic Back Pain. Pain 2008, 140,
239–243. [CrossRef]

9. Frettlöh, J.; Hüppe, M.; Maier, C. Severity and Specificity of Neglect-like Symptoms in Patients with Complex Regional Pain
Syndrome (CRPS) Compared to Chronic Limb Pain of Other Origins. Pain 2006, 124, 184–189. [CrossRef]

10. Galer, B.S.; Jensen, M. Neglect-like Symptoms in Complex Regional Pain Syndrome: Results of a Self-Administered Survey. J. Pain
Symptom Manag. 1999, 18, 213–217. [CrossRef]

11. Heredia-Jimenez, J.; Orantes-Gonzalez, E.; Soto-Hermoso, V.M. Variability of Gait, Bilateral Coordination, and Asymmetry in
Women with Fibromyalgia. Gait Posture 2016, 45, 41–44. [CrossRef] [PubMed]

12. Pérez-De-Heredia-Torres, M.; Martínez-Piédrola, R.M.; Cigarán-Méndez, M.; Ortega-Santiago, R.; Fernández-De-Las-Peñas, C.
Bilateral Deficits in Fine Motor Control Ability and Manual Dexterity in Women with Fibromyalgia Syndrome. Exp. Brain Res.
2013, 226, 137–143. [CrossRef] [PubMed]

13. Eken, A.; Gökçay, D.; Yılmaz, C.; Baskak, B.; Baltacı, A.; Kara, M. Association of Fine Motor Loss and Allodynia in Fibromyalgia:
An FNIRS Study. J. Mot. Behav. 2018, 50, 664–676. [CrossRef] [PubMed]

14. McCabe, C.S.; Cohen, H.; Blake, D.R. Somaesthetic Disturbances in Fibromyalgia Are Exaggerated by Sensory—Motor Conflict:
Implications for Chronicity of the Disease? Rheumatology 2007, 46, 1587–1592. [CrossRef]

15. Lebar, N.; Danna, J.; Moré, S.; Mouchnino, L.; Blouin, J. On the Neural Basis of Sensory Weighting: Alpha, Beta and Gamma
Modulations during Complex Movements. Neuroimage 2017, 150, 200–212. [CrossRef]

16. Brun, C.; Gagné, M.; McCabe, C.S.; Mercier, C. Motor and Sensory Disturbances Induced by Sensorimotor Conflicts during
Passive and Active Movements in Healthy Participants. PLoS ONE 2018, 13, e0203206. [CrossRef]

17. Brun, C.; McCabe, C.S.; Mercier, C. The Contribution of Motor Commands to the Perturbations Induced by Sensorimotor Conflicts
in Fibromyalgia. Neuroscience 2020, 434, 55–65. [CrossRef]

18. Bultitude, J.H.; Petrini, K. Altered Visuomotor Integration in Complex Regional Pain Syndrome. Behav. Brain Res. 2021, 397,
112922. [CrossRef]

19. Vittersø, A.D.; Buckingham, G.; Ten Brink, A.F.; Halicka, M.; Proulx, M.J.; Bultitude, J.H. Characterising sensorimotor adaptation
in Complex Regional Pain Syndrome. Cortex 2021, 140, 157–178. [CrossRef]

20. Brun, C.; Giorgi, N.; Pinard, A.M.; Gagné, M.; McCabe, C.S.; Mercier, C. Exploring the Relationships Between Altered Body Per-
ception, Limb Position Sense, and Limb Movement Sense in Complex Regional Pain Syndrome. J. Pain 2019, 20, 17–27. [CrossRef]

21. Dagenais, M.; Brun, C.; Ohayon, A.; Mercier, C. Virtual Reality in Fibromyalgia: Does Altering Visual Feedback Impact on Pain
and Movement During Reaching? Front. Virtual Real. 2021, 2, 681034. [CrossRef]

22. Brun, C.; Mercier, C.; Grieve, S.; Palmer, S.; Bailey, J.; McCabe, C.S. Sensory Disturbances Induced by Sensorimotor Conflicts Are
Higher in Complex Regional Pain Syndrome and Fibromyalgia Compared to Arthritis and Healthy People, and Positively Relate
to Pain Intensity. Eur. J. Pain 2019, 23, 483–494. [CrossRef] [PubMed]

23. Bernier, P.M.; Burle, B.; Vidal, F.; Hasbroucq, T.; Blouin, J. Direct Evidence for Cortical Suppression of Somatosensory Afferents
during Visuomotor Adaptation. Cereb. Cortex 2009, 19, 2106–2113. [CrossRef] [PubMed]

24. Wang, X.-J. Neurophysiological and Computational Principles of Cortical Rhythms in Cognition. Physiol. Rev. 2010, 90, 1195–1268.
[CrossRef] [PubMed]

25. Krebber, M.; Harwood, J.; Spitzer, B.; Keil, J.; Senkowski, D. Visuotactile Motion Congruence Enhances Gamma-Band Activity in
Visual and Somatosensory Cortices. Neuroimage 2015, 117, 160–169. [CrossRef] [PubMed]

26. Engel, A.K.; Senkowski, D.; Schneider, T.R. Multisensory Integration through Neural Coherence; CRC Press/Taylor & Francis:
Boca Raton, FL, USA, 2012; ISBN 9781439812174.

27. Balslev, D.; Christensen, L.O.D.; Lee, J.H.; Law, I.; Paulson, O.B.; Miall, R.C. Enhanced Accuracy in Novel Mirror Drawing
after Repetitive Transcranial Magnetic Stimulation-Induced Proprioceptive Deafferentation. J. Neurosci. 2004, 24, 9698–9702.
[CrossRef] [PubMed]

28. Goldenkoff, E.R.; McGregor, H.R.; Mergos, J.; Gholizadeh, P.; Bridenstine, J.; Brown, M.J.N.; Vesia, M. Reversal of Visual Feedback
Modulates Somatosensory Plasticity. Neuroscience 2021, 452, 335–344. [CrossRef]

29. Yoon, H.C.; Lee, K.H.; Huh, D.C.; Lee, J.H.; Lee, D.H. Effects of Repetitive Transcranial Magnetic Stimulation on the Somatosensory
Cortex during Prism Adaptation. Percept. Mot. Ski. 2014, 118, 491–506. [CrossRef]

30. Perfetti, B.; Moisello, C.; Landsness, E.C.; Kvint, S.; Lanzafame, S.; Onofrj, M.; di Rocco, A.; Tononi, G.; Felice Ghilardi, M.
Modulation of Gamma and Theta Spectral Amplitude and Phase Synchronization Is Associated with the Development of
Visuo-Motor Learning. J. Neurosci. 2011, 31, 14810–14819. [CrossRef]

31. Zama, T.; Takahashi, Y.; Shimada, S. Simultaneous EEG-NIRS Measurement of the Inferior Parietal Lobule During a Reaching
Task with Delayed Visual Feedback. Front. Hum. Neurosci. 2019, 13, 301. [CrossRef]

32. Wolfe, F.; Clauw, D.J.; Fitzcharles, M.A.; Goldenberg, D.L.; Häuser, W.; Katz, R.L.; Mease, P.J.; Russell, A.S.; Russell, I.J.; Walitt, B.
2016 Revisions to the 2010/2011 Fibromyalgia Diagnostic Criteria. Semin. Arthritis Rheum. 2016, 46, 319–329. [CrossRef] [PubMed]

33. Rehm, S.E.; Koroschetz, J.; Gockel, U.; Brosz, M.; Freynhagen, R.; Tölle, T.R.; Baron, R. A Cross-Sectional Survey of 3035 Patients
with Fibromyalgia: Subgroups of Patients with Typical Comorbidities and Sensory Symptom Profiles. Rheumatology 2010, 49,
1146–1152. [CrossRef] [PubMed]

https://doi.org/10.1016/j.pain.2008.08.001
https://doi.org/10.1016/j.pain.2006.04.010
https://doi.org/10.1016/S0885-3924(99)00076-7
https://doi.org/10.1016/j.gaitpost.2016.01.008
https://www.ncbi.nlm.nih.gov/pubmed/26979881
https://doi.org/10.1007/s00221-013-3417-4
https://www.ncbi.nlm.nih.gov/pubmed/23354668
https://doi.org/10.1080/00222895.2017.1400947
https://www.ncbi.nlm.nih.gov/pubmed/29210612
https://doi.org/10.1093/rheumatology/kem204
https://doi.org/10.1016/j.neuroimage.2017.02.043
https://doi.org/10.1371/journal.pone.0203206
https://doi.org/10.1016/j.neuroscience.2020.03.017
https://doi.org/10.1016/j.bbr.2020.112922
https://doi.org/10.1016/j.cortex.2021.03.028
https://doi.org/10.1016/j.jpain.2018.07.008
https://doi.org/10.3389/frvir.2021.681034
https://doi.org/10.1002/ejp.1322
https://www.ncbi.nlm.nih.gov/pubmed/30288850
https://doi.org/10.1093/cercor/bhn233
https://www.ncbi.nlm.nih.gov/pubmed/19126799
https://doi.org/10.1152/physrev.00035.2008
https://www.ncbi.nlm.nih.gov/pubmed/20664082
https://doi.org/10.1016/j.neuroimage.2015.05.056
https://www.ncbi.nlm.nih.gov/pubmed/26026813
https://doi.org/10.1523/JNEUROSCI.1738-04.2004
https://www.ncbi.nlm.nih.gov/pubmed/15509758
https://doi.org/10.1016/j.neuroscience.2020.10.033
https://doi.org/10.2466/24.27.PMS.118k18w5
https://doi.org/10.1523/JNEUROSCI.1319-11.2011
https://doi.org/10.3389/fnhum.2019.00301
https://doi.org/10.1016/j.semarthrit.2016.08.012
https://www.ncbi.nlm.nih.gov/pubmed/27916278
https://doi.org/10.1093/rheumatology/keq066
https://www.ncbi.nlm.nih.gov/pubmed/20236955


Brain Sci. 2023, 13, 931 20 of 22

34. Kleykamp, B.A.; Ferguson, M.C.; McNicol, E.; Bixho, I.; Arnold, L.M.; Edwards, R.R.; Fillingim, R.; Grol-Prokopczyk, H.;
Turk, D.C.; Dworkin, R.H. The Prevalence of Psychiatric and Chronic Pain Comorbidities in Fibromyalgia: An ACTTION
Systematic Review. Semin. Arthritis Rheum. 2021, 51, 166–174. [CrossRef] [PubMed]

35. Weir, P.T.; Harlan, G.A.; Nkoy, F.L.; Jones, S.S.; Hegmann, K.T.; Gren, L.H.; Lyon, J.L. The Incidence of Fibromyalgia and Its
Associated Comorbidities: A Population-Based Retrospective Cohort Study Based on International Classification of Diseases,
9th Revision Codes. J. Clin. Rheumatol. 2006, 12, 124–128. [CrossRef] [PubMed]

36. Lebar, N.; Bernier, P.M.; Guillaume, A.; Mouchnino, L.; Blouin, J. Neural Correlates for Task-Relevant Facilitation of Visual Inputs
during Visually-Guided Hand Movements. Neuroimage 2015, 121, 39–50. [CrossRef]

37. Oldfield, R.C. The Assessment and Analysis of Handedness: The Edinburgh Inventory. Neuropsychologia 1971, 9, 97–113. [CrossRef]
38. Ransil, B.J.; Schachter, S.C. Test-Retest Reliability of the Edinburgh Handedness Inventory and Global Handedness Preference

Measurements, and Their Correlation. Percept. Mot. Ski. 1994, 79, 1355–1372. [CrossRef]
39. Veale, J.F. Edinburgh Handedness Inventory—Short Form: A Revised Version Based on Confirmatory Factor Analysis. Laterality

2014, 19, 164–177. [CrossRef]
40. Krakauer, J.W.; Ghilardi, M.F.; Mentis, M.; Barnes, A.; Veytsman, M.; Eidelberg, D.; Ghez, C. Differential Cortical and Subcortical

Activations in Learning Rotations and Gains for Reaching: A PET Study. J. Neurophysiol. 2004, 91, 924–933. [CrossRef]
41. Balslev, D.; Nielsen, F.Å.; Paulson, O.B.; Law, I. Right Temporoparietal Cortex Activation during Visuo-Proprioceptive Conflict.

Cerebral Cortex 2005, 15, 166–169. [CrossRef]
42. Wolfe, F.; Smythe, H.A.; Yunus, M.B.; Bennett, R.M.; Bombardier, C.; Goldenberg, D.L.; Tugwell, P.; Campbell, S.M.; Abeles, M.;

Clark, P. The American College of Rheumatology 1990 Criteria for the Classification of Fibromyalgia. Report of the Multicenter
Criteria Committee. Arthritis Rheum. 1990, 33, 160–172. [CrossRef] [PubMed]

43. Wolfe, F.; Clauw, D.J.; Fitzcharles, M.A.; Goldenberg, D.L.; Katz, R.S.; Mease, P.; Russell, A.S.; Russell, I.J.; Winfield, J.B.;
Yunus, M.B. The American College of Rheumatology Preliminary Diagnostic Criteria for Fibromyalgia and Measurement of
Symptom Severity. Arthritis Care Res. 2010, 62, 600–610. [CrossRef] [PubMed]

44. Cleeland, C.S.; Ryan, K.M. Pain Assessment: Global Use of the Brief Pain Inventory. Ann. Acad. Med. Singap. 1994, 23,
129–138. [PubMed]

45. Poundja, J.; Fikretoglu, D.; Guay, S.; Brunet, A. Validation of the French Version of the Brief Pain Inventory in Canadian Veterans
Suffering from Traumatic Stress. J. Pain Symptom Manag. 2007, 33, 720–726. [CrossRef] [PubMed]

46. Moberg, E. Two-Point Discrimination Test. Scand. J. Rehabil. Med. 1990, 22, 127–134. [CrossRef]
47. Martínez, E.; Guillen, V.; Buesa, I.; Azkue, J.J. A Distorted Body Schema and Susceptibility to Experiencing Anomalous

Somatosensory Sensations in Fibromyalgia Syndrome. Clin. J. Pain 2019, 35, 887–893. [CrossRef]
48. Lajoie, Y.; Paillard, J.; Teasdale, N.; Bard, C.; Fleury, M.; Forget, R.; Lamarre, Y. Mirror Drawing in a Deafferented Patient and

Normal Subjects Visuoproprioceptive Conflict. Neurology 1992, 42, 1104–1106. [CrossRef]
49. Brainard, D.H. The Psychophysics Toolbox. Spat. Vis. 1997, 10, 433–436. [CrossRef]
50. Ofori, E.; Coombes, S.A.; Vaillancourt, D.E. 3D Cortical Electrophysiology of Ballistic Upper Limb Movement in Humans.

Neuroimage 2015, 115, 30–41. [CrossRef]
51. Flash, T.; Hogans, N. The Coordination of Arm Movements: An Experimentally Confirmed Mathematical Model. J. Neurosci.

1985, 5, 1688–1703. [CrossRef]
52. Delorme, A.; Makeig, S. EEGLAB: An Open Source Toolbox for Analysis of Single-Trial EEG Dynamics Including Independent

Component Analysis. J. Neurosci. Methods 2004, 134, 9–21. [CrossRef] [PubMed]
53. Miyakoshi, M.; Schmitt, L.M.; Erickson, C.A.; Sweeney, J.A.; Pedapati, E.V. Can We Push the “Quasi-Perfect Artifact Rejection”

Even Closer to Perfection? Front. Neuroinform. 2021, 14, 597079. [CrossRef] [PubMed]
54. Cohen, M.X. Analyzing Neural Time Series Data: Theory and Practice; MIT Press: Cambridge, MA, USA, 2014.
55. Jensen, O.; Spaak, E.; Zumer, J.M. Human Brain Oscillations: From Physiological Mechanisms to Analysis and Cognition. In

Magnetoencephalography; Springer: Berlin/Heidelberg, Germany, 2014; Volume 9783642330, ISBN 9783642330452.
56. Watanabe, T.; Mima, T.; Shibata, S.; Kirimoto, H. Midfrontal Theta as Moderator between Beta Oscillations and Precision Control.

Neuroimage 2021, 235, 118022. [CrossRef] [PubMed]
57. Struber, L.; Baumont, M.; Barraud, P.A.; Nougier, V.; Cignetti, F. Brain Oscillatory Correlates of Visuomotor Adaptive Learning.

Neuroimage 2021, 245, 118645. [CrossRef]
58. Pfurtscheller, G.; Lopes Da Silva, F.H. Event-Related EEG/MEG Synchronization and Desynchronization: Basic Principles.

Clin. Neurophysiol. 1999, 110, 1842–1857. [CrossRef]
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