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Electrophysiological indices of
pain expectation abnormalities
in fibromyalgia patients
Paloma Barjola, Irene Peláez, David Ferrera,
José Luis González-Gutiérrez, Lilian Velasco,
Cecilia Peñacoba-Puente, Almudena López-López,
Roberto Fernandes-Magalhaes and Francisco Mercado*

Department of Psychology, Faculty of Health Sciences, Rey Juan Carlos University, Madrid, Spain

Fibromyalgia is a chronic pain syndrome characterized by dysfunctional

processing of nociceptive stimulation. Neuroimaging studies have pointed

out that pain-related network functioning seems to be altered in these

patients. It is thought that this clinical symptomatology may be maintained

or even strengthened because of an enhanced expectancy for painful

stimuli or its forthcoming appearance. However, neural electrophysiological

correlates associated with such attentional mechanisms have been scarcely

explored. In the current study, expectancy processes of upcoming laser

stimulation (painful and non-painful) and its further processing were

explored by event-related potentials (ERPs). Nineteen fibromyalgia patients

and twenty healthy control volunteers took part in the experiment.

Behavioral measures (reaction times and subjective pain perception) were

also collected. We manipulated the pain/no pain expectancy through an

S1–S2 paradigm (cue-target). S1 (image: triangle or square) predicted the

S2 appearance (laser stimulation: warmth or pinprick sensation). Laser

stimuli were delivered using a CO2 laser device. Temporal and spatial

principal component analyses were employed to define and quantify the

ERP component reliability. Statistical analyses revealed the existence of

an abnormal pattern of pain expectancy in patients with fibromyalgia.

Specifically, our results showed attenuated amplitudes at posterior lCNV

component in anticipation of painful stimulation that was not found in

healthy participants. In contrast, although larger P2 amplitudes to painful

compared to innocuous events were shown, patients did not show any

amplitude change in this laser-evoked response as a function of pain

predictive cues (as occurred in the healthy control group). Additionally,

analyses of the subjective perception of pain and reaction time indicated that

laser stimuli preceded by pain cues were rated as more painful than those

signaling non-pain expectancy and were associated with faster responses.

Differences between groups were not found. The present findings suggest

the presence of dysfunction in pain expectation mechanisms in fibromyalgia

that eventually may make it difficult for patients to correctly interpret signs

that prevent pain symptoms. Furthermore, the abnormal pattern in pain
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expectancy displayed by fibromyalgia patients could result in ineffective pain

coping strategies. Understanding the neural correlates of pain processing

and its modulatory factors is crucial to identify treatments for chronic

pain syndromes.
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pain expectations, CNV, LEPs, fibromyalgia, pain processing, P2

Introduction

Chronic pain is a complex pathological state influenced
by numerous physiological, psychological and social factors.
Fibromyalgia, as a chronic pain syndrome, has sparked interest
in the scientific field due to its unknown etiology and unclear
pathophysiological mechanisms. Nevertheless, there is no doubt
that psychoneurobiological dysfunctions might have crucial
roles in the multifactorial symptomatology of this clinical
condition (Schweinhardt et al., 2008; Lee et al., 2011; Murga
et al., 2017; Richard et al., 2019).

Beyond widespread pain, patients commonly have
additional physical, affective and cognitive alterations (Aparicio
et al., 2013; Bell et al., 2018; Ferrera et al., 2021; Mercado et al.,
2022). Indeed, current evidence has confirmed the principal
role of attentional and affective processes in influencing pain
hypersensitivity in fibromyalgia (Peters et al., 2000; Gracely
et al., 2002; Geisser et al., 2003; Giesecke et al., 2005; Bartley
et al., 2009; Duschek et al., 2014; Ellingson et al., 2018). Of
note, attention processing abnormalities, mainly consisting of
attentional biases or hypervigilance to pain (Schoth et al., 2012;
Crombez et al., 2013; Van Ryckeghem and Crombez, 2015; Todd
et al., 2018; Van Ryckeghem et al., 2019), have been reported
as a contributing factor to initiate, exacerbate and perpetuate
augmented pain processing in chronic pain patients as a result of
the perceived threat (Vlaeyen et al., 2016). Although increasing
research supports the hypothesis that patients with fibromyalgia
seem to manifest a preferential allocation of attention toward
pain-related stimulation (González-Roldán et al., 2013; Lai
et al., 2021; Fernandes-Magalhaes et al., 2022), other studies
have failed to find such attentional bias in fibromyalgia patients
(Sitges et al., 2018; Pidal-Miranda et al., 2019). It has been
proposed that hypervigilance to pain is a dynamic mechanism
that activates whenever patients anticipate or interpret pain as
a threat, promoting escape and avoidance behaviors, and it is
also involved in the increase in pain perception and severity of
fibromyalgia (Van Damme et al., 2015).

The expectation of pain seems to be one of the most relevant
attentional factors modulating pain experience (Rainville, 2002;
Ploghaus et al., 2003; Apkarian et al., 2005; Wiech et al.,
2008; Knudsen et al., 2011; Wiech, 2016). Experimental studies
focused on pain expectation processing have usually employed

predictive cues before presenting an impending somatosensory
stimulation (cue-target or S1–S2 paradigms). Applying such
paradigms, it has been demonstrated that pain expectancy
enhances evaluative pain-related brain regions and subsequent
pain perception of painful stimuli (Sawamoto et al., 2000;
Koyama et al., 2005; Keltner et al., 2006; Fairhurst et al.,
2007; Moseley and Arntz, 2007; Johnston et al., 2012; Kong
et al., 2013). In patients with chronic pain, including those
suffering from fibromyalgia, neuroimaging studies also found
enhanced activation within cerebral regions linked to evaluative
pain processing, including periaqueductal gray matter, parietal,
insular, cingulate, prefrontal and parahippocampal cortices,
when patients were waiting for the upcoming application
of a nociceptive stimulation (Cook et al., 2004; Burgmer
et al., 2011; González-Roldán et al., 2016). Evidence from
some electrophysiological studies has also reported a clear
alteration of neural expectancy mechanisms in patients with
cervical dystonia or migraine (Rizzo et al., 1985; Kaji et al.,
1995), indicating reduced neural anticipatory responses. In the
same way, but in contrast to the abovementioned behavioral
and neuroimaging findings, fibromyalgia patients also showed
decreased amplitudes of the Contingent Negative Variation
(CNV) component in anticipation of upcoming pain events
(Brown et al., 2014).

Event-related potentials (ERPs) represent a high temporal
resolution methodology and are considered a very useful
tool to reliably explore the temporal dynamics of neural
networks underlying attention and emotion processes (Legrain
et al., 2012; Luck, 2014; Gupta et al., 2019). Slow and
late negative components of the ERPs (elicited following a
predictive cue and ending just before the appearance of
an impending stimulus) have been considered the neural
correlates of anticipatory attentional mechanisms (i.e., CNV-
or stimulus preceding negativity -SPN-; Brunia and van Boxtel,
2001; Brunia et al., 2011). Specifically, two subcomponents
of CNV (early and late) have been found in association
with cognitive anticipation and motor/cognitive preparation
processes, respectively (Rohrbaugh and Gaillard, 1983). While
early CNV (mean latency approximately 600 ms) has a mainly
frontocentral scalp distribution, late CNV (starting at 800 ms
from cue onset) has shown maximal amplitudes in the parieto-
occipital scalp regions (Rosahl and Knight, 1995; Cui et al., 2000;
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Carretié et al., 2001a; Gómez et al., 2003). Thus, it is thought that
enhanced amplitudes of expectation-related waves preceding
a painful stimulus represent the mobilization of attentional
resources to prepare the organism to effectively process and
react to it as a relevant and potential threat (Brown et al., 2008;
Brown, 2017).

Moreover, pain expectations have the capacity to modulate
neural networks involved in pain processing along with the
subsequent pain experience (Sawamoto et al., 2000; Atlas and
Wager, 2012; Jepma et al., 2018; Shih et al., 2019; Henderson
et al., 2020). Electrical (Hird et al., 2018), thermal (Granovsky
et al., 2008), or laser painful stimulation (de Tommaso et al.,
2011) have all been used as different kinds of nociceptive signals
for eliciting pain-related neural correlates. In particular, laser-
evoked potentials (LEPs) have been repeatedly described as
good neural indices of pain processing (Treede et al., 2003;
Plaghki and Mouraux, 2005). For instance, the P2 component
of LEPs, with a maximal amplitude at Cz and a mean peak
latency of 300–360 ms (Kakigi et al., 2004), has accumulated
considerable evidence about its involvement in attentional
aspects of pain processing, since its amplitude increases when
individuals are paying attention to painful stimulation (Beydoun
et al., 1993; García-Larrea et al., 1997; Lorenz and García-
Larrea, 2003; Boyle et al., 2008). Interestingly, an increase in P2
amplitudes in response to laser stimulation has also been shown
in fibromyalgia (Gibson et al., 1994; Lorenz et al., 1996; Lorenz,
1998; de Tommaso et al., 2011, 2017), suggesting that it may be
considered a reliable neural index of attentional influences on
pain processing in this chronic syndrome.

Different cognitive mechanisms have been proposed to
modulate the P2 component (Brown et al., 2014; de Tommaso
et al., 2011; Peláez et al., 2019; Vecchio et al., 2022). Some
data have reported that both P2 amplitudes and subjective
pain perception could be modulated by the amplitude of
expectancy ERP components (e.g., early SPN) elicited by
pain-informative cues (Brown et al., 2008). Moreover, the
manipulation of the predictive value of pain cues may affect
cortical activation; thus, incongruent cue-target associations
produce greater neural responses to somatosensory stimulation
than congruent ones (Dowman, 2004, 2011; Lorenz et al., 2005;
Huang et al., 2017). However, such a relationship between pain
anticipatory mechanisms and pain processing neural indices was
not confirmed in fibromyalgia patients (Brown et al., 2014).
As mentioned, to date, only a few studies have focused on the
electrophysiological neural indices of pain expectancy and their
potential effect on pain processing in patients with fibromyalgia.

Therefore, the present study aimed to explore the neural
mechanisms of pain expectancy and their influence on
the further processing of painful events in patients with
fibromyalgia through the analysis of ERPs. Whereas the
detection and quantification of CNV allows for the study
of anticipatory attention mechanisms toward upcoming
stimulation (painful or non-painful), analysis of the P2

component of LEPs provides a reliable neural correlate of pain
processing. According to prior data about hypervigilance to
pain, we hypothesized neural abnormalities in anticipatory
responses (CNV) to painful events in fibromyalgia. This
alteration in pain expectancy mechanisms might influence
brain processing of pain (P2), its subjective perception,
and the behavioral outcome (reaction time) in these
chronic pain patients.

Materials and methods

Participants

Twenty-three female fibromyalgia patients and 26 female
healthy control participants with an age range from 35 to
65 years old participated in this study. However, data from
only 19 patients and 20 controls were considered for further
analysis, as will be fully explained later. Patients were diagnosed
according to the American College of Rheumatology (ACR)
criteria for fibromyalgia (Wolfe et al., 1990, 2016) and recruited
from the “Pain Unit” belonging to the Alcorcón Foundation-
Hospital (Madrid, Spain) and the association of fibromyalgia
patients of Madrid “AFIBROM.” Healthy control participants
were recruited by emailing the whole university community
of Rey Juan Carlos University (Madrid, Spain) and placing
advertisements along the university campus. All participants
were right-handed and had normal or corrected-to-normal
vision. Participants with neurological (stroke, traumatic brain
injury), ischemic or psychiatric disorders that might impair
cognitive functioning were excluded from the study. The groups
were matched by age [t(1,37) = 1.43, p = 0.161, d = 0.45] and
educational level [χ2(1,4) = 5.46, p = 0.243, V = 0.37].

At the time of the study, 89% of the patients were
taking medication (analgesics, antidepressants, anxiolytics,
antiepileptics, or psycholeptics) to manage their clinical
symptoms. Due to both ethical and medical considerations, the
patients were allowed to continue taking medication, but their
possible effects on their behavioral and brain electrical responses
were analyzed through statistical contrasts. Only one control
participant occasionally took analgesic medication on the
days of the experimental protocol. The sociodemographic and
psychological measures of the patients whose data were finally
processed are shown in Table 1, along with the information
about their medication.

Participants gave written informed consent for their
involvement in the experiment. The Rey Juan Carlos University
Research Ethics Board approved this study according to
the ethical principles for research conducted with human
participants required by this committee. Just before starting
the experimental session, different self-report instruments were
administered to the participants to characterize their emotional
and physical health conditions. The affective status of the
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TABLE 1 Sociodemographic and clinical measures.

Fibromyalgia
(n = 19)

Healthy control
(n = 20)

T-test/
chi square

Significance
level

Effect size

Age (years. M± sd) 51.53± 6.12 48.40± 7.43 t = 1.43 p = 0.161 d = 0.45

Educational level. n (%) χ2 = 5.46 p = 0.243 V = 0.37

Unqualified 1 (5.3%) 0 (0%) – – –

Primary school 7 (36.8%) 4 (20%) – – –

Secondary school 7 (36.8%) 5 (25%) – – –

High school 3 (15.8%) 9 (45%) – – –

Bachelor degree 1 (5.3%) 2 (10%) – – –

Symptoms duration (years. M± sd) 17.75± 8.22 – – – –

Diagnostic duration (years. M± sd) 7.43± 5.05 – – – –

Medication. n (%)

Antidepressants 12 (63.2%) 0 (0%) – – –

Anxiolytics 6 (31.6%) 0 (0%) – – –

Analgesics/Opioids/NSAIDs 13 (68.4%) 1 (5%) t = 5.26 p < 0.001 d = 1.68

Antiepileptics/Psycholeptics 5 (26.3%) 0 (0%) – – –

Trait anxiety (STAI-T percentile. M± sd) 71.11± 31.33 30.30± 29.25 t = 4.20 p < 0.001 d = 1.34

State anxiety (STAI-S percentile. M± sd) 58.63± 28.23 13.37± 12.87 t = 6.38 p < 0.001 d = 2.06

Depression (BDI total score. M± sd) 19.50± 13.25 5.40± 5.35 t = 4.31 p < 0.001 d = 1.39

Pain intensity and impact (WHYMPI-I. M± sd)

Item 1–Pain intensity 3.37± 1.21 – – – –

Pain interference 4.52± 1.19 – – – –

Social support 4.17± 1.69 – – – –

Pain severity 4.10± 0.86 – – – –

Perceived control 3.78± 1.56 – – – –

Affective distress 3.10± 1.51 – – – –

Responses by others (WHYMPI-II. M± sd)

Negative 1.61± 1.08 – – – –

Solicitous 2.86± 1.28 – – – –

Distracting 3.03± 1.40 – – – –

Everyday activities (WHYMPI-III. M± sd)

Household chores 4.58± 1.06 – – – –

Outdoor work 1.46± 1.19 – – – –

Activities away from home 2.67± 1.31 – – – –

Social activities 2.52± 1.21 – – – –

WHYMPI general activity score (M± sd) 2.83± 0.92 – – – –

Mean and standard deviation (M ± sd), statistics of the group comparisons (Student’s t-test or χ2-tests), p-value and effect sizes (if applicable) are reported for fibromyalgia and healthy
control groups (for the final sample size, see above).
(NSAID, non-steroidal anti-inflammatory drugs; STAI, State Trait Anxiety Inventory; BDI, Beck Depression Inventory; WHYMPI, West-Haven Yale Multidimensional Pain Inventory).

participants was assessed by application of the Beck Depression
Inventory (Beck et al., 1961) and the State-Trait Anxiety
Inventory (Spielberger et al., 1982). Fibromyalgia patients had
higher anxiety and depression scores than healthy control
participants (see Table 1). Additionally, the patients were asked
to provide information about the time elapsed since the onset
of symptoms and their diagnosis. They also completed the
West Haven-Yale Multidimensional Pain Inventory (Kerns et al.,
1985) to assess several characteristics of the experienced chronic
pain (Table 1).

Stimuli and procedure

An S1–S2 (cue–target) paradigm was used to manipulate
the pain expectations and analyze their influence on brain
electrical responses to laser stimulation (see Figure 1). The
subjective perception of laser stimulation was also measured.
Thus, two types of stimuli were presented: a picture representing
a geometric figure (S1: white triangle or square) followed by an
upcoming laser stimulus (S2: painful or non-painful). Each S1
informed about the nature of the subsequent laser stimulation,
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configuring two types of cues (Pain cue -PC- or No Pain cue -
NPC-). The visual cue stimuli (S1) were matched in size (5 cm
height × 5 cm width). They were presented for 250 ms at the
center of a 19′′ screen against a black background. Each of them
predicted the appearance of a painful (P) or non-painful (NP)
laser stimulation. The correspondence between them (S1 and
S2) was counterbalanced (i.e., triangle-PC and square-NPC for
50% of the participants).

As the target stimulation (S2), brief laser pulses were
delivered over the dorsum of the participants’ dominant
hand through a CO2 laser (Neurolas, Electronic Engineering;
wavelength of 10.6 µm) with a power of 6 watts. Two different
laser intensities were set at infra- and supra-threshold pain
levels: 15.3 mJ/mm2 (beam diameter of 2.5 mm) for eliciting
a “pinprick” or painful sensation (P) and 10.9 mJ/mm2 (beam
diameter of 5 mm) for a “warmth” or non-painful sensation
(NP). The modification of the laser pulse intensities was
made via the beam diameter; the smaller the beam diameter
was, the more painful the stimuli. Participants were asked
to inform, as soon as possible, about the perceived intensity
associated with S2.

Before the experimental session, the two thresholds were
determined using the method of limits. Participants experienced
6 ascending and descending series of 10 laser stimuli using the
method of limits, as recommended in prior studies (Weiss et al.,
2003; Peláez et al., 2016). Participants were asked to verbally
inform about the perception of the stimuli (no sensation–
sensation) and the intensity of the perceived stimuli (warmth
or painful). All participants described the 5 mm diameter
laser stimulation as an innocuous warmth sensation, while the
2,5 mm one was established as a tolerable painful pinprick
sensation. To avoid tissue damage, habituation or nociceptor
sensitization, the laser stimulation was shifted approximately
2 cm after each trial.

The stimuli sequence was controlled by the Gentask module
of the STIM2 software (Compumedics Neuroscan). Participants
and researchers wore protective goggles during all phases of the
experimental procedure. After each laser stimulus, participants
were instructed to report the perceived intensity of the laser
stimulation through a four-button response pad (1 = “no pain,”
2 = “low pain,” 3 = “moderate pain,” and 4 = “extreme pain”). To
prevent impulsive responses, a white dot was displayed on the
screen simultaneously with the appearance of a laser stimulus,
indicating to the participants the moment for giving their
responses. Any response given above 2,000 ms was identified
and removed from further analyses.

To explore the pain expectation influences on pain
processing, the cue probability for correctly informing about
the nature of the subsequent impending laser stimulation (P or
NP) was manipulated. Thus, each kind of cue only correctly
predicted each type of laser stimulation for 75% of the trials.
This manipulation led to four experimental conditions: (1)
PC-P, (2) PC-NP, (3) NPC-NP, and (4) NPC-P, among which

two congruent (cues correctly predicted laser intensity) and
two incongruent (cues incorrectly predicted laser intensity)
conditions were established. Participants were told that the cue
stimuli correctly predicted the intensity of the laser stimulation
in most trials, but some trials contained invalid pain cues. The
experimental session included a total of 320 pseudorandomized
trials (160 PC/P trials and 160 NPC/NP; 50% each). Among
them, 120 trials were congruent (75%), and 40 trials were
incongruent (25%). The same experimental condition was not
displayed in more than three consecutive trials. The total
stimulation was distributed in 8 blocks of 40 trials, maintaining
the mentioned proportions of congruent and incongruent trials.
After each block, the participants were offered an optional
short break (1–2 min) to minimize fatigue. Each trial lasted
5,800 ms with a fixed intertrial interval (ITI) of 4,030 ms
(the experimental paradigm can be seen in Figure 1). The
entire experimental paradigm lasted 32 min (4 min per block).
Before the experimental procedure, the participants completed
at least two practice sequences of ten trials to ensure their
understanding of the task.

Electroencephalography recording and
pre-processing

Participants were seated in a light- and sound-attenuated
and electrically isolated room, facing a screen placed 90 cm
away from their face. Electroencephalographic (EEG) activity
was recorded using a cap with 60 electrodes homogeneously
distributed over the scalp (QuickCap Neuroscan). In addition,
vertical and horizontal electrooculographic (EOG) activity was
recorded from two electrodes located supra- and infra-orbitally
on the left eye and two electrodes located on the right and left
orbital rims. All electrodes were referenced to the mastoids, and
impedances were kept below 5 k�. During the entire recording
session, channels continuously digitized the data at a sampling
rate of 250 Hz. An online bandpass filter was set from 0.1
to 50 Hz. A notch filter at 50 Hz was also applied. Offline
pre-processing was performed using Brain Vision Analyzer
software v.1.0 (Brain products). Data were digitally filtered
using a 30 Hz low pass filter. Segmentation of the continuous
recording was carried out on the two different time windows
regarding the laser stimulation: the Expectation period (after S1
and before S2) and the Pain processing period (after S2). The
expectation period was divided into 1,700 ms epochs for each
trial, beginning 200 ms before S1 onset, and two experimental
conditions were defined (PC and NPC). Epochs of 1,000 ms
(−200 to 800 ms, from S2 onset) were selected for the pain
processing period, where four experimental conditions were
established (PC-P, PC-NP, NPC-NP, and NPC-P). The EOG-
artifact removal procedure was carried out according to the
procedure described by Gratton et al. (1983). The artifact
detection threshold was set at ± 70 µV. After that, baseline

Frontiers in Human Neuroscience 05 frontiersin.org

https://doi.org/10.3389/fnhum.2022.943976
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/


fnhum-16-943976 September 29, 2022 Time: 13:43 # 6

Barjola et al. 10.3389/fnhum.2022.943976

FIGURE 1

Schematic representation of the experimental procedure. The S1–S2 paradigm is displayed, where S1 = cue (visual) correctly predicted the
intensity of the upcoming S2 = target (laser stimulation) in 75% of the trials. (A) No Pain cue trial, and (B) pain cue trial representations. The
interstimulus interval (ISI) was 1,500 ms. Intertrial interval (ITI) = 4,030 ms. Only responses within the first 2,000 ms of ITI were considered.

correction and EEG visual inspection were also carried out to
remove epochs with artifacts (in both the expectation and pain
processing periods) for further analyses. This artifact rejection
procedure led to an average epoch admission of 60.3% PC, 59.3%
NPC, 73.2% PC-P, 75.3% PC-NP, 73.5% NPC-NP, and 69.6%
PC-NP trials. ERP averages were categorized according to each
type of stimulus (2 types of cues for the expectation period
and 2 cues × 2 laser intensities for the pain processing period).
Three participants (2 healthy controls and 1 fibromyalgia) were
excluded from the study due to the lack of perception of
innocuous stimuli during the discrimination series conducted
prior to the experimental session. Furthermore, data from 4
healthy controls and 3 fibromyalgia participants were excluded
from further analyses because of the high rate of artifacts in the
EEG recording (over 50% epochs rejected). Finally, data from 39
participants (19 fibromyalgia patients and 20 healthy controls)
were analyzed.

Statistical analyses

Detection and quantification of event-related
potentials

Temporal principal component analysis (tPCA) using a
covariance matrix was employed to reliably detect and define
the ERP components explaining most of the brain electrical
activity variance in response to the predictive cues (expectation
period) and laser stimulation (pain processing period). This
statistical method for dimension reduction has been strongly
recommended when high-density montages are employed, since
it avoids subjectivity and misinterpretation in the selection of

the time windows based on visual inspection of the grand-
averaged ERPs. Thus, the resulting ERP components are free of
the influences of other adjacent or subjacent components [see,
Dien and Santuzzi, 2005)] for a more detailed description of the
tPCA procedure and advantages]. This technique has already
demonstrated its ability to disentangle and characterize ERP
components, and it has been previously used for the study of
expectation (i.e., CNV; Carretié et al., 2001b, 2004) and LEPs
(Peláez et al., 2019). In brief, tPCA computes the covariance
between all ERP time points, which tends to be high between
those time points involved in the same component and low
between those belonging to different components. The solution
provides a set of different temporal factors made up of highly
covarying time points, each of them theoretically involved in
the same ERP component. The temporal factor (TF) score,
the tPCA-derived parameter in which the extracted TFs may
be quantified, is linearly related to the amplitude value of the
ERP components. In the present study, thirty-nine subjects,
two stimulus categories (PC and NPC) and sixty electrode sites
yielded a total of 4,680 averaged waveforms, which served as
the database for the tPCA related to the expectation period. In
addition, thirty-nine subjects, four stimulus categories (PC-P,
PC-NP, NPC-NP, and NPC-P) and sixty electrode sites yielded a
total of 9,360 averaged waveforms, which served as the database
for the tPCA related to the pain processing period.

Considering that signal overlapping may also occur in the
space domain, a spatial principal component analysis (sPCA)
was applied. This method allows us to reliably define the
topographical distribution of ERP components and decompose
the TFs into their main spatial regions or spatial factors (SFs)
by means of the detection of covarying scalp points. Likewise,
different neural processes may concur at any given time point,
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corresponding to different electrical signals, and the recording
at any scalp location at that moment represents the electrical
balance of these distinct neural processes. While tPCA allows for
representing the complex superposition of different overlapping
ERP components in time, sPCA separates the ERP components
along the electrodes located on the scalp, providing a set of SFs
of highly covarying scalp regions. These resulting SFs ideally
may represent the concurrent neural processes underlying each
TF. This configuring and quantifying scalp regions system is
preferable to an a priori subdivision into fixed scalp regions
for ERP components, since sPCA demarcates scalp regions
according to the real behavior of each scalp-point recording. The
number of extracted factors in both the temporal and spatial
PCA was determined by the scree test method (Cattell, 1966).
Promax rotation was applied to select both temporal and spatial
factors (Dien, 2010, 2012).

Experimental effects on event-related
potentials and behavior

To explore the pain expectations and their influence on pain
processing at both the neural and behavioral levels, a series of
repeated-measures ANOVAs was computed, as described below:

1. Neural response to pain predictive cues (expectation
period): 2 × 2 repeated-measures ANOVAs, where cue
(PC and NPC) was introduced as a within-subject factor
and group (fibromyalgia and healthy control) was used as
a between-subjects factor, were carried out to explore the
effects on the CNV component (early and late) of the ERPs.

2. Neural response to laser stimulation (pain processing
period): 2 × 2 × 2 repeated-measures ANOVAs were
computed to explore the effects of pain expectations
on the P2 LEP component. Here, the selected within-
subject factors were cue (PC and NPC) and type of
laser stimulus (P and NP). The group of participants
(fibromyalgia and healthy control) was entered as the
between-subjects factor.

3. Behavioral measures: Reaction time and perceived pain
intensity in response to laser stimulation were analyzed
by a series of 2 × 2 × 2 repeated-measures ANOVAs,
including the same factors previously described in the
pain processing period for testing the effects of pain
expectations on these two variables.

To determine the significance and direction of the
mentioned contrasts, post-hoc comparisons using the
Bonferroni’s test were carried out (alpha = 0.05). Greenhouse−
Geisser (GG) epsilon correction was applied to adjust the
degrees of freedom of the F statistic. Effect sizes were computed
through the eta-square (η2

p) method. Finally, with the aim of
detecting potential influences of medications on attentional
and pain-related processes, repeated-measures ANOVAs
(Greenhouse−Geisser correction) were also computed, using

the consumption of drugs as between-subjects factors and the
ERP components of interest (i.e., CNV and P2) and behavioral
measures as within-subject factors. All statistical analyses were
performed using SPSS Statistics 25 (IBM, Inc.).

Results

Event-related potential data

Pain expectation period
The tPCA application on the interval between S1 and S2 led

to the extraction of four TFs. Considering both their latency
(starting at 800 and 460 ms) and topographic distribution
(showing a maximal amplitude at the parieto-occipital and
frontal scalp sites), TF1 and TF2 were associated with the ERP
components signaled in the grand averages as lCNV and eCNV,
respectively. Figure 2 shows the correspondence between the
TFs derived from the tPCA and the ERP components in the
expectation period. Through the subsequent application of the
sPCAs to TF scores, two SFs or scalp regions were established for
lCNV: SF1 (the posterior scalp region) and SF2 (the frontal scalp
region). The whole TF corresponding to the eCNV component
was divided into four SFs or scalp regions: SF1 (the frontal scalp
region), SF2 (the posterior scalp region), SF3 (the central scalp
region), and SF4 (the left temporal-parietal scalp region).

Repeated measures ANOVAs showed significant differences
in the posterior lCNV component for the interaction between
Cue × Group [F(1,37) = 5.580, p = 0.024, η2

p = 0.131]. Post-hoc
comparisons revealed a lower amplitude of posterior lCNV in
fibromyalgia patients than in healthy control participants after
the pain prediction cues. Figure 3 displays the grand averages
of the posterior lCNV, where the experimental effects can be
observed. Other effects associated with Group or Cue factors
did not reach statistical significance. Analyses conducted on
the eCNV revealed that this ERP component was not sensitive
to experimental manipulations related to pain expectation
(p > 0.05 for all of the contrasts).

Pain-processing period
Grand averages of the electrical brain activity in response to

laser stimulation and the correspondence between the TFs and
LEP components for the pain-processing period are displayed
in Figure 4. After tPCA application in this time window,
six TFs were extracted. Among them, latency (approximately
400 ms) and topographical features of TF2 (maximal amplitude
at the central scalp sites in response to painful laser stimuli)
corresponded with the P2 LEP waveform. Three SFs or scalp
regions were extracted from TF2 (P2 component) after the
application of the sPCA (see Figure 4): SF1 (the posterior scalp
region), SF2 (the frontal scalp region) and SF3 (the central scalp
region).
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FIGURE 2

Correspondence between TFs and ERP components derived from the tPCA in the expectation period: (A) topographical distribution of early
(TF2) and late (TF1) CNV; (B) TF loads after the application of tPCA; and (C) the correspondence of each component in the grand average of Cz.
(PC, pain cue; NPC, no pain cue).

Repeated measures ANOVAs on P2 revealed a significant
main effect of laser stimulation in all the scalp regions:
posterior [F(1,37) = 36.903, p < 0.001, η2

p = 0.499], frontal
[F(1,37) = 23.181, p < 0.001, η2

p = 0.385], and central
P2 [F(1,37) = 36.088, p < 0.001, η2

p = 0.494]. Post-hoc
comparisons showed larger amplitudes for painful than non-
painful laser stimulation. Interestingly, a significant interaction

effect between Group×Cue× Laser stimulation was also found
for all of the scalp regions of P2: posterior [F(1,37) = 4.771,
p = 0.035, η2

p = 0.114], frontal [F(1,37) = 4.696, p = 0.037,
η2p 0.113], and central P2 [F(1,37) = 7.828, p = 0.008,
η2

p = 0.175]. Post-hoc comparisons revealed different pain
expectancy influences on the neural response to the laser
stimulation in each group of participants. Whereas both
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FIGURE 3

Grand averages of the expectation period: (A) ERP waveforms for fibromyalgia patients (red) and healthy control participants (black) in response
to PC (solid lines) and NPC (dashed lines) at the posterior selected electrodes (Pz and POz). The time window (800–1,500 ms, gray rectangle)
and topographic map of lCNV are also highlighted; and (B) means of the lCNV spatial factor scores (posterior region) for fibromyalgia (left) and
healthy control participants (right) in PC (red) and NPC (gray) conditions. Asterisks show the comparison in which significant differences were
found. Bars show the standard error (*p < 0.05). (PC, pain cue; NPC, no pain cue).

fibromyalgia patients and healthy control groups showed larger
P2 amplitudes after painful than innocuous laser stimulation,
the P2 wave did not reveal changes associated with the meaning
conveyed by predictive cues in the fibromyalgia group. Only
healthy control participants exhibited an electrophysiological
response to laser stimulation modulated by the congruency
between predictive cues (pain or no pain) and targets (painful
or innocuous). Thus, incongruent conditions (PC-NP and NPC-
P) elicited higher P2 amplitudes than congruent conditions.
Specifically, the P2 amplitude at posterior scalp regions was
greater for NP laser stimulation preceded by PC than NPC
(PC-NP > NPC-NP). Both frontal and central P2 scalp
regions showed greater amplitudes when the P laser stimulation
was preceded by NPC compared to PC (NPC-P > PC-
P). Taken together, these results suggest the presence of
abnormal processing of pain predictive cues in fibromyalgia
patients, who seem to be insensitive to the influences of pain
expectations on P2, as evidenced by the group of healthy
participants. A representation of the effects described on
the P2 LEP component is displayed in Figure 5. No other

significant differences involving the variables of interest were
found.

Behavioral data

The mean and standard deviations of the pain perception
and reaction times (RTs) for each type of laser stimulus (as
a function of predictive cues) are displayed in Figure 6.
As expected, repeated-measures ANOVAs on subjective pain
perception showed a significant main effect for laser stimulation
[F(1,37) = 340.516, p < 0.001, η2

p = 0.902]. Post-hoc analyses
revealed a greater intensity of pain perception for painful
(2.8 ± 0.08) compared to non-painful stimulation (1.2 ± 0.03).
Additionally, a significant main effect was detected for the
type of Cue [F(1,37) = 12.766, p = 0.001, η2

p = 0.257]. Laser
stimulation preceded by pain cues elicited a greater pain
perception (2.0± 0.05) than no pain cues (1.9± 0.04). Although
patients with fibromyalgia showed a higher pain perception
than healthy participants, this difference did not reach statistical
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FIGURE 4

Correspondence between TFs and ERP components derived from the tPCA in the pain-processing period: (A) topographical distribution of the
P2 of the LEPs; (B) TF loads after the application of tPCA; and (C) correspondence of each component of the LEPs in the grand average of Cz.
(PC-P, pain cue - pain; NPC-P, no pain cue - pain; NPC-NP, no pain cue - no pain; PC-NP, pain cue - no pain).

significance [F(1,37) = 3.573, p = 0.067, η2
p = 0.088]. No other

significant results involving potential interaction effects between
cues and laser stimulation were found.

With respect to RTs, the results pointed out the existence
of a main significant effect for type of Cue [F(1,37) = 10.888,
p = 0.002, η2

p = 0.227]. Longer RTs were obtained in response to
pain cue trials (1020 ± 35) compared to those informing of no
pain expectancy (976 ± 31). A main effect on laser stimulation
was also found [F(1,37) = 4.765, p = 0.035, η2

p = 0.114],
according to which painful laser stimuli were associated with
shorter RTs (957 ± 29) than non-painful events (1038 ± 44).
In addition, a significant interaction between Cue × Laser
stimulation [F(1,37) = 23.927, p < 0.001, η2

p = 0.393] showed
augmented RTs for incongruent trials in all of the contrasts,
except for the no pain cues conditions (NP-P 975 ± 29 > P-
P 939 ± 32, P-NP 1101 ± 49 > NP-NP 976 ± 42, P-NP

1101 ± 49 > P-P 939 ± 32 and NP-P 975 ± 29 = NP-NP
976± 42). Finally, a Group× Laser stimulation interaction was
also detected [F(1,37) = 5.980, p = 0.019, η2

p = 0.139]. Patients
with fibromyalgia had shorter RTs for painful (956 ± 42)
compared to non-painful laser stimulation (1129 ± 63).
Moreover, patients were slower to inform themselves about
the presence of a non-painful stimulation compared to healthy
participants (948± 62).

Analysis controlling the potential effect of
medication

Since 89% of patients with fibromyalgia were taking
drugs by physician prescription and such medication could
have effects on central nervous system (CNS) functioning,
repeated-measures ANOVAs were computed to detect such
possible influences in the patient group. Antidepressants
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FIGURE 5

Grand averages of LEP components (pain-processing period): The left side of the figure represents the P2 waveform for fibromyalgia and
healthy control groups in response to PC-P (red), NPC-P (orange), PC-NP (gray) and NPC-NP (black) conditions. The means of the P2 spatial
factor scores for each experimental condition are displayed in the middle. Asterisks represent significant differences (*p < 0.05). Bars indicate
the standard error. The topographical maps of each scalp region of P2 are shown on the right side. (A) Pz for posterior P2, (B) Fz for frontal P2,
and (C) Cz for the central P2 scalp regions. (PC-P, pain cue - pain; NPC-P, no pain cue - pain; NPC-NP, no pain cue - no pain; PC-NP, pain cue -
no pain).

and anxiolytics were introduced as between-subjects
factors (due to their potential capacity to alter cognitive
functioning), whereas the neural response and behavioral
outcomes were defined as dependent variables. A significant
effect of antidepressants was found for laser stimulation
on frontal P2 amplitudes [F(1,17) = 6.812, p = 0.018,
η2

p = 0.286]. The P2 amplitude was higher in response to
painful stimulation for patients taking antidepressant drugs,
but it does not seem to add information to the present
results since significant differences between groups on P2
components were not detected. lCNV amplitudes were not
significantly affected by medication taken by patients with
fibromyalgia.

Additionally, the impact of drug consumption on
behavioral measures was also explored. A significant effect
of anxiolytics for laser stimulation in RTs [F(1,17) = 6.366,
p = 0.022, η2

p = 0.272] was found. Thus, lower RTs were
associated with painful stimulus responses in patients not
taking anxiolytic medication compared to those taking
them. Finally, a significant effect of antidepressants for
Cue on perceived pain [F(1,17) = 11.067, p = 0.004,
η2

p = 0.394] was also detected. In this regard, perceived
pain intensity was lower in PC trials for patients who
were taking antidepressants. Again, such effects might not
refute the previous results regarding RTs and perceived pain
intensities.

Frontiers in Human Neuroscience 11 frontiersin.org

https://doi.org/10.3389/fnhum.2022.943976
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/


fnhum-16-943976 September 29, 2022 Time: 13:43 # 12

Barjola et al. 10.3389/fnhum.2022.943976

FIGURE 6

Behavioral data: Mean and standard deviation of (A) RTs (ms) and (B) subjective perception of pain (1–4) for healthy control (gray) and
fibromyalgia (red) of the four experimental conditions (PC-P, pain cue-pain; NPC-NP, no pain cue-no pain; NPC-P, no pain cue-pain; PC-NP,
pain cue-no pain). Bars represent the standard error.

Discussion

The main aim of the present study was to explore
the neural mechanisms of pain expectancy and its potential
influence on the processing of painful and innocuous laser
stimulation in fibromyalgia patients. The results could be
summarized as follows: (1) patients with fibromyalgia exhibited
decreased posterior lCNV amplitudes in anticipation of painful
stimulation; (2) in contrast with findings about expectancy-
related modulations detected in healthy participants, the P2
component was not sensitive to the expectations of pain in
fibromyalgia, varying only in accordance with the intensity
of the laser stimulation; and (3) behavioral measures (pain
perception and RT) were, however, modulated as a function of
pain anticipation signals in the whole sample of participants,
so that pain-related cues were associated with higher pain
perception and slower RTs than no pain cues. Implications

derived from the present findings will be addressed in
more detail below.

Contingent Negative Variation has been reported as
an ERP component that represents anticipatory attention,
comprising cognitive and motor preparation processes, before
an impending event (Brunia et al., 2011). Several studies have
established that the prediction of upcoming nociceptive stimuli
involves the recruitment of attentional mechanisms for pain
regulation (Van Damme et al., 2010; Legrain et al., 2012;
Palermo et al., 2015). Thus, pain expectation would enhance
the attentional resources directed to the upcoming painful
event being reflected as higher amplitudes in anticipatory ERP
deflections, such as CNV or analogous components (Stude et al.,
2003; Babiloni et al., 2004; Brown et al., 2008; Seidel et al.,
2015). According to theoretical proposals on hypervigilance
to pain (Crombez et al., 2013), it would be expected that
increased pain anticipation in chronic pain patients might lead
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to amplified pain processing responses. In this vein, several
findings have highlighted the presence of augmented activation
of pain processing brain regions during pain anticipation in
patients with fibromyalgia (Cook et al., 2004; Crombez et al.,
2004; Burgmer et al., 2011). However, in this study, fibromyalgia
patients showed a pronounced attenuation of lCNV amplitudes
at posterior scalp regions for trials involving pain expectations.
In support of the current results, reduced frontoparietal and
ventral tegmental activation after predictive pain cues has also
been reported (Loggia et al., 2014). The observed discrepancies
among different sources of experimental evidence could be
derived from the variability in methodological and experimental
procedures regarding the manipulations on pain expectancy
(i.e., in Loggia et al., 2014, pain cues informed about the
pain stimulation onset, while in Burgmer et al., 2011, the
uncertainty of pain predictive cues was manipulated). On the
other hand, electrophysiological measures would entail more
suitable techniques than other neuroimaging methodologies to
reliably detect the temporal dynamics of anticipatory attention
to pain processing.

The absence of an enhanced lCNV elicited by predictive
pain cues in patients with fibromyalgia makes a straightforward
interpretation difficult and deserves further consideration.
The scarce experimental ERP evidence of pain expectative
mechanisms in chronic pain patients suggests a decreased CNV
in anticipation of pain events (Kaji et al., 1995) or during a pain
episode (Rizzo et al., 1985). More recently, lower amplitudes
of a late expectation wave have been found in fibromyalgia
in anticipation of moderate intensity laser stimuli compared
to healthy people and osteoarthritis patients (Brown et al.,
2014). Other similar data indicating CNV alterations during
pain expectation or hyperalgesia conditioning paradigms have
been related to associative learning dysfunction in chronic
pain patients (Schneider et al., 2004; Zhang et al., 2019).
Similarly, dysfunctions of associative learning mechanisms have
also been described in fibromyalgia (Jenewein et al., 2013;
Meulders et al., 2015; Sandström et al., 2020). Learning from
past pain experiences may allow us to adjust our behavior and
respond adaptively to new pain events. Therefore, deficiencies
in associative learning could become the context unstable and
unpredictable, making the anticipation of pain for adequate
coping very difficult, and could play an important role in
the development and maintenance of chronic pain syndromes
(Jepma et al., 2018; Zhang et al., 2019). In accordance
with that, the abnormal pain anticipation processing in our
results would suggest a disability in fibromyalgia patients,
preventing them from taking advantage of the contextual
cues that indicate pain increase or pain relief. Moreover,
considering that psychophysiological signs of motor and
cognitive preparation (such as those represented by CNV)
would reflect the effort in the deployment of cognitive regulation
mechanisms (Jennings and van der Molen, 2005), it could
be proposed that the decreased CNV in fibromyalgia might

imply difficulty mobilizing attentional resources, cognitive
regulation and coping processes to adequately deal with painful
events.

Regarding the neural findings for the processing of painful
stimulation, our results showed that the P2 amplitude was
sensitive to the intensity of the CO2 laser stimulation, since
painful stimuli generated larger P2 waves than innocuous
stimuli. Furthermore, a distinguishable modulation pattern
of P2 was found by predictive cues for each group of
participants. In this sense, the pain expectancy manipulation
led to P2 amplitude changes only for the healthy control
group. Surprisingly, these variations in P2 were not found in
fibromyalgia and were influenced only by the laser stimulation
intensities (larger amplitudes for painful compared to non-
painful conditions). Greater amplitudes of the P2 component
for painful stimuli have been repeatedly reported in the general
population (Beydoun et al., 1993; García-Larrea et al., 1997;
Ohara et al., 2004; Iannetti et al., 2005, 2008; Dowman,
2007). Likewise, hypersensitivity in fibromyalgia, along with
increased LEPs components to painful laser CO2 stimuli
(Gibson et al., 1994; Lorenz, 1998; de Tommaso et al.,
2011, 2017), have been consistently described. Nevertheless,
the absence of significant differences between groups for
the amplitude of P2 in the current results goes against the
mentioned neural correlates of the augmented pain processing
response in fibromyalgia. Brown et al. also failed to find
significant differences in P2 among fibromyalgia, osteoarthritis
and healthy control participants when predictive cues were
used for signaling the onset of an upcoming pain stimulus.
It is well established that pain expectation cues enhance the
P2 component of LEPs (Miyazaki et al., 1994; Hauck et al.,
2007; Brown et al., 2008). However, when the predictive value
of the cues is manipulated, the effects of pain expectancy
on P2 become controversial (Dowman, 2004, 2011; Lorenz
et al., 2005). The lack of pain cue effects on the P2 amplitude
in the fibromyalgia group appears to be consistent with
some previous evidence. Similarly, cognitive and emotional
manipulations have failed to modulate the brain response
after nociceptive stimulation in fibromyalgia (Kamping et al.,
2013; Loggia et al., 2014), indicating the existence of an
endogenous pain modulation disturbance. From this point
of view, decrements of neural correlates of pain expectation
in fibromyalgia have been associated with an alteration of
descending pain modulation mechanisms (de Souza et al.,
2009; Goffaux et al., 2009; Burgmer et al., 2011; Fields,
2018; Ioachim et al., 2022), which could be related to the
absence of expectative modulation of the neural response to
pain.

Complementarily, behavioral outcomes involving subjective
perceptions of pain and RTs were sensitive to the experimental
manipulations. Regarding pain perception, the present
results support the well-established ideas about their
modulation as a consequence of the anticipatory processes
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(Moseley and Arntz, 2007; McGowan et al., 2009; Johnston
et al., 2012). All of the participants reported greater pain
perception during the pain cue trials. On the other hand,
both pain cueing and incongruent trials led to longer RTs
than no pain cueing and congruent trials. Longer RTs to pain
cue incongruent trials (PC-NP) were especially remarkable
among the patients, but the lack of significant differences in the
interaction involving group, type of cue and laser stimulation
prevents any clear interpretation. It could be suggested that
attention disengagement difficulties from pain-related cues
might at least partially explain the present findings (Van
Damme et al., 2002, 2004; Fernandes-Magalhaes et al., 2022).
According to previous data, incongruent trials might produce
an interference effect (i.e., longer RTs) in the processing of
somatosensory events and, thereby, might affect behavioral
performance (Yiend and Mathews, 2001). Such an effect would
be more interfering for patients presenting with pain attentional
biases, as usually occurs in fibromyalgia (Broadbent et al.,
2021). It should be noted that the behavioral outcomes and
P2 amplitudes in fibromyalgia seem to be contradictory, as
the RT and perceived pain intensity were modulated by pain
cues and the P2 waves were not. The ERP technique allows
us to reliably disentangle the temporal course of rapid and
overlapped cognitive processes, and behavior outcomes are the
final output. The present investigation focused on two specific
ERP components (CNV and P2), but other ERP waves (in turn,
other cognitive processes) could be sensitive to pain expectative
manipulations, affecting behavioral measures.

Although the present investigation is one of the few to
explore pain expectancy in fibromyalgia and its further influence
on pain processing, several limitations should be considered.
First, we applied two different (painful and innocuous) fixed
(equal for all participants) laser stimulus intensities, but it is
more common to individually determine the intensity of the
applied painful stimuli due to the subjectivity and variability
in the pain experience (Peláez et al., 2019). Nonetheless,
both methods have been employed in fibromyalgia patients,
and similar results have been obtained (i.e., de Tommaso
et al., 2011; Brown et al., 2014). Even though our results
did not indicate significant differences in perceived pain
intensity between groups, we should not omit the possible
influence of individual variability in the processing of painful
stimulation. In addition, the four-button device used for
collecting behavioral responses (perceived pain intensity and
RT) may not be optimal to show the great variability in
pain reports. Mainly regarding the non-painful stimulation,
a succession of warmth sensations was not reflected in the
rating scale (1 = no pain), while it was reproduced in the
pain sensations scale (2 = low pain, 3 = moderate pain,
4 = extreme pain). Although this pain rating procedure is unable
to achieve fine somatosensory discrimination, the experimental
manipulations seemed to have been effective. Second, the
medication taken by fibromyalgia patients had an effect on both

the brain electrical response and the behavioral performance
levels. Previous scientific evidence has demonstrated that this
kind of drug does not affect cognition in fibromyalgia or
chronic pain patients (Chapman et al., 2002; Mohs et al.,
2012; Reyes del Paso et al., 2012). Nevertheless, it should
be considered with caution due to its influence on pain
perception.

To conclude, the present findings point out a dysfunction
of the pain expectation mechanisms in fibromyalgia, probably
concerning associative learning difficulties, which would lead
to abnormal processing of painful stimulation that eventually
could result in ineffective strategies for pain regulation. It
has been suggested that a decrease in neural expectation
resources underlies such unsuccessful pain coping efforts in
these patients (Brown et al., 2014). Understanding neural
correlates of pain processing and pain modulation factors is
indispensable to achieve a better knowledge of chronic pain
syndromes. In addition, the influence of current spontaneous
and endogenous pain in chronic pain sufferers should be
taken into account as a factor modulating pain processing.
The present research represents a contribution to broadening
the knowledge of pain expectation neural mechanisms and
their influence on pain processing in fibromyalgia. Future
research in this field would help design more effective coping
strategies to improve the quality of life of chronic pain
patients.
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