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24 Abstract
25 Representations of the body and peripersonal space can be distorted for people with some chronic 

26 pain conditions. Experimental pain induction can give rise to similar, but transient distortions in 

27 healthy individuals. However, spatial and bodily representations are dynamic, and constantly update 

28 as we interact with objects in our environment. It is unclear whether induced pain disrupts the 

29 mechanisms involved in updating these representations. In the present study, we sought to 

30 investigate the effect of induced pain on the updating of peripersonal space and body 

31 representations during and following tool-use. We compared performance under three conditions 

32 (pain, active placebo, neutral) on a visuotactile crossmodal congruency task and a tactile distance 

33 judgement task to measure updating of peripersonal space and body representations, respectively. 

34 We induced pain by applying 1% capsaicin cream to the arm, and for placebo we used a gel that 

35 induced non-painful warming. Consistent with previous findings, the difference in crossmodal 

36 interference from visual distractors in the same compared to opposite visual field to the tactile 

37 target was less when tools were crossed than uncrossed. This suggests an extension of peripersonal 

38 space to incorporate the tips of the tools. Also consistent with previous findings, estimates of the felt 

39 distance between two points (tactile distance judgements) decreased after active tool-use. In 

40 contrast to our predictions, however, we found no evidence that pain interfered with performance 

41 on either task when compared to the control conditions. This suggests that the updating of 

42 peripersonal space and body representations is not disrupted by induced pain. Therefore, acute pain 

43 does not account for the distorted representations of the body and peripersonal space that can 

44 endure in people with chronic pain conditions.

45

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted December 18, 2018. ; https://doi.org/10.1101/500587doi: bioRxiv preprint 

https://doi.org/10.1101/500587
http://creativecommons.org/licenses/by/4.0/


3

46 Introduction

47 The multisensory representations of our body and its surrounding space are constantly updated as 

48 we interact with objects in our environment. Work with macaques identified bimodal neurons that 

49 responded to both somatosensory and visual information near and on the hand, whose receptive 

50 fields were malleable as a function of active tool-use [1]. When monkeys actively used a rake to 

51 retrieve food, the receptive fields of these neurons expanded to include the area near to and 

52 occupied by the rake. Subsequent research in humans has shown that responses to visual, tactile, 

53 and auditory stimuli that originate near and on tools are modulated by active tool-use. Changes that 

54 arise from active tool-use are thought to reflect that the cortical representations of the body and its 

55 surrounding space have been updated to accommodate the new properties offered by the tool (for 

56 reviews see [2-4]).

57

58 Active tool-use, and the changes it causes in multisensory processing, have been used to study the 

59 representations of both the body and peripersonal space. Here we define body representation as 

60 the mental model of the body, based on proprioceptive and sensory information about the body’s 

61 state [5], for reviews, see [6, 7]. This representation is flexible, and a small degree of distortion has 

62 been demonstrated in normal cognition [8]. Peripersonal space is defined as the areas that directly 

63 surround the body that we can act upon [9], and that can contain objects that we may need to react 

64 to. Peripersonal space has been characterised by neurophysiological and neuropsychological studies 

65 with animals and clinical and non-clinical human populations (for reviews, see [10, 11]). The body 

66 and its representation are the centre of peripersonal space [12], hence these representations are to 

67 some degree related, and active tool-use can influence both. For instance, Canzoneri and colleagues 

68 [13] used an audio-tactile interaction task to assess peripersonal space, and a landmark task and 

69 tactile distance perception to examine body representation, before and after participants used a 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted December 18, 2018. ; https://doi.org/10.1101/500587doi: bioRxiv preprint 

https://doi.org/10.1101/500587
http://creativecommons.org/licenses/by/4.0/


4

70 tool to retrieve distant objects. The results showed that following tool use participants perceived 

71 their arm as narrower and longer, and representations of peripersonal space surrounding the arms 

72 were extended along the axis of the tool. Therefore, active tool-use provides an opportunity to study 

73 how body and peripersonal space representations are updated. 

74

75 Representations of the body and space can be distorted in people with neurological disorders like 

76 asomatognosia [14] and hemispatial neglect [15-17]. Body representation is also distorted in people 

77 with certain types of chronic pain (for reviews see [18-20]). For instance, people with chronic back 

78 pain often report a distorted sense of the size of their body near their painful area, or that parts of 

79 the body feel like they are missing [21]. Similarly, people with Complex Regional Pain Syndrome 

80 (CRPS) can report difficulties locating and recognising their affected limb, show a distorted 

81 perception of its size, and have difficulties locating touch on their affected hand (e.g. [22-29]). 

82 Distorted spatial representations have also been reported in people with pathological pain 

83 conditions. For instance, people with unilateral hand amputations underestimate the size of near 

84 space on the side of their amputation, compared to the contralateral side [30]. In CRPS patients, 

85 biases in visual and tactile attention away from the affected hand have been identified by asking 

86 patients to judge the temporal order of pairs of tactile stimuli delivered to, or visual stimuli 

87 projected near to or onto, the hands [31-34]. Estimates of the point in space that is straight ahead of 

88 the body midline made in complete darkness, thought to reflect the division between left and right 

89 space in an egocentric reference frame [35], are also deviated in people with CRPS. Such deviations 

90 in spatial perception have been reported in the direction of the affected side [36-38], and leftwards 

91 irrespectively of the affected side [39], although not all studies find evidence of deviations [40-42]. 

92 Furthermore, Sumitani and colleagues [36] found that the deviation towards the CRPS-affected side 

93 was reduced following pain reduction through a using a nerve block. Taken together, these studies 

94 demonstrate that bodily and spatial representations can be distorted in pathological pain conditions. 
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95 What is unclear, however, is whether pain (or associated factors such as immobility and disuse) 

96 precede, or follow (e.g. [43]), these altered representations. 

97

98 Research has started to investigate the effect of pain on spatial perception and the representation of 

99 the body in normal cognition. Pain itself is a sensory and affective phenomenon [44] that can be 

100 shaped by multisensory experiences [45] and convey spatial information about the body [19]. After 

101 participants were subjected to painful heat stimulation on one hand, their subjective body midline 

102 shifted towards the painful side, whereas vibrotactile stimulation had the opposite effect [46]. This 

103 suggests that pain can modify spatial perception in ways that cannot sufficiently be explained by 

104 tactile stimulation or attentional cueing effects. To date, only one study looked directly at how pain 

105 might alter the representation of the body in healthy subjects. Gandevia and Phegan [47] found that 

106 participants reported an average of 10% increase in the perceived size of their thumb after it had 

107 been subject to painful cooling. These studies suggest that pain might alter the representations of 

108 the body and its surrounding space, however the evidence is limited. Furthermore, to the best of our 

109 knowledge, no study has investigated the effect of pain on the ways that peripersonal space and 

110 body representation update due to experiences such as tool use. 

111

112 Our study aimed to investigate the effect of induced pain on the updating of peripersonal space and 

113 body representations of healthy individuals during and following tool-use. Over three separate 

114 sessions, participants completed a tool-use task while experiencing capsaicin-induced pain in their 

115 dominant arm, and in two control conditions: active placebo and neutral (i.e., no sensory 

116 manipulation). We hypothesised that inducing pain in an arm would impair participants’ ability to 

117 update peripersonal space and body representations relative to the other conditions. We used a 

118 crossmodal congruency task (CCT) and tactile distance judgements (TDJs) to measure updating of 

119 peripersonal space and body representation, respectively.
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120

121 The CCT has been used previously to investigate the effects of active tool-use on spatial 

122 representations [3, 4]. In this task, participants make judgements about vibrotactile targets 

123 presented to the hands through the handles of the crossed or uncrossed tools while ignoring visual 

124 or auditory distractors presented at the tips of the tools. After the participants have used the tools 

125 for a period of time, distractors on the same side of space as the targets typically have a larger effect 

126 on increasing reaction times and/or error rates when the tools are uncrossed than when the tools 

127 are crossed [48]. In contrast, distractors on the opposite side of space as the targets have a larger 

128 effect on performance when the tools are crossed than when the tools are uncrossed. That is, after 

129 tool use, distractors have a greater interference effect when they originate from the same tool as 

130 targets, rather than from the same side of space as the target. Maravita and colleagues [48] 

131 interpreted this pattern to indicate a change in peripersonal space representations, which was 

132 further suggested by the fact that they showed the pattern of interference developed gradually over 

133 a period of ongoing tool use (although see Holmes [2012] for an alternative interpretation), but did 

134 not develop when tools were held passively for the same period of time and number of trials. We 

135 predicted that pain would interfere with the emergence of tool-specific effects of distractors on 

136 judgements made about the targets. That is, we expected to see a weaker interaction between the 

137 arrangement of the tools, the visual field in which visual distractors appear relative to vibrotactile 

138 targets, and the vertical congruence of visual distractors relative to vibrotactile targets for the pain 

139 condition, relative to the two control conditions. 

140

141 TDJs have been used to measure updating of body representation following tool use. Distances 

142 between two touched locations on the arm that are oriented parallel to the axis of the tool are 

143 perceived to be shorter after active tool-use. This is thought to indicate that body representation is 

144 altered by tool use, such that the forearm is perceived to be longer [13, 50-53]. We predicted that 
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145 pain would interfere with the way in which tool use altered these TDJs, such that distance estimates 

146 would have a smaller decrease when participants were in pain. 

147

148 Methods

149 Design

150 We used a repeated-measures design with three sessions, corresponding to three sensory 

151 conditions: Pain, active placebo, and neutral (i.e., no sensory manipulation). We used a Crossmodal 

152 Congruency Task (CCT) adapted from Maravita and colleagues [48] to measure changes in 

153 peripersonal space and Tactile Distance judgements (TDJs) adapted from Canzoneri and colleagues 

154 [13], Miller and colleagues [50, 52], Longo and Haggard [51], and Taylor-Clarke and colleagues [53] 

155 to measure changes in body representation. We wanted to know if the effects of unilateral pain 

156 induction would be specific to the stimulated arm, or global (i.e. extend to the unstimulated arm), by 

157 comparing CCT and TDJ performance between the two arms. In addition to these tasks, we also used 

158 several measures to monitor the sensory and cognitive effects of the sensory manipulations. We 

159 asked participants to give numerical ratings of pain intensity. We also used sensory testing 

160 (Mechanical Pain Threshold [MPT], Mechanical Detection Threshold [MDT], Two Point 

161 Discrimination Threshold [TPD]), and questionnaire measures (The Bath CRPS Body Perception 

162 Disturbance Scale [BPD; [54]], the Short-Form McGill Pain Questionnaire 2 [SF-MPQ-2; [55]]), to 

163 characterise any secondary changes caused by our sensory manipulation. The protocol was 

164 preregistered on the Open Science Framework 

165 (https://osf.io/8fduw/register/565fb3678c5e4a66b5582f67).

166

167 Participants
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168 Thirty-one participants completed the study tasks under three sensory conditions (pain, active 

169 placebo, and neutral) in a randomized, counterbalanced order. One person was excluded because 

170 she did not report any pain (0/10 on a Numerical Rating Scale [NRS]) for 40 minutes following the 

171 application of capsaicin, even when we attempted this condition on a second occasion. One person 

172 repeated the pain condition (their session 1) due to low pain ratings in the first attempt that was 

173 completed (M NRS after the sensory manipulation period during the first attempt 0.6/10, SD = 0.97 

174 and the second attempt 1.4/10, SD 0.70). One person repeated the neutral condition (their session 

175 3) due to equipment malfunctioning during the CCT. The repeated sessions were completed in full, 

176 and took place on a different day. The mean age of the final sample was 21.6 years (SD = 4.3), of 

177 which 22 (73.3%) were women. Two participants were left-handed (M = -70.0, SD = 14.1), one 

178 ambidextrous (score of 30), and the remaining 27 were right-handed (M = 83.6, SD = 17.7), as 

179 indicated by the Edinburgh Handedness Inventory [56], in which extreme left and right handedness 

180 is indicated by scores of -100 and 100, and scores between 40 and -40 indicate ambidextrousness. 

181 All participants reported having normal or corrected to normal vision, and that they did not have a 

182 chronic pain condition. Participants with self-reported sensitive skin, epilepsy, high blood pressure, 

183 recent heart problems, a history of stroke, vascular problems, an allergy to capsaicin, or who were 

184 pregnant or breastfeeding were excluded to satisfy local safety guidelines for the use of capsaicin 

185 cream. Participants signed consent and safety forms prior to participating, and consented for their 

186 data to be used upon completion of the study. The study adhered to the 2013 Declaration of 

187 Helsinki, and received approval from the local ethics committee. Participants received £30 for their 

188 involvement. 

189

190 Materials

191 For the pain condition, a 1cm wide band of Ungentum cream infused with a 1% concentration of 

192 capsaicin (the Specials Laboratory, United Kingdom), amounting to approximately 5g of cream, was 
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193 applied to the dominant arm, just proximal to the elbow. For the ambidextrous person, the cream 

194 was applied to the right arm because this was the participant’s self-reported dominant side. The 

195 cream was contained within two bands of microporous tape, and covered with cling film. This was 

196 fitted so that participants could flex and extend their elbow with ease, so as not to impede their 

197 ability to manoeuvre the tools. Applying a band of capsaicin that reaches around the arm in this 

198 location generates a burning pain that penetrates into the arm [57], and is accompanied by 

199 cutaneous vasodilation and hyperalgesia [58]. This method has been used previously [57, 59]. For 

200 the active placebo, a ‘warm-up’ gel (Elite Ozone®) was used to create a non-painful warming 

201 sensation. The site and application procedures were identical to that of the capsaicin. No cream was 

202 applied in the neutral condition. 

203

204 The final design of the CCT was informed by pilot research (n = 42). The materials used were based 

205 on the study by Maravita and colleagues [48]. Two 75cm long tools (see Fig 1) that resembled golf 

206 clubs were constructed from aluminium. Two red Light Emitting Diodes (LEDs) were embedded in 

207 the distal end of each tool. Two electromagnetic solenoid-type stimulators (Tactor Minature 

208 Stimulators, Dancer Design, United Kingdom) were embedded in each of the handles to deliver 

209 vibrotactile stimulation. The LEDs and vibrotactile stimulators were controlled by a 4-channel 

210 amplifier (TactAmp 4.2, Dancer Design, United Kingdom) operated by Matlab 2014b (MathWorks). 

211 On each tool, one LED and one vibrotactile stimulator was positioned above the central axis of the 

212 tool, and one LED and one vibrotactile stimulator below it. The tools had wooden pegs attached 

213 vertically to their far ends, near the LEDs, in the ‘blades’ of the tools. The pegs slotted into holes in a 

214 wooden board (80 x 100 cm) that were 15 cm away from the distal end of the board, and 15 cm to 

215 the left and right from the central axis of the board. This ensured that the ends of the tools were 

216 always placed in the same position regardless of whether the tools were crossed or uncrossed. A 

217 fixation light was located at the central axis of the board, 15cm from the distal end. A 5 cm wide blue 
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218 mark was placed on the handle of each tool 30 cm away from the distal end to indicate points at 

219 which participants should cross the tools. Two triple switch foot pedals (Scythe, USA) with custom 

220 software were used to collect participants’ responses. White noise was played on headphones to 

221 mask any sound of the vibrotactile stimulation. A chinrest was used to ensure that participant’s 

222 heads remained in a consistent position. Two webcams were positioned in line with participant’s 

223 sagittal plane, at the end of and 20 cm away from the board, so that the experimenter could monitor 

224 gaze throughout the task, and record participant’s movements for offline evaluation of movement 

225 quality. 

226

227 Fig 1. Tool-use materials.

228 From left to right, the images depict the uncrossed (A), and crossed (B) tools, and a close-up of the 

229 end of a tool (C). The tools have red Light Emitting Diodes (LEDs) embedded at the far ends of the 

230 tools, and vibrotactile stimulators embedded in the handles. A vertical peg was attached to the far 

231 ends of the tools (white oval), which slotted into holes in the wooden board to ensure the position 

232 of the tips of the tools was consistent for crossed and uncrossed trials (C). An off-white LED fixation 

233 point was positioned with equal distance to the ends of both tools. A webcam was placed in line 

234 with the fixation light and the chinrest, which were aligned with participants’ sagittal plane. 

235

236 Two flat-ended circular rods (1 mm diameter) were used for tactile distance judgements (TDJs). They 

237 were attached to a bow compass, so that the distance between them could be accurately adjusted. 

238 MPT was assessed using seven pinprick stimulators (MRC Systems GmbH, Germany), ranging from 8 

239 mN to 512 mN in force. Twenty Von Frey Filaments were used to measure MDT (BioSeb, France), 

240 ranging from 0.008 g to 300 g in weight. TPD was quantified using an Exacta™ two-point 

241 discriminator (North Coast Medical, USA), ranging from distances of 2 mm to 20 mm in distance. A 
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242 handheld infrared thermometer with an 8:1 distance to spot size ratio, and a red laser aim was used 

243 to measure the temperature of participants’ hands.

244

245 The BPD [54] is an unvalidated 7-item questionnaire designed to characterise distorted body 

246 perception in CRPS. In includes questions about the awareness of, attention to, emotional valance 

247 of, and desire to amputate the affected area. For this study, participants were instructed to answer 

248 about the stimulated (dominant) arm. Scores can range from 0 to 57, where a higher score indicates 

249 greater distorted body perception. 

250

251 The SF-MPQ-2 [55] is a 24-item questionnaire assessing the symptoms of neuropathic and non-

252 neuropathic pain. Participants rate the intensity of their pain for each of 22 pain qualities (e.g. sharp, 

253 aching, hot-burning) on a scale of 0 (‘none’) to 10 (‘worst possible’). The SF-MPQ-2 has been 

254 validated for acute pain populations [60].

255

256 Procedure

257 Fig 2 shows an outline of the procedure for each session. Informed written consent was obtained 

258 and self-reported handedness was recorded upon commencing the first session. Then, the first set of 

259 sensory tests (i.e. MPT, MDT, TPD) were performed on the middle finger (digit 3) of the dominant 

260 and non-dominant hands. MPT, and MDT were assessed following a standardised protocol [61]. Five 

261 values for each subthreshold and suprathreshold were recorded for each sensory test. That is, we 

262 recorded when touch was detected or not for the MDT; sharp and blunt sensations for the MPT; and 

263 the distance (mm) at which two points were perceived as one or two were recorded the TPD. Then 

264 the capsaicin cream or ‘warm-up’ gel was applied for the pain and active placebo conditions, 
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265 respectively. Pain ratings and dominant hand temperature were recorded every minute following 

266 cream application in the Pain and Active Placebo conditions, or upon completion of sensory testing 

267 in the Neutral condition. To allow the capsaicin to take effect, we waited until participants’ pain 

268 ratings exceeded 5/10, or until three identical consecutive ratings >2/10 were given. In the two 

269 control conditions, we waited for 15 min. Then we conducted a second set of sensory tests, and 

270 participants completed the BPD and SF-MPQ-2. 

271

272 Fig 2. Procedure for each experimental session. 

273 During the sensory manipulation phase the experimenter applied a capsaicin cream (pain condition) 

274 or warm-up gel (active placebo condition) to the participant’s dominant arm, or there was no 

275 manipulation (neutral condition). During the passive stage (set 1) of the Crossmodal Congruency task 

276 (CCT) the experimenter changed the tools between the crossed and uncrossed positions. During the 

277 active stages of the CCT (sets 2-4) participants manoeuvred the tools themselves when changing 

278 position. The interactive tool-use task involved retrieving and sorting beanbags, using the same tools 

279 that were used for the CCT (see Fig 1).

280

281 We then administered the first TDJ task. The participant sat with their head in the chin rest with 

282 their eyes open and gripped the uncrossed tools. The experimenter applied the flat-ended circular 

283 rods to along the radial side of the participant’s forearm (i.e. proximal-distally). Three distances (4, 6, 

284 and 8 cm) were presented on one arm in a randomised counterbalanced order, with one repetition 

285 for each distance. After the three TDJ trials were completed, the procedure was repeated for the 

286 second arm. The order in which the arms were tested was randomised and counterbalanced. 

287 Participants indicated the estimated distance between the two felt points using a diagram of 22 lines 
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288 of different lengths ranging from 0.6 cm to 11.5 cm, in 0.5 cm increments, presented on an A4 sheet 

289 of paper. 

290

291 After the first TDJ task, participants were instructed on how to perform the CCT. On each trial, 

292 participants identified the location of three 50 ms bursts of vibrotactile stimulation delivered to the 

293 thumb or middle finger of the left or right hand from the vibrotactile stimulators embedded in the 

294 handles of the tools. Three flashes of 50 ms from the red LEDs at the ends of the tools preceded 

295 each vibrotactile stimulation by 30ms to maximise the crossmodal interference [62]. Participants 

296 judged the location of the vibrotactile stimulation as either on the thumb (upper) or finger (lower), 

297 and if it was delivered to the left or right hand. Visual distractors provided no information about the 

298 location of the target vibrotactile stimulation. Participants indicated the location of the vibrotactile 

299 stimulation by pressing foot pedals using their heel (finger; “lower”) or toes (thumb; “upper”) of 

300 their left or right foot. Participants were instructed to respond as quickly and as accurately as 

301 possible. Incorrect responses and responses slower than 3000 ms caused all four LEDs to flash three 

302 times to provide feedback to the participants. 

303

304 Participants completed four Sets of the CCT. Within each set were trials in which the tools were 

305 positioned in uncrossed or crossed positions. In the first set of the CCT (the “passive” set), the 

306 experimenter changed the position of the tools half-way through while the participants kept hold of 

307 the handles, comparable to the control experiment reported by Maravita and colleagues [48]. The 

308 order of tool arrangements (crossed or uncrossed) was counterbalanced between participants. For 

309 the remaining three sets of the CCT (the “active” sets), participants actively changed the 

310 arrangement of the tools between crossed and uncrossed every four trials. The cue to change 

311 arrangement was all four LEDs illuminating. Before commencing the first (passive) CCT set, 

312 participants completed a practice set of 16 trials during which they held the tools still and uncrossed 
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313 to ensure that they understood the CCT task. The practice set was repeated until the participant 

314 responded correctly on >80% of trials.

315

316 The CCT enabled the evaluation of the effect of the visual distractors on detection of vibrotactile 

317 stimulation depending on whether tools were uncrossed or crossed (Tool Arrangement), the 

318 distractor was in the same or the opposite side of space as the target (Visual Field), and the 

319 distractor was in the same or the opposite vertical elevation as the target (Congruence). All possible 

320 combinations of Tool Arrangement, Visual Field, and Congruence relative to the vibrotactile target 

321 were delivered in a random order over every 32 trials. Each set was comprised of 96 trials, giving 384 

322 trials per session. Using this procedure, we could also examine changes in the effect of the 

323 distractors over time by comparing performance in the four sets. 

324

325 Actively changing the tool arrangement was the key manipulation in Maravita and colleagues’ [48] 

326 study to elicit the changes to CCT performance generated by active tool-use. However, following 

327 piloting, we added an additional interactive tool-use tasks in-between the second and third, and 

328 third and fourth sets of the CCT to amplify the desired effect. The task consisted of approximately 5 

329 minutes of using the tools to sort and retrieve distant beanbags, using the same equipment as for 

330 the CCT. Participants sorted beanbags by colour, and retrieved them from the distal end of the board 

331 to coloured squares (see Fig 1) on either the left of right side of the board’s proximal end. This was 

332 inspired by comparable paradigms involving active tool-use [63-65]. Upon completion of the last set 

333 of the CCT the second set of TDJs was administered, and the second set of sensory testing was 

334 conducted. Each session lasted approximately 2 hours. 

335
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336 In addition to the pain ratings recorded during the pain ramp-up period in the pain condition, or for 

337 15 minutes in the active placebo and neutral conditions, participants provided an additional 12 pain 

338 ratings between different experimental tasks. They provided pain rating before each set of TDJs, and 

339 two rating for the first CCT set (passive), and then before and after each of the active CCT sets.

340

341 Analyses

342 We examined error rates and reaction times (RTs) from the crossmodal congruency task in separate 

343 3x4x2x2x2x2 repeated-measures analyses of variance (ANOVAs). The independent variables for the 

344 CCT were the Sensory Condition (pain, active placebo, neutral), Set (set 1 [passive], set 2, set 3, set 

345 4), Side of Body on which the vibrotactile stimulation occurred (dominant, non-dominant), Tool 

346 Arrangement (uncrossed, crossed), Visual Field in which the distractor occurred relative to the target 

347 (same, opposite), and Congruence (congruent, incongruent). The median RTs and percentage of 

348 errors were calculated within level of the relevant conditions, after excluding trials with RTs <200 ms 

349 or >3000 ms. Only trials with correct responses were used to calculate the median RTs. The critical 

350 interaction that we were interested in was that between Tool Arrangement, Visual Field, and 

351 Congruence. Therefore, only interactions involving all three factors Tool Arrangement, Visual Field, 

352 and Congruence were considered relevant for addressing the aim of the study. We also considered 

353 that the three-way interaction should normally develop over time spent engaged in active tool-use 

354 (as reported by Maravita and colleagues [48]), which would result in interactions involving the four 

355 factors Set, Tool Arrangement, Visual Field, and Congruence. In their study [48], tool-use-dependent 

356 effects were only significant for RTs, not for error rates. Therefore, to be concise we will only report 

357 results from the RTs of the CCT in the main article (see S1 Text for the results of CCT error rate 

358 analyses). To aid interpretation of the results, we subtracted congruent from incongruent trials to 

359 calculate crossmodal interference for follow-up contrasts. 
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360

361 A mean score for the TDJs was computed for each Sensory Condition (pain, active placebo, neutral), 

362 Set (pre tool-use, post tool-use), and Side of Body (dominant, non-dominant), and analysed using a 

363 3x2x2 repeated-measures ANOVA. 

364

365 MPT, MDT, and TPD thresholds were calculated as geometric means of each value for which a 

366 participant’s responses changed (e.g. from blunt to sharp for MPT). Performance on sensory tests 

367 was analysed using ANOVAs with Sensory Condition (pain, active placebo, neutral), Set (pre 

368 manipulation, post manipulation), and Side of Body (dominant, non-dominant) as independent 

369 variables. For subsequent covariate analyses, changes on the sensory tests were calculated by 

370 subtracting pre- from post-sensory manipulation scores, within each level of Sensory Condition 

371 (pain, active placebo, neutral) for the dominant (stimulated) side of the body. The 12 pain ratings 

372 recorded after the sensory manipulation period (i.e. between sets of TDJs and CCT) were averaged 

373 across tasks, within each level of Sensory Condition, for each participant, for covariate analysis. 

374 Changes in hand temperature were calculated by subtracting the first recording (i.e. 1 minute after 

375 the sensory manipulation) from the last recording (e.g. after 15 minutes for the active placebo and 

376 neutral conditions), for each participant and within each level of Sensory Condition. To evaluate if 

377 there were any differences in participants’ movements across the three sessions that could account 

378 for any difference between the effects of tool use, movements were scored by a research assistant 

379 from video recordings taken during the first and last two minutes of the active CCT, and during the 

380 interactive tool-use task. The research assistant, who was blind to the hypotheses and task 

381 conditions, rated the speed, ease, and control of movement in each video from 0 (‘worst 

382 imaginable’) to 10 (‘best imaginable’). A mean value was calculated from the speed, ease, and 

383 control of movement for each session, within each participant. Age, the total score for the SF-MPQ-

384 2, BPD, change in hand temperature, average pain ratings, and changes on sensory tests from pre to 
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385 post sensory manipulation were explored as covariates in analyses of covariance (ANCOVAs) of the 

386 CCT and TDJ. Greenhouse-Geisser corrections were used when sphericity was not satisfied. Holm-

387 Bonferroni corrections [66] were used for follow-up t-tests, and indicated by “padjusted”. See 

388 preregistration (https://osf.io/8fduw/register/565fb3678c5e4a66b5582f67) for full list of planned 

389 confirmatory and exploratory analyses. 

390

391 Results

392 Sensory measures 

393 The mean duration for pain ratings to reach 5/10 or plateau after the capsaicin was administered 

394 was 16.7 minutes (SD = 7.62), see S2 Fig for time course. There were no differences between the 

395 changes in hand temperature as measured on the tip of digit 3 for the pain condition (M = -0.79°C, 

396 SD = 0.62), active placebo condition (M = -0.60°C, SD = 1.16), and neutral condition (M = -0.98°C, SD 

397 = 0.62) over this period F(1.57, 44.07) = 1.24, p = .292, ƞ2
p = .04. There were no differences in the 

398 research assistant’s ratings of the movement between the pain condition (M = 5.73, SD = 1.16), 

399 active placebo condition (M = 5.68, SD = 1.20), and neutral condition (M = 5.60, SD = 1.25), F(2, 27) = 

400 0.48, p = .627, ƞ2
p = .03. The mean pain ratings averaged across the TDJs and CCT tasks were 5.06 (SD 

401 = 1.88) for the pain condition, 0.27 (SD = 0.46) for the active placebo condition, and 0.02 (SD = 0.06) 

402 for the neutral condition. Pain ratings for the pain condition were significantly higher than both the 

403 active placebo, t(29) = 14.16, padjusted < .001, d = 5.26, and neutral conditions, t(29) = 14.70, padjusted < 

404 .001, d = 5.46. Participants also reported higher pain in the active placebo condition than the neutral 

405 condition, t(29) = 2.84, padjusted = .030, d = 1.06. Overall, these results show the capsaicin cream 

406 induced significant pain relative to the other two conditions, without influencing movement ratings 

407 or hand temperature.
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408

409 There were no changes in TPD (M=0.00 mm, SD = 0.25) or MDT (M = 0.00 g, SD = 0.01) from pre to 

410 post sensory manipulation when considered across all three sensory manipulations, or any two-way 

411 interactions of Time with Sensory Condition or Side of Body Fs ≤ 2.99, ps ≥ .094, ƞ2
p ≤ .09 (See S1 

412 Table ). For MPT there was an interaction between Sensory Condition x Time x Side of Body, F(2, 28) 

413 = 4.42, p = .021, ƞ2
p = .24. This reflected that there was an increase in MPT for the dominant 

414 (stimulated) arm in the pain condition, t(29) = 2.34, padjusted = .048, d = 0.87, as MPT increased from 

415 pre (M = 178.3 mN, SD = 136.8) to post (M = 224.6 mN, SD = 161.5) the application of capsaicin 

416 cream. Follow-up analysis showed that there was a significant increase in MPT for the non-dominant 

417 side of the body in the active placebo condition from pre sensory manipulation to post CCT (M = 

418 217, SD = 146.7), t(29) = 3.34, padjusted = .005, d = 1.24. There were no changes in MPT from pre to 

419 post sensory manipulation in any of the other levels of Sensory Condition by Side of Body, ts(29) ≤ 

420 1.60, psadjusted ≥ .214, ds ≤ 0.59. 

421

422 Age, SF-MPQ-2 scores, BPD scores, hand temperature, average pain ratings, and changes in sensory 

423 testing were explored as covariates for the analyses of the TDJ and CCT. When analysed within each 

424 Sensory Condition, the covariates did not consistently interact with either RTs from the CCT, error 

425 rates from the CCT, or TDJ. That is, no covariate interacted significantly across each Sensory 

426 Condition for any outcome measure. Therefore, no covariates were included for further analysis. 

427

428 Crossmodal congruency task

429 All significant main effects and interactions for RTs are reported in S2 Table. There were main effects 

430 of Set, F(3, 27) = 45.10, p < .001, ƞ2
p = .83, Side of Body, F(1, 29) = 7.97, p = .009, ƞ2

p = .22, Visual 

431 Field, F(1, 29) = 6.69, p = .015, ƞ2
p = .19, and Congruence F(1, 29) = 177.18, p < .001, ƞ2

p = .86, on 
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432 reaction times for the CCT. Reaction times became shorter for each set of the CCT (set 1 [passive]: M 

433 = 707.9 ms, SD = 101.88; set 2: M = 694.5 ms, SD = 93.40; set 3: M = 648.4 ms, SD = 92.02; set 4: M = 

434 629.6 ms, SD = 97.49). Except for the difference between set 1 and 2 (t(29) = 1.57, padjusted < .128, d = 

435 0.28), all follow-up comparisons showed a significant decrease in reaction time over time, ts(29) ≥ 

436 3.46, psadjusted ≤ .004, ds ≥ 1.29. Participants responded faster to vibrotactile stimulation on their 

437 dominant (M = 660.3 ms, SD = 92.02) than their non-dominant (M = 679.9 ms, SD = 98.59) hand. 

438 Reaction times were shorter when visual distractors appeared in the same (M = 667.3 ms, SD = 

439 93.66) than the opposite (M = 672.9 ms, SD = 93.66) visual field relative to vibrotactile targets. 

440 Responses were slower when visual distractors were incongruent (M = 693.3 ms, SD = 95.30) than 

441 congruent (M = 646.9 ms, SD = 92.57) with vertical vibrotactile target locations.

442

443 The most important finding with regards to our hypothesis was that no interactions of interest 

444 involving Sensory Condition, Tool Arrangement, Visual Field, and Congruence were observed, 

445 indicating that pain did not interfere with the reaction times on the CCT. Most importantly, there 

446 was no significant interaction for Sensory Condition x Tool Arrangement x Visual Field x Congruence, 

447 F(1.66, 48.21) = 0.80, p = .434, ƞ2
p = .03. 

448

449 The critical three-way interaction for testing the effects of tool use on peripersonal space, between 

450 Tool Arrangement, Visual Field, and Congruence, was significant F(1, 29) = 9.43, p = .005, ƞ2
p = .25 

451 (Fig 2). The follow-up analyses showed that there was a significant difference between incongruent 

452 and congruent distractors within each level of Tool Arrangement and Visual Field (see S3 Table), 

453 ts(29) ≥ 5.29, psadjusted ≤ .004, ds ≥ 1.96. Therefore, we calculated the crossmodal interference by 

454 subtracting congruent from incongruent scores, and compared this across each level of Tool 

455 Arrangement and Visual Field to evaluate what drove this interaction (Fig 3). For uncrossed tools, 

456 crossmodal interference was greater when the visual distractors appeared in the same (M = 72.2, SD 
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457 = 29.6) than the opposite (M = 27.1, SD = 28.1) visual field to the vibrotactile targets, t(29) = 6.43, 

458 padjusted = .004, d = 2.39. When the tools were crossed, crossmodal interference was also greater 

459 when the visual distractors appeared in the same (M = 54.2, SD = 35.0) than the opposite (M = 31.3, 

460 SD = 21.7) visual field relative to the vibrotactile targets, t(29) = 3.31, padjusted = .009, d = 0.61, 

461 although the effect size was smaller than when tools were uncrossed. When visual distractors 

462 appeared in the same visual field as the vibrotactile targets, crossmodal interference was greater for 

463 the uncrossed than the crossed tools, t(29) = 3.42, padjusted = .014, d = 1.27. There was no difference 

464 in crossmodal interference when visual distractors appeared in the visual field opposite the 

465 vibrotactile targets, t(29) = 0.80, padjusted = .438, d = 0.30. These results suggest that peripersonal 

466 space representations were updated as a function of tool-use because the arrangement of the tools 

467 impacted on the RTs from the CCT. This is evidenced by the decreased effect size when comparing 

468 visual distractors appearing in the same or opposite side, giving rise to the critical three-way 

469 interaction. The results of the analysis of error rates (S1) were broadly consistent with the results of 

470 the analysis of reaction times.

471

472 Fig 3. Crossmodal interference – three-way interaction.

473 Crossmodal interference shown by Tool Arrangement (uncrossed [U], crossed [C]) and Visual Field 

474 (same [S], opposite [O]) for reaction times (A) and percentage error rates (B), on the Crossmodal 

475 Congruency Task (CCT), for all participants (n = 30). Crossmodal interference was calculated by 

476 subtracting congruent from incongruent reaction times and error rates. Medians are depicted by the 

477 centre lines. The box limits indicate the 25th and 75th percentile. The whiskers extend 1.5 times the 

478 interquartile range from the box limits. Circles depict individual data points. ** p < .01, *** p < .001.

479
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480 A four-way interaction between the factors Set, Tool Arrangement, Visual Field and Congruence on 

481 RTs for the CCT was also observed (Fig 4), F(2.41, 70.09) = 3.28, p = .035, ƞ2
p = .10. Separate three-

482 way ANOVAs of Tool Arrangement x Visual Field x Congruence for each Set revealed significant 

483 three-way interaction for only the first two sets (set 1 [passive]: F(1, 29) = 8.89, p = .006, ƞ2
p = .24; 

484 set 2: F(1, 29) = 11.09, p = .002, ƞ2
p = .28). This interaction was not present in set 3, F(1, 29) = 0.39, p 

485 = .536, ƞ2
p = .01, or set 4, F(1, 29) = 0.11, p = .748, ƞ2

p < .01. To further investigate these patterns of 

486 results we calculated the crossmodal interference and compared this across each level of Tool 

487 Arrangement and Visual Field with each set (Fig 4).

488

489 Fig 4. Crossmodal interference – four-way interaction

490 Crossmodal interference shown by Set (1 [passive], 2, 3, 4) Tool Arrangement (uncrossed, crossed) 

491 and Visual Field (same, opposite) for reaction times on the Crossmodal Congruency Task (CCT), for all 

492 participants (n = 30). Crossmodal interference was calculated by subtracting congruent from 

493 incongruent reaction times. Circles depict individual data points. Medians are depicted by the centre 

494 lines. The box limits indicate the 25ht and 75th percentile. The whiskers extend 1.5 times the 

495 interquartile range from the box limits. Circles depict individual data points * p < .05, ** p < .01, *** 

496 p < .001. 

497

498 Follow-up analysis (see S3 Table) of the crossmodal interference scores showed significantly greater 

499 interference for same side than opposite side distractors for uncrossed tools for set 1 (passive), t(29) 

500 = 4.84, padjusted < .001, d = 1.80, set 2, t(29) = 5.59, padjusted = .004, d = 2.08, and set 3, t(29) = 3.77, 

501 padjusted = .004, d = 1.40, but not for set 4, t(29) = 1.98, padjusted = .124, d = 0.74. Crossmodal 

502 interference was also greater for same side compared to opposite side distractors when tools were 

503 crossed for set 1 (passive), t(29) = 2.76, padjusted = .042, d = 1.03, set 2, t(29) = 2.74, padjusted = .015, d = 
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504 1.00, set 3, t(29) = 2.45, padjusted = .048, d = 1.00, and set 4, t(29) = 2.84, padjusted = .012, d = 1.05. For 

505 visual distractors appearing in the opposite visual field relative to vibrotactile targets, crossmodal 

506 interference was greater for crossed than uncrossed tools for set 1, t(29) = 2.78, padjusted = .042, d = 

507 1.03. There were no significant differences for opposite visual field distractors between crossed and 

508 uncrossed tools for sets 2 and 3 ts(29) ≤ 2.30, psadjusted ≥ .058, ds ≤ 0.85. For set 4, however, 

509 crossmodal interference was greater for uncrossed than crossed tools, when visual distractors 

510 appeared in the opposite visual field relative to vibrotactile targets, t(29) = 3.09, padjusted = .045 , d = 

511 1.15. There were no significant differences for visual distractors appearing in the same visual field 

512 relative to vibrotactile targets, between crossed and uncrossed tools, ts(29) ≤ 1.71, psadjusted ≥ .138, 

513 ds = 0.64. Overall, these results show that the expected pattern of differences in interference 

514 between crossed and uncrossed conditions, reflecting that the tool tips were incorporated into 

515 peripersonal space, was evident in sets 1 (passive), 2, and 3. That is, the magnitude of crossmodal 

516 interference for distractors in the same compared to opposite visual field was smaller when tools 

517 were crossed compared to uncrossed. However, our results show that this pattern of crossmodal 

518 interference was reversed in set 4. Overall, the change in crossmodal interference across the four 

519 sets of the CCT task is not consistent with a gradual emergence of the effects of tool-use on 

520 peripersonal space over time.

521

522 Tactile distance judgements

523 There was a significant main effect of Set, reflecting a decrease in TDJ from pre (M = 9.67, SD = 3.19) 

524 to post active tool-use (M = 10.09, SD = 3.36), when using a one-tailed test on an a priori basis, F(1, 

525 29) = 3.20, p = .041, ƞ2
p = .10. There were no other main effects or interactions for the TDJ, including 

526 none involving Sensory Condition, Fs(1, 29) ≤ 2.69, ps ≥ .111, ƞ2
ps ≤ .09. 

527
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528 Exploratory analyses

529 The above results show that the pattern of interference during set 1 of the CCT is consistent with 

530 updating of peripersonal space (Fig 4a). This was unexpected, given that set 1 required only passive 

531 interaction with the tools. We considered that this could be due to the repeated-measures design of 

532 the study. That is, experience with the tool in session 1 might have primed participants to rapidly 

533 embody the tools upon grasping the handles of the tools at the beginning of sessions 2 and 3, 

534 extending peripersonal space even while passively interacting with the tools. Because the order of 

535 the study was randomised and counterbalanced, we could investigate this possibility by conducting a 

536 between groups analysis of the CCT data from only the first session, when there was no prior 

537 experience with the tools. That is, in this exploratory analysis Sensory Condition was treated as a 

538 between-subjects factor with ten participants in each of the pain, active placebo, and neutral 

539 groups. We conducted two five-way ANOVAs on the RTs and error rates from the first experimental 

540 session with Set, Side of Body, Tool Arrangement, Visual Field and Congruence as within-subjects 

541 factors; and Sensory Condition as a between-subjects factor. There was no main effect of Sensory 

542 Condition on RTs from the CCT, F(2, 27) = 0.97, p = .390, ƞ2
p = .07. There was no clear effect of 

543 Sensory Condition or any interactions of interest for error rates from the CCT during session 1 (see 

544 S1 Text). Furthermore, when the session order was included as a variable in the main analysis there 

545 was no change to the key interaction terms. Therefore, it seems unlikely that the apparent extension 

546 of peripersonal space during the first set of the CCT can be attributed to familiarity with the tools 

547 due to the repeated-measures design of the study. 

548

549 To explore the evidence for the null hypothesis, we reanalysed the main interaction terms from the 

550 CCT and TDJs that involved Sensory Condition with a Bayesian repeated-measures ANOVA using JASP 

551 software [67]. To calculate the adjusted BF10, we divided the posterior probability of the models, or 

552 P(M|data), from the model that included the interaction term of interest, by the model containing 
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553 all other elements of the first model except from the interaction term of interest [68]. We found 

554 moderate evidence [69] of no effect of an interaction between Sensory Condition, Tool 

555 Arrangement, Visual Field, and Congruence on RTs from the CCT (adjusted BF10 = 0.12). We also 

556 found moderate evidence of no effect of an interaction between Sensory Condition and Set on TDJs 

557 (adjusted BF10 = 0.24). These findings support our interpretation that pain induction did not interfere 

558 with the updating of peripersonal space and body representations. 

559

560 Discussion

561 Our study aimed to investigate the effect of induced pain on updating of peripersonal space and 

562 body representations during and following tool-use. We hypothesised that participants would be 

563 less able to update peripersonal space and body representations during pain induction to the arm, 

564 compared to the two control conditions. We used a crossmodal congruency task (CCT) and tactile 

565 distance judgements (TDJs) to measure updating of peripersonal space and body representations, 

566 respectively. The global patterns of the CCT and TDJ were consistent with previously reported effects 

567 of tool-use (e.g. [48, 50]). In contrast to our predictions, we found that pain did not interfere with 

568 updating of peripersonal space and body representations following active tool-use, when compared 

569 to two control conditions (i.e. active placebo, and neutral). That is, we found evidence that the 

570 performance on the CCT and TDJ did not differ between sensory conditions. There was also no 

571 significant difference in the CCT or TDJ when we explored pain ratings as a covariate. Therefore, 

572 experimentally induced pain does not appear to influence the updating of peripersonal space and 

573 body representations during and following tool-use.

574

575 It is unlikely that the lack of an effect of pain can be attributed to failure of our protocols to induce 

576 updating in peripersonal space and body representation. For reaction times from the CCT, we found 
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577 that reaction times to vibrotactile targets were slower when accompanied by visual distractors in the 

578 same visual field compared to the opposite, but this effect was weaker when tools were crossed 

579 such that the opposite side visual distractors appeared on the same tools as the vibrotactile targets. 

580 These findings are comparable to the results reported by Maravita and colleagues [48]. We also 

581 found that estimates of the felt distance between two points (TDJs) parallel to the axis of the tool 

582 decreased in both arms after active tool-use. This is thought to reflect that the body representation 

583 has updated to incorporate the tools, and is consistent with previous findings (e.g.[50]). Our study 

584 thus replicated evidence of updating peripersonal space and body representations during and after 

585 tool-use, but induced pain did not modulate these effects. 

586

587 It is also unlikely that the absence of a significant effect of pain on peripersonal space and body 

588 representation in this study is due to failure of our sensory manipulations or compensatory changes 

589 in movements during pain induction. Participants reported experiencing pain throughout the study 

590 in the pain condition and not for the two other conditions, indicating that our pain induction was 

591 successful. We confirmed that movement patterns were similar for all three conditions by having a 

592 condition-blind observer rate videos of participants’ movements. We also found that mechanical 

593 pain threshold (MPT) on the finger increased after the pain induction to the arm, and this change in 

594 MPT remained until the end of the study. This demonstrates that our manipulation altered sensory 

595 processing relevant to the hand. However, mechanical detection thresholds remained unchanged, 

596 indicating that the ability to detect a tactile stimulation was the same across sensory conditions. 

597 Therefore, our manipulation succeeded in inducing pain, without impairing movement or tactile 

598 sensation, and so it is unlikely that our results can be attributed to methodological limitations.

599

600 Bodily and spatial representations can be influenced by pain. Previous work has demonstrated that 

601 spatial perception can be modified by experimentally induced pain. For instance, the subjective body 
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602 midline deviated towards a painful thermal stimulation with a large magnitude of effect [46], and 

603 painful cooling can increase the felt size of the thumb [47]. Our results, however, suggest that pain 

604 does not alter the flexibility of spatial and body representations to update as a result of interaction 

605 with objects in our environment (e.g. during tool-use). This has ramifications for how distortions in 

606 body representation and peripersonal space are maintained in people with chronic pain. Specifically, 

607 it could suggest that pain might not be the driving factor preventing normal body representation and 

608 peripersonal space from being restored. 

609

610 An alternative perspective on our results from the CCT, showing no effect of pain, might be offered 

611 by the distinction between goal-directed and defensive dimensions of peripersonal space, as 

612 proposed by De Vignemont and Iannetti [10]. They conceptualise goal-directed peripersonal space as 

613 the space upon which we can act, and defensive peripersonal space as the space in which we might 

614 have to react to incoming, and potentially harmful, objects. Research into tool-use largely covers 

615 goal-directed movements and tasks, and so Vignemont and Iannetti [10] speculated that defensive 

616 space would not be modulated by tool-use. It could be that the painful stimulation used in our study 

617 altered properties of defensive peripersonal space, whereas our task measured changes in goal-

618 directed peripersonal space representations. Although they serve separate functions, there is 

619 evidence to suggest that goal-directed and defensive peripersonal space representations can 

620 interact. Rossetti and colleagues [70] showed that incoming painful stimuli, in this case a 4 cm long 

621 medical needle, presented both at 20 and 40 cm away from the body triggered an alerting response 

622 (as measured by skin conductance response) in healthy participants, but only after active use of a 40 

623 cm tool. This shows that tool-use can modulate a response to an incoming painful stimulus. Our 

624 study, however, shows that acute pain does not alter the updating of goal-directed peripersonal 

625 space. More research is needed to characterise how goal-directed and defensive peripersonal space 

626 representations interact, and how different qualities of pain might influence such interactions. For 
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627 instance, it could be that acute pain alters defensive peripersonal space in healthy individuals, as is 

628 the case in in people with trigeminal neuralgia [71], or that modifications of defensive peripersonal 

629 space are limited to approaching painful stimuli (i.e. when there is the potential threat of pain).

630

631 Although our findings were qualitatively similar to Maravita and colleagues [48] in that we found 

632 overall less interference from opposite-side distractors when the tools were crossed compared to 

633 uncrossed, these differences were less pronounced in our study. This was despite the fact that we 

634 included additional interactive tool use (beanbag sorting) tasks between the three active sets of the 

635 CCT task. We also did not replicate the expected effect of active tool-use on performance on the CCT 

636 over time. That is, we did not find that interference effects thought to reflect expansion of 

637 peripersonal space increased over time. Instead, we observed a decrease in this pattern as 

638 participants spent more time interacting with the tool. Furthermore, we found that participants 

639 showed interference effects consistent with expansion of peripersonal space during passive 

640 interaction with the tools. It is unclear why our results differ from those reported by Maravita and 

641 colleagues [48]. Although our CCT task replicated that of their study in most respects, a key 

642 difference is that we asked participants to indicate the location of the vibrotactile targets using a 

643 four-alternative forced choice response (the factorial combination of up-down and left-right). 

644 Maravita and colleges [48] used a two-alternate forced choice response in which participants 

645 indicated only the up-down location of the vibrotactile stimuli regardless of the side of space upon 

646 which they were presented. We used the four-alternative forced-choice response because we 

647 sought to disentangle limb-specific effects of unilateral pain induction. That is, if we had found that 

648 pain interfered with updating of peripersonal space and body representations, we aimed to explore 

649 whether this interference was restricted to the side of the painful arm, or if pain disrupted these 

650 processes more generally. It is possible that our four-alternative forced-choice response added an 

651 additional level of spatial incongruence that prevented the emergence of a stronger effect of tool 
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652 use in this task, as the crossmodal congruency effect is driven by the reaction time cost that arises 

653 from presenting visual distractors at spatially incongruent locations to tactile targets [72]. For 

654 example, in our study spatial incongruence could be created when the tools were crossed and the 

655 distractor originated on the same tool and in the same vertical location as the vibrotactile target (i.e. 

656 the distractor and target are in opposite visual fields). In the study of Maravita and colleagues [48], 

657 however, no such spatial incongruence would have been present in such a trial with regards to the 

658 response required (up or down), thus making object-based effects easier to interpret. This might 

659 explain why we found an overall pattern that was comparable to Maravita and colleagues, indicative 

660 of peripersonal space updating, although the effect was less pronounced. Future studies should limit 

661 themselves to one level of spatial incongruence (e.g. up/down responses only).

662

663 To our knowledge, this was the first study testing changes in TDJs in both arms (rather than just one) 

664 following tool use. Previous studies using this method have tested only one arm, however it is 

665 conceivable that there could be differences in how body representation is updated in the two arms, 

666 for example due to differences in activity levels between arms (e.g. [73]). Our results showed no 

667 difference between the change in TDJs for the two arms. 

668

669 To conclude, we sought to investigate the effect of induced pain on the updating of peripersonal 

670 space and body representations during and following tool-use. Our study replicated findings showing 

671 that active tool-use updated peripersonal space and body representations. We also successfully 

672 induced pain, without impairing movement or tactile sensitivity. However, we found evidence that 

673 induced pain did not interfere with updating peripersonal space and body representations. When 

674 considered with previous results, these results suggest that induced pain can cause a direct change 

675 in bodily and spatial perception, but the mechanisms involved in updating such representations do 
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676 not appear to be disrupted. This suggests that any disruption to these processes in pathological pain 

677 conditions cannot be sufficiently explained by acute pain.

678
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860 Supporting information

861 S1 Fig. Example tool arrangement. The different possible combinations for the Crossmodal 

862 Congruency task (CCT) for congruent visuotactile stimulation. The brighter red dots illustrate the 

863 location of the visual stimulation, and the yellow stars the location of the tactile stimulation for each 

864 example trial. The tools could be in the straight (A & B), or crossed (C & D) position, with light 

865 appearing in the same (A & C) or opposite (B & D) visual field as the visuotactile stimulation. 

866 S2 Fig. Pain ratings over time. Change in pain ratings over time in the pain (red line) and active 

867 placebo (blue line) conditions. The neutral condition was omitted as mean ratings were ≈ 0. The 

868 ramp up period (t1-t15) lasted 15 min for the active placebo and neutral conditions. For the pain 

869 condition, this period lasted until pain ratings reached 5/10, or plateaued at 3/10 or higher for 3 

870 consecutive ratings, which took on average 16.7 minutes (SD = 1.88). Pain ratings were recorded 

871 every minute during the ramp up period. When the ramp up period was shorter than 15 minutes, 

872 the missing ratings were adjusted to 5/10 for the purpose of this figure. Pain ratings for ramp up 
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873 periods exceeding 15 minutes are not included in this figure. During the main experiment (t16-t27) 

874 pain ratings were recorded between the tactile distance judgements and different set of the tool-use 

875 tasks, and so the time between pain ratings was variable.

876 S3 Fig. Change in Mechanical Pain Threshold by Sensory Condition. Mechanical Pain Threshold 

877 (MPT) in mN on the middle finger (D3) before and after pain induction, active placebo, or no sensory 

878 manipulation (neutral), split by Side of Body for each conditions: neutral (A), active placebo (B), and 

879 pain (C). Circles depict individual data points. The dominant arm was always stimulated. (N = 30), * p 

880 < .05, ** p < .01.

881 S4 Fig. Crossmodal interference – four-way interaction for error rates. Crossmodal interference 

882 shown by Set (1 [passive], 2, 3, 4), Tool Arrangement (uncrossed, crossed), and Visual Field (same, 

883 opposite) for error rates expressed in percentages on the Crossmodal Congruency Task (CCT), for all 

884 participants (n = 30). Crossmodal interference was calculated by subtracting congruent from 

885 incongruent error rates. Medians are depicted by the centre lines. The box limits indicate the 25ht 

886 and 75th percentile. The whiskers extend 1.5 times the interquartile range from the box limits. Circles 

887 depict individual data points. (N = 30). ** p < .010, *** p < .001.

888 S1 Table. Performance on sensory tests by Sensory Condition. Performance on sensory tests 

889 (Mechanical pain Threshold [MPT], Mechanical Detection Threshold [MDT], Two Point 

890 Discrimination [TPD]) expressed as change from pre to post Sensory Manipulation. Means and 

891 standard deviations for Sensory tests are split by Sensory Condition (Pain, Active Placebo, Natural), 

892 and Side of Body (dominant [stimulated], non-dominant).

893 S2 Table. CCT main effects and interactions for reaction times. All significant main effects 

894 interactions from six-way ANOVA of Sensory Condition, Side of Body, Set, Tool Arrangement, Visual 

895 Field, and Congruence from the Crossmodal Congruency Task for reaction times.

896 S3 Table. CCT reaction times. Descriptive statistics presented for the reaction times in ms from the 

897 crossmodal congruency task, split by Tool Arrangement (uncrossed, crossed), Side of Body (same, 

898 opposite), and Congruence (congruent, incongruent). The difference between congruent and 

899 incongruent scores are reported within each level of Tool Arrangement, and Side of Body.

900 S4 Table. CCT main effects and interactions for error rates. All significant main effects interactions 

901 from six-way ANOVA of Sensory Condition, Side of Body, Set, Tool Arrangement, Visual Field, and 

902 Congruence from the Crossmodal congruency task for error rates.

903 S1 Text. Crossmodal congruency task (CCT) results – error rates.
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