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Significance 
· The existence of biases in visuospatial perception in Complex Regional Pain Syndrome has been reported but not always systematically replicated 
· We show that these biases might depend on the type of general rehabilitation program that the patients follow 
· Patients’ individual cognitive strategies will be important to consider when studying the cognitive symptomatology of CRPS 














Abstract 
Patients suffering from complex regional pain syndrome (CRPS) are increasingly shown to be affected by cognitive difficulties. While these cognitive symptoms were initially described as limited to the perception, representation and use of the body, i.e. the somatic space, they were recently shown to also extend to the perception of extra-somatic space. CRPS patients seem indeed to pay less attention to visual stimuli occurring in the same side of space as their affected limb and especially those occurring close to that limb. The aim of the present study was to more precisely characterize these visuospatial biases, by investigating whether they may be dependent on the visually perceived proximity between the visual stimuli and the affected limb. Upper-limb CRPS patients and matched control participants performed temporal order judgments on visual stimuli, one presented in either side of space, while they could either see their hands near the visual stimuli or not. Results showed that visuospatial biases were not modulated by the availability of visual feedback about the hands. However, secondary analyses revealed that these biases depended on the type of rehabilitation program that the patients followed: whereas patients who did not follow any specific program presented significant biases to the detriment of visual stimuli in the affected side of space, patients who did follow a CRPS-specialized program did not. Consequently, patients’ cognitive strategies will be important to consider when studying inter-individual differences in the cognitive symptomatology and associated cognitive-based rehabilitation procedures in CRPS. 






1. Introduction
Complex regional pain syndrome (CRPS) is a chronic pain condition usually affecting one limb and characterized by a complex pathophysiology possibly involving multiple mechanisms, such as neurogenic inflammation, vasomotor dysfunction as well as structural and functional changes at the cortical level (Birklein & Dimova, 2017). Besides various sensory, autonomic, trophic and motor symptoms, cognitive symptoms are also increasingly recognized as typical feature of the CRPS symptomatology, mainly characterized by difficulties in mentally representing, perceiving and using the affected limb, as well as feelings of disownership of that limb (Halicka, Vittersø, Proulx, et al., 2020). While these deficits were initially described as limited to the perception and mental representation of the body, i.e. the somatic space (Reid et al., 2016), it has recently been demonstrated that they can also affect patients’ abilities to perceive stimuli surrounding the body, i.e., the visual space. Using temporal order judgment (TOJ) tasks on visual stimuli presented in either side of external space, CRPS patients have been shown to present perceptual biases negatively affecting their ability to perceive visual stimuli in the side of space corresponding to their affected limb. Patients seemed indeed to pay less attention to the visual space on the side of the affected body part than to the visual space on the side of the unaffected one, especially when visual stimuli were presented near the hands (Bultitude et al., 2017; Filbrich, Alamia, Verfaille, et al., 2017). This is of particular importance considering that it has been proposed that acting on distorted visuospatial perception could potentially be efficient to reduce pain and other CRPS-related symptoms (for a review see Torta et al., 2016).
 However, the presence of such visuospatial biases has not always been replicated (Halicka, Vittersø, McCullough, et al., 2020; Ten Brink et al., 2021), suggesting that they might not be systematically observed in CRPS. Baseline differences between patients regarding the presence of deficits in visuospatial perception could possibly also partly explain why in a recent controlled trial a spatial attention-based rehabilitation technique has not been shown to me more effective than sham treatment to reduce pain (Halicka et al., 2021).  
The aim of the present study was to more specifically characterize the nature of visuospatial deficits in CRPS. More precisely, we investigated to what extent visuospatial biases might be dependent on the seen position of the hands, i.e., the visually perceived proximity between the visual stimuli and the affected limb. Visual feedback about one’s own body and its surroundings has indeed been proposed to play a potential role in pain processing (e.g., Longo et al., 2009) and a non-neglible difference between previous CRPS studies is that the patient’s limbs were not always presented, i.e., seen next to the visual stimuli. Accordingly, using TOJs, we tested the presence of visuospatial biases in CRPS while the vision of the participants’ hands, placed next to the visual stimuli, was prevented or not. 
2. Methods
2.1 Participants 
Twenty-nine patients affected by upper-limb CRPS (Table 1) and 28 matched healthy controls took part in the study. Patients were recruited in the Departments of Physical Medicine and of Orthopedics of Saint-Luc Hospital (Brussels, Belgium), the Department of Physical Therapy and Rehabilitation of Erasmus Hospital (Brussels, Belgium) and the Department of Physical Medicine of Bois de la Pierre Clinical Center (Wavre, Belgium). Exclusion criteria for all participants were any neurological and severe psychiatric disorders, any unresolved orthopaedic injuries as well as uncorrected vision difficulties. Additional exclusion criteria for the control participants were the presence of chronic pain and upper-limb trauma during the last year. All 29 patients fulfilled the Budapest clinical criteria for CRPS, of whom 15 also fulfilled the Budapest criteria for Research (Harden et al., 2010). Four patients were excluded from the statistical analyses. While three of these patients were excluded based on their performance on the task (see Analysis section for details), one patient was excluded because of an uncertainty in CRPS diagnosis following additional medical testing which took place after the present study. Accordingly, three of the control participants matched to these patients were also excluded. The mean age of the remaining 25 patients (20 women) was 53 years (SD=8.4 years, range 33-66 years). According to the Flinders Handedness Survey (Flanders; Nicholls et al., 2013), 21 patients were right-handed, three were left-handed and one was ambidextrous. CRPS affected the left upper limb in 14 patients. The mean age of the control participants was 52.6 years (SD=8.3 years, range 32-65 years, 20 woman, 22 right-handed, 3 left-handed). The experimental procedure was approved by the local ethics committee (Commission d’Ethique Biomédicale hospitalo-facultaire, Saint-Luc Hospital and Université catholique de Louvain) in agreement with the Declaration of Helsinki. Participants signed an informed consent form prior to the experimental session and received financial compensation for their participation.
Approximately half of the patients were followed in a specialized CRPS consultation (Table 1). In this context, the patients systematically received, or had recently received, an individualized and specialized rehabilitation program for CRPS, which includes physical and/or occupational therapy, as well as at least 2x 1 hour of pain education. The main focus of physical/occupational therapy lies on pain relief and functional aspects to normalize movement patterns. Desensitization, sensorimotor training (Pleger et al., 2005), graded motor imagery over a 6 weeks program (Moseley, 2004) and mirror therapy (McCabe et al., 2003) to improve maladaptive somatosensory and motor cortex reorganization was initiated immediately to reduce pain and increase mobility. Excessive mobilization as well as immobilization are contraindicated. To manage pain-related fear of movement (de Jong et al., 2005), exercises and activities are introduced gradually. Isometric-isotonic strengthening, increased weight-bearing loading, range of movement exercise, ergonomic exercise and general aerobic conditioning are introduced progressively. During the pain education sessions, the patients received extensive information and explications regarding the disease and its physiological, emotional and cognitive mechanisms (based on e.g. Moseley & Butler, 2013; Pain in Motion, 2016; Retrain Pain Foundation, 2019). The final objective of the treatment is functional recovery and resumption of former activities. Due to the unpredictable outcome of each patient, the treatment is tailored individually after discussion with an interdisciplinary team. It is important to note that no specific training to rehabilitate visuospatial perception abilities was proposed. In contrast, the remaining patients were recruited in other institutions. Any potential physical and/or occupational therapies of these patients were not followed in the context of such a CRPS-specialized consultation and rehabilitation program. Since these two types of patients might potentially represent two distinct sub-groups of the CRPS population, the fact whether patients followed a CRPS-specialized rehabilitation program or not was used as a grouping factor during statistical analyses. 
2.2 Stimuli and apparatus 
Visual stimuli consisted of 5-ms flashes generated by two white light-emitting diodes (LED) with a 17-lm luminous flux, a 6.40-cd luminous intensity and a 120° diffusion angle (GM5BW97330A, Sharp Corporation, Japan). An additional yellow LED (min. 0.1-cd luminous intensity at 20 mA, 120° diffusion angle, Multicomp, Farnell element14, UK) was used as gaze fixation point during the task.  LEDs were powered by an electrical pulse stimulator (Master-8, A.M.P.I., Israel). 
2.3 Procedure 
Before the experimental session, CRPS patients were assessed with a clinical interview and several additional clinical measures were taken, with the aim to relate them to experimental data during statistical analysis. Average pain over the two last days was rated by the patient on a visually presented numeric rating scale (NRS) (ranging from 0-10, with 0= no pain and 10= worst pain imaginable). Skin temperature of both the affected and unaffected hand was measured from their dorsa at the location of the first dorsal interosseous muscles with an infrared thermometer (Tempett, SENSELab, Sweden). The volume of the two hands, used as index of swelling, was measured by means of a volumeter (FEI 12-3504 Baseline© Volumetric Measuring Device, Forearm Set, 6X6X24 Inch Cavity). Patients immersed their hand up to the crease of the wrist for 15 sec into the water. The mean of three consecutive measures of displaced water (in ml) was calculated for both the affected and the unaffected hand (Lewis & Schweinhardt, 2012). Physical symptoms and abilities to perform daily-life activities were measured by the Disabilities of the Arm, Shoulder and Hand (DASH) questionnaire (Institute for Work & Health, Canada). In patients who returned to the laboratory for other measures and tasks (N= 14) degree of immobilization and physical activity was assessed with accelerometers (ActiGraph ASP-BTLE 2GB Activity Monitor, ActiGraph, United States) that were worn for 3 consecutive days on both wrists. 
The experiment was performed in a dimly illuminated testing room. Participants were sitting in front of a table and their head was stabilized with a chin-rest (at 10 cm from the trunk) in order to minimize head movement. Participants’ hands were placed palm down on the table using two landmarks indicating the location of the metacarpophalangeal joints of the index fingers. The horizontal line formed by these two landmarks intersected the participants’ midsagittal plane perpendicularly at  40 cm from their trunk. The distance between the landmarks was 40 cm. Hands were covered by an elevated horizontal board, either consisting of translucent acrylic glass (80 cm long, 60 cm deep, 0.4 cm thick and 9.5 cm high) or wood (81.5 cm long, 60.5 cm deep, 0.4 cm thick and 9.5 cm high) (Figure 1). The acrylic glass was used to allow vision of the hands (vision condition), whereas the wooden board prevented it (no vision condition). The yellow fixation LED was taped on the boards at a distance of  65 cm from the participants’ trunk along their midsagittal plane. The white LEDs were taped on the boards using the same metrics as the landmarks on the table, matching the positions and distances of the participants’ hands, so that the hands were seen right underneath the LEDs when the acrylic glass was used. 
During the temporal order judgment (TOJ) tasks, a trial started with the illumination of the yellow fixation LED, which was followed after 500 ms by a pair of visual stimuli, one stimulus on either side of space, that is, by the sequential brief illumination of the left and right white LEDs. The two visual stimuli of the pair were separated by one out of 20 possible time intervals (SOAs, for stimulus onset asynchronies): ±200, ±145, ±90, ±75, ±60, ±45, ±30, ±15, ±10 and ±5 ms (negative values indicate that the left LED was illuminated first, positive values that the right LED was illuminated first). SOAs were selected online according to an adaptive procedure (see Measures section). The participants were instructed to keep their gaze at the fixation LED during the whole trial. Depending on the experimental block, participants then either reported which of the two stimuli they perceived as having occurred first, or which of the two stimuli they perceived as having occurred second (by verbally answering “left” or “right”). The participants didn’t receive any instructions regarding response speed and no feedback regarding the accuracy of their performance was given. Illumination of the fixation LED was switched off as soon as the participant’s response was encoded manually by the experimenter. The next trial started 2000 ms later. 
The participants started the experiment with two practice blocks of 10 trials each, one for each response modality (i.e. “which was first?” and “which was second?”) in which only SOAs of ±200 and  ±145 ms were used. This practice session was performed under the same visibility condition (either vision or no vision) as the one for the first experimental block. During this practice session the performance was not recorded. The experimental session consisted of four blocks of 40 trials each, resulting from the combination of the visibility condition (vision vs. no vision) and the response modality condition (“which was first?” vs. “which was second?”). The two blocks of a same visibility condition were always performed directly one after the other, but the order of the visibility conditions was counterbalanced. The boards (acrylic glass vs. wood) were alternated accordingly. Within the same visibility condition, the order of the response modality conditions was randomized. The presented SOA at each trial was determined online according to the adaptive psi method (Kontsevich & Tyler, 1999), taking into account the performance of the participant on all previous trials of the same block (for a detailed description of the use of the adaptive psi method in visual TOJ experiments, see Filbrich, Alamia, Burns, et al., 2017). Before and after each block, pain intensity and skin temperature of both hands were measured in CRPS patients using the NRS and the infrared thermometer, respectively, as described above. The duration of the experiment was  40 min. 
2.4 Measures
The performance of the participants at the TOJ task was assessed through two measures for each of the conditions: the point of subjective simultaneity (PSS) and the slope, which were estimated as the α and β parameters of a logistic function, i.e. f(x)=1/(1+exp(-β(x-α))), respectively. The α parameter corresponds to the threshold of the logistic function, which, in the present experiment, reflects the SOA at which each of the two visual stimuli is perceived as having occurred first equally often.  Accordingly, in the context of TOJs, the PSS is defined as the amount of time one stimulus has to precede or follow the other for the two to be perceived as occurring simultaneously (Spence et al., 2001). Used as an index of spatial bias, this PSS indicates whether the order judgments are shifted to the advantage of the visual stimuli presented in one specific side of space. The β parameter defines the slope of the logistic function and describes the noisiness of the data. Accordingly, it relates to the precision of the participant’s responses during the experimental block (Kingdom & Prins, 2010). These α and β parameters were estimated at every trial by means of the adaptive psi method, which adapts its estimates based on the participant’s responses on all previous trials within the same experimental block. The Bayesian framework of this method allows to estimate the posterior probability of the parameters of interest without extensively probing all the SOAs, but also requires postulating a prior probability distribution of these parameters. Based on previous studies (Filbrich, Alamia, Verfaille, et al., 2017), a prior distribution of 0 ± 20 and 0.06 ± 0.6 was used for the α and β parameters, respectively. 
To facilitate data display and statistical analyses, PSS values of CRPS patients that were initially shifted towards left side of space were recoded as corresponding to PSS values shifted towards the side of space of the affected limb. Accordingly, data from patients affected by right-sided CRPS were transformed (multiplied by -1). For control participants data were not transformed. 
The  additional clinical measures taken before the experimental session consisted in the NRS for average pain over the two last days (from 0 to 10), the absolute values of the differences in temperature (°C) and the volume (in ml) between the affected and the unaffected hand, the final score calculated from the 30 items of the DASH questionnaire, as well as the average vector magnitude count for the affected side minus that for the unaffected side for the accelerometer data, indexing the degree of immobilization of the affected limb. CRPS duration (months since inciting injury) was also taken as a clinical measure. 
Regarding the clinical measures taken during the experiment in CRPS patients, differences in pain as measured with NRS between the two hands were averaged over the pre- and post-block ratings of the two blocks within each visibility condition. For skin temperature, the absolute difference between the affected and the unaffected hand was computed and averaged through the two blocks within each visibility condition. 
2.5 Analysis 
Participants’ data was excluded from statistical analyses if the threshold and the slope of the psychometric function could not be reliably estimated during the 40 trials of one or several conditions (i.e. their respective estimates did not converge on a stable value on the last trials), indexing that their performance was too inconsistent or below chance level. This criterion led to the exclusion of three out of the 29 patients that were tested. Before the statistical analyses, data from the two response modalities (“which was first?” and “which was second?”) were averaged for each visibility condition to reduce the potential influence of response biases (see Filbrich et al., 2016 for a more detailed discussion of the potential contribution of responses biases in TOJ tasks). 
 In order to assess the impact of the different experimental conditions on the CRPS patient’s performance in the visual TOJs, we performed a primary ANOVA with visibility (vision vs. no vision) as within-participant factor and group (CRPS vs. controls) as between-participant factor, for both PSS and slope values. Since rehabilitation program did not apply as a between-participant factor to the control participants, we performed a secondary ANOVA with visibility (vision vs. no vision) as within-participant factor and rehabilitation program (CRPS-specialized rehabilitation program [N=13] vs. other [N=12]; see Participants section) as between-participant factor. To still provide a comparison with the control group, each rehabilitation program group was compared to the control group with independent t-tests, based on the verification of the normality and homogeneity of variance assumptions. 
To test for the presence of significant spatial biases towards one of the two sides of space (affected vs. unaffected for CRPS or left vs. right for controls), the different PSS values were compared to 0 using one-sample t-tests. These analyses were completed with Bayesian one sample t-tests, by computing a Bayes factor (BF10, Cauchy prior width: 0.707) to quantify the evidence for the alternative hypothesis (H1; bias present) as compared to the null hypothesis (H0; bias absent). Interpretation of the obtained evidence for the alternative hypothesis as compared to the null hypothesis was based on the classification scheme proposed by Lee and Wagenmakers (Lee & Wagenmakers, 2013; Wagenmakers et al., 2018).
Simple linear regression analysis was performed to test whether the PSS values measured in the different conditions of the visual TOJ task could be predicted by any of the additional clinical measures taken before the experiment, i.e. average pain over the last two days, differences in temperature or volume between the hands, disability score of the DASH, degree of immobilization as measured by accelerometer data, and CRPS duration.
Furthermore, independent t-tests or non-parametric Mann-Whitney U tests were performed to test for potential differences in these clinical measures related to the rehabilitation program factor (CRPS-specialized rehabilitation program vs. other). 
As for the clinical measures taken during the experiment, differences in pain intensity ratings between the experimental conditions were compared using the non-parametric Wilcoxon signed-rank test. Differences in skin temperature before and after the different experimental conditions were tested using a repeated measures ANOVA, with time (before vs. after) and visibility (vision vs. no vision) as within-participant factors.
When necessary, Greenhouse-Geisser or Levene test-based corrections of degrees of freedom and contrast analyses were performed. For the Wilcoxon signed-rank test, the T statistic corresponds to the smaller of the two sums of ranks of given sign. Effect size was measured using Cohen’s d for t-tests, partial Eta squared for ANOVAs or Pearson’s r for the non-parametric tests. The significance level was set at p ≤ 0.05. All the frequentist statistical analyses were performed with IBM SPSS Statistics for Windows, Version 25.0 (IBM Corp., Armonk, N.Y., USA) and Bayesian statistical analyses using JASP 0.9.1 (University of Amsterdam, The Netherlands) (JASP Team, 2018). 
3. Results
3.1 TOJ data 
3.1.1 PSS
 Regarding the primary ANOVA, in which the different visibility (vision vs. no vision) conditions were compared with regard to the group (CRPS vs. controls) factor, none of the main effects, nor the interaction, were significant (all F≤  1.417, p≥ 0.240). One sample t-tests showed that none of the PSS values were significantly different from 0, neither for the vision (CRPS: t(24)= -1.064, p= 0.298, d= -0.213, M= -3.74, SD= 17.60; Controls: t(24)= 0.540, p= 0.594, d= 0.108; M= 2.30, SD= 21.31), nor the no vision condition (CRPS: t(24)= -0.292, p= 0.773, d= -0.058, M= -1.15, SD= 19.71; Controls: t(24)= 1.268, p= 0.217, d= 0.253; M= 4.59, SD= 18.12). This was mostly corroborated by the Bayesian analysis, which showed anecdotal evidence for H0 (bias absent) in the vision condition (BF10= 0.350, error= 7.264e-5%) and moderate evidence for H0 in the no vision condition (BF10= 0.219, error= 0.030%) for CRPS patients, as well as moderate evidence for H0 in the vision condition (BF10= 0.241, error= 0.032%) and anecdotal evidence for H0 in the no vision condition (BF10= 0.431, error= 6.995e-5%) for control participants.
As for the secondary ANOVA, in which the visibility (vision vs. no vision) conditions were compared with regard to the rehabilitation program (CRPS-specialized rehabilitation program vs. other) factor, there was no significant main effect of the factor visibility (F(1,23)= 1.029, p= 0.321, η² p = 0.043), which did also not interact with the rehabilitation program factor (F(1,23)= 0.577, p= 0.455, η² p = 0.024). However, the main effect of the rehabilitation program factor reached significance (F(1,23)= 9.782, p= 0.005, η² p= 0.298). This indicates that spatial biases as measured with the visual TOJ task were different between the group of patients that followed a CRPS-specialized rehabilitation program (M= 6.56, SD= 17.23) and the other group of CRPS patients (M= -12.20, SD= 12.06). The logistic functions fitting the responses of the two groups of CRPS patients are illustrated in Figure 2.
One-sample t-tests showed that the visuospatial bias was not significantly different from 0 in the CRPS-specialized rehabilitation program group (t(12)= 1.372, p= 0.195, d= 0.381), with anecdotal evidence for H0 as indicated by the Bayesian analysis (BF10= 0.600, error= 4.348e-5%). On the contrary, this bias was significantly different from 0 in the other group of CRPS patients (t(11)= -3.504, p= 0.005, d= -1.01), with the Bayesian analysis showing strong evidence for H1 (BF10= 10.541, error=0.006%). This indicates that in this latter group, the visual stimulus presented in the same side of space as the affected limb had to be presented significantly earlier than the visual stimulus presented in the side of the unaffected limb to be perceived as occurring simultaneously. This suggests that, while CRPS patients that followed a CRPS-specialized rehabilitation program did not show significant biases towards one side of space during visual TOJ, the judgments of CRPS patients who did not follow such a specialized program were significantly biased to the detriment of visual stimuli occurring next to the affected limb. The individual data in Figure 3 clearly shows that PSS values of all but one of the patients in the other group are shifted towards the affected side.
The comparisons with the control group showed a significant difference between controls and the other rehabilitation program group (t(35)= -2.706, p= 0.01, d= 1.01), but no difference between the controls and the CRPS-specialized rehabilitation program group (t(36)= 0.510, p= 0.613, d= 0.175). PSS values of the control group were not significantly different from zero (t(24)= 0.951, p= 0.351, d= 0.190; M= 3.45, SD= 18.13), corroborated by the Bayesian analysis that showed moderate evidence for H0 (BF10= 0.317, error= 0.036%). 
3.1.2 Slope
The primary ANOVA with visibility (vision vs. no vision) and group (CRPS vs. controls) did not reveal any significant results, neither for the main effects, nor for the interaction (all F ≤ 1.907, p ≥ 0.181). 
The secondary ANOVA with visibility (vision vs. no vision) and rehabilitation program (CRPS-specialized rehabilitation program vs. other) did also not show any significant results (all F ≤ 3.464, p ≥ 0.069). This indicates that the precision of neither the patients nor the control participants during the TOJs seemed modulated by the fact that the hands could be seen or not.
3.2. Clinical data
None of the additional clinical measures taken before the experimental session predicted the PSS values, neither for the vision (all r2 ≤ 0.073, F ≤ 1.809, p ≥ 0.192), nor the no vision condition (all r2 ≤ 0.041, F ≤ 0.987, p ≥ 0.331), with the exception of the absolute difference in temperature for the no vision condition (r2 = 0.183, F = 5.154, p ≥ 0.033). This was also the case when the PSS values were considered separately according to the groups (CRPS-specialized rehabilitation program group: all r2 ≤ 0.127, F ≤ 1.595, p ≥ 0.233; other group: all r2 ≤ 0.097, F ≤ 1.08, p ≥ 0.323). Furthermore, none of these clinical measures were significantly different between the two groups (CRPS-specialized rehabilitation program vs. other) of CRPS patients (all t ≤ -1.307, p ≥ 0.204; non-parametric tests: all U ≥ 70, z ≤ -0.436, p ≥ 0.663). 
Regarding the clinical measures taken during the experiment (pain and temperature), there was no significant difference in pain intensity ratings with the NRS between the two visibility conditions (T= 34, z= -0.393, p= 0.695, r= -0.07). As for the difference in temperature between the two hands during the visual TOJs, the ANOVA revealed a significant interaction between vision and  time (F(1,24)= 8.761, p= 0.007, η² p= 0.267). The two main effects were not significant (all F ≤ 0.664, p ≥ 0.423). Contrast analyses showed that in the vision condition the absolute difference in temperature between the affected and the unaffected hand was in general greater after an experimental block as compared to before the block (F(1,24)= 7.630, p= 0.011, η² p= 0.241), whereas there was no difference in time for the no vision condition (F(1,24)= 1.427, p= 0.244, η² p= 0.056) . 


4. Discussion
In the present study we investigated whether previously described biases in visuospatial perception in CRPS depend on the visually perceived proximity between the visual stimuli and the affected limb. Indeed, using similar TOJ tasks, previous results (Filbrich, Alamia, Verfaille, et al., 2017) showed that CRPS patients seemed to pay less attention to the visual space surrounding the affected limb than to the part of space surrounding the unaffected limb, but only when visual stimuli occurred in the vicinity of the patients’ limbs. Increasing the distance between the visual stimuli and the patients’ hands, either by presenting the visual stimuli at a farther location or by asking the patients to remove their hands from the visual experimental space, suppressed these perceptual biases. While this previous study demonstrated that CRPS patients can be characterized by visuospatial biases that specifically affect the perception of external stimuli occurring in the immediate proximity of their body, i.e. their peripersonal space (Vallar & Maravita, 2009), it could however not determine whether the patients’ perception of the proximity of external stimuli to their body is dependent on the fact that they see their limbs near these stimuli (i.e. visual feedback) or rather on other inputs, such as the fact that the limbs are felt as being close to these stimuli (i.e. proprioceptive feedback) for example. Investigating this question was particularly interesting in the context of potentially explaining contrasting results in the CRPS literature regarding the presence of such visuospatial biases. Later studies (Halicka, Vittersø, McCullough, et al., 2020; Ten Brink et al., 2021) were indeed not always able to replicate systematic biases in CRPS, but an important methodological difference was that in these studies the participant’s hands were not placed next to the visual stimuli. We were thus interested in testing whether it could be the absence of visual feedback about the position of the hands next to the visual stimuli that drives the absence of systematic visuospatial biases. 
Taking into account the effect of vision is also relevant considering that the presence of visual feedback about one’s own body is indeed hypothesized to play a modulatory role in nociceptive processing and pain. For instance, seeing one’s body has been shown reduce the cortical responses and perception of pain induced by experimentally applied nociceptive stimuli (e.g. Longo et al., 2009;  but see also, e.g. Torta et al., 2015; Valentini et al., 2015 for more nuanced results). Furthermore, visual feedback has been shown to be a crucial factor for determining perceptual interaction between nociceptive and visual stimuli (Manfron et al., 2020). 
Patients with CRPS affecting one upper limb and matched controls were asked to judge the temporal order of two visual stimuli, one presented close to each of the participants’ hands. Visual feedback about limb position was manipulated by preventing or allowing the vision of the hands on the experimental display, while limb posture was kept constant between the experimental conditions. Potential perceptual biases were hypothesized to be indexed by shifts of the point of subjective simultaneity (PSS) towards one of the two sides of visual space, indicating that temporal order judgments were made to the detriment of stimuli presented in this specific side of space. 
The results of our primary analyses showed that visuospatial biases were not modulated by the availability of visual feedback about hand position. Furthermore, and, unexpectedly, no significant systematic shifts in PSS could be evidenced in CRPS patients, neither to the affected nor the unaffected side of space, such as observed in the control participants.
Secondary analyses however revealed that the occurrence of visuospatial biases was in fact dependent on the type of general rehabilitation program that the CRPS patients followed. Indeed, patients who followed, or had previously followed, a CRPS-specialized rehabilitation program judged the visual stimuli presented near their body differently than CRPS patients who did not follow such a specific program. More precisely, CRPS patients with no CRPS-specific rehabilitation program paid significantly less attention to visual stimuli presented in the side of space corresponding to their affected limb, as compared to visual stimuli presented in the unaffected side. Furthermore, their visuospatial biases were significantly different from the data of the control participants. In the CRPS-specialized rehabilitation program group the opposite tendency was observed, i.e. patients paid more attention to visual stimuli in the affected side of space than to visual stimuli in the unaffected side, but these biases were not statistically significant and no significant difference with the control group was observed. Importantly, none of the rehabilitation programs included any specific training to rehabilitate visuospatial perception abilities and the two sub-groups of patients did not differ with regard to the clinical measures that assessed the duration of the disease, the pain level over the last two days, differences in temperature or volume between the two hands, the ability to perform daily-life activities, or the degree of immobilization of the affected limb. 
This observed effect of the type of rehabilitation program followed by the patients was again not modulated by the visibility of the hands. This suggests that the visuospatial biases seem not specifically dependent on the visual feedback about the proximity between the visual stimuli and the affected hand and that other feedbacks about hand position, such as proprioceptive input, potentially play a role in determining the proximity between the hands and the visual stimuli. One has to note however that by using the boards for the different visibility conditions, we also introduced a new confounding factor, i.e. the presence of a (protective) barrier between the hands and the visual stimuli. Visuospatial biases could in this sense not only be potentially influenced by the availability of visual feedback about one’s own body, but also by the fact whether or not the visual stimuli are physically reachable. To investigate this question, it would have been interesting to include a third condition for comparison, in which the hands of the participants are placed directly next to the visual stimuli (Filbrich, Alamia, Verfaille, et al., 2017), i.e. without the presence of any barrier between the hands and the visual stimuli (Manfron et al., 2020). 
The initial findings of systematic visuospatial biases in CRPS (Bultitude et al., 2017; Filbrich, Alamia, Verfaille, et al., 2017) suggested that the cognitive pathophysiological mechanisms of CRPS possibly involve higher-order cognitive processes, such as complex impairments in the patients’ abilities to perceive and act in their environment with the affected limb. They also corroborated the interest of investigating spatial attention-based rehabilitation techniques as potential treatment possibility in CRPS. Preliminary studies on prism adaptation, a procedure in which patients perform a visuomotor pointing task while wearing prismatic goggles shifting their visual field, had indeed reported, besides a normalization of visuospatial biases, a reduction in pain and improvement of other CRPS-related symptoms, such as edema, discoloration and range of movement ( for a review see Torta et al., 2016). 
However, our results corroborate some of the previous studies (Halicka, Vittersø, McCullough, et al., 2020; Ten Brink et al., 2021) and confirm that visuospatial biases affecting the perception of the visual space surrounding the affected limb cannot always be consistently and systematically found. This suggests that the previously observed deficits in visuospatial perception might ultimately not be a marker of the cognitive pathophysiology of CRPS, and that their presence/absence seems to be influenced by other, still unknown, factors. Our secondary analyses indicate that one of these factors could be the general rehabilitation program that the patients follow. It is indeed most likely that the way CRPS patients are rehabilitated might shape their (implicit) behavioural and cognitive strategies put in place to cope with the continuous pain and other CRPS-related symptoms. These individual strategies might result in a heterogeneous cognitive symptomatology, possibly explaining inter-individual differences and contrasting results between studies. Furthermore, they might also influence patient baseline differences potentially explaining the lack of evidence for the efficacy of prism adaptation treatment in a recent study (Halicka et al., 2021). 
Although we believe that our results revealed an important factor to be considered when studying inter-individual differences in the cognitive symptomatology and potentially associated therapeutic procedures in CRPS, there are also several limitations that need to be addressed and considered for future studies. First of all, our study was not preregistered, and analyses regarding the rehabilitation program factor were not included in our main aim, but were rather included as an additional grouping factor for secondary analyses. Since the study was not primarily aimed at testing the effects of general rehabilitation program on cognitive symptoms, i.e., patients were not randomly allocated to one of the rehabilitation groups, we cannot exclude that the two sub-groups of patients differed on other aspects than the rehabilitation program they followed. Furthermore, the fact that we used a relatively small sample size and that we observed only anecdotal evidence for some of our Bayesian statistics, could suggest that our study was underpowered for some of our planned analyses. 
In conclusion, the present study showed that visual feedback about one’s own body seems not to play a specific role in the previously observed biases in visuospatial perception in CRPS and in explaining contrasting results in the literature. Importantly, we confirm that such biases cannot always been systematically and consistently found. However, our results also show that visuospatial biases can be dependent on the type of general rehabilitation program that the patients followed, which can be hypothesized to potentially influence patients’ behavioral and cognitive strategies. In this sense, our data suggests the importance and the need for more individual approaches when investigating behavioral and cognitive reorganization in CRPS.
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Figure captions and tables 
Table 1
Patient characteristics
	ID
	Age/sex/ handedness
	Inciting injury
	CRPS
limb
	Diagnosis
	Dur.
	Current treatment/medication
	Other pain
	Other 

	Recruit-ment

	01
	60/M/R
	Frac-PS hand
	L
	CRPS-C
	10
	PT/OT
	/
	/
	O

	02
	62/F/R
	Frac wrist
	L 
	CRPS-R
	12
	Ketoprofen,Paracetamol,Tramadol
	L shoulder
	depression
	O

	03
	56/F/R
	PS wrist
	L
	CRPS-C
	4
	Ibuprofen
	L arm
	/
	O

	04
	55/F/L
	Frac wrist
	L
	CRPS-C
	20
	/
	Both feet
	/
	O

	05
	62/F/R
	Frac-PS wrist
	L
	CRPS-R
	20
	PT/OT/ Paracetamol,Tramadol
	L foot
	/
	O

	06
	50/F/R
	STI hand
	L
	CRPS-R
	32
	Amitriptyline
	L side neck
	/
	O

	07
	51/F/R
	STI-PS shoulder
	R
	CRPS-C
	6
	PT/OT/Amitriptyline, Bromazepan, Ibuprofen, Paracetamol, Tramadol
	L shoulder
	start SLAP L shoulder
	S

	08
	56/F/R
	Frac-PS wrist
	L
	CRPS-C
	7.5
	PT
	R finger
	/
	S

	09
	50/F/R
	Frac forearm
	R
	CRPS-C
	5
	PT/Paracetamol
	L middle finger
	/
	S

	10
	64/M/R
	PS hand
	L
	CRPS-R
	4
	PT/Paracetamol
	R hand
	/
	O

	11
	51/F/R
	STI-PS hand
	L
	CRPS-R
	33
	PT/OT
	/
	/
	O

	12
	50/F/R
	Frac-PS forearm
	L
	CRPS-R
	5
	PT/Paracetamol,Tramadol
	/
	RLS
	O

	13
	60/F/R
	Frac-PS wrist
	R
	CRPS-R
	10
	PT/OT/Paracetamol
	/
	/
	S

	14
	58/F/R
	Frac-PS wrist
	L
	CRPS-R
	8
	PT/OT/Ibuprofen
	L calf
	/
	S

	15
	33/F/R
	STI wrist/thumb
	R
	CRPS-R
	13.5
	PT/Ibuprofen
	spread to L arm
	/
	S

	16
	58/F/R
	Frac wrist
	L
	CRPS-C
	21
	Paracetamol,Tramadol
	/
	/
	S

	17
	48/M/R
	Frac-PS wrist
	R
	CRPS-R
	16
	PT/Buprenorphine,Ibuprofen,Paracetamol
	L clavicle
	/
	S

	18
	55/F/R
	Frac-Forearm
	R
	CRPS-C
	5
	/
	Hip, R knee
	migraine
	O

	19
	57/M/R
	Frac-PS wrist
	R
	CRPS-C
	9
	Paracetamol
	L foot
	/
	O

	20
	40/M/R
	Frac-PS wrist
	L
	CRPS-C
	13
	Paracetamol
	/
	/
	O

	21
	49/F/ambi
	Frac-PS wrist
	L
	CRPS-C
	5
	PT/ Amitriptyline,Tramadol
	/
	/
	S

	22
	56/F/R
	Frac-PS forearm
	R
	CRPS-R
	5
	PT/Paracetamol
	/
	/
	S

	23
24 
25
26
27
28

29
	55/F/L
56/F/L
36/M/ambi
47/F/R
35/F/R
66/F/R

55//F/R
	Frac elbow
PS hand
Frac-PS wrist
Frac elbow
PS wrist
PS wrist/thumb/
elbow
PS elbow
	L
R
L
R
R
R

L
	CRPS-R
CRPS-R
CRPS-R
CRPS-R
CRPS-C
CRPS-C

CRPS-C
	5
18
16
4
10
11

4
	PT/Ibuprofen, Paracetamol, Tramadol
PT
PT/OT/Pregabalin/Tramadol
PT/OT/Paracetamol
Pregabalin
PT

PT/OT
	back pain
L shoulder
L leg
/
/
back pain

/
	/
/
/
RS to L arm
/
Dupuytren L hand
/
	S
S
S
S
O
O

O


Note. Age in years; F= female; M= male; R= right; L= left; ambi= ambidextrous; Frac= fracture; PS= post-surgery; STI= soft tissue injury; CRPS-C= Budapest clinical criteria for CRPS; CRPS-R= Budapest research criteria for CRPS; Dur.= duration since inciting injury in months; PT= physical therapy; OT= occupational therapy; SLAP= superior labral tear from anterior to posterior; RLS= Restless legs syndrome; RS= referred sensations; Recruitment= location of recruitment; S= CRPS-specialized rehabilitation program; O= other institution.
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Figure 1. Illustration of the experimental set-up. Participants performed temporal order judgments (TOJs) on pairs of visual stimuli that were presented by means of two white LEDs (illustrated by the white circles with a slight grey halo). A centrally placed yellow LED, represented by the yellow circles, served as gaze fixation point. The LEDs were taped on an elevated horizontal board that either consisted of acrylic glass (A) or wood (B) and which either allowed or prevented the vision of the participants’ hands that were placed directly underneath the two white LEDs, respectively. The figure depicts a participant affected by left-sided CRPS. 
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Figure 2. Fitted logistic functions. The figure illustrates the averaged logistic functions of the 25 patients. Data from the vision condition and the no vision condition were averaged. The x-axis represents different hypothetical stimulus onset asynchronies (SOAs) between the two visual stimuli: negative SOAs indicate that the visual stimulus occurring in the side of space of the affected limb was presented first, while positive SOAs indicate that the visual stimulus occurring in the side of space of the unaffected limb was presented first. The y-axis represents the proportion of trials in which the patients perceived the visual stimulus presented in the side of space of the affected limb as having occurred first. The blue curve represents the CRPS-specialized rehabilitation program group, with the corresponding PSS value indicated by the blue dashed line. The red curve represents the other group, with the corresponding PSS value indicated by the red dashed line. The red arrow illustrates that the curve of the other group is significantly shifted towards the affected side (** = p ≤ 0.01), indicating that visual stimuli presented in this side of space had to be presented several ms before the visual stimuli in the unaffected side of space to have the chance to be perceived as occurring first equally often. 

[image: ]
Figure 3. Group and individual PSS data for the visual TOJ task. Data from the vision condition and the no vision condition were averaged. The blue boxplot represents the PSS data for the CRPS-specialized rehabilitation program group, the red boxplot the PSS data for the other group, which did not follow such a specialized rehabilitation program and the grey boxplot the PSS data of the control participant group. Crosses correspond to the mean of each group, horizontal lines inside the boxplot to the median and the dots illustrate the individual performance of each participant in each group. Shifts in PSS values towards one of two sides of space (affected vs. unaffected for CRPS patients and left vs. right for controls) indicate spatial biases to the detriment of the perception of visual stimuli occurring in this side of space. This shift was only significant in the other group of CRPS patients. 
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