1.      Introduction
Pain is an unpleasant sensory and emotional experience associated with actual or potential tissue damage. Usually generated by the activation of nociceptive thinly myelinated Aδ and unmyelinated C fibers (Kandel et al., 2013), pain has an important function for survival as it signals the imminence of bodily damage. Besides this interoceptive function (Craig, 2002), pain also has an exteroceptive function, as it provides information on external stimuli that can potentially damage the body (Legrain, 2017), with the aim of triggering behaviours defending or restoring the physical integrity of the body. In order to adapt our behaviour and respond adequately to a potential threat, it seems not only necessary to detect and localize the nociceptive stimulus on the surface of the skin, but also to integrate the relative posture of the limb exposed to the threat (Vanderclausen, Bourgois, et al., 2020; Vanderclausen, Manfron, et al., 2020) and correctly localize the position of the threatening object in external space (Legrain et al., 2012). 
Visual inputs generated by seeing objects approaching or appearing close to the body and the somatosensory inputs generated by their contact with the body are processed by the brain within a multisensory representation of the body, which integrates the somatic space and its immediate external vicinity, commonly known as the peripersonal space (Maravita et al., 2003; Rizzolatti et al., 1997; Serino, 2019). In the past, it has repeatedly been shown that the peripersonal space is important for processing innocuous tactile stimuli, allowing mutual interactions between somatic and extra-somatic (i.e., visual) stimuli presented in the body’s proximity (for a summary, see, e.g., Serino, 2019). Neurobiologically, there is evidence that the perception and representation of the peripersonal space is supported by the existence of multimodal neurons responding to both tactile and extra-somatic (i.e., visual, but also auditory) stimuli (e.g., Graziano et al., 1994; Rizzolatti et al., 1981a; Rizzolatti et al., 1981b). In particular, these neurons associate somatosensory receptive fields covering specific body parts and extra-somatic receptive fields spatially anchored to the same part of the body (Graziano et al., 1997). 
Importantly, however, although they have almost exclusively been investigated for touch, it has been hypothesized that, in addition to optimizing the manipulation of innocuous objects, peripersonal representations shape defensive responses against physically threatening and potentially noxious stimuli (Graziano & Cooke, 2006), highlighting a potential involvement also in the context of nociception and pain. There are indeed a few studies in non-human primates that suggest the existence of neurons in the inferior parietal lobe that respond to thermal nociceptive stimuli applied on the animal's skin but also to visual stimuli approaching the stimulated skin region (Dong, 2024; Dong et al., 1994). Crucially, it has recently been shown that associating thermal stimuli delivered at innocuous intensities with a visual stimulus considerably increases the response of these neurons and the probability of the thermal stimulus triggering a defensive reaction that is usually obtained with noxious thermal stimulus intensities (Dong, 2024). It is therefore assumed that this type of neuron could underlie an extended neuronal representation of the body involved in the detection and reaction to physical threats. In humans, a series of studies have shown that seeing a stimulus within or approaching the space around the face can modulate defensive reflexive responses at the subcortical level, such as the eye-blink reflex (e.g., Fossataro et al., 2020; Sambo et al., 2012; Somervail et al., 2019) emphasizing the potential defensive role of peripersonal representations.
Additionally, there are also results from some recent behavioural studies in humans demonstrating that interactions between visual stimuli and those that specifically and selectively activate cutaneous nociceptors occur preferentially within the peripersonal space, suggesting the involvement of peripersonal frames of reference for the processing of nociceptive stimuli. For instance, a visual stimulus approaching or occurring near the hand on which a nociceptive stimulus is applied facilitates its detection and the reaction to it (De Paepe et al., 2016; Filbrich et al., 2019; Manfron et al., 2026). There is also evidence that nociceptive stimuli facilitate the perceptual processing of visual stimuli occurring close to the body (Filbrich, Alamia, Blandiaux, et al., 2017; Filbrich, Alamia, Burns, et al., 2017; Filbrich et al., 2018; Manfron et al., 2020; Vanderclausen et al., 2017). These latter studies used temporal order judgements (TOJ) tasks during which participants judged the temporal order of two lateralized, i.e., left- and right-sided, visual stimuli presented in rapid temporal succession, and consistently demonstrated that visual TOJs were influenced by the presentation of a unilateral nociceptive stimulus shortly preceding the visual targets. Specifically, the task-irrelevant nociceptive stimulus delivered to one hand biases spatial attention towards its location, thereby facilitating the processing of the visual stimuli presented on the same side of space as the stimulated limb. Importantly, visuo-nociceptive interactions were mainly modulated by spatial proximity, emerging predominantly when visual stimuli occurred in the hand’s peripersonal space.  Indeed, these interactions were significantly less strong when visual stimuli were presented far from the hand on which nociceptive stimuli were applied. While these studies demonstrated that nociceptive stimuli can influence the perception and processing of nearby visual targets, the opposite pattern has also been reported. De Paepe and colleagues found that nociceptive TOJs are modulated by the presence of a preceding lateralized visual stimulus, particularly when the visual and the nociceptive stimuli are presented in proximity to one another (De Paepe et al., 2015; De Paepe et al., 2017; De Paepe et al., 2014). Furthermore, it has been shown that preventing the vision of the stimulated hand can decrease the strength of such visuo-nociceptive interactions (Manfron et al., 2020), suggesting that visual feedback regarding the spatial proximity between the stimulated body part and the visual stimuli might be an important factor in the occurrence of interactions between somatosensory and near non-somatosensory stimuli.  
The present study aimed to investigate visuo-nociceptive interaction in a context of mismatching visual feedback, i.e., when feedback provided by the visual system indicates that the visual stimuli are presented further away from the felt position of the hands on which nociceptive stimuli are applied, as if presented from extrapersonal space. Such a mismatch can be created by allowing only indirect observation of visual stimuli, which have a true proximal source next to the participants' hands, as distant reflections in a mirror placed in front of them, while the direct sight of the hands and visual stimuli is occluded. In this case, the visual stimuli are visually projected beyond the mirror, i.e., far from the felt position of the hands. In the past, such an experimental procedure has been used by Maravita et al. (2002), who showed that, despite the mismatch, interactions between vision and touch can still be observed, indicating that visual stimuli are recoded as having a true source in the peripersonal space of the hands. Such an experimental procedure can thus be used to test whether interaction between nociceptive and near visual stimuli takes place because of rather low-level visual feedback about their proximity in external space, or whether they rely on a higher level, i.e., peripersonal, representation of the hand and its immediate vicinity, as it was shown for visuo-tactile interaction. 
In the present study, TOJ on visual stimuli preceded by lateralized nociceptive cues (Filbrich, Alamia, Blandiaux, et al., 2017; Filbrich, Alamia, Burns, et al., 2017; Filbrich et al., 2018; Manfron et al., 2020; Vanderclausen et al., 2017), combined with a similar experimental mirror set-up as in Maravita et al. (2002), were used in three different experiments. In Experiment 1, TOJs were compared between a condition in which visual stimuli were presented close to the stimulated hands but were only indirectly seen as distant mirror reflections, and a condition in which visual stimuli were actually presented far from the occluded hands, but at a similar optical distance to the projections of the visual stimuli in the mirror condition. We hypothesized that, if the visual stimuli, despite being perceived as visually far from the felt position of the hands, are recoded as having a proximal source close to the stimulated hands, the perceptual biases induced by the lateralized nociceptive stimuli applied on the hands should be more important in the mirror condition than in the condition in which the visual stimuli are actually presented far from the hands. In Experiment 2, visuo-nociceptive interactions in the mirror condition were compared to a condition in which visual stimuli were seen directly next to the hands, as well as to a condition in which visual stimuli were pasted on the mirror, i.e., placed far from the hands, but visually perceived close to the reflections of participants’ hands in the mirror. If the visual stimuli are indeed recoded as having a proximal source next to the hand, i.e., it is not simply the visual feedback about seeing visual stimuli close to hands that determines visuo-nociceptive interaction, we hypothesize that: 1) no significant difference between the mirror condition with only indirect vision of the stimulated hands and visual stimuli and the condition with direct vision of hands and visual stimuli, and 2) significantly more nociception-induced biases in the mirror condition as compared to the condition in which visual stimuli are only pasted on the mirror. Experiment 3 allowed us to further control for potential confounding factors in Experiment 1 by comparing the mirror condition and the far condition to a condition in which artificial hands were positioned next to the visual stimuli placed far away from the stimulated hands. We hypothesized that, if it is not simply the fact of seeing hands next to the visual stimuli that explains the difference between the mirror and the far conditions, we should observe no significant difference between the far and the artificial hands condition, while both should be different from the condition in which the stimulated hands and near visual stimuli are seen as mirror reflections. 
2.      Methods
2.1  Experiment 1
2.1.1        Participants
Twenty participants took part in the experiment. One participant was excluded from the statistical analysis due to difficulties in establishing the nociceptive stimulation profile required for the experiment. The remaining 19 participants (13 women, 6 men) were between 19 and 40 years of age (M=22.11, SD=4.43). Participants had corrected-to-normal vision. Exclusion criteria were neurological, psychiatric, cardiac, or chronic pain problems, traumatic injury in the upper limbs within the 6 months preceding the experiment, and regular use of psychotropic drugs. Taking first-line painkillers (e.g., paracetamol and NSAIDs) within the 12 hours before the experiment was not permitted. All participants reported having slept at least 6 hours the night before. Two participants were left-handed, and 17 were right-handed, based on the Flinders Handedness Survey (Flanders) questionnaire (Nicholls et al., 2013). The experimental procedures were approved by the local ethics committee (Commission d’Éthique biomédicale hospito-facultaire, University Saint-Luc Hospital & UCLouvain) in agreement with the Declaration of Helsinki in accordance with its guidelines and regulations. All participants signed a consent form before starting the experimental session, and they were monetarily compensated for their participation.
2.1.2 Stimuli and Apparatus
Visual stimuli were generated using two pairs of white light-emitting diodes (LEDs) (17-lm luminous flux, 6.40-cd luminous intensity, 120° diffusion angle, GM5BW97330A, Sharp Corporation, Osaka, Japan). Using a 5-ms duration during the experiments, these visual stimuli were perceived as brief luminous flashes. Additionally, two yellow LEDs (min. 0.7-cd luminous intensity at 20 mA, 120° viewing angle, Farnell element 14, Multicomp, Leeds, UK) were used as fixation points during experimental trials. Visual stimuli from the white and yellow LEDs were triggered by an electrical pulse stimulator (Master-8, A.M.P.I., Jerusalem, Israel).
Nociceptive stimuli were delivered through the skin of the hand by means of intra-epidermal electrical stimulation (IES) using two stainless steel concentric bipolar electrodes (Nihon Kohden, Tokyo, Japan; Inui et al., 2006), which consisted of a needle cathode (length: 0.1 mm, Ø: 0.2 mm) surrounded by a cylindrical anode (Ø: 1.4 mm). Electrical current was generated using DS7a stimulators (Digitimer Ltd, Welwyn Garden, UK). By gently pressing it on the participant’s hand dorsum, the electrode was inserted into the epidermis in the sensory territory of the superficial branch of the radial nerve. To selectively activate Aδ nociceptors and avoid co-activation of non-nociceptive Aβ-fiber mechanoreceptors (responsible for tactile sensations), the intensity of IES was individually adjusted to twice the absolute detection threshold to single 0.5 ms square-wave pulses, with 0.5 mA as the maximum value permitted (Legrain & Mouraux, 2013; Mouraux et al., 2013; Mouraux et al., 2010; Mouraux et al., 2014). To determine the absolute detection threshold for each participant and each of their hands, a staircase procedure was used. Participants were asked to respond to each stimulation whether they perceived the stimulus or not. If the participant did not perceive the stimulus, the intensity for the next stimulation was increased; if they perceived it, it was decreased (see Favril et al., 2014 for a description of the staircase procedure). Once the threshold was determined for each hand, IES intensities were set at twice the threshold value and adjusted if necessary (i.e., slightly decreased or increased), so that the participant perceived the stimuli on both hands with equivalent intensities.
During the experiment, IES consisted of trains of three consecutive pulses with 5-ms interpulse intervals, to increase intensity of perception while preserving the selectivity for nociceptors (Mouraux et al., 2013; Mouraux et al., 2014). Stimuli induced a well-localized pinprick sensation, compatible with the activation of Aδ nociceptors, but were not necessarily perceived as painful.
Stimuli presentation was remotely controlled using Matlab 2014b.
2.1.3        Procedure
When the experimental session began, lights in the room were dimmed. Participants were seated on a chair, with their arms placed on the table and their palms facing down. Their heads were stabilized on an individually adapted chin rest placed ~10 cm from their trunk, to reduce head movement. The 4 white LEDs were fixed on the table with tape, one pair at 30 cm from the participant’s trunk (near LEDs), and the other pair at 150 cm from it (far LEDs). The near and far LEDs were thus distanced by 120 cm. One of the LEDs of each pair was placed on the left and the other one on the right side, with 40 cm in between (Figure 1). For each pair, a yellow LED was placed equidistantly from the two white LEDs, so that the yellow LED positions coincided with the participant’s midsagittal plane. Participants were requested to place their hands close to the near LEDs (i.e., the right hand next to the right LED and the left hand next to the left LED), with the LED  being positioned about 1 cm from the metacarpophalangeal joint of the index finger. 
Hands and near LEDs were covered by a wooden box (85.5-cm length, 45-cm width, 17.5-cm height) to prevent their direct vision. The box was open from both sides, so that the hands could be inserted from the proximal side, and the hands and the near LEDs could be seen through projection on a mirror from the distal side (depending on the condition, see below).
The experimental procedure involved two distinct visual conditions: a mirror condition characterized by the presence of a mirror (Figure 1A) and a far condition characterized by its absence (Figure 1B). In the mirror condition, hands and near LEDs were only seen indirectly, reflected in a mirror (80-cm length, 45-cm height, and 4 mm width) placed equidistantly from both near and far LEDs, that is, at 60 cm from them. The mirror also prevented vision of the far LEDs that were not relevant for this condition. In the far condition, participants were able to directly watch the far LEDs, with their hands occluded by the wooden box. The spatial positions of the visual stimuli and the fixation light in the far condition were kept identical to their reflection equivalents in the mirror condition, as observed by the participants, so that the optical projections of the visual stimuli were similar across the mirror and far conditions. Participants judged the luminance of the LEDs equivalent between the two conditions.
Before the start of each condition, four to five nociceptive stimuli were randomly applied on the left and right hands, and the participant was asked to lift the index finger of the hand on which the stimulus was perceived. For the mirror condition, participants were instructed to observe the visual feedback of the finger movement in the mirror. This preliminary phase was intended to reinforce the fact that a mirror was indeed present only in the mirror condition (see Maravita et al., 2002).
The experiment itself consisted of a temporal order judgement (TOJ) task performed on either the near LEDs (in the mirror condition) or the far LEDs (in the far condition). A trial started with the illumination of the yellow fixation LED placed between the pair of LEDs on which the participants were performing the TOJ task. The participants were instructed to maintain their gaze on this central fixation LED as long as it was switched on, i.e., during the whole trial. After 500 ms, a nociceptive stimulus was applied to one of the hands. This unilateral nociceptive stimulation was used as a cue to attract spatial attention to one of the two hands, to selectively bias the perception of the forthcoming visual stimuli. The nociceptive cue was followed 200 ms later by a pair of visual stimuli, with each of the left and right white LEDs switching on for a duration of 5 ms. The onsets of the two visual stimuli 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 switched on first, positive values indicate that the right LED was switched on first). The SOA was selected online at each trial using the Psi adaptive procedure, considering the participant’s performance on all previous trials of the same condition (Filbrich, Alamia, Burns, et al., 2017; Kingdom & Prins, 2010; Kontsevich & Tyler, 1999) (see below). Participants were instructed to report which of the two visual stimuli they perceived as presented first during half of the blocks (one per visual condition), and which they perceived as presented second during the other half of the blocks, by verbally answering ‘left’ or ‘right’. These two response modes were used to minimize decisional and response bias (Filbrich et al., 2016; Scharlau, 2004; Shore et al., 2001). Once the participant’s response was encoded by the experimenter (by pressing a key on the remote-control computer), the fixation LED was switched off, and the next trial started 2000 ms later. Participants were told to be as accurate as possible, and that speed was not relevant for the experimental task. No feedback was given regarding the accuracy of their response.
The experiment consisted of 4 blocks of 3-4 minutes each. Each block was comprised of two series of 20 trials, one series with nociceptive stimuli applied on the left hand, the other with nociceptive stimuli applied on the right hand, randomly and equiprobably intermixed. During two blocks, the task was performed on the near LEDs (i.e., the mirror condition), and during the two other blocks on the far LEDs (i.e., the far condition). For each condition, participants used the response mode ‘Which stimulus was first’  in one block and response mode ‘Which stimulus was second’ in the other block. The order of the two visual conditions (mirror condition and far condition) was counterbalanced across participants, while the order of response modes (‘which was first’ vs. ‘which was second’) was randomized within each visual condition. A rest period between the blocks was possible when requested.
After each block, levels of perceived intensity of the nociceptive stimuli were assessed on a scale of 0 (not perceived at all) to 10 (very intense perception), as measured with a visually presented numeric rating scale (NRS). This was used to ensure that they were still perceived and that their intensities were rated as equivalent between both hands. If this was not the case, intensities were adapted (with 0.5 mA as a limit), or, as a last resort, the electrodes were displaced and the detection threshold re-assessed. After two blocks of the same condition, the mirror was placed or removed, depending on the condition
Before starting the experiment, participants underwent a small practice session, using the same visual condition as the one used in the first two blocks of the experimental session (i.e. mirror or far condition), consisting of two blocks of 5 trials, one for each response mode (‘which was first’ vs. ‘which was second’) with only the two highest SOAs (i.e., ±200 and ±145 ms). The duration of the whole experiment was about 45-60 minutes.
2.1.4        Measures
Detection threshold and intensity of the IES were measured by the intensity of electrical current in milliamperes (mA) for each hand separately. As IES intensity could have been adapted during the experiment, the highest value used during the experiment was taken for statistical analyses. For each participant, ratings of the subjective perception of stimulus intensity, as measured with the NRS (from 0 to 10), were averaged across the blocks for each hand separately.
TOJ performances were assessed by fitting a logistic function, i.e., 𝑓(𝑥) = 1/(1+exp(−𝛽(𝑥−𝛼))) to participants’ responses for each nociceptive cue condition (left vs. right hand), visual condition (mirror vs. far), and response mode (‘which was first’ vs. ‘which was second’). Two parameters were used for analyses. The first parameter, the main parameter of interest with regard to our hypotheses, is the point of subjective simultaneity (PSS). It corresponds to the α value of the logistic function and defines the threshold, that is, the SOA at which the two visual stimuli are perceived as occurring first equally often (i.e., (x, 0.5)). In other words, the PSS defines the amount of time one visual stimulus has to precede or follow the other one for the two stimuli to be perceived as occurring simultaneously (Spence et al., 2001). This parameter is therefore used as an index of perceptual bias toward one of the two sides of visual space. The second parameter is the slope of the logistic function and corresponds to the β value. It describes the noisiness of the results and can index the precision of the participants’ responses during the experiment (Kingdom & Prins, 2010). Since the adaptive Psi method was used (Kontsevich & Tyler, 1999), the logistic function and its parameters were estimated at each trial. This method is based on an algorithm that adopts a Bayesian framework, with the ultimate goal of estimating the parameters of interest without probing all the SOAs extensively (see Filbrich, Alamia, Burns, et al., 2017 for a more detailed description of the Psi method in TOJ experiments). The a priori values of the α and β parameters were set at 0±0.20 and 0.06±0.6, respectively, based on previous experiments (Filbrich, Alamia, Blandiaux, et al., 2017; Filbrich et al., 2018; Manfron et al., 2020). The last estimated values of both parameters were used for statistical analyses.
To get a single measure of unilateral cue condition for each participant and each experimental condition, the average of the PSS values for the left-sided cue condition and the values for the right-sided cue condition (multiplied by −1 for the PSS for the right-sided cue condition) was calculated. The proportion of trials in which the visual stimulus presented in the cued side of space was judged as appearing first was reported as a function of SOA (Filbrich, Alamia, Blandiaux, et al., 2017; Filbrich et al., 2018).
2.1.5        Data analysis
Participants’ data were excluded from statistical analyses if the threshold and slope of the psychometric function could not be reliably estimated during the 20 trials of one or several cue side conditions (i.e., their respective estimates did not converge on a stable value on the last trials), indicating that their performance was too inconsistent and below chance level (Filbrich, Alamia, Blandiaux, et al., 2017; Filbrich et al., 2018). Analyses were conducted using SPSS Statistics 25 (IBM Corp., Armonk, NY, USA).
The means of the maximal intensity of the nociceptive stimuli were compared between left and right hands using a paired sample t-test to verify that the two hands were stimulated with similar intensities. The NRS values of the self-reported subjective stimulus intensities were compared between the two hands using a Wilcoxon signed-rank test.
Before statistical analyses, data from the two response modes were averaged (‘which was first’ vs. ‘which was second’) for each experimental condition, to reduce the potential contribution of response biases. This resulted in two sets of data, one for the mirror and one for the far condition. To characterize the existence of potential perceptual biases to one side of space, the mean PSS value of each condition was compared to 0 using one-sample t-tests. Next, PSS and slope values were compared between the two conditions (mirror vs. far) using paired t-tests, respectively. Cohen’s d was used to measure effect sizes. The significance level was set at p≤0.05. Results are reported in means (M) and standard deviations (SD).
2.2  Experiment 2
2.2.1        Participants
Twenty-one volunteers took part in Experiment 2 and were recruited according to the same criteria and conditions as in Experiment 1. Four participants were excluded from the statistical analysis, one because of technical issues and three others due to problems in perceiving the visual stimuli in one of the conditions, inconsistent responses across multiple conditions, or significantly reduced nociceptive sensation on one of the hands. The remaining 17 participants (5 male, 12 female) were between 19 and 29 years of age (M=23.94, SD=2.75). One participant was left-handed, and 16 were right-handed, according to the Flanders questionnaire (Nicholls et al., 2013).
2.2.2        Stimuli and apparatus
Stimuli and stimulation parameters were identical to those of Experiment 1, with the exception of the location of the far LEDs (see below).
2.2.3        Procedure
The experimental setup and procedure were similar to Experiment 1, except that Experiment 2 comprised three conditions. The mirror condition was exactly the same as in Experiment 1 (Figure 2A). In the without the mirror condition, the mirror was masked with an opaque sheet, and the wooden box was removed so that participants could directly see their hands and the near LEDs (Figure 2B). Finally, in the on the mirror condition, the setup was similar to the mirror condition (i.e., allowing mirror-reflected vision of the hands) except that the near LEDs were not used and the far LEDs were taped on the mirror (Figure 2C). Their spatial configuration was the same as in the other conditions: the white LEDs had a distance of 40 cm between them, with the yellow fixation LED placed equidistantly and along the participants’ midsagittal plane (Filbrich, Alamia, Blandiaux, et al., 2017; Filbrich et al., 2018). The line made by those three LEDs was parallel to the table plane and its height was adjusted individually so that they were seen at a similar apparent location as in the mirror condition. More precisely, their height was adjusted so that each participant saw the white LEDs near the reflection of the metacarpophalangeal joints of the index fingers. The wooden board was removed in this condition. Participants judged the luminance of the LEDs as equivalent between the three conditions.
Experiment 2 consisted of 6 blocks of 40 trials (2 interleaved adaptations with 20 trials for each nociceptive cue side condition), resulting from the combination of the three experimental conditions (mirror vs. without the mirror vs. on the mirror) and the two response modes (‘which is first’ vs. ‘which is second’). The order of the three conditions was pseudorandomized across participants, and within each of those conditions, the order of the two response mode blocks was randomized. The duration of the whole experiment was approximately 60-75 minutes.
2.2.4        Measures
The measures were the same as in Experiment 1. Before statistical analyses, data from the two response modes (‘which was first’ and ‘which was second’) were merged. Data from the two nociceptive cue side conditions were averaged, and TOJ performance was represented as the proportion of trials in which the visual stimuli presented in the cued side of space was reported as appearing first as a function of SOA.  
2.2.5        Data analysis
Data exclusion criteria and analyses for nociceptive stimulus intensities and self-reported NRS values between the two hands were the same as in Experiment 1. PSS values of the three visual conditions were compared to 0 using one-sample t-tests. Next, differences between these conditions were tested using an analysis of variance (ANOVA) for repeated measures with condition (mirror vs. without the mirror vs. on the mirror) as within-participant factors, for both PSS and slope values. If necessary, Greenhouse-Geisser corrections of degrees of freedom were applied. Contrast analyses were performed using paired-samples t-tests. The significance level was set at p ≤ .05. Effect sizes were measured using Cohen’s d for t-tests and partial Eta squared for ANOVAs.
2.3 Experiment 3
2.3.1 Participants
Twenty-one volunteers took part in Experiment 3 and were recruited according to the same criteria and conditions as in Experiments 1 and 2. One participant was excluded from the statistical analysis due to an error in adapting the intensity of IES applied on the hand dorsum, and another one because of data loss for one of the conditions. The remaining 19 participants (5 male, 14 female) were between 18 and 35 years of age (M=24.68, SD=4.26). All participants were right-handed, according to the Flanders questionnaire (Nicholls et al., 2013).
2.3.2 Stimuli and apparatus
Stimuli and stimulation parameters were identical to those of Experiment 1 and 2, with the exception that artificial rubber hands were added in the artificial hands condition (see below).
2.3.3 Procedure
The experimental setup and procedure were similar to Experiments 1 and 2. Experiment 3 comprised 3 conditions: the mirror condition, the far condition and the artificial hands condition. The mirror condition and the far condition were exactly the same as in Experiment 1 (Figure 3). The artificial hands condition was similar to the far condition, with the difference that artificial rubber hands were additionally placed next to the far LEDs. These artificial hands were placed palms down in a posture similar to that of the participant, but in a mirrored position (see Fig 3C), as if the participants were looking at their hands in a mirror. To reduce potential perceptual conflicts induced by the fact that the hands were not attached to a body, they were showing through the edge of a cloth sheet, hiding the cut at the level of the wrist. They were placed according to the same 1-cm mark between the metacarpophalangeal joint of the index finger of the artificial hands and the white LEDs. Participants judged the luminance of the LEDs as equivalent between the three conditions.
Experiment 3 consisted of 6 blocks of 40 trials (2 interleaved adaptations with 20 trials for each nociceptive cue side condition), resulting from the combination of the three experimental conditions (mirror vs. far vs. artificial hands) and the two response modes (‘which was first’ vs. ‘which was second’). The order of the three conditions was pseudorandomized across participants, and within each of those conditions, the order of the two response mode blocks was randomized. The duration of the whole experiment was approximately 60-75 minutes.
2.3.4 Measures
The measures were the same as in Experiments 1 and 2. Before statistical analyses, data from the two response modes (‘which was first’ and ‘which was second’) were merged. Data from the two nociceptive cue side conditions were averaged, and TOJ performance was represented as the proportion of trials in which the visual stimuli presented in the cued side of space were reported as appearing first as a function of SOA.  
2.3.5 Data analysis
Data exclusion criteria and analyses for nociceptive stimulus intensities and self-reported NRS values between the two hands were similar to Experiments 1 and 2. PSS values of the three visual conditions were compared to 0 using one-sample t-tests. Next, differences between the conditions were tested using ANOVAs for repeated measures with condition (mirror vs. far vs. artificial hands) as within-participant factors, for PSS and slope values. If necessary, Greenhouse-Geisser corrections of degrees of freedom were applied. Contrast analyses were performed using paired-samples t-tests. Significance level was set at p ≤ .05. Effect sizes were measured using Cohen’s d for t-tests and partial Eta squared for ANOVAs.
3. Results
3.1  Experiment 1
3.1.1        Intensity of nociceptive stimuli
The mean (± SD) of the maximal intensities of IES was 0.28±0.11 mA for nociceptive stimuli applied to the left hand and 0.27±0.07 mA for those applied to the right hand; There was no significant difference between the two hands (t(18)= 0.357, p= 0.725, d= 0.07). These values are in the range of the intensities found to selectively activate Aδ nociceptors without concomitant activation of Aβ mechanoreceptors (Mouraux et al., 2013; Mouraux et al., 2010; Mouraux et al., 2014). The self-reported NRS values were not significantly different between the left (MED=2.38) and the right hand (MED=2.63) (Z=-0.552, p=0.581). These results indicate that similar intensities of electrical current were used for the two hands, and that nociceptive stimuli were judged as equally intense between the two hands.
3.1.2        TOJ parameters
The fitted psychometric curves of the two conditions are illustrated in Figure 4A. One-sample t-tests revealed that PSS values were significantly different from 0 for both mirror (M±SD= 23.09±9.69 ms; t(18)= 10.387, p≤ 0.001, d= 2.38) and far conditions (M±SD= 16.04±9.57 ms; t(18)= 7.304, p≤ 0.001, d= 1.67). This indicates that in both conditions, visual stimuli appearing in the uncued side of space had to be presented significantly earlier than visual stimuli appearing in the cued side of space to have the chance to be perceived as occurring simultaneously, confirming the effectiveness of the nociceptive cues. Additionally, the paired-samples t-test revealed a significant difference between the PSS values of the mirror and the far conditions (t(18)= 2.980, p= 0.008, d= 0.684) (Figure 4B). This indicates that perceptual biases were significantly stronger when the visual stimuli were seen reflected in the mirror near the hands, as compared to when they were seen at the same optical distance but far from the hands.
The mean slope data for each condition are shown in Figure 4B. The paired-samples t-test of the slope values did not show a significant difference between the mirror  (M±SD= 0.12±0.04) and the far (M±SD= 0.10±0.04) condition (t(18)= 1.822, p= 0.085, d= 0.407), indicating that the precision of the participants’ responses was similar across both conditions.
3.2  Experiment 2
2.2.1        Intensity of nociceptive stimuli
The mean (±SD) of maximal intensities was 0.30±0.08 mA for nociceptive stimuli applied to the left hand and 0.27±0.10 mA for nociceptive stimuli applied to the right hand (no significant difference: t(16)= 1.387, p= 0.184, d= 0.336). These values are in the range of the intensities found to selectively activate Aδ nociceptors without concomitant activation of Aβ mechanoreceptors. The self-reported NRS values were not significantly different between the left (MED= 5.00) and the right hand (MED= 5.00) (Z= -0.944, p= 0.345).
3.2.2        TOJ parameters
The fitted psychometric curves of the three conditions of Experiment 2 are illustrated in Figure 5. One-sample t-tests revealed that PSS values were significantly different from 0 for the mirror condition (M±SD= 19.92±12.40 ms; t(16)=6.626, p≤ 0.001, d= 1.607), the without the mirror condition (M±SD= 20.03 ±13.32; t(16)= 6.202, p≤ 0.001, d= 1.504), and the on the mirror condition (M ±SD= 12.20±10.30; t(16)= 4.883, p≤ 0.001, d= 1.184), confirming a crossmodal cueing effect in all three conditions. Moreover, the repeated measures ANOVA revealed a significant main effect of condition for the PSS values (F(2,32)= 4.724, p= 0.016, Ƞ²p= 0.228). The contrast analyses (Fig. 5B) revealed greater PSS values in the mirror than in the on the mirror condition (t(16)= 2.526, p= 0.022, d= 0.613) as well as greater values in the without the mirror than in the on mirror condition (t(16)= -3.660, p= 0.002, d= -0.888). Crucially, there was no significant difference between the PSS values of the mirror and the without the mirror conditions (t(16)= -0.031, p= 0.975, d= -0.008), suggesting that seeing the visual stimuli near the hands in a mirror reflection produces a similar effect to the condition in which visual stimuli and hands are directly seen close together.
Slope data for each condition are shown in Figure 5B. The ANOVA on the slope values showed a significant main effect of condition (F(2,32)= 4.493, p= 0.019, Ƞ²p= 0.219). Contrast analyses indicated that the slope was generally less steep in the without the mirror (M±SD= 0.08±0.04) as compared to the mirror (0.11±0.05; t(16)= 2.248, p= 0.039, d= 0.545) and the on the mirror condition (0.13±0.05; t(16)= 2.857, p= 0.011, d= 0.693), indicating that the judgments were more noisy, i.e. more variable, in the without the mirror condition. There was no significant difference between the mirror and the on the mirror condition (t(16)= -0.836, p= 0.415, d= -0.203). 
3.3 Experiment 3
3.3.1 Intensity of nociceptive stimuli
The mean (±SD) of maximal intensities was 0.28±0.10 mA and for nociceptive stimuli applied to the left hand and 0.27±0.10 mA for nociceptive stimuli applied to the right hand (no significant difference: t(18)= 0.462, p= 0.650, d= 0.106). These values are in the range of intensities found to selectively activate Aδ nociceptors without concomitant activation of Aβ mechanoreceptors. The self-reported NRS values were not significantly different between the left hand (MED=4.00) and the right hand (MED=4.00) (Z= -0.679, p= 0.497).
3.3.2 TOJ parameters
The fitted psychometric curves of the three conditions of Experiment 3 are illustrated in Figure 6. One-sample t-tests revealed that PSS values were significantly different from 0 for the mirror condition (M±SD= 20.91±12.33; t(18)= 7.392; p≤ 0.001; d= 1.696), the far condition (M±SD= 14.01±10.03; t(18)= 6.089, p≤ 0.001, d= 1.397), and the artificial hands condition (M±SD=15.51±7.28; t(18)= 9.292, p≤ 0.001, d= 2.132) confirming a crossmodal cueing effect. Moreover, the repeated measures ANOVA revealed a significant main effect of condition for the PSS values (F(2,36)= 4.127, p= 0.024, Ƞ²p= 0.183). The contrast analyses (Fig. 6B) revealed that PSS values of the mirror condition were significantly greater than those of the artificial hands condition (t(18)= 2.478, p= 0.023, d= 0.568) as well as those of the far condition (t(18)= 2.415, p= 0.027, d= 0.554). Crucially, there was no significant difference between the PSS values of the artificial hands and the far conditions (t(18)= 0.601, p= 0.556, d= 0.138).
Slope data for all conditions are shown in Figure 6B. Slope values (M±SD) were 0.13±0.07 for the mirror condition, 0.11±0.07 for the far condition, and 0.13±0.08 for the artificial hands condition. The ANOVA on the slope values showed no significant main effect of condition (F(2,36)= 0.495, p= 0.614, Ƞ²p=0.027). 

4.  Discussion
Previous literature indicates the existence of perceptual interactions between nociceptive and visual stimulation, specifically when they are presented in close proximity to each other (De Paepe et al., 2015; De Paepe et al., 2017; De Paepe et al., 2014; Filbrich, Alamia, Burns, et al., 2017; Filbrich et al., 2018; Manfron et al., 2020; Vanderclausen et al., 2017), suggesting that nociceptive stimuli can be processed in a multisensory representation of the body and its near surrounding space. 
The present study aimed to minimize the possibility that visual and nociceptive stimuli interact solely because low-level visual feedback about their position indicates their proximity in external space, rather than within a higher-order multisensory representation of the stimulated body part and its immediate vicinity, as proposed by previous findings. More precisely, with TOJ tasks, we investigated whether nociceptive and visual stimuli still interact when the visual stimuli, although presented near the body part on which nociceptive stimuli are applied, are only indirectly seen as far reflections in a mirror, i.e., when the visual input indicates that they are presented far from the felt position of the hands on which nociceptive stimuli are applied. 
In this TOJ task, the aim was to induce a bias in the perception of visual stimuli, which is facilitated by the presentation of a nociceptive cue on one of the hands. Based on the theory of prior entry (Titchener, 1908), stimuli on which we focus our attention are perceived earlier than unattended stimuli. Consequently, the unattended stimulus has to be presented before the attended stimulus to be perceived as appearing simultaneously. Thus, the time interval at which the two stimuli are perceived as occurring first equally often is used to index a shift in attention to one of the two stimuli (see also Filbrich, Alamia, Burns, et al., 2017; Manfron et al., 2020). 
In a first experiment, participants were tested in two conditions - one in which visual stimuli were presented far from the (hidden) hands stimulated with nociceptive stimuli and one in which they were presented close to the hands, but only seen indirectly as distant reflections in a mirror, i.e. at approximately the same optical distance from the felt position of hands as in the condition in which they were presented far from the hands. As explained in the introduction, we hypothesized that if visual stimuli are recoded as having a proximal source close to the stimulated hands, despite being visually perceived as being far from the felt position of the hands, biases in the perception of the visual stimuli induced by the nociceptive cues should be stronger in the condition with the mirror. The results of this first experiment showed that, in general, the presence of unilateral nociceptive cues biased the perception of the temporal order of the visual stimuli, with TOJs prioritizing the visual stimulus occurring on the same side of space as the nociceptive stimulus, in both the far and mirror conditions. More precisely, visual stimuli appearing in the uncued side of space needed to be presented earlier than those in the cued side of space to be perceived as occurring first with equal frequency. Importantly, however, the magnitude of this bias was significantly greater in the mirror condition, confirming our hypothesis. This indicates that although there is a mismatch between the visual feedback and the felt position of the hands, with the visual feedback suggesting that visual stimuli are projected far from the nociceptive ones, the visual stimuli are nevertheless recoded as originating from a proximal location within the peripersonal space of the stimulated hand, which allows the two stimuli to interact.
However, although we observed significantly more interaction between nociceptive and visual stimuli in the mirror as compared to the far condition, one could still wonder whether the mismatch induced by the mirror condition diminished this interaction as compared to a condition without induced mismatch. To further examine this effect, we conducted a second experiment, in which we compared the mirror condition, in which visual stimuli are only indirectly seen next to the stimulated hands, to a condition in which visual stimuli are seen directly next to them, i.e. without the mirror. In addition, we also added a third condition in which the visual stimuli were pasted on the mirror, next to the reflection of the hands on which nociceptive stimuli were applied. In this case, the LEDs and nociceptive stimuli are not physically presented in proximity to each other, but the visual feedback indicates that they are. This condition was not only added to strengthen the conclusions of Experiment 1, but also to minimize the influence of a potential confounding factor in the interpretation of the results of Experiment 1, i.e., the fact that in the mirror condition the visually far perceived visual stimuli were still seen next to hands (even though not next to the felt position of the hands), while in the far condition no hands were seen. The results of this second experiment showed that biases in the perception of visual stimuli induced by the nociceptive stimuli were significantly greater in both the mirror and the without the mirror conditions than in the on the mirror condition. Importantly, the magnitude of nociceptive-visual interactions was very similar in the condition in which visual stimuli were seen only indirectly next to the stimulated hands and the condition in which they were seen directly. This finding, in addition to the observation that there was also significantly less interaction in the condition in which the LEDs were pasted on the mirror, corroborated the conclusions of Experiment 1, suggesting that the proximity between nociceptive and visual stimuli seems to be less determined by low-level visual feedback, but rather by higher level processes that would potentially allow to remap nociceptive and visual stimuli in a common, peripersonal, reference frame. 
A limitation of these experiments is that, although participants were instructed to maintain their gaze on the fixation LED between the visual target stimuli, we did not verify that their gaze did not shift elsewhere. This could have affected the latter control condition—involving LEDs pasted on the mirror—where the hands themselves were visible in addition to their mirror-reflected images. In other words, we cannot exclude the possibility that an involuntary gaze shift toward the uncovered hands could have rendered the visual targets more eccentric and reduced their perceptibility, thereby impairing temporal discrimination abilities and, consequently, reducing the PSS value. This seems however rather unlikely, since we did not observe any decrease in the slope value of the psychometric function in the condition in which the LEDs were pasted on the mirror, suggesting that perceptual sensitivity was not altered this condition, as compared to the mirror condition. Furthermore, this does not invalidate the primary comparisons of the studies, showing that a TOJ task involving visual stimuli perceived far from the felt position of the stimulated hands and only indirectly seen next to the hands produces a perceptual bias remarkably similar to that observed in a TOJ task with visual stimuli presented directly near the hands (Experiment 2) and greater than that observed in a TOJ task with distant visual stimuli (Experiment 1). 
Finally, a third experiment was conducted, with the aim of further minimizing any potential confounding explanations for the results observed in Experiment 1. In this experiment, we directly controlled for any potential explanation in terms of seeing hands next to the visual stimuli by adding a condition in which visual stimuli were again placed far from the hands, but with artificial hands positioned close to them. This allowed us to directly compare this control condition to both the mirror and the far conditions, and we hypothesized that, despite adding the presence of artificial hands to the far condition, perceptual biases induced by the nociceptive stimuli should still be strongest in the mirror condition. The results of Experiment 3 confirmed this hypothesis, showing that the effects of the nociceptive cues on visual TOJ were significantly greater in the mirror condition as compared to the far and artificial hands conditions. Importantly, there was no significant difference between these two latter conditions. This suggests that the differences between the mirror and the far condition cannot simply be explained by the visual presence of hands in the mirror condition and its absence in the far condition, and corroborates the findings of Maravita and colleagues in the context of visual and tactile interactions (Maravita et al., 2002). However, it is also important to emphasize that different results might have been obtained by placing the hands of a real person next to the far LEDs. Previous studies (Fossataro et al., 2023; Teramoto, 2018) have indeed shown that placing the hand of another person next to a visual stimulus presented further away from the participant’s hand leads to results comparable to those obtained with a visual stimulus presented close to the participant’s own hand (see also, e.g., Bogdanova et al., 2021; Teneggi et al., 2013; Noel et al., 2022; Haggard, 2006, for data on visual/auditory-tactile interactions in an interpersonal setting). Although testing this condition would go well beyond the scope of the present study, as it entails a study direction on its own (i.e. the impact of social factors on peripersonal space perception), it seems important to acknowledge its potential effects on interaction between visual and nociceptive stimuli, considering that it is, e.g., also known that observing someone else's pain can modulate the sensitivity of one's own pain (e.g., Colloca & Benedetti, 2009; Singer et al., 2004). That such interpersonal effects could also explain our main finding, i.e., a significant difference in mirror vs. far conditions, as well as a non-significant difference in mirror vs. without the mirror conditions, seems rather unlikely, since participants were explicitly made aware of the fact that were seeing their own hands in the mirror, by asking them to lift and observe their index fingers in the mirror during a preliminary phase.  
Understanding the role of a peripersonal frame of reference in localizing nociceptive stimuli is not only essential to elucidate how nociceptive signals interact with other sensory inputs to construct a full representation of physical threats, but also for advancing knowledge of the pathophysiology underlying certain chronic pain disorders. Recent findings have shown that specific chronic pain conditions, such as Complex Regional Pain Syndrome (CRPS), can alter patients’ perception of the visual space immediately surrounding their painful limb (Bultitude et al., 2017; Filbrich, Alamia, Verfaille, et al., 2017; Filbrich et al., 2023). Studies also suggest that these patients may have difficulties integrating proprioceptive and visual feedback from the hand to guide their movements (Verfaille et al., 2021). This is particularly relevant given that new interventions have been proposed to target altered visuospatial perception as a potential means to alleviate pain and related sensorimotor symptoms (e.g., Sayegh et al., 2013; Torta et al., 2016). However, so far, the efficiency of those techniques is rather limited. Successfully developing and adapting such revalidation techniques for the treatment of chronic pain therefore firstly requires a better understanding of the mechanisms of multisensory interaction between nociception and other sensory modalities and how these processes can be disturbed by chronic pain.
Finally, it is important to note that our findings do not imply a specific contribution of nociception to multisensory, i.e., peripersonal, space representations. Rather, our goal was to test whether the crossmodal interaction between vision and nociception mirrors the high-level processes previously established for visuo-tactile interactions (e.g., Maravita et al., 2002). Given that touch and pain rely on different somatosensory systems, findings from touch cannot simply be interpolated to nociception. Indeed, thermo-nociceptive and innocuous mechanical inputs are transmitted and processed through different neuronal pathways and relays. At the cortical level, even though nociceptive stimuli elicit activity in cortical areas largely shared with those activated by tactile stimuli, the activation pattern remains distinct. One difference lies, in part, in the contribution of the primary somatosensory cortex (SI). Indeed, while SI—and area 3b in particular—serves as a crucial relay for processing tactile inputs, its contribution is less significant for nociceptive processing, which involves more widely distributed thalamocortical projections (Dum et al., 2009; Nakata et al., 2008; Lenoir et al., 2017). Furthermore, in monkeys, multisensory neurons combining somatosensory and visual receptive fields have been described in various regions of the cortex. In posterior areas, extensive literature demonstrates the importance of the ventral intraparietal area (VIP) for visuo-tactile neurons (see Graziano & Cooke, 2006 & Serino, 2019 for reviews), whereas a few rare studies on nociception have described visuo-thermal neurons in the rostral part of the inferior parietal lobule (i.e., area 7b) (Dong, 2024; Dong et al., 1994). This does not imply that the contribution of these regions to the different somatosensory sub-modalities is exclusive; however, current data do not allow us to conclude, at this stage, that visuo-tactile and visuo-nociceptive interaction mechanisms are identical. This has led some to hypothesize that visuo-tactile and visuo-nociceptive interactions—as well as their respective contributions to the perception of peripersonal space—might rely on specific underlying mechanisms. For instance, de Vignemont and Iannetti (2015) hypothesized that visuo-tactile and visuo-nociceptive interactions might contribute to representations of different peripersonal spaces serving distinct motor purposes as well as involve different sensory processing. Accordingly, visuo-nociceptive interactions would contribute to the representation of a defensive space, whereas visuo-tactile interactions would contribute to a space for object manipulation and exploration. Bufacchi and Iannetti (2018) furthermore point out that the affective valence and the relevance of the action goals associated with tactile and nociceptive inputs would lead these two sub-modalities to contribute to distinct action fields within the space around the body. However, the studies we have conducted so far suggest that visuo-tactile and visuo-nociceptive interactions are based on similar mechanisms and type of representation of the space surrounding the body. Yet, these studies did not consider or manipulate the motor function associated with each modality—namely, object manipulation for touch and defense for nociception. Therefore, while the present study shows that the findings from visuo-tactile interactions can be extended to the nociceptive modality, a possible specific nociceptive contribution distinct from touch remains to be investigated. 
In conclusion, the present results suggest that interaction between nociceptive and visual stimuli seems to depend on higher-level remapping processes rather than simply relying on low-level visual feedback about their position in external space, as shown tactile-visual interactions. These findings contribute to the emerging literature hypothesizing that nociceptive and visual stimuli interact within a multisensory representation of the body and its immediate surrounding space. Based on the current state of knowledge, our data suggest that visuo-nociceptive interactions—at least at the perceptual level—share some common ground with visuo-tactile interactions. Differences may emerge once studies specifically manipulate the motor function of visuo-nociceptive interactions, under the hypothesis that the latter are particularly relevant for shaping defensive actions against physically threatening stimuli.
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Figure captions
Figure 1. Design of Experiment 1. Participants performed temporal order judgments (TOJ) on pairs of visual stimuli (visual target LEDs, condition-relevant pair illustrated by the white circles with a slight yellow halo), preceded by nociceptive stimuli (illustrated by the red flashes) applied unilaterally on one of the hands. Depending on the trial, the nociceptive stimulus was applied on the right or on the left hand. The participants’ hands were always placed in the same position on the table. In the mirror condition (A), participants judged the visual stimuli that were fixed on the table next to the hands, but the LEDs and hands were only seen indirectly as reflections in a mirror placed in front of the participants. In the far condition (B), the LEDs were fixed on the table at a location far away from the hands but could be seen directly. A centrally-placed LED (represented by the white circles with an orange halo) served as fixation point for each pair of LEDs. In both conditions the hands were occluded from view by a wooden box. For illustration purposes the box is shown with reduced opacity on the figure. Given the properties of the mirror, the LEDs appeared in approximately equivalent far space in both conditions.


Figure. 2. Design of Experiment 2. Participants performed temporal order judgments (TOJ) on pairs of visual stimuli (visual target LEDs, condition-relevant pair illustrated by the white circles with a slight yellow halo), preceded by nociceptive stimulations (illustrated by the red flashes) applied unilaterally on one of the hands. Depending on the trial, the nociceptive stimulus was applied on the right or on the left hand. The participants’ hands were always placed in the same position on the table. In the mirror condition (A), participants judged the visual stimuli that were fixed on the table next to the hands, but the LEDs and hands were only seen indirectly as reflections in a mirror placed in front of the participants. In the without the mirror condition (B), participants directly looked at and judged the visual stimuli that were fixed on the table next to the hands. In the on the mirror (C) condition, the LEDs were taped on the mirror, next to the reflection of the hands in the mirror. A centrally-placed LED (represented by the white circles with an orange halo) served as fixation point for each pair of LEDs. The hands were occluded from view by a wooden box only in the mirror condition. For illustration purposes the box is shown with reduced opacity on the figure.



Figure. 3. Design of Experiment 3. Participants performed temporal order judgments (TOJ) on pairs of visual stimuli (visual target LEDs, condition-relevant pair illustrated by the white circles with a slight yellow halo), preceded by nociceptive stimuli (illustrated by the red flashes) applied unilaterally on one of the hands. Depending on the trial, the nociceptive stimulus was applied on the right or on the left hand. The participants’ hands were always placed in the same position on the table. In the mirror condition (A), participants judged the visual stimuli that were fixed on the table next to the hands, but the LEDs and hands were only seen indirectly as reflections in a mirror placed in front of the participants. In the far condition (B), the LEDs were fixed on the table at a location far away from the hands but could be seen directly. In the artificial hands condition (C), artificial rubber hands were placed next to the LEDs in the far position. A centrally-placed LED (represented by the white circles with an orange halo) served as fixation point for each pair of LEDs. In all conditions the hands were occluded from view by a wooden box. For illustration purposes the box is shown with reduced opacity on the figure. Given the properties of the mirror, the LEDs appeared in approximately equivalent far space in all conditions.



Fig. 4. Results of Experiment 1. The figure illustrates the averaged results of the 19 participants. Data from left-sided nociceptive cue conditions and right-sided nociceptive cue conditions were averaged into a unilateral cue condition. (A) Fitted logistic functions. The x-axis represents different hypothetical stimulus onset asynchronies (SOAs) between the two visual stimuli: negative values indicate that the visual stimulus occurring in the cued side of space was presented first, while positive values indicate that the visual stimulus occurring in the uncued side of space was presented first. The y-axis represents the proportion of trials in which the participants perceived the visual stimulus presented in the cued side of space as occurring first. Red curves represent the conditions in which participants perform the visual TOJ task in the mirror condition, with the corresponding PSS value indicated by the red vertical dashed lines. Blue curves represent the conditions in which participants perform the visual TOJ task in the far condition, with the corresponding PSS value indicated by the blue vertical dashed lines. The arrows indicate the PSS values significantly different from zero. The curves for both conditions are significantly shifted to the uncued side of space, indicating that visual stimuli presented in the uncued side of space had to be presented several ms before the stimuli presented in the cued side of space to have the chance to be perceived as occurring first equally often. Significant differences are indicated with asterisks (*** p ≤ .001). (B) Mean and individual PSS values. Colored dots represent PSS values of each participant, black dots the mean of all participants for each condition. (C) Mean and individual slope values. Colored dots represent slope values of each participant, black dots the mean of all participants for each condition. 




Figure 5. Results of Experiment 2. The figure illustrates the averaged results of the 17 participants. Data from left-sided nociceptive cue conditions and right-sided nociceptive cue conditions were averaged into a unilateral cue condition. (A) Fitted logistic functions. The x-axis represents different hypothetical stimulus onset asynchronies (SOAs) between the two visual stimuli: negative values indicate that the visual stimulus occurring in the cued side of space was presented first, while positive values indicate that the visual stimulus occurring in the uncued side of space was presented first. The y-axis represents the proportion of trials in which the participants perceived the visual stimulus presented in the cued side of space as occurring first. Red curves represent the conditions in which participants perform the visual TOJ task in the mirror condition, with the corresponding PSS value indicated by the red vertical dashed lines. Green curves represent the conditions in which participants perform the visual TOJ task in the without the mirror condition, with the corresponding PSS value indicated by the green vertical dashed lines. Purple curves represent the conditions in which participants perform the visual TOJ task in the on the mirror condition, with the corresponding PSS value indicated by the purple vertical dashed lines. The arrows indicate the PSS values significantly different from zero. All curves are significantly shifted to the uncued side of space, indicating that visual stimuli presented in the uncued side of space had to be presented several ms before the stimuli presented in the cued side of space to have the chance to be perceived as occurring first equally often. Significant differences are indicated with asterisks (*** p ≤ .001). (B) Mean and individual PSS values. Colored dots represent PSS values of each participant, black dots the mean of all participants for each condition. (C) Mean and individual slope values. Colored dots represent slope values of each participant, black dots the mean of all participants for each condition. 




Figure 6. Results of Experiment 3. The figure illustrates the averaged results of the 19 participants. Data from left-sided nociceptive cue conditions and right-sided nociceptive cue conditions were averaged into a unilateral cue condition. (A) Fitted logistic functions. The x-axis represents different hypothetical stimulus onset asynchronies (SOAs) between the two visual stimuli: negative values indicate that the visual stimulus occurring in the cued side of space was presented first, while positive values indicate that the visual stimulus occurring in the uncued side of space was presented first. The y-axis represents the proportion of trials in which the participants perceived the visual stimulus presented in the cued side of space as occurring first. Red curves represent the conditions in which participants perform the visual TOJ task in the mirror condition, with the corresponding PSS value indicated by the red vertical dashed lines. Blue curves represent the conditions in which participants perform the visual TOJ task in the far condition, with the corresponding PSS value indicated by the blue vertical dashed lines. Orange curves represent the conditions in which participants perform the visual TOJ task in the artificial hands condition, with the corresponding PSS value indicated by the orange vertical dashed lines. The arrows indicate the PSS values significantly different from zero. All curves are significantly shifted to the uncued side of space, indicating that visual stimuli presented in the uncued side of space had to be presented several ms before the stimuli presented in the cued side of space to have the chance to be perceived as occurring first equally often. Significant differences are indicated with asterisks (*** p ≤ .001). (B) Mean and individual PSS values. Colored dots represent PSS values of each participant, black dots the mean of all participants for each condition. (C) Mean and individual slope values. Colored dots represent slope values of each participant, black dots the mean of all participants for each condition.
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