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Our brain constantly integrates afferent information, such as visual and tactile information, to perceive the world around us. According to the maximum-likelihood estimation (MLE) model, imprecise information will be weighted less than precise, making the multisensory percept as precise as possible. Individuals with fibromyalgia (FM), a chronic pain syndrome, show alterations in the integration of tactile information. This could lead to a decrease in their weight in a multisensory percept or a general disruption of multisensory integration, making it less beneficial. To assess multisensory integration, 15 participants with FM and 18 pain-free controls performed a temporal-order judgment task in which they received pairs of sequential visual, tactile (unisensory conditions), or visuotactile (multisensory condition) stimulations on the index and the thumb of the non-dominant hand and had to determine which finger was stimulated first. The task enabled us to measure the precision and accuracy of the percept in each condition. Results indicate an increase in precision in the visuotactile condition compared to the unimodal conditions in controls only, although we found no intergroup differences. The observed visuotactile precision was correlated to the precision predicted by the MLE model in both groups, suggesting an optimal integration. Finally, the weights of the sensory information were not different between the groups; however, in the group with FM, higher pain intensity was associated with smaller tactile weight. This study shows no alterations of the visuotactile integration in individuals with FM, though pain may influence tactile weight in these participants.
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1 Introduction

Our brain constantly integrates the afferent information our senses provide, such as vision, touch, or audition. Numerous studies show that participants generate a more precise perception of an object when they perceive it with several modalities (Gepshtein and Banks, 2003; Alais and Burr, 2004; Bresciani et al., 2006; Nardini et al., 2008; Helbig et al., 2012). The maximum likelihood estimation (MLE) model theorizes how the brain can use noisy afferent information and maintain a stable and coherent perception through multisensory integration (Ernst and Bülthoff, 2004). This model postulates that sensory afferents are weighted according to their reliability: a noisy afferent signal is variable and thus considered less reliable and used less than a reliable signal (Ernst and Banks, 2002; Ernst and Bülthoff, 2004). Ernst and Banks (2002) conducted one of the first studies showing that healthy volunteers integrate sensory information according to the MLE model. In their study, participants had to estimate the height of an object while either seeing it, touching it, or seeing it while touching it (multisensory condition). Participants’ estimations were more precise when visual and tactile information were available than when only visual or tactile information was present, as predicted by the model. This result confirms the benefit of multisensory integration. Moreover, the authors calculated the weight of each sensory information in the visuotactile percept based on the precision of the information (see Method for more details). They showed that, as predicted by the MLE, the more the visual information was degraded (i.e., increasing its variability), the less it was used (i.e., smaller weight) compared to tactile information (Ernst and Banks, 2002). Thereafter, similar results have been reported in several tasks with various modalities (Gepshtein and Banks, 2003; Bresciani et al., 2006; Nardini et al., 2008; Ronsse et al., 2009; Fetsch et al., 2010; Helbig et al., 2012; Chancel et al., 2016; Sexton et al., 2019). This way of integrating information seems essential to generate a coherent body representation, as shown by studies in which the degradation of somatosensory information of a given body part is accompanied by perturbations in the representation of this body part (Lackner, 1988; de Vignemont et al., 2005; Chancel and Ehrsson, 2023).

One way to study sensory information integration is with temporal-order judgment (TOJ) tasks (Morein-Zamir et al., 2003; Ley et al., 2009; Maiworm and Röder, 2011). In these tasks, participants must judge the order of two successive stimuli. The delay between the stimuli varies, and psychometric functions can be generated to describe the participants’ answers according to the delay. Two outcome variables are then extrapolated from the function: the variability (SD, standard deviation) and the accuracy (M, mean) of the percept. Stimuli can be unisensory (e.g., two sequential visual or tactile stimuli) or multisensory (e.g., two sequential visuotactile stimuli). The precision and the accuracy of the multisensory percept are compared to the precision and the accuracy of the unisensory percepts, and the weight of each sensory modality in the multisensory percept can be calculated. In a study using a TOJ task with pairs of auditory, tactile, or audiotactile stimuli, tactile stimuli were degraded to test the effect of different noise levels on audiotactile integration (Ley et al., 2009). Using psychometric functions, the authors found that the empirical data followed the MLE model, with a more precise percept in the multisensory condition compared to the unisensory percepts and with an effect of the increased tactile noise on the weight attributed to tactile information (Ley et al., 2009). This suggests an optimal (i.e., according to the MLE model) integration of artificially noisy sensory information in healthy participants. But what if sensory information is noisy for a long rather than a short period? Does multisensory integration remain optimal in such conditions? Studying multisensory integration in clinical populations that show unisensory integration alterations can help answer these questions.

People with chronic pain often show alterations of the unisensory integration of somatosensory stimuli, such as a hypersensitivity (i.e., lower detection threshold; Westermann et al., 2011; Achenbach et al., 2020) or hyposensitivity (i.e., higher detection threshold; Rommel et al., 2001; Geber et al., 2008; Maier et al., 2010; Hochman et al., 2013; Hilgenberg-Sydney et al., 2016; Evdokimov et al., 2019; Sobeeh et al., 2023) to tactile stimuli, and a worse tactile acuity (Pleger et al., 2006; Harvie et al., 2017; Martínez et al., 2019; Kim et al., 2020; López-de-Uralde-Villanueva et al., 2020). These alterations are sometimes accompanied by distortions of the body representation (Moseley, 2008). In a study in which tactile perception was measured with the two-point discrimination (TPD) test, individuals with low back pain had a worse perception (i.e., higher threshold) than pain-free controls at their lower back (Moseley, 2008). Moreover, when they were asked to draw their lower back as they felt it (as opposed to how they saw it), the drawings were distorted compared to the control group (Moseley, 2008). Alterations of the body representation in chronic pain populations can manifest themselves as a perception of changes in the size (Lewis et al., 2007; Lotze and Moseley, 2007; Peltz et al., 2011; Valenzuela-Moguillansky, 2013; Dieguez and Lopez, 2017; Brun et al., 2019; Menten et al., 2022; Scandola et al., 2022), the shape (Moseley, 2008; Valenzuela-Moguillansky, 2013; Menten et al., 2022), the weight (Valenzuela-Moguillansky, 2013; Brun et al., 2019), the existence (Moseley, 2008; Valenzuela-Moguillansky, 2013; Dieguez and Lopez, 2017; Menten et al., 2022) of the body part or in the feeling of ownership over the body part (Lewis et al., 2007; Valenzuela-Moguillansky, 2013; Scandola et al., 2022). These body representation distortions could stem from alterations in the multisensory integration of somatosensory information in individuals with chronic pain. Indeed, according to the MLE model, somatosensory information should be considered unreliable in these populations and, therefore, used less (i.e., smaller weight) than other sensory information, such as vision. This weighting strategy could allow for the generation of precise perceptions based on noisy somatosensory signals.

Fibromyalgia (FM) represents an excellent model to test this hypothesis. This syndrome affects about 2–3% of the population (Branco et al., 2010; Wolfe et al., 2013) and is defined by widespread chronic pain accompanied by various symptoms affecting sleep, cognition, and motricity (Häuser et al., 2015; Häuser and Fitzcharles, 2018). People with FM also show signs of alterations of the unisensory integration of somatosensory information, such as higher tactile detection thresholds (Üçeyler et al., 2015; Evdokimov et al., 2019), higher TPD thresholds (i.e., poorer tactile acuity; Martínez et al., 2019), and referred sensations (i.e., sensations arising from outside the stimulated site; Martínez et al., 2019) following tactile stimulation. In two recent studies, participants with FM and pain-free participants received pairs of temporally close tactile stimuli on the hand and were asked to indicate when they perceived them as two separate stimuli (Gunendi et al., 2019; Tertemiz and Tepe, 2022). In both studies, participants with FM needed inter-stimuli delay on average two to four times longer than the controls to perceive the stimuli as separate. Moreover, a correlation was found between the altered temporal discrimination threshold and several FM symptoms, such as the intensity of pain, the severity of various somatic and cognitive symptoms, and the level of impairment (Gunendi et al., 2019). In addition to these alterations, individuals with FM experience body representation distortions (Valenzuela-Moguillansky, 2013; Menten et al., 2022; Scandola et al., 2022), which could stem from modifications of the weighting of somatosensory information. However, no study has directly tested multisensory integration in this population.

This study aimed to assess visuotactile integration in people with FM compared to pain-free individuals (CTRL). Objective 1 was to evaluate the precision and accuracy of the unisensory percepts (visual, tactile) and compare them across groups. We expected that the participants with FM would show less precision and accuracy in the tactile percept than the visual percept compared to the CTRL participants. Objective 2 was to assess the benefit in precision and accuracy of having access to several sources of sensory information and compare this benefit across groups. We hypothesized that CTRL participants would exhibit a stronger benefit in precision, and possibly in accuracy, than FM participants. Objective 3 was to determine the relationship between the observed precision of the multisensory percept and the precision predicted by the MLE model in individuals with FM and CTRL participants. We expected a positive correlation between the observed and the predicted precision in CTRL participants but not in participants with FM, suggesting a sub-optimal visuotactile integration in the latter group. Finally, Objective 4 was to compare the weight given to each source of sensory information in the FM group vs. the CTRL group. We expected that participants with FM would rely less on tactile information, as shown by a smaller weight attributed to this information, compared to the CTRL group.



2 Materials and methods


2.1 Participants and ethical statement

We recruited twenty participants with FM via Laval University, the Fibromyalgia Association of Quebec City, the Quebec Research Pain Network, and the Fibromyalgia Association of Montreal. Twenty-four healthy controls, matched to the FM group for age and sex, were recruited via Laval University, the FADOQ Network (a group of organizations for residents of Quebec who are ≥55 years old), and Facebook. The sample size was based on pragmatic considerations of how many participants with FM would be willing to participate given the fatigue, pain, and brain fog associated with this syndrome. The inclusion criteria for all the participants were: (1) being ≥18 years old; (2) having a normal or corrected-to-normal vision; (3) having no non-neurological sensitive alterations (burns, bruises, etc.) on the index and thumb of the non-dominant hand; (4) having no neurological disorders.

We included participants with FM if: (1) they had received a diagnosis of FM according to the American College of Rheumatology by a qualified doctor (Wolfe et al., 1990, 2010, 2016); (2) they had not undergone surgery in the last three months. CTRL participants were excluded if they had a history of chronic pain or acute pain severe enough to interfere with daily functioning in the previous month or of acute pain on the day of the participation. All participants provided their written informed consent before they participated in this study. The experiment was performed following the Declaration of Helsinki, and the study protocol was approved by the local ethical review board (CIUSSS de la Capitale-Nationale, Quebec City, Canada, no 2022-2334 RIS).



2.2 Study design

Participants took part in two experimental sessions at the Center for Interdisciplinary Research in Rehabilitation and Social Integration. In the first session, all participants filled out a manual laterality questionnaire, and participants with FM were questioned about their medical history and asked to fill out a clinical questionnaire. Another study, not reported here, was conducted during that first session (article in preparation). In the second session, lasting about two hours, the participants performed the visuotactile TOJ task, in which they received two successive stimulations on the index and thumb of their non-dominant hand and had to determine which one they perceived first. The stimulations were either visual, tactile, or visuotactile and were performed in a randomized order. The two sessions were conducted with a delay of between 0 and 9 days.



2.3 Questionnaires

All participants completed the French version of the Edinburgh Handedness Inventory (Oldfield, 1971; Ransil and Schachter, 1994; Veale, 2014) to determine their manual preference. Participants with FM were questioned about their medical history and asked to fill out the French version of the Brief Pain Inventory (BPI; Cleeland, 1991) to assess the severity of their pain and its impact on daily function.



2.4 TOJ visuotactile task

Participants sat on a comfortable chair, with their non-dominant arm pronated on a table. The two stimulation sites, site 1 and site 2, were located on the dorsal part of the thumb and index finger, respectively. Two pieces of paper placed next to the fingers indicated the name of each site (1 or 2). The fingers were separated by 55 mm. Two stickers glued on the table indicated the position of the fingers so the participants could move the hand during the breaks and replace their fingers in the same position easily. The stimulations were either tactile (T), visual (V), or both visual and tactile (visuotactile condition; VT). The first two conditions (T and V) were unisensory, meaning only one sensory modality was integrated, whereas the VT condition was multisensory. The tactile stimulations were two non-painful electrical stimulations provided by a Digitimer DS7A via four self-adhesive bipolar electrodes (two for the thumb and two for the index finger) (EL504, Biopac Systems Inc.). Electrical stimulations on the skin surface are often used as an easily controllable and non-invasive way to administer tactile stimulation, as it activates tactile receptors (Chouvardas et al., 2008; Marcus and Fuglevand, 2009; Yem and Kajimoto, 2017). Moreover, tactile perception seems similar between mechanical and electrical stimulations (Marcus and Fuglevand, 2009). The intensity of the stimulations was set for each participant by averaging the detection threshold of the two fingers and multiplying it by 1.5. We determined the detection threshold by continuously increasing the intensity of the electrical stimulation by steps of 0.1 mA, starting at 0.1 mA. We instructed the participants to say when they felt something. The goal was to determine an easily detectable intensity that was not painful or uncomfortable for both fingers. If this was not the case, the intensity was increased or decreased by steps of 0.1 mA until the participant confirmed it was. The intensity was increased by an average of 0.2 mA for six participants and decreased by 0.03 mA for one participant. The duration of the stimulations was 1 ms, and the voltage was 200 V. The visual stimulations consisted of two dim red LED attached to the dorsal part of the fingers. The flashes of light lasted 10 ms. The visuotactile stimulations were defined as the co-occurrence, on each stimulation site, of both tactile and visual stimulations.

We randomized the order of the stimulation (i.e., which site is stimulated first) and the order of the conditions (V, T, VT). In each condition (V, T, VT), two stimulations, one on each stimulation site, were performed sequentially with a variable stimulus onset asynchrony (SOA) between the two. The SOA corresponded to the time between the emission of the first stimulation and the emission of the second stimulation and could vary across seven values (0, ±10, ±25, ±50, ±100, ±300, ±800 ms). By convention, a positive SOA meant that site 1 was stimulated first, and a negative SOA meant that site 2 was stimulated first. For a SOA equal to 0 ms, the sites were stimulated simultaneously.

A familiarisation phase of at least six trials (3 per condition) with a SOA of 1,250 ms was first performed until the participants felt comfortable with the task. The test phase was composed of 130 trials per condition, for a total of 390 trials. We offered a break every 20 to 23 trials and asked the participants if the stimulations were still detectable and not painful or uncomfortable. We also asked the participants with FM to rate the pain intensity of their non-dominant upper limb on a 0–10 visual analog scale (0 = no pain; 10 = worst imaginable pain). Moreover, participants could ask for additional breaks throughout the task.



2.5 Data preprocessing

According to the SOA, answers were expressed as the frequency of answers: “site 1 was stimulated first.” For each participant and condition, we preprocessed participants’ answers using Matlab (version R2022b, MathWorks Inc., Natick, MA, United States) with a script Clark and colleagues wrote (Clark and Merfeld, 2021). The script identified outliers and fitted a psychometric function on the data for later interpolating the outcome variables. Outliers were defined as trials whose influence on the main variables was the most significant (chances of occurring was p < 0.01) if they were to be removed (Clark and Merfeld, 2021). If the search for outliers found more than one trial fitting this description, only the most inconsistent data point was removed. Additional searches with the remaining trials were ran until no trial reached the statistical criterion. This method of outlier identification and removal yielded accurate estimates of the outcome variables across a wide range of SOA (Clark and Merfeld, 2021).

The two outcome variables interpolated from the psychometric function were the accuracy M and the variability SD. These variables correspond to the underlying parameters of the Bayesian function. Examples of psychometric and Bayesian functions are shown in Figure 1. We defined M as the SOA for which the participants perceived the two stimuli as simultaneous (i.e., X0.50). It corresponds to the mean μ of the Bayesian function. The variability SD is the difference between the mean X0.50 and X0.84, the point distant from one standard deviation to the mean of the Bayesian function (i.e., σ). The higher the SD is, the flatter the curve is, and the poorer the discrimination abilities are. For each Condition and Group, the means of M and SD were interpolated from the psychometric curve and used for Bayesian modeling.

[image: Figure 1]

FIGURE 1
 Psychometric function (A) and Bayesian function (B). SOA, stimulus onset asynchrony.


For each group, according to the SOA, we averaged the percentage of answers for “Site 1” and fitted the psychometric curves to evaluate the performance during the unisensory condition.

For the multisensory condition (VT), we calculated the benefit in precision (BP) and accuracy (BA) and compared the results to the best unisensory condition (V or T), as follows:
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A positive value means an improvement (i.e., in precision for the BP and accuracy for the BA) in the VT condition (i.e., a benefit of multisensory integration); a negative value reflects a degradation of the performance in the VT condition (Chancel et al., 2016).

To ensure multisensory integration was possible (i.e., to avoid floor or ceiling effects), the analyses excluded participants who scored lower than 60% or higher than 90% success on any unisensory condition. A score too low means they did not perceive the sensory signal well and answered by chance; therefore, they had no advantage of using it in the VT condition. A score that is too high indicates that they could not improve with the additional sensory information in the VT condition (Rohde et al., 2016; Regenbogen et al., 2018).



2.6 Bayesian modeling

The MLE model was used to predict the multisensory percept’s value (μVT) and variability (σVT) if the integration was optimal, given the unisensory percepts’ values (MT and MV) and variabilities (SDT and SDV).

We calculated the predicted visuotactile percept as follows:

[image: image]

with w, the weight attributed to each sensory modality, according to their reliability r:
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We determined the variability of the visuotactile percept by computing the square root of σ2VT:

[image: image]

According to the MLE model, if the integration of the visual and the tactile cues is optimal, SDVT should be positively correlated to σVT.



2.7 Statistics


2.7.1 Clinical and demographic data

To ensure we adequately age-matched participants, we compared ages between the groups using the Mann–Whitney U test. Tactile detection thresholds were also compared between the groups with a Mann–Whitney U. All other clinical and demographic data were synthesized with descriptive statistics.



2.7.2 Visuotactile integration 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, we used non-parametric tests.

For Objective 1, a nparLD, a non-parametric equivalent of a repeated measures ANOVA (Noguchi et al., 2012), was performed on M and SD, with the within-subject factor Condition (V, T) and the between-subject factor Group (FM, CTRL). NparLD is a robust method for mixed designs with inequivalent samples and does not require normality of distributions and homoscedasticity (Noguchi et al., 2012). For Objective 2, the 95% confidence intervals of the BP and the BA were calculated to assess whether the benefits in precision and accuracy were positive for each group (FM, CTRL). Then, we compared the BP and the BA between the groups with a Mann–Whitney U. For Objective 3, we evaluated the optimality of the visuotactile integration by testing the correlation between the precision of the visuotactile percept that was observed (i.e., observed SDVT) and the one that was predicted by the MLE (i.e., optimal SDVT), using a Spearman correlation. Finally, for Objective 4, the weight given to the tactile information was compared between the two groups (FM, CTRL) using a Mann–Whitney U test. Since the weight attributed to the visual information could be inferred from the weight of the tactile information (wV = 1 – wT), we performed only one comparison. The statistical tests were performed with IBM SPSS (version 29), except for the nparLD, which was conducted with Rstudio Team (2023).

Note that because we used non-parametric statistics, the data reported include median and interquartile range (IQR). Comparisons were considered statistically significant for a p < 0.05.





3 Results

Of the 44 participants (20 participants with FM and 24 pain-free controls) recruited, we excluded 11 participants either because (1) their performance in at least one of the unisensory conditions was not in the predetermined range of [60; 90]% (n = 6); (2) the SD was abnormally high in a modality even though the performance score was within the predetermined range (n = 2); (3) the nonlinear curve did not fit the data (n = 1); or (4) the participant discontinued their participation (n = 1). Of the participants whose performance was outside the range, seven scores were below 60% (6 CTRL participants: 4 in the Tactile condition and 2 in the Visual condition; and 1 participant with FM in both the Tactile and the Visual condition) and 1 was above 90% (1 participant with FM, in the Visual condition). In total, the data of 33 participants (15 participants with FM and 18 CTRL) was used for further analysis.


3.1 Clinical and demographic data

The FM group was composed of 14 females and 1 male and the CTRL group of 17 females and 1 male. The groups did not differ in age (FM: median = 45.0, IQR = 13.0 years old; CTRL: median = 38.0, IQR = 28.0 years old; p = 0.53). Tactile detection thresholds were not different between the groups (FM: median = 0.80 mA, IQR = 0.40 mA; CTRL: median = 1.05 mA, IQR = 0.33 mA; p = 0.244). The clinical characteristics of the FM group are presented in Table 1.



TABLE 1 Clinical characteristics of participants with FM.
[image: Table1]



3.2 Visuotactile TOJ task

The algorithm excluded fifty-four trials (which accounts for 0.008%, as the total number of trials was: 130 trials × 3 conditions × 33 participants = 694,980 trials) because they were considered outliers.

The psychometric functions for each group in the two unisensory conditions are presented in Figure 2.

[image: Figure 2]

FIGURE 2
 Psychometric functions in the Visual Condition (A) and Tactile Condition (B) for the FM group (in red) and for the CTRL group (in blue).


For Objective 1, the nparLD showed that the precision of the tactile percept was not statistically different from the precision of the visual percept (F(1,32) = 1.04, p = 0.31). No effect of the Group (F(1,32) = 0.81, p = 0.37) and no interaction were found (F(1,32) = 0.13, p = 0.72). The accuracy of the tactile percept was better than the accuracy of the visual percept for both groups (for FM, in Tactile: median = −8.33, IQR = 74.60; in Visual: median = 19.27, IQR = 80.28; for CTRL in Tactile: median = −12.28, IQR = 69.26; in Visual: median = 12.30, IQR = 22.88; F(1,32) = 6.98, p < 0.01). No effect of the Group (F(1,32) = 0.91, p = 0.34) and no interaction were found (F(1,32) = 0.18, p = 0.67).

According to Objective 2, we compared the BP and the BA between the two groups (FM, CTRL). The results are depicted in Figure 3. The 95% confidence interval indicates a positive BP for the CTRL group but not for the FM group. This result suggests that, in CTRL participants, the visuotactile percept was more precise than the most precise unisensory percept, which is a sign of a visuotactile integration. The Mann–Whitney U test showed no difference in BP between the groups (FM: median = 0.41, IQR = 0.54; CTRL: median = 0.28, IQR = 0.35; p = 0.762). The absence of an increase in precision for the FM group, even though no difference in BP was observed between the groups, could be due to higher variability in the FM group, which was composed of fewer participants than the CTRL group. Moreover, a slight bimodal distribution could be observed for the FM group; this will be commented on in the results for Objective 4.

[image: Figure 3]

FIGURE 3
 Median (bold discontinued line) benefit in precision (A) and in accuracy (B), for the CTRL (in blue) and the FM (in red) group. The thin discontinued lines correspond to the 95% confidence intervals. FM, participants with fibromyalgia; CTRL, pain-free participants; ns, non-significant.


For the BA, we found no difference between the groups (FM: median = 0.59, IQR = 0.73; CTRL: median = 0.31, IQR = 1.27; p = 0.119), and the 95% confidence interval included the zero for both groups, although we observed a tendency towards a benefit in accuracy for the FM group (IC95% = [−0.0006; 0,8,494]). This result indicates that the multisensory percept tended to be more accurate than the unisensory percepts for the FM group but not for the CTRL group.

The results for Objective 3 are presented in Figure 4. Spearman’s test revealed that the observed variability of the visuotactile percept (observed SDVT) and the variability as predicted by the MLE (optimal SDVT) were positively associated for the CTRL (Spearman’s ρ = 0.880; p < 0.001) and the FM group (Spearman’s ρ = 0.779; p < 0.001). These results indicate an optimal integration of visual and tactile information.

[image: Figure 4]

FIGURE 4
 Correlation between the observed SDVT and the SDVT predicted by the MLE. The red and blue dots represent participants of the FM and CTRL group, respectively. The lines illustrate the correlation between the observed SDVT and the optimal SDVT, for the FM (in red) and for the CTRL (in blue) participants. FM, participants with fibromyalgia; CTRL, pain-free participants; VT, visuotactile.


For the weight of the tactile information in the visuotactile percept (Objective 4), results of the Mann–Whitney U’s test demonstrated no significant difference between the groups (FM: median = 0.56, IQR = 0.72; CTRL: median = 0.33, IQR = 0.83; p = 0.61; see Figure 5). However, this result is tainted by a high between-subject variability. Some participants seemed to have a sensory preference for visual information and some for tactile information, which created a bimodal distribution. We observed this bimodal distribution in both groups. After inspection, no difference between the two clusters (Tactile-dominant, Visual-dominant) was found in age, diagnosis, tactile sensitivity (as measured with the intensity of electrical stimuli chosen for the task), or difference between the tactile sensitivity of the two sites. For the participants with FM, we explored the parallel between the bimodal distribution of the sensory weighting and the slight bimodality of BP (Figure 3A). We found that a bigger proportion of Tactile-dominant participants displayed a positive BP (100% of the subgroup) compared to the Visual-dominant participants (50% of the subgroup). This was not observed for CTRL participants: BP was positive for a similar proportion of participants in both subgroups (90% of the Visual-dominant subgroup and 88% of the Tactile-dominant subgroup). However, for participants with FM, Spearman’s test revealed a significant negative correlation between the pain intensity score of the BPI and the weight attributed to tactile information: the more intense their general pain was, the less they relied on tactile information to perceive the multisensory percept (Spearman’s ρ = −0.551; p = 0.033; see Figure 6). Following this observation, we conducted an a posteriori analysis of the BP and the BA on the participants with FM with a more intense general pain (as expressed by a BPI severity score > 5; 9 participants out of 15). These participants do not seem to demonstrate more multisensory benefits in precision or in accuracy than participants reporting less intense pain (see Supplementary material).

[image: Figure 5]

FIGURE 5
 Weight of the tactile information in the visuotactile percept, for each group. Each dot corresponds to a participant of the FM (red) or of the CTRL (blue) group. The middle line represents the median and the errors bars the interquartile range. FM, participants with fibromyalgia; CTRL, pain-free participants; ns, non-significant.


[image: Figure 6]

FIGURE 6
 Relationship between the pain severity score of the BPI and the weight attributed to tactile information in participants with FM.





4 Discussion

To our knowledge, this is the first study to assess multisensory integration in individuals with FM and confront it with the MLE model. Results show no intergroup differences in the tactile and visual percepts’ precision and accuracy. Contrary to our hypothesis, participants with FM were as precise and accurate as controls in perceiving the unisensory tactile and visual stimuli. No group differences were observed in the BP and the BA in the multisensory condition. The CTRL group benefitted from access to tactile and visual information, as expressed by increased precision. In contrast, in the FM group, the BP was not different from zero. We observed no benefit in accuracy for either group. According to the MLE model, multisensory integration was optimal for both groups because the observed precision of the multisensory percept was correlated to the precision predicted by the MLE model. Finally, weights attributed to each sensory information were not different between the groups. However, a bimodal distribution of the weights highlighted two clusters of participants based on the preferred sensory information (tactile dominant or visual dominant), regardless of the group. We will first discuss the results of the unisensory conditions. Then, the findings of the multisensory condition will be interpreted in three parts: 1-the multisensory benefits in precision and accuracy; 2-the optimality of the integration according to the MLE; and 3-the weighting of each sensory information in the multisensory percept. Lastly, we will outline some limitations.

In the unisensory conditions, participants with FM were as precise and accurate as CTRL participants in perceiving tactile and visual stimuli despite the tactile alterations reported in this syndrome (Hilgenberg-Sydney et al., 2016; Evdokimov et al., 2019; Martínez et al., 2019). This observation contradicts recent studies showing that participants with FM need longer time intervals between pairs of tactile stimuli to perceive them as separate, compared to pain-free participants (Gunendi et al., 2019; Tertemiz and Tepe, 2022). However, in these studies, the participants with FM reported higher pain intensity than in our sample (mean scores of 7.7/10 and 8.6/10 on two different scales in the study by Tertemiz and Tepe, and of 7.3/10 in the study by Gunendi et al., compared to the BPI pain severity score of 5.4/10 reported in the present study). In the study by Tertemiz and Tepe (2022), tactile detection thresholds were also higher for participants with FM than controls, which was not the case in our study. These differences suggest that our sample of participants with FM was not as severely affected, which could explain the divergent findings. When comparing to other measures of tactile perception in individuals with FM, a lack of intergroup difference in tactile perception is however not uncommon (Lim et al., 2016; Palmer et al., 2019; Menten et al., 2022). These studies included participants with FM with similar intensity of pain as our sample (Menten et al.: 5.45/10; Lim et al.: 57.2/100; Palmer et al.: 5.68/10) and as studies with large samples of participants with FM (Staud et al., 2006: 277 participants with FM with a mean pain of 4.6/10; Steiner et al., 2017: 216 FM with a mean pain intensity of 5.95/10; Serpas et al., 2022: 147 FM, mean pain intensity of 5.96/10). This result is consistent with the influence of pain intensity on unisensory tactile perception.

For both groups, the tactile percept was as precise as the visual percept, confirming that the reliability level was comparable between the two modalities. This is particularly important for multisensory integration studies since an apparent asymmetry of the reliability between the modalities could lead to the exclusive use of the most reliable modality and prevent multisensory integration [a phenomenon called sensory capture (Rohde et al., 2016)].

Results show that the accuracy of the tactile percept was better than the accuracy of the visual percept for both groups. A hypothesis for this result could be the transmission speed difference between tactile and visual information. Tactile information conduction is considered faster than visual information, meaning that a visual stimulation must be triggered slightly before a tactile stimulation for participants to perceive them as simultaneous (Spence et al., 2003; Poliakoff et al., 2006; Keetels and Vroomen, 2011; Godlove et al., 2014). Therefore, tactile information may be more accurate than visual information in a temporal perception task such as the TOJ (Crevecoeur et al., 2016).

In the multisensory condition, the BP was significantly positive for the CTRL group but not for the FM group. Despite this result, we observed no statistically significant difference in the BP between the groups. Together, these data suggest that the benefit of precision in participants with FM may have been masked by intragroup variability.

The analysis of the BA shows that the accuracy was not better in the multisensory condition compared to the unisensory conditions (i.e., no real benefit in accuracy) for both groups. A trend toward a positive BA was nonetheless observed for the FM group; again, intragroup variability might have prevented the BA to reach significance in this group. We expected to detect a benefit in accuracy for the CTRL group to accompany the benefit in precision observed. However, the inspection of the performance in the unisensory conditions shows that the visual and tactile percepts’ accuracy was already excellent for both groups, leaving little room for improvement. It is also important to note that, contrary to the benefit in precision, a benefit in accuracy is not necessary to show multisensory integration. According to Rohde and colleagues, “noise reduction is the most important hallmark of optimal integration” (Rohde et al., 2016). Thus, an improvement in accuracy was considered as a secondary measure, nonessential to determine multisensory integration. A difference of M in the multisensory condition compared to the unisensory conditions can also be used as a complementary measure of sensory weighting: the closer the multisensory M is to one of the unisensory M, the larger the weight of the sensory information is Bultitude and Petrini (2021). In a recent study, participants pointed to visual targets using either visual, somatosensory, or visual and somatosensory information (Bultitude and Petrini, 2021). Healthy participants showed no difference between the M of the multisensory percept compared to the M of the unisensory percepts, which was interpreted as an absence of difference in the weighting of visual and somatosensory information (Bultitude and Petrini, 2021). This also provides evidence for an absence of benefit in accuracy, even though an improvement of precision was observed (Bultitude and Petrini, 2021).

When the precision observed in the multisensory condition was compared to the precision predicted by the MLE model, a positive correlation was found for both groups, which suggests an optimal integration of visual and tactile information. Here, optimality refers to an appropriate integration of the visuotactile stimuli, as defined by the MLE model. Given a certain precision of the unisensory percepts, the model predicts the precision of the multisensory percept. The correlation shows that that observed visuotactile precision follows that predicted by the model.

To summarize, the results in the multisensory condition point to an optimal visuotactile integration for perception in individuals with FM and pain-free controls. This integration was reflected by an improvement in the precision (non-significant for participants with FM) and a positive correlation between the observed visuotactile precision and the precision predicted by the MLE model. This conclusion is supported by studies testing multisensory integration in individuals with chronic pain by generating body illusions. For example, in the rubber hand illusion, participants feel a tactile stroke on their hidden hand while seeing a rubber hand being stroked simultaneously (Botvinick and Cohen, 1998; Tsakiris and Haggard, 2005). The integration of the tactile information felt on the hand with the visual information of the stroked rubber hand leads most pain-free participants to feel that the rubber hand belongs to them (Botvinick and Cohen, 1998; Lloyd, 2007). This illusion type depends on a functioning visuotactile integration (Limanowski, 2021). Several studies found that participants with chronic pain also experience these illusions, suggesting that multisensory integration is not completely disrupted (McCabe et al., 2007; Reinersmann et al., 2013; Don et al., 2016; Brun et al., 2018; Martínez et al., 2018). The intensity of the illusion, however, varied across these studies, leading some authors to suspect a different weighting of the sensory modalities.

Our study showed no such difference since the weighting of visual and tactile information was comparable between the FM and the CTRL groups. Considering the absence of alteration of unisensory integration of tactile information in the FM group, this result is consistent with optimal multisensory integration. Tactile information was not less precise or less accurate in participants with FM and, therefore, was not weighted differently compared to CTRL participants. In fact, for participants with FM, it seemed advantageous to use tactile information more, since a bigger proportion of participants with FM who showed a dominance for tactile information displayed a positive BP. This perceptual benefit of weighting tactile information more was not observed for CTRL participants.

In the group with FM, tactile weight was correlated with general pain intensity, meaning that, in the multisensory condition, participants who experienced more intense pain relied less on tactile information to perceive the visuotactile stimuli. This points to an influence of pain on tactile weight within the FM group. This only partly agrees with our hypothesis since we observed no intergroup difference in sensory weighting. Congruent results were reported in a body-illusion paradigm (Brun et al., 2018). Participants with FM experienced a stronger illusion compared to pain-free controls, and this group difference was explained by the intensity of their pain (Brun et al., 2018). Thus, FM may not be automatically associated with smaller tactile weights, but the presence of moderate to severe pain might be decisive.

Mean sensory weights should nevertheless be interpreted carefully because the distribution of the weights revealed two clusters of participants, regardless of the group: a tactile-dominant cluster and a visual-dominant cluster. Although the participants integrated visual and tactile information (i.e., no sensory capture), a minority relied on both modalities symmetrically or quasi-symmetrically (i.e., weights in the 0.4 to 0.6 range). This weighting strategy was not explained by demographic characteristics or tactile sensitivity differences (as measured by the tactile detection threshold). A similar weight range was reported in a few other multisensory studies involving (Brun et al., 2018) a diverse clinical population (Brun et al., 2018) or pain-free participants (Maiworm and Röder, 2011). In a visuoauditory task, Maiworm and Röder (2011) reported that about half of the participants integrated information optimally, whereas the other half did not. Thus, they divided participants into an Optimal group, attributing a smaller weight to the auditory signal, and a Suboptimal group, relying more on the auditory signal (Maiworm and Röder, 2011). The authors conclude on an individual’s “hard-coded preference for certain modalities under particular circumstances” (Maiworm and Röder, 2011). This top-down predisposition [sometimes referred to as a prior (Limanowski, 2021)] could originate from an attentional bias towards one modality, which would lead to faster processing times and higher weights (Spence et al., 2001; Werkhoven et al., 2009; Maiworm and Röder, 2011; Limanowski, 2021). Another explanation for the bimodal distribution observed in the FM and CTRL groups could lie in a difference in sensory precision between the clusters. We observed no link between the weighting strategy and tactile sensitivity; thus, variations in visual abilities might have played a role. All participants had normal or corrected-to-normal vision and scored at least 60% in the V condition, but finer inter-subject disparities could have influenced sensory weighting (Ernst and Banks, 2002; Helbig and Ernst, 2007; Fetsch et al., 2012).

A technical limitation of the present study was the inability to customize tactile stimuli intensity between the two sites. The chosen stimulation intensity was readily detectable, though not uncomfortable or painful for all participants, finer sensation differences were still present between Site 1 and Site 2 for some participants. This observation did not lead to differences in the preferred site between the groups (in the T condition, the frequency of answers “Site 1” was 0.52 for both groups), which limits its potential bias on the TOJ results. Another limitation is the variability of the group with FM. Though variability seems intrinsic to FM (Wilson et al., 2009; Rehm et al., 2010; Yim et al., 2017; Bartley et al., 2018) our group’s relatively small sample size may have exacerbated this variability. Our sample size was based on pragmatic considerations, given the prevalence of this population and the associated symptoms (severe fatigue, trouble concentrating over long periods, difficulty moving or walking, etc.). Moreover, a study with a sample size similar as ours (15 participants with FM and 15 pain-free controls) showed statistically significant intergroup differences in the temporal discrimination of somatosensory stimuli (Gunendi et al., 2019). Finally, excluding participants whose unisensory performance was too high or too low was necessary to ensure proper multisensory integration [the elimination rate can reach over half of the participants in some multisensory integration studies (Kostaki and Vatakis, 2018)].

In conclusion, we found no difference in multisensory integration between participants with FM and pain-free participants. Both groups integrated visuotactile stimuli optimally, resulting in a more precise visuotactile percept than the visual or tactile percepts (although intragroup variability might have prevented the improvement in precision to reach significance in the group with FM). The mean weighting of the visual and the tactile information in the visuotactile percept was not different between the groups either, which is consistent with the fact that unisensory perception of the visual and tactile percepts was not different between the groups. In the group with FM, the weight attributed to tactile information was correlated to pain intensity, with a smaller weight given by participants with more intense pain. Overall, these findings point to an absence of alterations in multisensory integration in individuals with FM. However, future research should further investigate the role intense pain may play in weighting tactile information.
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