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How do we individuate body parts? Here, we investigated the effect of body segmentation between hand and arm in tactile and visual perception. In a first experiment, we showed that two tactile stimuli felt farther away when they were applied across the wrist than when they were applied within a single body part (palm or forearm), indicating a “category boundary effect”. In the following experiments, we excluded two hypotheses, which attributed tactile segmentation to other, nontactile factors. In Experiment 2, we showed that the boundary effect does not arise from motor cues. The effect was reduced during a motor task involving flexion and extension movements of the wrist joint. Action brings body parts together into functional units, instead of pulling them apart. In Experiments 3 and 4, we showed that the effect does not arise from perceptual cues of visual discontinuities. We did not find any segmentation effect for the visual percept of the body in Experiment 3, nor for a neutral shape in Experiment 4. We suggest that the mental representation of the body is structured in categorical body parts delineated by joints, and that this categorical representation modulates tactile spatial perception. Keywords: Body parts; Segmentation; Touch; Vision; Body schema.



The body is made up of parts. Body parts have hierarchical structure (e.g., the fingers are part of



the hand) and topological relationships (e.g., the hand is contiguous to the arm). However, there
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have been few systematic studies examining how the body is segmented into parts, and the representation of the boundaries of body parts has rarely been considered explicitly. Mereology (from the Greek m1ros, “part”) is the theory of parthood relations: of the relations of part to whole and the relations of part to part within a whole. The organizing principles of body mereology remain an open question in neuroscience, in neuropsychology, and also in linguistics (de Vignemont, Tsakiris, & Haggard, 2005b). Most studies of “structural body representation” take it for granted that mental body representation follows the terms of natural language (Schwoebel & Coslett, 2005; Sirigu, Grafman, Bressler, & Sunderland, 1991). Psychology and linguistics both recognize body parts as an important semantic category (Reed, McGoldrick, Shackelford, & Fidopiastis, 2004). Psychological studies emphasize the visual features of body parts, individuating them by shape, size, and spatial orientation, or by “geons” delimited by visual discontinuities (Andersen, 1978; Biederman, 1987; Brown, 1976). Morrison and Tversky (2005), emphasized the “functional salience” of body parts, but did not explicitly define what this means. Body shape is relatively invariant across individuals within a species. Therefore body part categories should also be universal, at least if these are based on visual shape (Andersen, 1978). However, recent cross-cultural studies have shown that linguistic categorization of body parts can vary substantially (Majid, Enfield, & van Staden, 2006). For instance, in some languages like the Papuan language of Rossel Island, there is just one term for hand and arm, referring to the whole upper limb (Levinson, 2006). This is not an exception to a general rule, as it is true in a wide number of languages (e.g., almost one third of the languages studied in Brown, 2005). The distinction between arm and hand, far from being obvious, thus raises questions about what determines parthood. Knowledge of body parts can be specifically impaired at the linguistic level in body-specific aphasia (Laiacona, Allamano, Lorenzi, & Capitani, 2006; Suzuki, Yamadori, & Fujii, 1997), but also at the visuo-spatial level (Buxbaum & Coslett, 2001) and at the motor
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level (Buxbaum, Giovannetti, & Libon, 2000). Patients with autotopagnosia display a general impairment of the visuo-spatial organization of the body. They are impaired in judging distances between two body parts, in naming and identifying body parts that were touched, and in recognizing body parts from different visual perspectives. Similarly, patients with “numbsense” syndrome who only unconsciously perceive tactile stimulations are not able to verbally localize where they have been touched. However, they may be able to point towards the part of their body where they were touched (Rossetti, Rode, & Boisson, 1995). Their visuo-spatial body map is impaired, but not their motor body map. We can contrast numbsense patients with deafferented patients, who receive no proprioceptive and tactile information, but only information about heat and cold. These latter patients are able to identify the body part that is stimulated, but not to point toward the stimulated body part (Paillard, 1999). Their motor body map is impaired, but not their visuo-spatial body map. Similarly, patients with apraxia cannot individuate relevant body parts to move in order to imitate meaningless gestures and to imagine movements in motor imagery tasks (Buxbaum et al., 2000; Goldenberg, 1995). The dissociations between autotopagnosia and numbsense on the one hand and deafferentation and apraxia on the other hand argue in favour of more than one spatial representation of the organization of body parts (Gallagher & Cole, 1995; Paillard, 1999; Schwoebel & Coslett, 2005; Sirigu et al., 1991). The way we use information determines the way we encode it (Milner & Goodale, 1995). Like vision and audition, somatosensory processing can be either recognition oriented or action oriented (Dijkerman & de Haan, 2007). Thus, primary somatosensory cortex (SI) may mark the common origin of two separate somatosensory pathways, corresponding to dorsal and ventral streams for somatic perception (Dijkerman & de Haan, 2007). There is an important distinction between tactile sensation and muscular proprioception, due to the different spatial organization of the
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original receptors. Tactile sensation arises from receptors in the skin, which forms a continuous sensory sheet covering the entire body and is considered a single sense organ. In contrast, proprioceptive organs including muscle spindles, tendon organs, and joint receptors are discretely and discontinuously located in separate muscles and joints. That is, these two afferent systems show different segmentation at the receptor level. At the level of the primary somatosensory cortex (SI) and the primary motor cortex (M1), neuroscientific studies show that, generally, somatosensory and motor representations follow anatomical divisions of the body, having receptive fields confined to single fingers or limbs. This gives rise to the metaphor of a “homunculus” (Penfield & Boldrey, 1937; see also Blankenburg, Ruben, Meyer, Schwiemann, & Villringer, 2003). However, the representations in SI and M1 have quite different organizing principles. Although both have comparable gross somatotopy, fine somatotopy differs sharply between the two areas. While the receptive field of each neuron of SI corresponds to a small well-defined part of the cutaneous surface (Blankenburg et al., 2003), M1 representations of the different body parts strongly overlap. The map in M1 is not as well segregated and segmented as that in SI. This difference may seem surprising, since it appears to be the inverse of the corresponding peripheral organization. That is, continuous skin in the periphery is segmented in the sensory cortex. In contrast, discrete muscles are represented in overlapping fashion in the motor cortex. Why, in particular, does the motor cortex not use the discrete, segmented representation of the motor periphery? According to one classical idea, skilled actions impose an additional functional organization because of the sets of body parts that work together in movements, and the motor cortex is organized in terms of action synergies, rather than muscles (Lemon, 1988). For example, when I move my forearm my hand and fingers follow. In contrast, if someone touches my forearm, this usually does not tell me anything about the sensation in the hand and fingers. Accordingly, M1 seems to be organized for representing muscle groups and



patterns of movement rather than individual muscles (Lemon, 1988). The pattern of activation in M1 suggests that the control of any finger movement recruits a population of neurons distributed throughout M1, rather than a segregated population that would map point-to-point distinct movements based on a somatotopic organization (Schieber & Hibbard, 1993). Muscles are grouped together to form functionally coherent units (Hlustik, Solodkin, Gullapalli, Noll, & Small, 2001), producing considerable overlap in the cortical territories of adjacent body parts (Rathelot & Strick, 2006). Not only does the somatotopical organization vary between somatosensory and motor representations, but somatosensory processing itself varies depending on whether it is action related or recognition related (Dijkerman & de Haan, 2007). The physiological organization of the somatosensory system reflects the eventual use of the somatosensory information. It can lead either to conscious perceptual judgements about any bodily feature or to actions that are programmed on the basis of information about the position and the size of the limbs. The former involves mainly the posterior insula and the posterior parietal cortex, whereas the latter involves the posterior parietal cortex. It remains unclear, however, whether these dual representations, which are clearly dissociable, nevertheless share a common principle for segmenting the body into parts. Here we approach the problem of body mereology from the point of view of the primary sensorimotor mechanisms of the body. From this viewpoint, the segmentation of the body into parts may partly derive from the organization of the somatosensory system, from the organization of the motor systems, or from extrinsic perceptual factors such as visual discontinuities. On the one hand, the problem of segmenting the sensing body begins with the fact that the receptor surface (i.e., the skin) forms a continuous sheet. Here, relationships between the body parts are based on spatial contiguity in a cortical map. This representation seems not to support any concept of body part category. Instead, categories might arise at a higher level of integration or
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abstraction, perhaps cross-modally through viewing the physical discontinuities of one’s own body structure. On the other hand, the starting point for the mereology of the acting body is the set of muscles that I can voluntarily move. At first sight one might imagine that the acting body is intrinsically segmented, since muscles are not continuous or contiguous with each other, in the way the skin is. However, very few actions involve a single muscle alone: Muscles work in functional groups to achieve actions. That is, action structures the mental representation of the body into functional units, according to which body parts move together. Joints may be particularly important landmarks for motor mereology, since they allow relative movement of two body parts. From this perspective, we investigate whether somatosensory mereology and motor mereology indeed generate different relations and boundaries between body parts, how these two principles of organization interact, and what role vision plays. We investigate segmentation effects in tactile and visual perception, comparing geometric perception tasks within and between body parts to give an implicit, quantitative measure of body segmentation. Body representation influences tactile perception in several ways. For instance, estimating the distance between two tactile stimuli can be biased by proprioceptive experience of those body parts (de Vignemont, Ehrsson, & Haggard, 2005a). The representation of the body functions as a template for tactile perception (Martin, 1992). However, very few studies have investigated how body part segmentation influences tactile perception. How do boundaries structure the continuous tactile field of the skin? The arrangement of receptors in the skin varies considerably between different body parts (Weinstein, 1968). However, the density of receptors cannot explain why tactile localization is improved close to reference points (Weber, 1826/1978). Anatomical landmarks such as joints could play such a role and thus structure the continuous field (Bermudez, 1998; Flach & Haggard, 2006). Cholewiak and Collins (2003) indeed found improved tactile localization close
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to joints, and also close to arbitrary anchor points artificially induced by presenting stimuli of frequency different from those used for tactile loci. Although joints have been the focus of research for tactile localization of a single point (Boring, 1942; Cholewiak, 1999; Cholewiak, Brill, & Schwab, 2004; Cholewiak & Collins, 2003; Parrish, 1897; Weber, 1826/1978), they have not been studied as possible determinants of distance perception between two points that span body segments. Green (1982) showed that perceived tactile distance varied with body site and orientation, but he did not consider tactile distances between two stimuli located in different body parts. If joints are indeed anatomical landmarks that play a role in segmenting the body into parts at the somatosensory level, one would expect tactile distances between two stimuli that span body parts across the joint to be perceived as further apart than tactile distances between two stimuli within a single body part. Here, we investigate the role of the wrist joint for both sensory and motor mereology. We also investigate the possible sources of segmentation effects. Joints mark a visual discontinuity in the structure of the body, even though the skin covering them provides a continuous tactile field. Several studies show the importance of the interaction between vision and touch (Driver & Spence, 1998). In particular, tactile distance perception is influenced by purely visual experience of the stimulated body parts (Taylor-Clarke, Jacobsen, & Haggard, 2004). Thus, segmentation effects in tactile perception could arise cross-modally, from visual segmentation of body structure. We therefore also investigate whether segmentation effects occur in purely visual perception of the body or structurally similar stimuli. If purely visual segmentation effects are found, they could potentially explain tactile segmentation via cross-modal links.



EXPERIMENT 1 Experiment 1 compared the judgement of tactile distances on the palm or forearm, with distances
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spanning these two body parts across the wrist joint. If tactile perception is organized in terms of body parts, one would expect a significant difference between the distance judgements of cross-joint and within-body part distances. It would show that the wrist constitutes a natural boundary between palm and forearm, giving rise to the tactile sensation that the stimuli on the two body parts feel further apart. Since the underlying receptor sheet of the skin is continuous, such segmentation effects would represent a contextual modulation of tactile perception by a cognitive representation of one’s own body.



Method Participants A total of 8 healthy volunteers participated in the experiment (5 females; 20.6 + 0.9 years, mean + standard deviation). Participants were paid £4, and all gave informed consent. Materials, design, and procedure Two simultaneous tactile stimuli were delivered by a caliper to the ventral forearm, to the palm, or to both forearm and palm across the wrist joint. The centre of these three tactile distances was situated 50 mm proximal to the wrist for stimulation of the ventral forearm, 50 mm distal to the wrist for stimulation of the palm, and over the wrist joint itself for cross-joint distances. The actual distance between points was 40, 50, or 60 mm, and each distance was presented five times in a fixed random order. The blindfolded participant sat at a table, with the right forearm and the right hand lying comfortably extended in the frontoparallel plane. Participants gave verbal estimates of the perceived distance in millimetres.



mm”, but this will not affect comparisons between body parts in a repeated measures design. A 3 (body part: palm, forearm, across the wrist) by 3 (distance: 40, 50, 60 mm) repeated measures analysis of variance (ANOVA) revealed a general underestimation of distance, also called “spatial compression” (Green, 1982): ANOVA intercept, F(1, 7) ¼ 7.23, p , .03, h2p ¼ .64 (M ¼ – 8.25, SE ¼ 3.07). There was a main effect of body part, F(2, 14) ¼ 11.75, p , .001, h2p ¼ .63. Judgement error was greater for the forearm than the palm, t(7) ¼ 2.81, p , .03, consistent with the lower acuity of the arm compared to the palm (Green, 1982; Weber, 1826/1978). Crucially, however, judgement error was greater within body parts than it was across parts in the comparison both of the forearm distance with the distance across the wrist, t(7) ¼ 4.05, p , .005, and of the palm distance with the distance across the wrist, t(7) ¼ 2.71, p , .03. This finding is not explicable in terms of acuity differences (see Figure 1). There was also a main effect of distance, F(2, 14) ¼ 4.23, p , .04, h2p ¼ . 37, and an interaction of body part by distance, F(4, 28) ¼ 4.66, p , .005, h2p ¼ .40. Increasing distances gave rise to larger judgement



Results and discussion Performance was measured as judgement error (perceived distance – stimulus distance). We compared the mean judgement error for distances on the palm alone, on the forearm alone, or across the wrist. Note that each participant may use a different internal distance standard, or “subjective



Figure 1. Mean judgement error for tactile distance between two points presented on the hand, on the arm, or across the wrist, for the three distances (bars indicate standard errors).
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errors on the forearm than on the palm or across the wrist. Participants overestimated the distance between two points when they spanned two body parts, relative to equivalent distances within a single body part (the palm or the forearm). A simple model of the tactile field as a continuous receptor surface might predict that distances across the joint would produce a perceived distance intermediate between that on the two adjoining body parts. In contrast, our results show a superadditive interaction, suggesting that the wrist joint itself serves as a structuring element that alters perception of the underlying tactile field of the skin. Distances across the wrist joint are relatively overestimated, implying a perceptual repulsion of the two tactile stimuli away from the wrist joint. Studies of tactile localization show better localization around joints than in other regions, even when sets of stimuli span the joints (Cholewiak & Collins, 2003). Joints serve as attractors for localization (Flach & Haggard, 2006). Interestingly, they have an opposite, repulsive effect on tactile distance judgement.



EXPERIMENT 2 Experiment 1 highlighted variations in tactile distance judgements across the wrist. However, joints are the basis of movement, as well as being morphological landmarks. Thus, the structuring effect of joints on tactile distance perception could reflect either perceptual salience or motor salience. To disentangle these two aspects, we investigated whether voluntary movements of the wrist joint modulate tactile distance judgements.



Method Participants A total of 16 undergraduates from the Institute of Cognitive Neuroscience, University College London participated in the experiment (10 females; 28.2 + 4.7 years), none of whom had participated in the previous study. They were
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paid £4 and participated on the basis of informed consent. Materials, design, and procedure Participants received tactile distance stimulation with 8 miniature solenoids with a conical tip of 1 mm2. They were grouped in two arrays of 4. Within each array, the centres of adjacent solenoids were 15 mm apart, and the gap across the wrist between the ends of the arrays was 45 mm. Distances tested were 15, 30, and 45 mm within a single body part (palm or forearm) and 45, 75, and 105 mm across the wrist. The 45-mm distance thus had a special interest for comparing perception of an identical distance within or between body parts and formed the focus of our analysis. Distances and locations of the stimuli were presented in random order, so that the participants were not aware of the special significance of the 45-mm stimuli. There were two conditions: an action condition and a rest control condition. In the action condition, participants made wrist flexion-extension movements to imitate a model arm shown on a computer screen. The model arm made step-like wrist movements to 1208, 1508, 1808, 2108, and 2408 wrist angles in random order, at intervals of 1 s. The experimenter verified that the participant performed accurate and rapid movements to follow the model. Tactile stimulation was always delivered when the wrist angle was 1808 (the hand aligned with the arm). In the control condition, the participant’s arm remained continually in the 1808 position. Each participant received each stimulus distance eight times in random order in each condition. Participants sat at a table, with the right forearm comfortably extended with the palm vertical. An occluding screen prevented direct viewing of forearm and hand. Participants were required to match each stimulation distance with visually displayed lines. Participants viewed a set of 52 lines varying in length from 10 mm to 112 mm, each coded by a letter and a colour. The lines were presented at approximately the same distance from the eye as from the wrist. Displays were randomly presented in ascending
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or descending order of length to prevent response code learning. Participants made verbal responses to indicate which line best matched the tactile distance.



Results and discussion Performance was measured in terms of judgement error (perceived distance – stimulus distance). A 3 (body part: palm, forearm, across the wrist) by 2 (movement: rest, action) repeated measures ANOVA was conducted on the 45 mm distance stimulus, which was common to all the body sites. As in the previous experiment, there was a general underestimation of distance, ANOVA intercept, F(1, 15) ¼ 21.07, p , .0001, h2p ¼ .58 (M ¼ – 8.99, SE ¼ 1.96). There was a main effect of body part, F(2, 14) ¼ 16.63, p , .0001, h2p ¼ .70. Judgement error was greater for the forearm than the palm, t(15) ¼ 3.03, p , .008. Moreover, judgement error was greater within body part than it was across parts in the comparison both of the forearm with the wrist, t(15) ¼ 5.25, p , .0001, and of the palm with the wrist, t(15) ¼ 3.49, p , .003. This effect replicated the finding of Experiment 1, despite differences in the overall estimates between the two experiments. These may be explained by differences in response mode and stimulus delivery. Distances across joints were overestimated relative to equivalent distances within a single body part. There was no significant effect of action, F(1, 15) ¼ 0.64, p ¼ .44, h2p ¼ .04, but there was an interaction of body part with action, F(2, 14) ¼ 5.08, p , .02, h2p ¼ .42. Action reduced the tendency to relatively overestimate distances across the wrist, as shown in Figure 2. Experiment 2 demonstrates that action influences the segmentation of the body surface. The wrist was in the same position in both action and rest trials, and the motor task involved equal flexion and extension phases, with an average wrist angle equal to the rest control condition. Therefore, the interaction between action and body part must reflect an effect of action on the spatial representation of tactile stimuli, rather than a simple change in actual stimulus location



Figure 2. Mean judgement error for tactile distance between two points presented on the hand, on the arm, or across the wrist, in the action condition and while static (bars indicate standard errors).



in external space. The reducing effect of action on distances across the wrist suggests that the segmentation of the body for action is less dramatic than that for perception. While perceptual representation appears to involve segmentation, action representations may involve unification between body parts.



EXPERIMENT 3 The previous two experiments show segmentation effects in tactile perception. Are these effects specific to bodily sensations or could they result from a purely visual segmentation of the body, transferring to touch via a novel cross-modal link? To assess this possibility, we conducted two further experiments. In Experiment 3, participants were asked to make judgements of distance between solely visually presented stimuli on their own arm. As in Experiment 1, we compared the judgement of distances on the palm or forearm, with distances spanning these two body parts across the wrist joint. If the segmentation effect in tactile perception arises from visual segmentation
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of the body, one would expect to find the same effect in visual perception.



Method Participants A total of 8 undergraduates from the Radboud University, Nijmegen, participated in the experiment (6 females; 23.6 + 2.3 years). They were paid E4 and participated on the basis of informed consent. Materials, design, and procedure Two points of light were projected onto the surface of the participant’s body. The stimulus was presented by a projector connected to a computer, which controlled the presentation of the lights. In order to determine the exact location to present the images, a calibrator was utilized. The calibrator was a 19-cm ruler, which had two light sensors at the ends. Participants rested their arm on a flat metal ramp at a 5º incline, which ensured that participants were able to keep their hands completely open for the duration of the experiment. Stimuli were presented across the wrist, only on the palm, or only on the forearm. The stimulus points were two white dots, 1 mm in diameter, and were presented for 1 s. Distances between points were 40, 50, or 60 mm. The points were presented 50 mm proximal to the wrist for presentation on the forearm, 50 mm distal to the wrist for presentation on the palm, and over the wrist joint itself for cross-joint distances. Each distance was presented five times, in a different random order for each participant. On each trial, participants gave a verbal estimate of the distance in millimetres. The experimenter noted the answer and initiated the next trial until completion.



with the existing literature (Gescheider, 1997; Stevens, 1975), there was no general underestimation of distance: ANOVA intercept, F(1, 7) ¼ 0.97, p ¼ .36, h2p ¼ .12 (M ¼ – 1.74, SE ¼ 1.76). There was no significant effect of body part, F(2, 14) ¼ 0.56, p ¼ .58, h2p ¼ .07, nor of distance, F(2, 14) ¼ 3.31, p ¼ .07,h2p ¼ .32. There was, however, an interaction of body part by distance, F(4, 28) ¼ 2.72, p , .05, h2p ¼ .28. This was driven by judgement errors for the arm, which were more accurate with increasing distances (see Figure 3). There was a slight difference in judgement errors for 40 mm and 50 mm distances, t(7) ¼ 2.00, p , .09, and a significant difference between 40 mm and 60 mm distances, t(7) ¼ 3.08, p , .02. No other differences were significant (all ts , 1.0). In contrast with Experiment 1, there was no segmentation effect on judgements of visual distance between two points. It did not make a difference whether the visual stimuli were presented within a single body part or on two body parts across the wrist. Tactile perception of distance thus does not follow the same principles as visual perception.



Results and discussion A 3 (body part: palm, forearm, across the wrist) by 3 (distance: 40, 50, 60 mm) repeated measures ANOVA was conducted on judgement error (perceived distance – stimulus distance). Unlike the tactile estimation experiments, but consistent
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Figure 3. Mean judgement error for visual distance between two points presented on the hand, on the arm, or across the wrist, for the three distances (bars indicate standard errors).
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EXPERIMENT 4 As in Experiment 3, we were interested in the specificity of the segmentation effects, this time investigating the influence of the type of object (body vs. nonbody), instead of the modality (touch vs. vision). Tactile stimulations can be applied solely on the body so we cannot compare directly with stimulation on a nonbody object. Nonetheless, we investigated the segmentation effect on visual stimulation of a nonbody stimulus. The study also presents an opportunity to investigate whether structural parts influence visual distance estimation. In this experiment, participants were asked to make judgements of distance based on visually presented stimuli to a neutral shape.



Method Participants A further 8 undergraduates from the Radboud University, Nijmegen, participated in the experiment (5 females; 22.1 + 2.2 years); none had participated in Experiment 3. They were paid E4 and participated on the basis of informed consent. Materials, design, and procedure All details were as described in Experiment 3, only the images were not projected onto the participants’ body, but onto a fixed neutral shape. The shape was chosen so as to have some similarity to the body—a funnel, resembling the hand-shape, was placed on top of a long rectangle. The “joint” was indicated by a line segmenting the funnel from the rectangle (see Figure 4).



Results and discussion A 3 (object part: funnel, rectangle, span) by 3 (distance: 40, 50, 60 mm) repeated measures ANOVA was conducted on judgement error (perceived distance – stimulus distance). There was a general underestimation of distance: ANOVA intercept, F(1, 7) ¼ 22.28, p , .002, h2p ¼ .76 (M ¼ –9.04, SE ¼ 2.11). There was no significant effect of object part, F(2, 14) ¼ 2.44, p ¼ .12, h2p ¼ .26.



Figure 4. Mean judgement error for visual distance between two points presented on an object—on a funnel, on a rectangle, or spanning parts—for the three distances (bars indicate standard errors).



There was also no significant main effect of distance, F(2, 14) ¼ 0.08, p ¼ .92, h2p ¼ .01, and no significant part by distance interaction, F(4, 28) ¼ 1.99, p ¼ .12, h2p ¼ .22 (see Figure 3). In particular, there was no evidence of any segmentation effects on visual distance judgements



GENERAL DISCUSSION On the one hand, the body surface may be viewed as an undifferentiated cutaneous sheet, without categorical divisions corresponding to anatomical body parts. On the other hand, we naturally think and speak of bodies in terms of their parts (Majid et al., 2006). Our study showed that body segmentation arises as early in processing as the levels of integrating two tactile sensations in a geometric judgement. Geometric perceptions of stimuli applied to the skin are strongly influenced by the segmentation of the body. First, we showed that the tactile surface is not homogeneous. Joints play the role of body landmarks that segment the body into parts and increase judgements of tactile distance. Second, these segmentation effects are weakened by action. In one sense, action brings body parts together into coherent functional units. Third, these segmentation effects are specific to tactile sensations. Control experiments with visual stimuli showed that
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visual distance judgements are not influenced by the joint, or by any visual boundary. Therefore, tactile segmentation seems to be intrinsic to touch and cannot arise indirectly as a result of cross-modal links from vision. What delineates body part categories? We showed the importance of the wrist in segmenting the upper limb into hand and arm by using tactile distance judgements (Green, 1982; Weber, 1826/ 1978). This task involves perception of tactile pattern and geometry. These percepts seem to involve factors beyond the primary somatosensory map. As noted by Weber (1826/1978), judgements of spatially extended patterns do not depend only on the physical extent, but also on other factors, such as the body part and the orientation of the pattern on the surface of the body. Cholewiak (1999) also showed that it was related to the temporal delay between the two tactile stimulations. We suggest a further factor— namely, the segmentation of the body surface into categorical body parts. Tactile perception depends on the representation of the volumetric articulated body, in addition to the skin surface itself. Specifically, perceived tactile distance increases when the tactile stimuli are on distinct body parts in comparison to when they are on a single body part. This result is reminiscent of the “category boundary effect” found in studies of categorization: heightened discriminability between categories and reduced discriminability within categories (Pastore, 1987). In the same way that two shades of colour seem more different if they belong to two distinct colour categories than if they do not, two tactile stimuli feel more separated if they are applied to two distinct body part categories. Kosslyn et al. (1989) made a distinction in visual perception and imagery, which is of particular interest here. They distinguished between “coordinate” spatial representations, based on metric location information, and “categorical” spatial representations, based on more abstract spatial relations between objects or parts of objects. Our results show that the metric representation of the body is influenced by a categorical body representation. This categorical body representation may be processed in the left hemisphere,
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which is specialized in categorical spatial relations (Kosslyn et al., 1989). Lesions here may result in deficits of structural body representation such as autotopagnosia (Buxbaum & Coslett, 2001). Therefore, the neural representation of touch is not merely organized according to principle of spatial contiguity and continuity. It is already structured into categorical body parts at the level where tactile stimuli are integrated and their spatial relations represented. The second experiment replicated this segmentation effect in tactile distance judgements with a new group of participants, using an alternative form of judgement. It also showed that body segmentation is influenced by action. Action appeared to homogenize the body surface, by reducing the relative distortion of tactile distances across the wrist joint. This result suggests that the relative overestimation of cross-joint distances cannot itself be a motor effect. If that were the case, the relative overestimation of cross-joint distances would have been increased by action whilst we found the opposite effect. Therefore, we suggest that the relative overestimation of cross-joint distance judgements arises from a perceptual categorization of the body into parts. In contrast, when the tactile information is processed during a motor task (Experiment 2, action condition), we found that the structuring role of the wrist joint was reduced, and the relative overestimation of cross-joint distances was attenuated. That is, action reduced the tendency to segment the body into categorical parts and to overestimate the distance between them. Representation of the body for action therefore reduces the bias inherent to the categorical distinction of body parts. Action requires a unified representation of the body that puts body parts back together. Motor synergies between several effectors require an integrative, rather than a differentiated, representation of the relevant body parts. A similar conclusion regarding the integrative effects of action on body representation was reached by Tsakiris, Prabhu, and Haggard (2006) in a study of the rubber hand illusion. The authors showed that the illusory ownership of a rubber hand generated by synchronous visual
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stimulation of the rubber hand and stimulation of the participant’s hand was local, and confined to the stimulated finger, when based on afferent information. When the same finger was actively moved, however, the illusion spread to other fingers. Action appeared to induce a more global, integrated body representation, while afferent information resulted in representation of effectively unconnected individual body parts. The difference between the two conditions, rest and action, is consistent with the model of the dual somatosensory pathways proposed recently by Dijkerman and de Haan (2007). Our result suggests that segmentation into parts is a property of the ventral-perceptual body representation pathway, rather than the dorsal-action body representation pathway. What is the source of the segmentation effect? First, we excluded two hypotheses, which attribute tactile segmentation to other, nontactile factors. On one view, tactile segmentation results from the possibility for two body segments to move separately, demonstrating that they are dissociable. According to a second hypothesis, it results from the visual discontinuity between two body segments. However, in Experiment 2, we showed that action brings body parts closer, instead of pulling them further apart. As for the second hypothesis, we did not find any segmentation effect for the visual percept of the body in Experiment 3. There was no significant difference between visual distances within and across body parts. Estimates of the spatial distance between the two points were not affected by the surrounding visual display of the participant’s hand and forearm. Although we did not expect this result, we would like to provide a possible interpretation for this lack of visual segmentation effect. We would like to suggest that touch and vision differ in how they process spatial properties. The tactile perception of spatial relationships is always mediated by the representation of the body, whereas visual experiences derive their spatial properties from the visual field itself without further modulation. Tactile sensations are always bodily sensations. There is an intrinsic link between touch and the body that cannot be



found for vision. Indeed, vision can be about the body, but also about any other object. Consequently, it is possible to compute the distance between the two white dots in Experiment 3 independently of the fact that they are visually displayed on the participant’s arm and hand. Experiment 4 indeed showed the same lack of segmentation effect for the visual percept of a neutral shape. In Experiment 3, participants could effectively ignore the visual display of the body on which the stimuli were presented and could perform the visual task in a body-independent space as in Experiment 4. The bodily background cannot be removed from touch (Experiments 1 and 2) in the way it can from vision. However, the nature of the link between body representation, proprioception, and touch remains controversial. Some philosophers have argued that the body functions as a template for tactile perception—that is, tactile perception of the spatial properties of an object relies on the proprioceptive experience of similar properties. This is particularly salient for shape in active touch: We feel the circularity of a glass because we feel the circularity of the motion of our hand (Martin, 1992). The relation between touch and the body can then be explained in terms of a fusion of tactile and proprioceptive representations. However, veridical tactile perception does not necessarily match proprioceptive sensations, and in our experiments only passive touch was involved. Instead, we would like to suggest that the tactile field does indeed reflect the body, but does so because of the structuring effect of a cognitive body representation. Tactile stimuli are not judged relatively to each other, but rather in a bodily frame of reference (Cholewiak, 1999; Green, 1982). However, the spatial organization is intrinsically tactile and does not arise from proprioception. In summary, we have provided preliminary experimental evidence to support a previous theoretical distinction between two kinds of body mereology (de Vignemont et al., 2005b). The somatosensory mereology relies on a structured description of the body, categorically organized. The joints play the role of body landmarks. In distance judgement, the joint delineates body parts, leading to a “category
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boundary effect”. In contrast, motor mereology relies on a more unified and consistent representation of the body. Action reduces the “boundary effect”. We suggest that action produces a distributed and integrated experience of the body, linking together the body parts involved in motor synergies. Consequently, the mereology of the sensing body and the mereology of the acting body appear to have the functions of differentiating and grouping body parts, respectively. Finally, more work is required to generalize our result beyond the current study. We focused here on the wrist joint for a good reason. Since it can move in both flexion and extension, its actions need not alter the average distance in external space between two points that span it. This allowed us to assess effects of action on tactile distance without introducing external spatial confounds, or possible biases. However, it would be valuable to study other joints in the body to assess generality. Original manuscript received 28 February 2007 Accepted revision received 7 February 2008 First published online day month year
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