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First, some history 

The existence of a neural representation of ultra near space was first discovered in the peri-

arcuate neurons (circumscribing the premotor area) of monkeys (Rizzolatti, Scandolara, Matelli, 

& Gentilucci, 1981b, 1981a). In this seminal paper, the authors showed that a proportion of 

these neurons were bimodal, containing somatosensory receptive fields pertaining to a specific 

body part, for instance the hand, and visual receptive fields surrounding the same body part, 

extending a few centimetres into the space outside.  

This initial discovery of the non-retino-centric visual neurons in the Premotor Cortex (PMC) of 

monkeys led to a flurry of research concerning multimodal neurons whose visual receptive 

fields remained anchored not to eye-movements, but instead to the neuron’s tactile receptive 

fields (Fogassi et al. 1992;  Fogassi et al., 1996; Gentilucci et al., 1983). Further study into the 

coordinate system that guided these visual receptive fields found that for a proportion of the 

neurons with tactile receptive fields on the face, the visual receptive fields moved with the 

head. And those with tactile receptive fields on the arm had their visual receptive fields move 

with the arm (Graziano, Yap, Gross 1994; Graziano, Hu, Gross 1997). This led to the conclusion 

that neurons in the PMC represent visual space in body part centred fashion, where the 

position of the body part, and therefore the tactile receptive field, guided the visual receptive 

fields of the neurons.   

Such neurons have been found in regions of the parietal lobe and the frontal lobe. It has also 

been demonstrated that some of these parietal areas form sub-networks with their frontal 

counterparts based on the similarity of their properties. Examples of such sub-networks are the 
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Ventral Intraparietal area and the frontal area F4 (Cooke, Taylor, Moore, & Graziano, 2003), the 

Anterior Interparietal area and the frontal area F5 (Fadiga, Fogassi, Gallese, & Rizzolatti, 2000; 

Gentilucci et al., 1988; Jeannerod, Arbib, Rizzolatti, & Sakata, 1995)  and the Parietal Reach 

Region located near the medial portion of the intraparietal sulcus and the dorsal premotor 

cortex (Batista, Buneo, Snyder, & Andersen, 1999; Hocherman & Wise, 1991; Messier & 

Kalaska, 2000).  

 

Peripersonal space: the many perspectives 

Since its initial discovery, researchers have explored the properties of the PPS (Peripersonal 

space) at the single neuronal level, at population level, as the combined activity of a set of 

neurons and at a behavioural level in animals and humans respectively. This has yielded a large 

body of literature delineating the various properties, and functionalities of this space. While the 

initial insights were drawn from direct neural recordings from animals, the current trend has 

been to examine their properties through human experiments. Growth in this field of study has 

not come without its challenges. The first of which is a practical one that may be easily 

understood, and yet is difficult to circumvent. The activity profile of a specific neuronal 

network, when extrapolated from human behavioural experiments is at its very best, indirect. 

The second challenge is one that relates to the lack of standardisation of the terminology that is 

widely used in PPS related literature, where in some cases, the definition ascribed extends far 

beyond the scope of its foundational principles. This has led to some confusion while ascribing 

to findings that need not be caused by the action of the PPS network.  
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So, what is the PPS? 

The definitions of PPS are as numerous as the techniques that study it. Even with this diversity, 

all definitions agree that peripersonal space refers to the outside-space that immediately 

surrounds the physical boundary of the body that the brain treats differently than the rest of 

the outside space. Where they diverge is when it comes to their description of its underlying 

substrate. Definitions are based on the perspective of the research. For instance, those who 

study the nature of multisensory interactions tend to define it as the region characterised by a 

high degree of multisensory integration between visual, tactile and auditory stimuli  (Calvert & 

Thesen, 2004; Colby, Duhamel, & Goldberg, 1993; Nijboer & Smagt, 2016; Spence, Pavani, 

Maravita, & Holmes, 2004). For researchers studying attentional mechanisms, extra- and 

peripersonal spaces are distinguished by the regions of space wherein neglect is commonly 

observed (near or far) following stroke (Berti & Frassinetti, 2000; Ortigue, Mégevand, Perren, 

Landis, & Blanke, 2006; Vuilleumier, Valenza, Mayer, Reverdin, & Landis, 1998), and the 

underlying mechanisms are related to visual attentional processes. Also, due to the highly 

distinctive neural principles that underly bodily defence and goal directed action, de Vignemont 

and colleagues (Vignemont & Iannetti, 2014) argue that PPS mechanisms that underlie bodily 

defence and goal directed action must be separate.  

The definition of PPS used by this thesis aims to be more restrictive. This thesis would like to 

define the PPS boundary as the region of space that is constructed by the spatially extended 

body part centred visual receptive fields of the fronto-parietal sub-networks described in the 
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previous section. That is, the boundary of the PPS is limited by the spatial receptive fields of 

these neurons (see Clery, 2015, who describes a parieto-premotor peripersonal space network).  

The choice for this definition is to allow us to use experimental paradigms that titrate parallels 

between observations of neuronal research in monkeys and human behaviour.  

This introduction will therefore revisit the properties of the PPS neurons that are drawn from 

the single neuron work in monkeys and use these to define the frequently used terminology. As 

this thesis consists of human behavioural work, we require a definition of the PPS that is built 

from observable human behaviour, which is derived from the properties of the neural PPS. To 

make this possible, we will look at the functional role of PPS in behaviour. From a neural 

perspective of functional properties, we will derive a behavioural function. 

 

Peripersonal space as the activity of visual-spatial receptive fields of the fronto-parietal 

network 

This thesis aims to define the PPS as the activity of visual-spatial receptive fields of the fronto-

parietal network that emerged from a body of research on the single neuronal studies in 

monkeys. This implies that our hypotheses are constructed not only from previous research 

where body part-centred visual receptive fields were found, but also where such properties 

were searched for.   

While there are several fronto-parietal networks (mentioned in a previous section) that 

respond to visual stimuli in a non retino-centric-fashion, only a subpopulation of the neurons of 



14 

 

the VIP and area F4 seem to possess the additional property of spatial selectivity (Clery 2015) 

thereby possibly restricting the locus of the PPS to the VIP-F4 subnetwork. 

Although limiting the PPS neurological regions to those representing spatially-selective, and 

body part centred visual receptive fields might not yield an exhaustive representation of all the 

neurological regions responsible for forming and guiding the PPS, the definition of the 

peripersonal space itself, from the perspective of this thesis should be constrained to the space 

on and surrounding the body that is represented by the typical neurons in PPS network. That is, 

the boundary of the PPS is limited by the spatial receptive fields of these neurons (see parieto-

premotor peripersonal space network of Clery et. al. 2015).  

There are several factors that complicate the reading of this simple definition. Firstly, the visual 

receptive field extension in external space of a multimodal neural coding for a body part from 

the VIP may differ from the extension of a corresponding neuron in the premotor region 

(Graziano et al., 1997). Also, even within the same neural region, multiple bimodal neurons 

exist that code for the same body part. There is often variability between these neurons with 

respect to their spatial boundaries. Lastly, within each of these regions, there are 

subpopulations of neurons that respond to visual information only in ultra-near space (within 5 

cm), only within near space (within 30 cm), and others having no spatial specificity whatsoever, 

and the ratios of the distributions of these subpopulations also differ across different neuronal 

regions. Please refer to Graziano and colleagues (Graziano et al., 1997) for an overview of the 

visual properties of bimodal neurons in the region of the premotor cortex and the intraparietal 

sulcus. While the existence of such a large degree of variability within and across populations 
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does make sense when one takes into consideration the functional role of these neurons (which 

will be discussed in a later section), it makes the definition of PPS as a single spatial zone 

surrounding the body incomplete.  

Therefore the PPS may be looked at as a conglomeration of the receptive fields of several 

multisensory neurons within the PPS network, where some zones contain permanently 

overlapping receptive fields (when a single body part contains multiple neurons with different 

receptive fields, or when the receptive fields of different body parts overlap), while others may 

overlap based on the current body posture (when the hand is held near the face for example). 

Although the view of the PPS as a single zone may be used as an approximation, one needs to 

keep in mind that certain spatial zones within the PPS might be more represented than others. 

The reason behind this is two-fold. Firstly, it is currently difficult to point out the exact ratio of 

PPS neurons per body part as most studies in monkeys have focussed on PPS neurons that 

represented the head, arms, hands and the ventral side of the torso (and in that order). No 

studies, to our best knowledge have verified the representation of PPS zone near the lower 

limbs in monkeys. Secondly, the major roles of the PPS network are ascribed to defensive 

purposes (Clery, Guipponi, Odouard, Wardak, & Hamed, 2013; Colby et al., 1993; Cooke & 

Graziano, 2006; Graziano et al., 1997). Defensive behaviours are aimed at protecting the vital 

organs of the body (such as the brain, and heart).  Specifically, the area F4 contains neurons 

that represent the arm and hand, while the VIP neurons represent the face (J.-R. Duhamel, 

Colby, & Goldberg, 1998) This might have led to the unequal representation of these regions in 

the PPS.  
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Properties of PPS neurons. 
 
We may dissect the properties of these neurons and divide them into those responding mainly 

to visual and somatosensory information, and those responding to mainly auditory and 

somatosensory information. These sets of bimodal cells that respond to a combination of 

visual-tactile information are found to be responsive to information around the torso, face, 

arms, or the regions of our body whose surrounding spaces are clearly visible (J. R. Duhamel & 

Colby, 1998; Fogassi et al., 1996; Graziano et al., 1997; Rizzolatti, Scandolara, Matelli, & 

Gentilucci, 1981) These multisensory cells respond to visual information that is presented 

within the regions that border the body part in question. The extent of this boundary was found 

to vary with respect to the body part, ranging from anywhere between 5 cm to 30 cm in 

monkeys. These neurons have also been shown to respond strongly to objects approaching the 

body part (Graziano et al., 1997) Most interesting of all, many of these neurons were found to 

be directionally sensitive, responding heavily to looming stimuli  (Bremmer, Schlack, Kaminiarz, 

& Hoffmann, 2013; Colby et al., 1993; Graziano et al., 1997; Rizzolatti et al., 1981). 

What about body parts whose surrounding regions are not visible, such as the back of the 

head? In these cases, these neurons have been shown to respond to auditory stimuli near the 

back and sides of the head, and tactile delivered in the same region (Graziano, Reiss, & Gross, 

1999). However, the responses of audio-tactile PPS neurons have not been studied as 

extensively as visuo-tactile neurons. 

The stimulation of these regions by the combination of approaching visual/auditory, and even 

dynamic tactile-only stimuli such as air-puffs (Cooke & Graziano, 2006) is shown to evoke 
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rapidly defensive movements that are aimed at protecting the body part that is soon to meet 

the dynamic stimulus in question. These movements are also spatially specific, and more 

pronounced to the side of the body where contact is expected. These spatially specific 

defensive motor responses were found in monkey studies (Cooke & Graziano, 2004; Cooke, 

Taylor, Moore, & Graziano, 2003). In human studies, however, an exact parallel has not been 

tested. However, there is evidence for top-down modulation of the defensive human-blink-

response in relation to the closeness of the subject’s own hand to the PPS of the face  (Sambo, 

Liang, Cruccu, & Iannetti, 2012). The sensitivity of the PPS neuron to looming stimuli, combined 

with the defensive nature of the evoked responses caused researchers (Cooke & Graziano, 

2006) to argue that the PPS may serve as a defensive network, whose purpose is to construct a 

safety margin around the body.  

 

Evidence for PPS activity in humans. 

Evidence for visual-tactile links that carve out PPS is also seen in human behavioural, and 

imaging studies. For instance Bremmer and colleagues (Bremmer et al., 2001) found activity to 

moving visual, audio and tactile stimuli in the depth of the intraparietal sulcus (IPS), ventral 

premotor, and lateral inferior postcentral cortex in humans using fMRI imaging. Serino and 

colleagues (Serino, Canzoneri, & Avenanti, 2011) by disturbing the regions of the premotor 

cortex and the posterior parietal cortex using transcranial magnetic stimulation, demonstrated 

decreased multisensory interactions.  
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A source of evidence for the defensive role of PPS in humans was demonstrated in a neural 

GRID stimulation study of an epileptic patient. The stimulation of the superior parietal cortex 

resulted in movement arrest followed by an upward drift of the arm suggesting the formation 

of a defensive posture (Dijkerman et al., 2009). 

 In behavioural studies, visual information approaching the subjects’ hands, have been shown 

to decrease response times to tactile targets delivered upon that body part in question (De 

Haan, Smit, Van der Stigchel, & Dijkerman, 2016; Kandula, Stoep, Hofman, & Dijkerman, 2017). 

On the other hand, targets receding from the subjects’ hands show no effect on the tactile 

response times. These closely mirror the neurophysiological findings in monkeys. More 

recently, Stone et. al. 2018 (Stone, Kandula, Keizer, & Dijkerman, 2018) have demonstrated a 

similar modulation for the lower body in humans. While the PPS representation of the lower 

limbs has not been explored with single cell recordings in monkeys, Noel and colleagues (Noel, 

Grivaz, et al., 2015)  showed that human limbs whose surroundings are in the line of sight to 

their owner possess such properties. 

In human behavioural studies, these audio-tactile enhancements have also been shown to 

occur at the back of the head (Noel, Blanke, & Serino, 2018). The audio-tactile enhancement is 

not limited to spatial regions that are blocked by sight only. Approaching sounds have also been 

shown to modulate tactile responses near the face, arms and torso (Canzoneri, Magosso, & 

Serino, 2012; Noel, Pfeiffer, Blanke, & Serino, 2015; Teneggi et al., 2013), thereby indicating 

that these multisensory enhancements can also be tri-modal in nature.  



19 

 

Other human behavioural studies have shown that the affective nature of the approaching 

stimulus modulates the boundary of PPS, by increasing the boundary of the PPS when a more 

dangerous stimulus is approaching (de Haan et al., 2016). This study showed that participants 

had enhanced responses to approaching stimuli that were considered harmful. On a similar 

note, Teneggi and colleagues (Teneggi et al., 2013) demonstrated that PPS is also affected by 

social cues. They showed that cooperative social interactions can result in the merging of the 

PPS of the self and the other. Both studies show the influence of the identity of objects and 

people in the PPS on its boundaries. 

The multisensory properties of the PPS and their sensitivity to approaching stimuli seem to 

suggest that the encoded property is the approaching object in whichever set of modalities that 

are available. In other words, when the object is approaching from the frontal space, the object 

may be seen and heard. Therefore, the PPS regions encoding the face and arms are visual and 

sometimes auditory. PPS of the back of the head is auditory only, as objects moving towards 

this region cannot be seen, but may only be heard.  

When the properties of the PPS are now taken together - the spatially selective enhancement 

of somatosensory-motor responses to visual stimuli, sensitivity to approaching stimuli and the 

encoding of the approaching stimuli by informative modalities - it would suggest the PPS is 

defensive in nature. Its function is to prevent or minimise damage to body parts caused by 

approaching objects. Due to the highly distinctive neural principles that underly bodily defence 

and goal directed action, de Vignemont and colleagues (Vignemont & Iannetti, 2014) also argue 

that PPS mechanisms that underlie bodily defence and goal directed action must be separate.  
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Behaviourally, PPS may be defined as the region of space wherein the presence of an 

approaching object will elicit activity of PPS neurons, which may be observed in the form of 

multisensory enhancements or spatially specific defensive behaviours . Human behavioural 

studies have also shown multisensory enhancements to grasping (Brozzoli et al., 2010). 

However, the neural sites for visually guided grasping behaviours in monkeys (AIP) is not 

reported to contain spatially extended receptive fields similar to the other parietal areas that 

encompass the neural PPS.  

 

Models of the Peripersonal space 

More recently, some researchers have proposed higher-order behavioural and cognitive 

frameworks that tie together the various findings in PPS research into comprehensive models. 

While all models agree that the view of the PPS as a unitary boundary between an in-and-out 

space is a gross oversimplification, and that there must exist a transfer function(s) that carves 

out the PPS as the individual interacts in the world. These theories differ in what the basis of 

this transfer function should constitute. 

 Bufacchi and colleagues (Bufacchi & Iannetti, 2018) argue that the PPS is guided by the actions 

that individual is performing. Inspired by the breadth of literature that documents modulations 

in PPS size and shape in response to factors such as tool use, self-motion, identity of the 

approaching objects, the authors propose that PPS is not just related to physical proximity. That 

is, physically proximal space does not immediately equal PPS. Their view on the formation of 

PPS is more subtle. They argue the behavioural relevance of actions that aim to create or avoid 
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contact with external objects at the given moment of time result in a continuous set of actions 

fields that underlie various neurophysiological responses that ultimately result in the formation 

of the PPS. In simpler terms, it is behavioural relevance that determines the PPS, and physical 

proximity here is just one of the affecting variables.  

Another view on the formation PPS was recently proposed by Noel and colleagues (Noel et al., 

2018). They argue that the PPS is a stochastic process moulded by interaction of various 

multisensory stimuli with the body over time. According to their view, the PPS codes for the 

probability with which a certain object will come in contact with the body. The PPS process 

computes a number of likelihood gradients at any given time, mapping objects in the 

environment to both the whole body and individual/groups of body parts. Their model thus 

reframes the hypothesis of Graziano and colleagues (Graziano & Cooke, 2006) that the PPS is 

defensive in nature.    

While both theories (action field mapping and stochastic space) view PPS as a dynamic system, 

the former suggest that PPS shapes itself according to the individual’s intentions towards the 

objects in his surroundings while latter frames it as a bubble that computes the likelihood of 

contact, irrespective of the origin (does the individual want to interact with the object or avoid 

it).   

 

Outline of this thesis 

This thesis aims to examine the properties of PPS as understood by human behavioural studies. 

In chapters 2 and 3, we look at the effects of expectations of a tactile stimulus on the 
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enhancement of these tactile responses. Chapter 2 demonstrates that information implicit in a 

visual stimulus about when and where contact is to be expected is extracted to enhance tactile 

responses.  

In the third chapter we look at how the prior expectation of a contact with the object can 

influence the multisensory interactions between vision and touch within the peripersonal 

space. We show that when expectations of a tactile stimulus are high, both tactile expectation 

and multisensory PPS activity together play a role in responding to possible threats to the body. 

We were able to determine this interaction by performing a computational simulation and 

testing on human participants. Also, borrowing from previous research, we improved upon a 

method that helped us also determine the boundary of the hand-centred PPS using response 

times to multisensory stimuli.   

 In chapter 4 we look more closely at the nature of the visual-tactile interactions that take place 

within the PPS. We wanted to tease apart the individual contributions of looming visual stimuli 

and tactile stimuli on the multisensory interactions. Using the same analytical method 

described in chapter 3, we were able to determine the boundary of hand-centred PPS when 

only looming visual stimuli were presented, and when multisensory stimuli were present.  

Additionally, we provide evidence for visual-tactile integration within PPS. 

In chapter 5, we look at the effect of stimulus properties on the PPS boundary. We reasoned 

that if the PPS is a spatial zone whose encroachment by foreign objects signals the need to 

perform a defensive action, we expected that the fast encroaching object will require the 

boundary to extend further away from the boundary in order to allow defensive action to occur 
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sooner. In this study, we showed that this was indeed the case. That is, the speed of the 

approaching object can influence the location of the PPS boundary. When the approaching 

stimulus is fast, the PPS expands further away from the body. 

In the next chapter (chapter 6) we show that our action capability can influence the perceived 

location of the approaching object. This was performed in a virtual reality setting where 

participants were asked to perform one of two tasks based on a predefined condition. That is, 

they either had to stop a moving object (either approaching or retracting), or to judge the 

location of the location of the moving object. We found that action capability, both inherent 

and momentary, interact to influence the perceived location of the moving object. That is, 

when the object was approaching, the approaching object’s location could be underestimated, 

thereby creating a need to select and execute the appropriate action quickly. While we showed 

in previous chapters that PPS can influence the production of speedy action, in this chapter we 

show that the ability to perform speedy action influences our perceptual judgements. 
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Abstract 

 

In this study we aimed to explore the predictive link between visual stimuli moving towards the 

body and the tactile consequences that follow. More specifically, we tested if information 

derived from an approaching visual stimulus in the region directly surrounding the body (the 

peripersonal space) could be used to make judgements about the location and time of 

impending tactile contact. We used moving arm stimuli displayed on a computer screen which 

appeared to travel either towards the face (middle of the left/right cheek) or slightly away from 

the subject’s face. This stimulus was followed by tactile stimulation of the left/right cheek. The 

time lag between the visual stimulus and tactile stimulation was also manipulated to simulate 

tactile contact at a time that was either consistent or inconsistent with the speed of the 

approaching hand. Reaction time information indicated that faster responses were produced 

when the arm moved towards the hemispace in which the tactile stimulation was delivered and 

was insensitive to whether the arm was moving towards the cheek or slightly away from the 

cheek. Furthermore, response times were fastest when the tactile stimulation arrived at the 

moment that was consistent with the speed of the moving arm. The effects disappeared when 

the arm appeared to be retracting from the subject’s face. These results suggest the existence 

of a predictive mechanism that exploits the visual information derived from objects moving 

towards the body for making judgements about the time and location of impending tactile 

contact.  

 

Keywords: visuo-tactile interactions, peripersonal space, prediction, touch 
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Introduction 

 

An experience that almost everyone has had is that of being tickled. An aspect common to this 

experience is the sensation of being tickled even before the other person’s hands touches you. 

This is an illustration of the predictive link between vision and touch. That is, visual information 

about an approaching stimulus (here, the fingers of another person) results in the anticipation 

of being tickled. This predictive link not only involves the inference of the imminent tactile 

sensation caused by viewing the causative object but also the modulation of the related neural 

activity in expectation of the tactile consequence, thereby reducing the need for very elaborate 

processing following the actual event presentation (James, 1890). Indeed, predictive coding 

allows us to act, and not solely to react once all relevant information has been presented and 

fully processed, by making predictions about what to expect next while taking into account the 

current context and previous experiences integrated across different timescales (Bubic, von 

Cramon, & Schubotz, 2010).  

There have been several reports of how space closely surrounding the body, the peripersonal 

space, is processed differently than other regions. The neural areas representing the (peri-

)personal space have been defined in the monkey brain. These studies show that bimodal 

neurons in premotor and parietal cortex respond to tactile stimuli on the arm or face as well as 

visual stimuli nearby, but not far away from that body part (Duhamel, Colby, & Goldberg, 1998; 

Graziano, Hu, & Gross, 1997; Rizzolatti, Scandolara, Matelli, & Gentilucci, 1981). This distinction 

between the peri- and extra-personal spaces might be useful for filtering information that is 

likely to be of significance to us.  
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Firstly, for obvious practical reasons, objects/people in only the space closely surrounding us 

may be interacted with, thereby allowing us to plan approaching movements towards them 

(Rizzolatti et al., 1997; Brozzoli, Ehrsson, & Farnè, 2014). For instance, Farnè and Ladavas (2000) 

have shown that the use of a tool can dynamically extend the peripersonal space of the hand 

towards the outward tip of the tool, thereby demonstrating the role of peripersonal space as an 

interactable space within our surroundings.  Furthermore, a study by Brozzoli, Cardinali, Pavani, 

& Farnè (2010) showed that when grasping objects, a flash on one side of the target object 

improved processing of tactile stimuli on the finger that would touch that part of the object at 

the end of the grasping movement. This effect was particularly clear during execution of the 

grasping movement. These findings suggest a dynamic link between visual information on a 

nearby object and tactile processing on the approaching hand.  

Secondly, objects/people in our close proximity may also pose a threat to us thereby 

warranting us to initiate defensive movements in response to such perpetrations, such as an 

object approaching us at high speed. Detecting this object early would help us either avoid the 

object, or prepare for contact with it more efficiently. Evidence for such a defensive mechanism 

can be seen from monkey studies by Cooke and Graziano (Cooke & Graziano, 2004;  Graziano & 

Cooke, 2006) who found that when the regions that respond to looming or nearby objects are 

artificially stimulated, the animal executes defensive movements like withdrawing or blocking. 

Similarly, Sambo and colleagues (Sambo, Forster, Williams, & Iannetti, 2012; Sambo, Liang, 

Cruccu, & Iannetti, 2012) have demonstrated that the eye-blink reflex in humans was greater 

when an external hand was near the subject’s face as opposed to when it was further away 

from the face. Makin and colleagues (Makin, Holmes, Brozzoli, Rossetti, & Farnè, 2009) showed 
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that objects that approached a location near the hand (when compared to a location far from 

the hand) increased cortico-spinal excitability, indicating the preparation of the underlying 

motor areas of the hand to retract.  

Based on these studies, it can be summarised that the space around the body is crucial to 

monitor in order to protect oneself from or to plan movements to interact with a nearby object.  

In the context of the defensive peripersonal space, we suggest that the mechanism underlying 

the formation of this defensive zone around our body is visuo-tactile prediction. That is, the 

time-course and location of an impending tactile stimulus caused by an event/object can be 

predicted by the visual information conveyed by the same event/object, thereby allowing us to 

respond efficiently. 

The facilitative effects of visual information on detecting tactile stimuli have been 

demonstrated in behavioural studies investigating the cross-modal allocation of spatial 

attention (Driver & Spence, 1998; Macaluso & Maravita, 2010). The main findings of these 

studies are, when visual attention is directed by a cue to a certain location processing of a 

tactile target at that location is also enhanced. For example, Kennett and colleagues (Kennett, 

Spence, & Driver, 2002) showed that judgements about tactile stimuli on the hand were faster 

when these stimuli are preceded by a light flash at the same location, and slower when 

preceded by a light flash at the opposite hand. Cross-modal allocation of spatial attention, 

therefore, relies on the physical proximity of the visual cue and the stimulated body part: visual 

attention at the spatial location prioritizes the processing of tactile information in the same 

spatial location.  
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As physical proximity between the visual cue and the site of tactile target delivery was common 

to these studies, it is difficult to determine if similar behavioural visuo-tactile interactions can 

be found when visual information predicts a tactile stimulus, but when both are not proximal. If 

visuo-tactile interactions can underlie a defensive strategy, it should also be possible to extract 

information about the impending location and time of contact with an approaching object 

before that object reaches the space near the observer. That is, if a true predictive link is to be 

established between vision and touch, one has to be able to demonstrate that the information 

derived from viewing a visual cue at a certain location can cause the allocation of tactile 

attention at the implied location of contact (which may be at a distance from the displayed 

visual information) and at the implied time of contact. Hence it is crucial to ascertain that the 

sole cause of such a spatial shift in attention is the expectation of a tactile event at that 

location.  

The aim of the current study is to test if such a predictive link between vision and touch can be 

found. That is, will the information obtained by viewing an approaching object enhance tactile 

processing at the impending time and location of contact with the object, without having to 

visually follow the trajectory of the object’s motion towards the stimulated site? 

In our first experiment, we used videos of a moving human arm approaching the subject’s face 

or moving slightly away from it. These were displayed on a computer monitor placed parallel to 

the subject. Following this, a tactile target delivered on subject’s face either at a location 

concurrent to the trajectory of the moving arm or at a non-concurrent location. The subject was 
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asked to provide a speeded response as soon as a tactile target was detected. The time lag 

between the visual cue and the tactile target was also manipulated.  

With this setup, we tested if: 

The coincidence of the implied location of contact with the arm and the site of tactile target 

delivery will cause the tactile target to be detected faster (property 1). 

The coincidence of the implied time to contact with the arm and the time of the tactile target 

delivery will cause the tactile target to be detected faster (property 2). 

We also conducted a second experiment in order to verify that any effects found in the first 

experiment were indeed caused by the arm moving towards the subject. In the second 

experiment, we displayed videos of a human arm retracting from the subject’s face. This was 

followed by a tactile target on one of the subject’s cheeks. The subject again was asked to 

respond as soon as the tactile target was detected. Since the arm was retracting from the 

subject, we expected that neither trajectory nor the speed of the arm movement would have 

an impact on where and when the subject expected the tactile target.  

 

Experiment 1 

Methods. 

Participants: Sixteen subjects (3 males, and 3 left-handers) from Utrecht University between 

the ages of 18-30 (M = 22.3, SD = 2.68) were recruited. All subjects were naïve to the purpose 

of the study and received either study credit or money as compensation. All subjects gave 
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informed consent and were aware that their information would be kept confidential and that 

they were free to leave the experiment at any time. The experiment was conducted in 

agreement with the local ethics and safety guidelines, which are based on the Declaration of 

Helsinki. 

Visual Stimulus Preparation: The stimuli were a set of images that depicted a moving hand that 

approached the subject from a distance of 60 centimetres. These images were created in our 

lab for use in the study. 

Procedure for capturing images: The images of the hand were created in the lab by 

photographing a Caucasian male volunteer who was 28 years old. The volunteer was asked to 

dress in a black full-sleeved shirt. The volunteer sat in a chair in front of a camera. A table was 

placed in between the camera and the volunteer such that the edge of the table closest to the 

volunteer was touching his chest and his legs were completely under the table. The camera was 

placed directly opposite the volunteer, facing him, and this position was fixed for the entire 

photo-session. The camera lens was level with the shoulder of the volunteer. The volunteer was 

asked to sit with his hands folded into fists and placed in front of him on the table, with the 

table still touching his chest. The left and right fists were placed right next to each other and the 

front of the fist was facing the camera and was at a distance of 60 centimetres from the 

camera. This position was called the ‘rest condition’ and was represented by the name frame 1 

in the image set. After this, the volunteer was asked to point with his right hand to one of the 

predetermined destinations (explained in the next section) in front of him, without displacing 

his hand (Frame 2). From this point on, with his finger (index finger of the right arm, hereby 
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referred to as finger) still pointing towards the destination, he was asked to move his right hand 

in steps of 3.4 centimetres towards the destination (Frames 3-10). This was repeated 10 times, 

so that the hand moved a total of 30 centimetres (30.6 cm to be precise) towards the 

destination and hence was also 30 cm closer to the camera. The left arm remained in the rest 

position throughout the entire session. An image of the hand of the volunteer was taken at the 

rest position and at every consequent position of the movement (i.e., at the 10 equidistant 

subsequent positions of the hand), thereby yielding a series of 10 frames for an arm moving 

from rest towards a pre-set destination in front of it.  

This procedure was repeated 4 times and yielded 4 sets of 10 images for 4 different 

locations/trajectories of motion. The first image of every set (Frame 1) always represented the 

rest position. The destinations were created to represent the hand pointing in the general 

direction of an imaginary subject seated facing the volunteer, and 60 centimetres away from 

him. More specifically, the right arm of the volunteer was moving and pointing towards the 

right cheek of the imaginary subject, or slightly away from the right cheek of the imaginary 

subject (therefore moving away from his face), or towards the left cheek of the imaginary 

subject, or slightly away from the left cheek of the imaginary subject (therefore moving away 

from his face) (Figures 1a to 1e). 

All images were 30 centimetres high and 54 centimetres wide. In the rest image, the arms took 

up 17.5 centimetres vertically (vertical distance between the shoulder and the table), and 18.9 

centimetres horizontally distance between the 2 elbows. Most importantly, the images were 

captured such that the arm looked comparable in size to a real arm placed at that particular 
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distance from the subject. Figure 1a depicts the size of the image and its constituents. As the 

arm started moving closer to the subject, the amount of space it occupied on the image also 

increased proportionally.  

 

 

Figure 1: Right arm destinations as seen by the subject. 1a. The arm is at rest position. 1b. The 

arm has moved away from the ipsi-hemispace cheek of the subject (destination 1). 1c. The arm 

has moved towards the ipsi-hemispace cheek of the subject (destination 2).  1d. The arm has 

moved towards the contra-hemispace cheek of the subject (destination 3). 1e. The arm has 

moved away from the contra-hemispace cheek of the subject (destination 4). 

In order to guide the movement of the hand, a grid (80 x 60 cm) was placed on the desk with 

the four trajectories of the motion and the intermediate positions marked clearly on it.  
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Image Processing:  Adobe Photoshop CS5 software was used to isolate the left and right arm 

and hand, after which a grey background was added. 

The images were flipped with respect to the vertical plane to create the motion of the 

volunteer’s left arm with the right arm being held at rest, resulting in a total of 8 sets of 10 

images with frame 1 representing the same rest position for all the sets. 

Apparatus and Stimuli: The actual experiment was conducted in an experiment room in the 

Utrecht University premises. The room was darkened throughout the duration of the 

experiment.  

Visual Stimuli:  As described above, there were 8 sets of stimuli used in the experiment based 

on the trajectory/destination of the arm movement and the laterality of the moving arm (left or 

right arm). Based on the laterality of the moving arm, the finger could point to one of the four 

destinations. This definition of hand destination will be used throughout the rest of the paper.  

Destination 1: Pointing slightly away from the ipsi-hemispace cheek (Figure 1b). That is, if the 

right arm was moving, it pointed away from the left cheek of the subject (who was facing the 

arm). If the left arm was moving, it pointed away from the right cheek of the subject. 

Destination 2: Pointing towards the ipsi-hemispace cheek (Figure 1c).  

If the right arm was moving, it pointed towards the left cheek of the subject. If the left arm was 

moving, it pointed to the right cheek of the subject. 

Destination 3: Pointing towards the contra-hemispace cheek (Figure 1d). 
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If the right arm was moving, it pointed towards the right cheek of the subject. If the left arm 

was moving, it pointed to the left cheek of the subject. 

Destination 4: Pointing slightly away from the contra-hemispace cheek (Figure 1e). If the right 

arm was moving, it pointed away from the right cheek of the subject. If the left arm was 

moving, it pointed away from the left cheek of the subject. 

By using four destinations, we wanted to test if response times are facilitated only if the finger 

pointed at the exact location of the tactile stimulus (Destination 1 vs. Destination 2, and 

Destination 3 vs. Destination 4). Also, we wanted to test if response times effected if the finger 

pointed at the opposite hemispace from its origin (Destination 2 vs. Destination 3).  

One of the 8 sets of images was selected randomly on every trial, and each image in the 

selected set was displayed on the screen in rapid succession to create the illusion of motion of 

the hand towards one of the four aforementioned destinations on the subject’s face.  

The visual stimuli were displayed on a computer monitor (Ilyama 22” LCD monitor) with a 

frame-rate of 60Hz. Matlab (R2008a) software on a Windows platform was used to run the 

experiment.   

Tactile Stimuli: The tactile targets were 180Hz vibrations that were delivered to one of the 

subject’s cheeks in every trial for a period of 100 milliseconds by way of 2 vibro-tactile motors 

attached to the subject’s face. The left and right vibro-tactile motors were attached at the 

junction of the horizontal and vertical midpoints of the respective cheeks.  
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Stimulus Onset Asynchronies (SOA): One goal of this study was to test the temporal predictive 

quality of an approaching visual cue. Therefore, the time differences between the onset of the 

arm’s motion stimuli and the delivery of the tactile target were manipulated by using the time 

to contact of the arm with the subject’s face, as a reference. The arm appeared to start 60 

centimetres from the subject and stopped moving at 30 centimetres in front of the subject, 

thereby requiring moving an additional 30 centimetres to reach the subject. If the arm travels 

the first 30 centimetres at constant speed in x milliseconds, it must also travel the last (un-

depicted) 30 centimetres, thereby reaching the subject’s face in x milliseconds. Therefore, from 

the onset of the movement, the subject should expect a touch in 2x milliseconds. This 

contingency was manipulated such that it was equiprobable to receive a tactile stimulus in 1.5x, 

2x, or 2.5x milliseconds following the onset of the motion (or 0.5x, x, or 1.5x, after the cessation 

of motion) in every trial.  

Responses. The subject was asked to respond to the tactile stimulus by pressing a single button 

on the response box. The subjects were asked to respond using the same pre-set button 

throughout the entire experiment, irrespective of the destination of the visual cue or the 

laterality of the tactile targets. The subject responded with his dominant hand.  

Motor noise masking. The noise of the motors was masked by playing white noise over a pair of 

headphones (Sennheiser HD 202) throughout the experiment. This was done to ensure that the 

subject responded only to the feel of the vibration and not to its sound. 
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Procedure: The subject was seated in front of the computer screen. His head was fixated at a 

distance of 30 cm from the screen using a chin rest. The height of the chin rest and the screen 

were adjusted to suit the height of the subject. Most importantly, the screen was adjusted to 

ensure that the moving hand stimuli pointed at the right locations on the subject’s face, and 

this was accomplished by setting the height of the screen: the outstretched arm image was at 

the same vertical level as the attached vibrotactile motors. This was done by visual inspection. 

During this process, by looking at the last static image in each of the four image-sets (4 

destinations, either depicting the motion left, or right arm), the subjects were asked to identify 

the location that they felt the arm was pointing at. All the subjects were able to correctly 

identify whether the arm was pointing at their cheek or away from their face. The response box 

was placed centrally in front of the subject. Headphones were placed on the subject to deliver 

the masking white-noise. 
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Figure 2: The Congruency conditions. The subject is sitting facing the computer screen where the 

images of the moving arms are displayed. If the tactile target is delivered to the subject in the 

same hemispace as the arm’s pointing location (depicted on the bottom left), then the trial is a 

congruent trial. If the tactile target is delivered to the subject in the opposite hemispace as the 

arm’s pointing location (depicted on the bottom right), then the trial is an incongruent trial. 

The experiment consisted of 4 blocks of 270 trials each. Each of the 24 conditions occurred 36 

times. The remaining 216 trials (54 per block) were catch trials to discourage subjects from 

responding before the tactile target occurs.  

Every trial began with the presentation of a black fixation cross on a grey background. This 

lasted for 800-1000 milliseconds in every trial. Subjects were told keep their eyes fixated at the 

location the fixation cross was initially displayed throughout the trial. Following the display of 
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the fixation cross, the Frame 1 (rest position) image was displayed for 166.7 milliseconds (10 

screen ticks). This was followed by 9 images from one of the 8 sets (moving to one of the four 

destinations). Each image was displayed for 33.34 milliseconds (2 screen ticks). Therefore, the 

moving arm images (frames 2-9) took 266.72 milliseconds (2x8x16.67) to complete their 

motion. The last frame (frame 10) was displayed following frame 9, and lasted until the end of 

the trial (always 1100 milliseconds following the onset of frame 10). The tactile stimulus was 

delivered 133 milliseconds  (Early SOA), 266 milliseconds  (On-time SOA), or 400 milliseconds  

(Late SOA) following the onset of frame 10. In the case of a catch trial, no tactile stimulus was 

delivered in this 1100 milliseconds  duration and the subject was instructed not to respond in 

this case.  

The tactile stimulus was delivered on one of the two cheeks of the subject and the subjects 

were asked to respond to it as quickly as possible. If the tactile target was delivered in the same 

hemispace that the finger was pointing towards, then that was called a congruent trial. If the 

tactile target was delivered in the opposite hemispace that the finger was pointing towards, 

then that was called an incongruent trial. Figure 2 illustrates the congruency conditions. 

Subjects were instructed that the moving arm stimuli contained no information about when 

and where the tactile target occurred. Therefore, there were 4 conditions for every trial: the 

laterality of the moving arm, the destination of the moving arm (4 Destinations), the 

congruency of the tactile target with respect to the finger’s pointing location (2 Congruencies), 

and the time of delivery of the tactile target (3 SOAs). Figure 3 depicts a schematic presentation 

of an experimental trial.  
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Figure 3: The experimental set up.  Each trial starts with a fixation cross, followed by the 

presentation of the arms-at-rest stimulus. The arm then starts moving towards one of the four 

destinations. The arm eventually stops moving, and after the SOA (early, on-time, late) duration 

has passed, a tactile target is delivered on either the left or the right cheek of the subject. The 

subject then responds to the tactile stimulation by pressing a button. 

Results. 

The response times were calculated from the onset of the 100 milliseconds tactile stimulus. 

Median response times were calculated per condition for each individual, and a mean for the 

different conditions was calculated for the whole group. One subject was removed from the 

analysis, as his response times were greater than 2 standard deviations of the group mean (M = 

343.16, SD = 83.083). False alarms were analysed and one subject was removed due to 

excessive error rates in the catch trials (>25%). The false alarms for other subjects were very 

rare (M = 2.2%, SD = 2.3%). The remaining response times (14 subjects) were analysed using a 

3x4x2 repeated measures ANOVA. The arm-laterality (left/right) conditions were collapsed and 

therefore not analysed separately. The within subject factors were SOA (early, on-time, and 
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late), destination (away ipsi-hemispace cheek, towards ipsi-hemispace cheek, towards contra-

hemispace cheek, away contra-hemispace cheek), and congruency (congruent vs. incongruent). 

The average response times for the different SOAs and Congruencies can be seen in Figure 4. 

The response times plotted per SOA and Congruency can be seen in Figure 5.  The error bars for 

each condition were created by calculating the confidence intervals (alpha =0.05) after 

correcting for between subject differences in the scores (Field, 2000).  

 The ANOVA revealed significant effects of SOA (F(1.28, 16.63) = 9.91, p = 0.0041)1. Pairwise 

comparisons with Bonferroni corrections between the SOA Early versus On-time revealed that 

the response times for the On-time condition were significantly faster (p = 0.004). Similarly, 

comparison between the SOA Late versus On-time revealed that the response times for the On-

time condition were significantly faster (p = 0.007). The Early and Late SOAs did not differ from 

one another (p > 0.05). 

The Congruency factor revealed a significant main effect (F(1,13) = 16.65, p < 0.001), with 

response times for the congruent condition being faster than the incongruent condition.  

The results of the ANOVA revealed that the Destination factor did not show a significant main 

effect (p > 0.05). None of the factors interacted significantly. 

 

 
1 Corrected for sphericity using the Greenhouse Geiser procedure. 
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Figure 4:  Response times in Experiment 1. The top graph shows the mean response times 

plotted per SOA. The response times for On Time SOA are shorter than for the Early and Late 

SOAs.   The bottom graph shows the response times plotted per Congruency. Response times in 
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the Congruent condition are shorter than the response times in the Incongruent condition. The 

error bars for each condition were created by calculating the confidence intervals (alpha =0.05) 

after correcting for between subject differences in the scores. 

 

Figure 5: Response times in Experiment 1 plotted per SOA and congruency. Response times in 

the Congruent On-time SOA condition are shorter than all the other conditions. The error bars 

for each condition were created by calculating the confidence intervals (alpha =0.05) after 

correcting for between subject differences in the scores. 

Discussion. 

The results of this experiment showed that response times in the on-time SOA condition were 

significantly faster than the early and late SOA conditions. The early and late SOA conditions did 

not differ significantly from one another.  

Subjects also responded faster when the tactile target was delivered in the same hemispace as 

that the finger was pointing towards. However, there were no differences between the exact 
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locations that the finger was pointing at. The significant effect of congruency (tactile target 

being delivered in the same or opposite hemispace that the finger was pointing towards) 

provides support to our hypothesis that the responses are facilitated when the tactile target is 

delivered at a location that is predicted by the trajectory of the moving hand. That is, even 

though exact location of pointing within a hemispace did not seem to facilitate responses 

(whether the finger pointed exactly towards or slightly away from the stimulated location), 

responses were facilitated when the finger pointed towards the same hemispace as the tactile-

target delivery (Destinations 1 and 2 did not differ from one another and Destinations 3 and 4 

did not differ from one another). Also, it did not matter if the finger pointed in the same 

hemispace as it originated from (laterality) or crossed its hemispace of origin and pointed 

towards the opposite hemispace (destinations 1 and 2 did not differ from destinations 3 and 4). 

In summary, as long as the finger pointed towards the same hemispace in which the tactile 

target was delivered, response times were faster in the all the SOA conditions. 

No factors interacted significantly. An interesting implication of the lack of interaction between 

congruency and SOA is that the effects of temporal and spatial prediction of the impending 

tactile target act independently of one another. Figure 5 shows the plot of the response times 

per SOA and congruency. The size of the congruency effects (RTIncongruent -  RTCongruent)  was 

similar for the different SOA conditions. However, the response time for the congruent on-time 

SOA condition was the shortest, indicating that subjects responded fastest when the tactile 

target was delivered in the expected hemispace and at the expected time-to contact.  
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Overall, these results suggest the presence of a visuo-tactile predictive mechanism, which takes 

into account the speed of the moving arm when predicting when the tactile target will occur, 

and the general direction of the pointing finger when predicting where the tactile target will 

occur.  

In order to verify that the faster responses found in the on-time condition were indeed caused 

by the information caused by the arm moving towards the subject, a follow-up experiment was 

conducted with the same images, but where the arms retracted from the subject.  

Experiment 2.  

Methods. 

In Experiment 2, the frames were presented in a reverse order to give an impression that the 

arm was retracting from the subject.  

Participants: Fifteen subjects (6 males, and 1 left-hander) were recruited. All subjects were 

naïve to the purpose of the study. All subjects were between 18-30 years of age (Mean = 24.85, 

SD = 2.31). They received either study credit or money as compensation. The experiment was 

conducted in agreement with the local ethics and safety guidelines, and in accordance with the 

Declaration of Helsinki. 

Procedure: The procedure resembled that of experiment 1, with the exceptions that: 

1. The frames were presented in the reverse order, i.e., from frame 10 to frame 1.  
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2. Only the destination 1 image set was used. We decided to use only one arm destination as 

we found no differences in responses based on the destination of the moving arm in the 

previous experiment.  

Results. 

The response times were calculated from the onset of the 100 milliseconds tactile stimulus. The 

response times for a subject per condition were calculated by taking the median of the scores 

in the condition. Group mean scores were calculated by taking a mean of the individual subject 

scores per condition. False alarms in catch trials were rare (M = 2.0%, SD = 4.1%). One subject 

was removed from the analysis, as his response times deviated more than two standard 

deviations from the group mean (M = 329.86, SD = 120.59). The remaining 14 participants’ 

response times were analysed using a 3x2 repeated measures ANOVA. The arm-laterality 

(left/right moving arm) conditions were collapsed and therefore not analysed separately. The 

within-subject factors were SOA (early, on-time, and late) and congruency (congruent vs. 

incongruent) and the dependent variable was the response time. There was no main effect of 

SOA (p = 0.436). Congruency was also not significant (p = 0.146) and there were no interaction 

effects. The average response times per SOA and Congruency can be seen in Figure 6. The error 

bars for each condition were created by calculating after correcting for between subject 

differences in the individual scores (Field, 2000).  
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Discussion. 

The results of Experiment 2 seem to yield strength to the main hypothesis that the response 

times will be faster when the tactile target is delivered at the expected time and location, only 

when physical contact with the hand is anticipated. When an object retracts from the observer 

and reaches a neutral rest-position, there is no expectation created towards the time or 

location of the impending target. Taken together, Experiment 2 shows that movement towards 

the observer is necessary for a visuo-tactile prediction to be generated. 
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Figure 6: Response times in experiment 2: The top graph shows the response times plotted per 

Congruency. The response times do not differ per congruency condition. The bottom graph 

shows the response times plotted per SOA. The response times do not differ per SOA condition. 

All the SOAs are numerically the same as in Experiment 1. The “On-Time” SOA condition from 

Experiment 1 has been renamed as the “Middle” SOA in this graph. The error bars for each 

condition were created by calculating the confidence intervals (alpha =0.05) after correcting for 

between subject differences in the scores. 

 

General Discussion 

The present study aimed at investigating whether temporal and spatial information contained 

in a stimulus approaching an observer can be used by the visuo-tactile system to predict the 

location and the time of contact with the object. In Experiment 1, we tested this hypothesis by 

presenting images of a moving arm approaching the subject, or moving slightly away from the 

subject, at a constant speed, and by varying the time and location at which the subject received 

a tactile stimulus. The results showed that subjects responded faster when the tactile target 

was delivered at the time they would expect the arm would touch them. Also, when spatial 

separations between the expected contact location and the stimulated location were large, i.e., 

when the implied location and stimulated location were in opposite hemispaces, there were 

significant differences in response times. This was evidenced by responses in congruent 

condition being significantly shorter than in the incongruent condition. 
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Interestingly, the response times to the tactile targets, when the finger pointed directly towards 

the stimulation site, or slightly away from it, did not prove to be significantly different from 

each other. This might fit the notion that the visual receptive fields of bimodal neurons in 

monkeys extend a few centimetres outwards from the tactile receptive fields in a manner that 

circumscribed the tactile area (Rizzolatti, 1997). If bimodal neurons in the human brain can be 

assumed to function similarly, then in the away conditions (destinations 1 and 4) in our 

experiment, when moving arm was slightly away from the cheek, it might still have been close 

enough to the cheek to be included in the visual receptive field of the actual region of tactile 

stimulation. 

The neural mechanism underlying the pattern of reaction times found in the present study may 

be similar to that described in an earlier study by Carlsson and colleagues (Carlsson, Petrovic, 

Skare, Petersson, & Ingvar, 2000). The authors found, for both anticipated and real tickling 

experiences, that the contralateral somatosensory (SS) areas showed increased activation while 

the SS areas located outside the area representing the target stimulus decreased their activity. 

Therefore, an increase in activation at the SS site of the expected tactile contact, along with a 

decrease in activation in the non-corresponding SS areas are a plausible cause for the 

respective reduction and increase of response times found when spatial expectations were 

manipulated.  

The mechanism underlying the temporal facilitation effect found in this study has been shown 

also in other studies conducted in the visual domain. For example, recently Seibold & Rolke 

(Seibold & Rolke, 2014) examined if temporal expectation about an impending target (which 
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may be presented in a random spatial location) reduces the distracting effects of the sudden 

onset of a task irrelevant item. The authors found that this was not the case and concluded the 

temporal expectation influences overall early visual processing independent of spatial location. 

Similarly, in the present study the response times in the incongruent on-time condition were 

lower than the other incongruent conditions (Early and Late) demonstrating that the temporal 

facilitation benefitted subjects in this condition, even when the tactile target was delivered at 

an unexpected location.  

 The pattern of the independence of the spatial and temporal facilitation effects found in the 

present study can be further extrapolated from a previous study by Doherty and colleagues 

(Doherty, Rao, Mesulam, & Nobre, 2005). The authors investigated the interplay between 

temporal and spatial expectations on attention in a visual task. Firstly, at the behavioural level, 

they found that both temporal and spatial expectations enhanced response times comparably, 

but the response times were fastest when both the expectations were met, and slowest when 

no expectation was met.  

Furthermore, when studying the underlying ERP components of these effects, Doherty and 

colleagues (2005), found that when only the temporal expectation was met, response-specific 

components were enhanced. When only the spatial expectation was met, early perceptual 

components were enhanced. When temporal and spatial expectations were both met, the early 

perceptual components were further enhanced along with the response-specific components, 

thereby indicating that temporal and spatial expectations effect stimulus processing at different 

stages, independently and additively. 
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Experiment 2 was identical to Experiment 1, except the direction of travel of the hands was 

reversed. This manipulation, however, resulted in the disappearance of the temporal and 

spatial facilitation effects. This indicates that the expectation of a tactile stimulus created by a 

visually approaching target is the crucial factor in the observed pattern of response times found 

in Experiment 1. It is interesting to note that the lack of a spatial cross-modal congruency effect 

in Experiment 2. This may be due to the fact that the hands travel back and settle in the neutral 

position a minimum of 133 milliseconds before the tactile stimulus is delivered, thereby not 

cueing a hemispace in the period before the tactile stimulation. In contrast, in some simple 

visuo-tactile cueing paradigms, when a target was delivered at a location that was previously 

cued even around 300 milliseconds  ago, found to be facilitated (Driver & Spence, 1998). When 

compared to these tasks, one would expect to see a cueing effect for at least the early SOA 

condition. The absence of the effect might indicate that people indeed were sensitive to the 

direction of the hands travel (retracting), thereby expecting no tactile stimulation at all.  

 Our study demonstrates that the information obtained by viewing an approaching object, 

would enhance tactile processing at the impending time and location of contact with the 

object, without having to visually follow the trajectory of the object’s motion towards the 

stimulated site. As the illusion of the arm’s motion towards the subject was created using 

changing pictorial information, the subjects’ gaze could not follow the implied trajectory of the 

moving arm towards their face. Furthermore, the visual information was always displayed at 

the same location in depth (on a computer monitor).   
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A study by Gray and Tan (Gray & Tan, 2002) similarly investigated the predictive links between 

vision and touch. They also found that, subjects responded faster to the subsequent tactile 

target if the target was delivered at the time and location at which the object would touch the 

hand, However, due to the construction of their study, it is not possible to rule out that subjects 

moved their gaze along the trajectory of the moving object, towards the location of the 

impending tactile stimulus. Therefore, their results can also be explained as being caused by 

overt visual attention being directed to the stimulation site, just prior to the stimulation, 

thereby enhancing tactile processing at that time and location. That is, it cannot be said with 

certainty that the mere expectation of the tactile target was the cause for the enhancement of 

tactile processing at the future site of stimulation. In our study it was impossible to follow the 

implied trajectory of the moving arm, therefore, our results indicate that subjects were indeed 

able to use spatial and temporal information implied by the visual cue to enhance tactile 

processing of the target.  

Evidence from previous studies suggests that people are capable of extracting the projected 

point of impact of an object approaching the face. Neppi-Modona and colleagues (Neppi-

Mòdona, Auclair, Sirigu, & Duhamel, 2004) found that people were quite good at predicting the 

impact location on their face of an approaching stimulus, even when they had to imagine the 

latter half of the object’s movement trajectory towards their face, with their eyes closed. 

Duhamel and colleagues (1998) demonstrated the existence of neurons in the ventral 

interparietal sulcus of the monkey brain that provided bimodal responses to visual stimuli 

whose projected impact point (based on the stimulus’s movement trajectory) was spatially 

congruent with the location of the tactile stimulation. This type of mechanism may also sub 
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serve the prediction of an impending tactile stimulus based on visual input as observed in the 

current study.   

Our results also lead to the possibility that the mechanism underlying visuo-tactile prediction is 

a cross-modal attentional shift towards the location of the impending tactile contact. That is, 

while viewing an object approaching your face, your attention is shifted to the location of the 

face, which the object will eventually touch. Therefore, there is a shift in attention from one 

location to another (from the location of the approaching object to the location on your face), 

and there is a shift in modality (viewing an approaching object causes tactile attention to be 

enhanced). Previous paradigms used in investigating visuo-tactile attentional shifts have relied 

on the physical proximity between the visual cue and tactile target. However, their dependence 

on this proximity might be due to the nature of visual cues (usually light flashes and arrows) 

which do not contain inherent information about event that is to follow. That is, viewing a light 

flash does not imply a touch on the body, whereas viewing an object approaching one’s body 

does imply a touch on the body. Hence, a flash of light can draw attention towards a body part 

only if the two are close together. Also, these attentional effects are short-lived, typically lasting 

only for around 200 milliseconds  (see Driver & Spence, 1998; Macaluso & Maravita, 2010).  

Nevertheless, these cross-modal shifts in spatial attention might still be viewed as the most 

basic illustration of the formation of a defensive zone around the body. That is, the sudden 

onset of a light flash may indicate that an unknown event of significance might follow it, 

thereby causing the person to monitor that region for a short while. However, when the visual 
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cue is infused with more specific information about the event that is to follow, the allocation of 

attention can then be specific to the location and moment of the following event.  

In conclusion, our results suggest that, by viewing an object approaching the body, we are able 

to extract implicit information about the time and location of a future tactile stimulus. By doing 

so, we are better at executing an appropriate response to the event. The mechanism of visuo-

tactile prediction may hence be viewed as the underlying mechanism of the defensive zone 

around the body, the peripersonal space. 
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Abstract 

 

Since the discovery of neural regions in the monkey brain that respond preferentially to 

multisensory stimuli presented in proximal space, researchers have been studying this 

specialised spatial representation in humans. It has been demonstrated that approaching 

auditory or visual stimuli modulate tactile processing while they are within the peripersonal 

space (PPS). The aim of the current study is to investigate the additional effects of tactile 

expectation on the PPS related multisensory interactions. Based on the output of a 

computational simulation we expected that as tactile expectation increases rapidly during the 

course of the motion of the visual stimulus, the outcome RT curves would mask the 

multisensory contribution of PPS. When the tactile expectation remains constant during the 

motion, the PPS related spatially selective multisensory processes become apparent. The 

behavioural results on human experiments followed the pattern predicted by the simulation. 

That is, rapidly changing levels of tactile expectation caused by dynamic visual stimuli, masks 

the outcome of the multisensory processes within peripersonal space. This indicates that both 

PPS related multisensory interactions, and tactile expectations play an important role in 

anticipating and responding to interactions with the body. 

 

Keywords: Peripersonal space, overt tactile expectation, vision, touch, multisensory integration 
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Introduction 

 

Since the initial discovery of multisensory neurons in the peri-arcuate cortex of monkeys 

(Rizzolatti, Scandolara, Matelli, & Gentilucci, 1981), the multisensory representation of an ultra-

near space surrounding the body has been the subject of extensive research in humans and 

their primate-cousins. These multisensory neurons possess both visual and tactile spatial 

receptive fields (SRF). As such, these neurons respond to objects seen around a body part, and 

to tactile stimulation of the same body part. Strikingly, the visual SRFs are anchored to the body 

part rather than a specific location in space, coding visual information in a body part centred 

frame of reference (Fogassi et al., 1996; Graziano & Gross, 1994; Graziano, Hu, & Gross, 1997). 

Such multisensory neurons have also been observed in other cortical regions such as the 

putamen (Graziano & Gross, 1993), ventral intraparietal area, area F4 (Colby, Duhamel, & 

Goldberg, 1993; Duhamel, Colby, & Goldberg, 1998), and in certain parts of the premotor 

cortex in monkeys (Batista, Buneo, Snyder, & Andersen, 1999). 

Perhaps, one of the most salient properties of these multisensory neurons is the way they 

represent the space proximal to a body part. The combined spatial extent of the visual2 SRFs of 

these bimodal neurons is often labelled the PPS. These SRFs have been found to project several  

centimetres into the space abutting their respective body parts in all directions. Due to their 

close link to motor neurons in the premotor cortex, it has been postulated that the activity of 

 
2Although the visual and tactile response properties of PPS have been more extensively 

studied, there have also been reports of body part cantered responsiveness to auditory stimuli 

in these neurons (Graziano, Reiss, & Gross, 1999) 
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these neurons subserves the representation of a spatial location (that is signalled by the 

encroaching object) allowing a potential action directed towards that location (Fadiga, Fogassi, 

Gallese, & Rizzolatti, 2000; Fogassi et al., 1996). The stimulation of these neurons results in the 

production of stereotypical defensive responses to protect the body part in question (Cooke & 

Graziano, 2004; Cooke, Taylor, Moore, & Graziano, 2003). 

These neurons are also highly sensitive to moving stimuli that are approaching a body part as 

compared to receding stimuli, responding more consistently and vigorously to the former 

(Graziano et al., 1997). That is, PPS neurons respond to stimuli looming towards a body part, 

and to tactile stimuli delivered on the body part. When observers are asked to respond to 

tactile stimuli, which are delivered at different time points during a looming stimulus’s 

approach, the pattern of response times are found to be sigmoidal in nature (Canzoneri, 

Magosso, & Serino, 2012; Ferri, Tajadura-Jiménez, Väljamäe, Vastano, & Costantini, 2015; J. 

Noel, Lukowska, Wallace, & Serino, 2016; Taffou & Viaud-Delmon, 2014; Teneggi, Canzoneri, Di 

Pellegrino, & Serino, 2013). That is, the surmised multisensory summative properties of the PPS 

neurons would speed up responses (RTs) to tactile stimuli that are delivered when the looming 

stimulus is within the PPS. This sudden decrease in RTs within the PPS would therefore be best 

explained by a sigmoidal function; whose midpoint would be indicative of the boundary of the 

PPS (Canzoneri et al., 2012). 

When a moving object approaches the body, in addition to triggering the multisensory PPS 

neurons that influence tactile processing, the impending contact with this approaching object 

also creates an expectation of an upcoming tactile event. Tactile expectation may affect both 

tactile processing (van Ede, de Lange, Jensen, & Maris, 2011), and motor preparation (Umbach, 
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Schwager, Frensch, & Gaschler, 2012), influencing the speed of motor output. Tactile 

expectation is lowest when a stimulus is at the beginning of its trajectory far from the body, and 

increases as time elapses and as it approaches the body. Therefore, multisensory interactions 

and their motor outcome to events within the PPS might be subject not only to the action of 

their dedicated neural regions, but also to factors such as tactile expectation. The aim of the 

current study is therefore to investigate the influence of tactile expectation and visuo-tactile 

interactions within the PPS.  

The consistency with which a prior cue predicts an upcoming target stimulus (cue-reliability) is a 

factor that modulates tactile expectation, and subsequently the response time to these tactile 

events (Haegens, Händel, & Jensen, 2011). That is, when the warning cue is highly predictive of 

an upcoming tactile stimulus from the onset of the cue the tactile expectation increases with 

time. When the cue is non-predictive, tactile expectation remains relatively low, and response 

times are less affected by the prior presentation of the cue. 

In our study, we used cue-reliability (the overall probability of receiving a tactile stimulus during 

a trial) as the factor to control the level of tactile expectation throughout the trial (explained 

below). That is, we expected that cue-reliability (Figure 1B, 1D, 1F) and changes in temporal 

expectation (defined here as the expectation of a tactile stimulus based on the current location 

of the dynamic visual stimulus, Figure 1A) would interact to produce the tactile expectation 

levels during the course of the trial. A low cue-reliability level can be used to maintain tactile 

expectation at a consistent level throughout the trial to largely isolate PPS related multisensory 

effects. Thus, when the cue-reliability levels are low (Figure 1F), tactile expectation should 

change less drastically during the course of the trial (Figure 1G), remaining at a low level. When 
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the cue-reliability is high (Figure 1B), tactile expectation increases linearly (with a high slope) as 

the trial elapses (Figure 1C).  

 

Figure 1: The expected interaction between temporal expectation levels at different timepoints 

during the trial and different levels of cue reliability. The x-axis for all plots represents the 

timepoint within the trial. The y-axis represents the probability in percentage values. A: The 

temporal expectation levels during a trial. These values are the same across all blocks. B, D, F: 

Cue reliability levels in different blocks. C, E, G: Tactile expectation levels, resulting as the 

interaction between the temporal expectation level at different points in the trial and cue-

reliability level in the block. When cue reliability is high (B), the tactile expectation changes from 
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a low value to a large value during the trial (C). When cue reliability is low (F), the tactile 

expectation is low, and remains relatively uniform across the trial (G). 

Before we conducted a study in human participants, the interaction effects of PPS modulation 

and tactile expectation on response times to tactile stimuli were explored using a 

computational model. Following this, a tactile detection task involving approaching visual 

stimuli (Canzoneri et al., 2012) using three cue reliability levels was run in separate blocks in 

human subjects. By analysing the response time curves, we could determine the contribution of 

the effects of changing tactile expectation on PPS multisensory modulations. It was expected 

that when tactile expectation changes rapidly during stimulus motion, the resulting response 

time patterns would be linear in nature. When tactile expectation is minimised and held at a 

constant level, the outcome response time patterns should be sigmoidal in shape reflecting a 

PPS boundary. 

Simulation Experiment 

Methods. 

Data modelling 

To predict the changes in response time patterns depending on the expectation of a tactile 

stimulus, a simple simulation-model was constructed using Matlab software (MATLAB and 

Statistics Toolbox Release 2015b, The MathWorks, Inc., Natick, Massachusetts, United States). 

The aim of this model was to gain insight into the changes of the response time pattern of an 

imaginary observer to a tactile stimulus, while considering the current location and direction of 

motion of the visual stimulus, and cue-reliability. It should be noted that the simulation model 
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is intended only to approximate observable human behaviour and does not account for or 

match the specific details of the underlying neural dynamics. We intended only to test if the 

shape of the outcome response-time patterns, and not if the absolute response times may be 

modulated by the aforementioned tactile expectation. We assume that the outcome response 

times are a result of a 2-stage serial process consisting of a detection and response stage. We 

also assume that prior expectations directly and equally influence the amount of activation in 

each of these stages.  

The data model consisted of two serial stages (see Figure 2). The first stage computes the 

latency in detecting the tactile target. It considers the direction of the motion of the visual 

distractor and its distance from the observer. It also is affected by the changing temporal 

expectation (caused by the location of the visual looming stimulus) and cue-reliability level 

(Figure 2). The second stage computes the latency required for the observer to initiate a 

response. It is also influenced by the level of expectation generated by the cue-reliability and 

the location of the visual stimulus from the observer (temporal expectation) (Figure 2).  
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Figure 2: Illustration of the model’s stages. Once the tactile stimulus is delivered, the latency for 

the tactile stimulus to be detected is computed by the Tactile Detection stage (left box). Once 

the tactile stimulus is detected, the Response Generation stage (right box) of the model 

computes the latency with which a response to the tactile stimulus is generated.  Both the 

stages are influenced by the expectation of the tactile event and cue-reliability. 

Detection Stage: In this stage, once a tactile stimulus is delivered, the time taken for the tactile 

stimulus to be detected is dependent on the time taken for the underlying somatosensory 

module (SS) and PPS multisensory module (MS) together to reach a detection threshold. The 

activity of the somatosensory module is sensitive to the temporal expectation, which is 

dependent on the distance travelled by the visual stimulus (distance travelled by the visual 

stimulus is indicative of the temporal specifics of trial) and not to its direction. The temporal 
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expectation is further modulated by the cue-reliability level or the overall probability of 

receiving a tactile stimulus. The MS module is insensitive to temporal expectation, but is 

influenced by the physical location of the visual stimulus and its movement direction. That is, if 

the visual stimulus is within the PPS zone and is moving towards the observer, the MS module 

contributes to the detection of the tactile stimulus. 

The amount of activation (generated by the combined activity of the SS module and MS 

module) is dependent on the level of tactile expectation, which follows the following rules:  

The amount of tactile expectation at a given time point is a factor of the overall probability of 

receiving a tactile stimulus (cue-reliability) for that condition and the location of the visual 

stimulus along its movement trajectory (temporal expectation) (Equation 1).  

The maximum amount of tactile expectation is determined by the cue-reliability level. 

The minimum amount of tactile expectation was calculated by dividing the maximum amount 

of tactile expectation by the number of timepoints during the motion of the visual stimulus 

where a tactile stimulus may be delivered. 

 

𝑇𝐸𝑡𝑐𝑢𝑟𝑟𝑒𝑛𝑡 = 𝐴𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ×
𝑃𝑡𝑎𝑐𝑡𝑖𝑙𝑒

100
×

𝑡𝑐𝑢𝑟𝑟𝑒𝑛𝑡

𝑡𝑡𝑜𝑡𝑎𝑙
   ---- Equation 1 

 

TEtcurrent is the tactile expectation when the tactile stimulus is delivered at timepoint tcurrent, 

during the motion of the visual distractor. Athreshold is the activation threshold in units. Ptactile is 

the percentage probability of receiving a tactile stimulus for that probability condition (cue-
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reliability). tcurrent is the current timepoint from the start of the motion of the visual stimulus. 

This is independent of the direction of the motion of the visual stimulus. ttotal is the total 

duration of motion of the visual stimulus. For example, in the condition where there is a 100% 

probability of receiving a tactile stimulus, the amount of tactile expectation varies from 14.28 to 

100, where 14.28 is the initial tactile expectation.  

As the visual stimulus moves from the starting location to the end location (irrespective of 

direction of motion), the tactile expectation varies from the minimum value to the maximum 

value of tactile expectation range for that cue-reliability level. The amount of activation in the 

somatosensory module is proportional to the tactile expectation level. The model assumes that 

100 units of activation are required to reach the threshold. The activation grows steadily at the 

rate of 0.5 units per millisecond. Based on this, given no tactile expectation, the time required 

to detect the presence of a tactile stimulus is 200 milliseconds. 

The multisensory module is sensitive to physical location of the visual stimulus and its direction 

of motion, responding to the tactile stimulus only when the visual stimulus is within a spatial 

limit with respect to the imaginary observer, while approaching the observer. The combined 

activity of the somatosensory and multisensory modules determines the time taken for the 

tactile stimulus to reach a detection threshold. That is, when both the somatosensory and 

multisensory modules are triggered, the time taken for the system to reach the detection 

threshold is lower than when only the somatosensory module is triggered. When a visual 

stimulus is within the spatial extent of the multisensory module, the model receives a boost of 

20 units of activation, thereby reducing the detection time by 40 milliseconds. The boundary of 
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this spatial extent is set to be at 40 centimetres from the imaginary observer, and conditional 

upon the stimulus approaching the observer. Therefore, in the receding condition, the PPS 

related multisensory gain is absent. 

Response Stage: After the tactile stimulus is detected by the first stage of the model, the 

response stage of the model also requires reaching a response threshold to generate the final 

response. The response preparation in this stage is set to a starting level based on the level of 

expectation of a tactile event (the response generation level behaves the same way as the 

tactile expectation level of the somatosensory module of the tactile detection stage). Once the 

tactile stimulus is detected, this initial level of response preparation rises until it reaches the 

response threshold. Therefore, a high starting level of response preparation results in faster 

response times. Like the detection stage, the response stage requires 100 units of activation to 

reach the threshold. Activation grows steadily at the rate of 0.5 units per millisecond. The 

amount of initial activation is dependent on the amount of response preparation, which follows 

the same rules as that of the somatosensory module in the tactile detection stage.  

The total time taken for the model to generate a response to the tactile stimulus is therefore 

the time elapsed between the start of the detection stage and the output of the response 

stage. In addition to the latency generated by the two stages of processing by the model (which 

indicates the time taken by the participant to initiate a motor response), an additional 150 

milliseconds is added to the final response time, to account for the time taken by the observer 

to mechanically complete the foot pedal press required to register the response. The reason for 
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this additional step is to extract response times from the model that lie in a range comparable 

to that of real human participants. 

The total duration of motion of the visual stimulus was set to 2300 milliseconds , and there 

were seven timepoints (ranging from 0 milliseconds  to 2300 milliseconds  in steps of 328 

milliseconds ) at which it was possible to receive a tactile stimulus. The visual stimulus was 

simulated to move between 0 centimetres and 90 centimetres from the subject in either an 

approaching, or receding fashion. Four ratio (cue-reliability) conditions were simulated. They 

were 100%, 75%, 50%, and 25%. No noise was added to this system, so only one simulation per 

cue-reliability condition, timepoint and motion direction was performed. 

Analysis. 

The response times obtained from running the model simulations were fitted using a sigmoidal 

and a linear curve (Figure 3). The sigmoidal fit was defined by the formula: 

 

𝑌 = 𝑦𝑚𝑖𝑛 +
(𝑦𝑚𝑎𝑥−𝑦𝑚𝑖𝑛)

1+𝑒(𝑎−𝐿)×𝑏   ---- Equation 2 

 

Y is the vector of estimated response times from the curve fitting procedure. ymin is the 

minimum response time obtained from the model simulation for that condition. ymax is the 

maximum response time obtained from the model simulation for that condition. L is the vector 

of locations of the visual stimulus at which the tactile stimulus is delivered. a and b are the 

factors estimated by the curve fitting procedure. a is the location at which the response time 
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reaches its mean value. It is treated at the location of the PPS boundary. b is the slope of the 

sigmoid curve. 

A sigmoid curve was estimated for each cue-reliability condition (100%, 75%, 50%, and 25%, 

and visual stimulus movement direction (Approaching, Receding).  

The linear fit was defined by the following function: 

 

𝑌 = 𝑚 × 𝐿 + 𝑐  ---- Equation 3 

Y is the vector of estimated response times from the curve fitting procedure. c and m are the 

coefficients estimated by the curve fitting function. c, is the intercept of the curve. m is the 

slope of the linear curve. L is the vector of locations at which the tactile stimulus is to be 

delivered. 

A total of eight linear curves were estimated for each ratio condition, and visual stimulus 

movement direction (Figure 3). Root mean square errors (RMSE, Equation 4) were calculated 

for the obtained outcome curves for each of the ratio, direction conditions, and for both the 

sigmoidal and linear fits. When comparing the estimated linear and sigmoidal fits, the fit with 

the lowest RMSE value is taken to more closely follows the obtained data. 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (𝑌�̂� −  𝑌𝑖)2𝑁

𝑖=1                           ---- Equation 4 

 The RMSE value is calculated separately for each Ratio (Cue-reliability) and Movement 

direction condition, and separately for both the sigmoidal and linear curves. Here, N equals the 
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total number of data-points used in each curve (N = 7 in our simulation, as RTs from 7 different 

locations of the visual stimulus were used). 𝑌�̂� is the RT (response-time) at a location i as 

estimated by the curve-fitting procedure, 𝑌𝑖  is the RT at location i as obtained from the 

simulation model. 

 

Figure 3: Data output of the model for different movement directions and ratio conditions. The 

best fitting curve is fitted onto the data points. The sigmoidal curve is the best fit only for the 

Approaching Ratio 25 and Approaching Ratio 50 conditions. 

Results and Discussion. 

A value of the RMSE for each curve indicates how closely the fitted curve follows the given 

data. Therefore, to understand which curve was a better fit for each ratio and direction 

condition, the RMSE values obtained for the sigmoidal and linear curve were compared (Table 

1). As expected, the sigmoidal fit improved as the overall probability of tactile stimulation 

decreased. Only in the Approaching condition for Ratios 50 and 25, was the sigmoidal curve a 
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better fit: the RMSEs for the sigmoidal curves for these conditions were lower than the RMSEs 

for their corresponding linear curves. 

Ratio 25 50 75 100 

Approachin

g 
Sigmoidal 3.52 4.86 6.80 8.04 

 Linear 5.60 5.80 5.89 5.80 

Receding Sigmoidal 2.59 4.58 6.86 8.70 

 Linear 0.65 0.65 0.58 0.65 

 

Table 1: The RMSE values for the sigmoidal and linear curves fitted for each of the movement 

directions and ratio conditions simulated by the model. The curve with the lower error RMSE 

explains the data for that condition better.  

From this simulation, it appeared that reducing tactile expectation to 50% was sufficient to 

bring forward the sigmoidal pattern of RTs assumed to be driven by multisensory interactions 

within the PPS. It must be mentioned, however, that by changing the amount of multisensory 

PPS contribution in the model (say for example from 20 units to 40 units), the number of tactile 

absent trials required to bring out the sigmoidal nature of the RTs also changes. Specifically, 

when the contribution of the PPS is higher, the number of the tactile absent trials required to 

reduce the effects of the tactile expectation becomes lower.   
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The aim of this simulation was to check whether increasing tactile expectation levels during the 

course of a trial could influence responses to multisensory stimulus in PPS. The actual ratio of 

tactile present trials necessary to cause the emergence of this effect in behaving humans can 

only be gleaned with experimental evidence. The following experiment was performed to test 

this hypothesis. 

 Experiment 1 

Methods. 

Participants: Fifteen subjects between the ages of 18 and 30 were tested (Mage = 22 years, SD 

= 3.3, 12 females, 13 right-handed, 2 left-handed). All had normal or corrected-to-normal 

vision. The experiment was performed according to the ethical guidelines laid down by the 

Declaration of Helsinki. The local ethical committee of the Faculty of Social and Behavioural 

Science, Utrecht University also approved the study. All the participants gave their informed 

consent prior to their participation in the study. 

Stimuli and Apparatus: The tactile stimulus was a 100 milliseconds  200 Hz vibration by a vibro-

tactile motor (Precision Microdrives, Model: 308-100) that was attached to the distal phalanx 

on the back of both their left and right index fingers. The visual stimulus was a red dot with a 

diameter of 5 cm. The background of the screen was black in colour. The visual stimuli were 

displayed on large screen monitor (Philips BDT5530EM/06) lying flat on a table in front of them 

(see Figure 4). The screen was 122 x 68 centimetres. 
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Figure 4: A schematic depiction of the experimental setup. 

 

Procedure: The experiment took place in a darkened room in the Experimental Psychology lab 

at Utrecht University. Each subject was seated in front of the screen where the visual stimuli 

were displayed. The head rested on a chin rest at a height of 18 centimetres from the screen to 

maintain a consistent viewing height across all participants. They were instructed to place their 

hands on the edge of the monitor that was closest to them, such that each of their index fingers 

were 12 centimetres along the length of the screen (see Figure 4). Prior to the start of a block, 

an indicator dot was presented on each side of the screen at this distance, and participants 

were instructed to cover this dot with their index fingers. This ensured all participants 

consistently placed their fingers at the correct distance. Responses were given by depressing 

the foot-pedal with the right foot when they detected a tactile target on the left or the right 

hand. In this position they performed three blocks, each pertaining to a specific cue-reliability 

condition. The number of catch trials (no tactile target) was varied in each block. The order of 
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the conditions was counterbalanced across subjects. In all other respects the stimuli and 

procedure remained the same. 

Each trial began with the presentation of the visual stimulus on a black background appearing 

either at the far end of the screen (90 centimetres away from the tip of the index finger) or at 

the near end of the screen near the index finger (0 centimetres from the tip of the index finger), 

on the left or the right side of the screen (13.25 centimetres from the body midline). The visual 

stimulus remained there for a variable period between 400-800 milliseconds after which it 

started moving. If the dot was presented at the far end of the screen, it moved towards the 

subject’s left or right finger in a straight line, and vice versa. Visual stimuli did not cross the 

midline of the screen during movement and only moved towards the finger at the same side as 

the visual stimulus. 

From the start of the trial, there were seven locations in depth at which a tactile target could be 

delivered. In two conditions the tactile stimulus was delivered when the stimulus was 

stationary at the far or the near end of the screen (Lfar and Lnear, respectively). The purpose of 

these two locations was to encourage subjects to monitor the tactile modality throughout the 

duration of the trial. The visual locations of interest were L1-L5, and tactile stimuli were 

delivered during the motion of the visual stimulus. On any target present trial, only one tactile 

stimulus could be delivered. Each location at which a tactile stimulus could be delivered was 

separated by 15 centimetres on the screen (distances ranged from 75 to 15 centimetres from 

the tip of the index finger, in steps of 15 centimetres). The total duration of visual motion was 

always 2300 milliseconds . 
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Within each cue-reliability block (henceforth called the ratio block for brevity), there were two 

direction conditions (approaching, receding), seven locations of the visual stimulus in depth at 

which the tactile stimuli may be delivered, two laterality conditions (left, right), and two target 

conditions (tactile-target present, tactile-target absent). The conditions were presented in a 

random order. 

Based on the ratio, the total number of trials in the block varied. In each of the ratio blocks, 

each condition (two directions, seven visual locations, and two laterality conditions) was 

repeated approximately three times (the total number of trials per condition were rounded up 

to ensure a perfect ratio distribution). The experiment yielded a total of 168 conditions (3 

ratios, 2 directions, 7 locations, 2 laterality, 2 presence/absence of tactile stimulus). 

The 25% ratio condition contained 84 target present and 252 catch trials, the 50% ratio 

condition contained 112 target present trials and 112 catch trials and the 75% ratio condition 

contained 84 target present trials and 28 catch trials. After every 112 trials the participants 

received a two-minute break. As a result, there were two breaks in 25% ratio condition (3 sub-

blocks), one break in the 50% ratio condition (2 sub-blocks), and no break in the 75% ratio 

condition (1 sub-block). Before the start of a ratio block, a practice block of 15 trials was 

presented to acclimatise the subject to the ratio contingency. No explicit instructions regarding 

the ratio were given. The subjects wore headphones with continuous white noise playing to 

mask the sound of the vibrating motors. The entire experiment took approximately 45 minutes. 
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Results and Discussion 

Data Analysis. 

Accuracy: All subjects had less than 10% false alarms during catch trials (M = 6.3%, SD = 0.82%). 

The number of missed presses in the Lnear and Lfar conditions were also analysed. Subjects 

missed less than 15% of tactile targets on target present trials (Lnear: M = 3.6%, SD = 2.71%, Lfar = 

M = 5.16%, SD = 3.4%). All subjects missed less than 10% of the total amount of trials (M = 3%, 

SD = 1.647%). All subjects were therefore included for further analysis. 

Response times: The median response times per subject for each ratio, direction, laterality and 

location condition (L1 to L5) was calculated (see Figure 5). The response times of all subjects fell 

within three standard deviations of the group mean. 

The laterality condition was collapsed onto a single factor for each subject. The average 

response times per subject for each ratio, direction and location condition were fed into a 3 x 2 

x 5 Repeated Measures ANOVA. The factors were Ratio (75%, 50%, 25%), Direction 

(approaching, receding), and visual Location during tactile stimulation (L1-L5).  

There was a main effect of Ratio [F(1.86, 26.06) = 15.488; p < 0.001, np2 = 0.525]. Pairwise 

comparisons between the three ratio conditions revealed a significant difference between all 

conditions. RTs in the 50% condition (M = 436.25, SD = 55.58) were significantly faster than in 

the 25% condition [(M = 456.35, SD = 59.33) (Mean difference = -20.10, t(14) =-2.779, p = 

0.029). RTs in the 75% condition 75 (M = 413.52, SD = 50.006) were significantly faster than in 

the 50% condition (Mean difference = -22.7,  t(14) = -2.787,  p = 0.028). And, the 75% was faster 

than the 25% condition (Mean Difference = -42.7,  t(14) = -5.566, p < 0.001). The results 
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indicated that the response times for ratio 75 were the shortest and increased steadily as the 

number of catch trials in the block increased. (RTs: Ratio 75 < Ratio 50 < Ratio 25). We expect 

that, as the expectation to receive a tactile stimulus is higher in the higher ratio conditions, the 

preparation to respond would also have been higher in these conditions resulting in RTs in the 

higher ratio conditions being faster. 

The effect of location was significant [F(2.38, 33.38) = 10.99; p < 0.001, np2 = 0.440]. RTs 

increased with the distance from the subject (Table 2).  Post hoc comparisons, corrected for 

multiple comparisons, showed some significant differences. RT15 < RT60 (Mean difference = -

17.11, t(14) = -3.992, p = 0.002). RT15 < RT75 (Mean Difference = -24.1, t(14) = -5.624, p < 

0.001), RT30 < RT75 (Mean difference = -21.68, t(14) = -5.06, p < 0.001). 

There was a significant interaction between ratio and direction [F(1.53, 21.42) = 15.47; p < 

0.001, np2 = 0.525], and between direction and location (F(2.42, 33.95) = 17.37; p < 0.001, np2 

= 0.553). As the goal of the study was to understand the nature of the tactile response time 

patterns with respect to visual stimulus location for every ratio condition and motion direction, 

we did not further analyse the interaction effects. Instead, we deferred their interpretation to 

the curve fitting procedure. 
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Distance  Mean Std Dev 

 

15 centimetres 420.05 53.87 

30 centimetres 422.47 54.55 

45 centimetres 431.59 58.63 

60 centimetres 437.16 52.05 

75 centimetres 444.16 52.71 

 

Table 2: The mean and standard deviation values for the response times to the tactile stimulus 

at different locations of the visual stimulus.  
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Figure 5: Average response times to the tactile targets at different locations of the visual 

stimulus during motion, along with their best fitting functions. For the approaching condition at 

ratio 25 and 50, the sigmoidal fit is the best representation of the data. The linear fit is the best 

representation for the rest of the conditions. The error bars for each condition were created by 

calculating the standard error of the mean after correcting for between-subject differences in 

the scores. 

Curve Fitting: For this procedure, each participant’s response times obtained during the motion 

of the visual stimulus (L1-L5) were submitted into a curve fitting procedure. In this process, the 

best fitting sigmoidal and linear curves were fit to the median response times of each subject, 

for every ratio and direction condition. The equation used for the sigmoidal and linear curves 

are found in Equation 2 and 3, respectively. 
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To compare the fits of the sigmoidal and linear curves for each condition, t-tests on the RMSE 

values obtained for each pair of sigmoidal and linear curves were performed (Equation 4). 

Testing the RMSE values for the sigmoidal and linear curve pairs for the individual conditions 

allowed us to index which of the two models was a better fit for each condition. The curve that 

results in the significantly lower RMSE value is the better fit for that condition. To test this, we 

first compared for each condition, if the RMSE values for the sigmoidal and linear fits differed 

significantly. If that was the case, we proceeded to check which of the two fits had the lower 

RMSE value and therefore was the better fit. 

Significant differences in RMSE were found between the linear and sigmoid fits only in the 

approaching condition for the 50% ratio (Mean difference = -2.139, t(14) = -2.78, p = 0.015) and 

ratio 25% (Mean difference = -1.574, t(14) = -2.3, p = 0.03). The sigmoid-RMSEs were 

significantly lower for these two ratio conditions (Approaching Ratio 50 RMSE: MSigmoid = 19.4, 

SD = 14.2, MLinear = 21.5, SD = 13.7; Approaching Ratio 25 RMSE: MSigmoid = 22.04, SD = 12.74, 

MLinear = 23.6, SD = 12.46). There were no differences between the RMSE values for the linear 

and the sigmoid fit in the 75% condition for both approaching (Mean difference = 2.9, t(14) = 

0.54, p = 0.59) and receding directions (Mean difference = 0.40, t(14) = 0.35, p = 0.73). Also for 

the 25% and 50% ratio receding curves, there were no differences between the RMSEs for the 

sigmoidal and linear fits (Receding Ratio 25:  Mean difference = 0.56, t(14) = 0.27, p = 0.79; 

Receding Ratio 50: Mean difference = 5.6, t(14) = 1.21, p = 0.24).  

To test if the midpoint of the sigmoid (reflecting the boundary of the PPS representation) 

differed between ratio conditions, we tested the boundaries for those conditions in which the 
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sigmoidal curve was a better fit. There were no significant differences between the midpoints 

of both curves indicating that the boundary of PPS remained the same despite the probability 

of overt tactile expectation (Ratio 25: M = 47.15 centimetres, SD = 8.6, Ratio 50: M = 41.20, SD 

= 6.6, p > 0.05). 

The results of the current experiment revealed that only in the approaching condition for ratios 

50% and 25%, was the sigmoidal curve a better fit than the linear curve. For the approaching 75 

ratio condition, the fits of the sigmoidal and linear curves did not differ and the linear model is 

sufficient to explain the data.  

For the receding condition, for all ratios, there were no significant differences between the fits 

of the linear and sigmoidal curves, therefore, making the fit of the linear model the default 

explanatory function for the data. 
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General Discussion 

The aim of this study was to investigate the role of tactile expectation on PPS related visuo-

tactile processes. To do so, the shape of the response time curves to tactile-targets, as a visual 

stimulus approached or receded from the site of tactile stimulation, were compared between 

three different cue-reliability conditions. The reason for this manipulation is that tactile 

expectation would be low at the start of the stimulus motion, and increase linearly as the 

stimulus reaches the end of its trajectory. Therefore, to manipulate tactile expectation, we 

varied cue-reliability, or the probability to receive a tactile stimulus during a trial. In conditions 

where we wanted tactile expectation to play a role, we set cue-reliability at a high level (75%). 

When we wanted to limit the influence of tactile expectation, a low level of cue reliability was 

used (50%, or 25%). It was expected that non-predictive and counter-predictive cues could 

reduce the overall level of tactile expectation and keep them at a more uniform level during the 

course of the trial. 

First, we used simulated data from a model that accounted for the interplay between PPS 

modulation on multisensory interactions, and tactile expectation. It was observed that when 

the visual stimulus approached the subject, the resulting response time pattern was linear (with 

a high slope) when tactile expectation was high. These results indicate that the linear effect of 

tactile expectation on RTs masks any multisensory effects of the PPS space. When tactile 

expectation was reduced, and maintained at a constant level throughout the motion of the 

visual stimulus (by using low cue-reliability), the visuo-tactile interactions specific to the PPS 

remained. In other words, during low cue-reliability conditions (50% and 25% chance of a tactile 



85 

 

target), the pattern of the response times was better explained by a sigmoidal function than a 

linear function. In the receding conditions, at all cue reliability levels, the linear function was a 

better fit. 

To test the predictions of the model, an experiment was conducted with human participants, in 

which they had to respond to a tactile stimulus delivered to their left or right finger-tip while a 

task-irrelevant dynamic visual stimulus either approached or receded from them. The tactile 

stimulus was delivered at one of several timepoints during the motion trajectory of the visual 

stimulus or not at all during catch trials. To induce different ranges of tactile expectancies 

across different blocks, the visual cue-reliability was varied across blocks (Ratio: 75%, 50%, 

25%). In accordance with the simulation, the RT pattern in the behavioural data was better 

explained by a sigmoidal function, but only in the approaching condition, for the 50% and 25% 

ratios. In the receding conditions, our behavioural data did not show any PPS related 

multisensory modulations, which is in line with the observation that PPS is mainly responsive to 

stimuli approaching the body (e.g., Graziano et al., 1997). Overall, the behavioural findings were 

in line with our model suggesting that tactile expectation can strongly influence the pattern of 

response times to multisensory stimuli within the PPS. 

Based on the seminal work of Graziano and colleagues (Graziano & Cooke, 2006) one of the 

functional roles of the PPS space network is to support object avoidance while navigating the 

environment. Therefore, PPS may be seen as a part of a larger defensive network, whose outer 

spatial boundary is the flight zone. While the encroachment of the flight zone by a threatening 

object may result in fleeing behaviour, the intrusion into PPS should result in a defensive 
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response specific to the endangered body part. Seen in this light, in most cases, the PPS action 

might be limited to very sudden onset events occurring in proximal space, which require quick 

and automatic motor responses. Had the intrusion been detected sooner, the agent might 

either choose to flee the situation in the presence of real danger, or overtly modify his motion 

path to avoid contact. 

One could wonder what the role of PPS is when the effects of tactile expectation are so evident 

in response times patterns during predictable visual motion towards the body. However, when 

the abrupt appearance of an object triggers an avoidance action (typical to PPS), it is reasonable 

to assume that tactile expectation is absent. Therefore, tactile expectation would not influence 

PPS related multisensory interactions and motor output in such cases. In contrast, there are 

also many situations where one might need to engage with looming objects that will eventually 

encroach the PPS (catching a ball, or responding to tactile stimuli in this experiment, for 

example). In these situations, the stereotypical protective actions of PPS need to be supressed 

so that the goal-specific motor output may be initiated. It is in these situations that tactile 

expectation is likely to affect PPS space related sensory-motor processes. 

Previous studies have shown that the subjective hazard rate (the conditional probability that an 

event will occur given that it has not yet occurred after accounting for the uncertainty in time 

perception) of the upcoming stimulus is a factor that greatly influences the anticipation of the 

stimulus (Bueti, Bahrami, Walsh, & Rees, 2010; Janssen & Shadlen, 2005).  

The objective hazard rate of the stimuli in our study is given by equation 5.  

ℎ(𝐿) =  
𝑃𝑡𝑎𝑐𝑡𝑖𝑙𝑒

𝐿𝑇𝑜𝑡𝑎𝑙 – 𝐿+1
  ---- Equation 5 
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Here, h(L) is the hazard rate at location L, and LTotal is the total number of locations where the 

tactile stimulus may be delivered. Ptactile is the overall probability of receiving a tactile stimulus 

in the trial. The objective hazard rates in our study in the 100% condition (including the static 

locations) therefore are 1/7, 1/6…. 1/1, which are non-linear in relationship. However, the 

behavioural response times where tactile expectation plays a role (for example, in the ratio 75% 

condition) seem to be linearly changing in our study. As our subjects’ temporal expectation is 

additionally informed by the location of the looming stimulus, which is less permeable to 

perceptual biases, a mathematical description of the subjective hazard rates, which are 

expected to directly influence tactile expectation, are more difficult to arrive at in our study. In 

the absence of this information, a linear approximation seems to fit the behavioural outcomes.  

It must also be noted that given our design, it is difficult to disentangle the different sources of 

influence that tactile expectation provides. For instance, the expectation of the vibro-tactile 

stimulus may have directly influenced tactile processing (as seen in the case of Haegens et al., 

2011) and/or motor preparation. Their action was modelled in the simulation as being additive 

in nature. 

Our results demonstrate that the response to multisensory stimuli in PPS is influenced by the 

changing tactile expectation levels that accompany a looming stimulus. By reducing the cue-

reliability levels, we could maintain the level of tactile expectation at a relatively low, and 

constant level. In this case, the multisensory interactions within the PPS became visible in the 

outcome response times patterns of subjects. Therefore, future studies interested in 

delineating the boundary of PPS using multisensory interactions might benefit from using a low 
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cue-reliability level to filter out the unwanted effects of tactile expectation on multisensory 

response times. This method has the drawback of lengthening the experiment due to the 

addition of a large number of catch trials that are uninformative to the study’s aims. But, such a 

curve fitting procedure does offer the advantage of demonstrating the boundary between two 

spatial zones. However, when testing additional properties of the PPS boundary for body parts 

that have already shown to possess such a boundary in previous studies, a more economical 

approach would be to use the paradigm used by Noel and colleagues (Noel et al., 2015; Serino 

et al., 2015).  

In these studies, the basic experimental task is like the one used in this study. However, instead 

of looking for evidence of a boundary using mathematical functions during the analysis, the 

authors look for evidence of multisensory response enhancements at different locations from 

the body by using a tactile-only condition as a baseline. The drawback of this method is, 

however, that it cannot demonstrate that the change between the physical locations (where 

there is multisensory enhancement versus where there is none) is non-continuous in nature. 

That is, even if there is a linearly changing relationship between visual stimulus location and the 

response time, this method will likely indicate the presence of the boundary. Therefore, we 

believe that it might be best to reserve this method for body parts where a more vigorous 

method such as the one used in this study and previous studies has previously demonstrated a 

multisensory boundary for PPS (Canzoneri et al., 2012; Ferri et al., 2015; Taffou & Viaud-

Delmon, 2014). 
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In conclusion, tactile expectation and multisensory interactions in PPS may both play an 

important role in anticipating and responding to objects that may approach the body. As 

demonstrated here, their relative contributions likely depend on the nature and the 

expectation of the interaction. 
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Abstract 

 

Peripersonal space (PPS) is a neuronally represented region that is responsive to looming 

stimuli (auditory, visual) near the body and tactile stimulation of the skin. The aim of this study 

is to understand the nature of visuo-tactile integration within the PPS in behaving humans. 

Specifically, we first investigated the boundary of PPS using a behavioural response time 

paradigm and then tested whether response enhancement within PPS was due to multisensory 

integration or statistical facilitation when a combination of moving visual and tactile stimuli 

were presented close to the body. We used a redundant target effect paradigm, where subjects 

provided speeded responses to visual stimuli, tactile stimuli, and the combination of visual and 

tactile stimuli. Visual stimuli were presented at one of five distances from the subject (10, 30, 

50, 70, 80 centimetres from the tip of the index finger) and moved 10 centimetres towards the 

subject. Tactile stimuli were short vibrations presented on the tip of the index finger. By 

analysing the response times (RT) in the tactile, visual, and visuo-tactile conditions separately, 

we aimed to identify a boundary of the PPS. The results indicate that RTs in the visual and 

visuo-tactile condition were faster in proximal space (under 50 centimetres from the hand). 

This supports previous findings regarding the size of hand-centred PPS, and that PPS is sensitive 

to the distance of both visual-only and visual-tactile stimuli. Next, by using  race model analysis, 

we found evidence for visuo-tactile integration at most of the locations within the PPS 

boundary. In sum, our results indicate the boundary of hand-centred PPS is around 50 cm in 

depth in front of the individual, and that response time facilitation within PPS can be attributed 

to the integration of visual and tactile stimuli. 
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Introduction 

Our ability to combine sensory input from different sensory modalities is important for many 

aspects of our daily behaviour. It is because of multisensory integration that we can perceive, 

for example, that the physical sensation of clapping our hands together, and the sound that 

accompanies the action as belonging to the same event. 

An important brain area for multisensory integration is the superior colliculus (SC). In this area, 

visual, auditory, and tactile stimuli are combined provided certain prerequisites are satisfied. 

The integrative properties of the SC depend upon both spatial and temporal coincidence of the 

bimodal (or trimodal) stimuli (see Meredith, Nemitz, & Stein, 1987; Meredith & Stein, 1986; 

Spence, 2013; Stein & Meredith, 1993 for information about the spatial and temporal 

coincidence rules for multisensory integration to take place).  

Much of what we know about the nature of integration of simple stimuli originating from our 

primary senses has been gleaned from the study of the SC. For instance, several studies have 

shown that in the individual neurons of the SC, the presentation of two stimuli from different 

senses results in a response that is equal to or greater than the response to the individual 

senses alone (Meredith & Stein, 1986; Wallace, Meredith, & Stein, 1998). The aim of this 

enhancement is to presumably alter to stimulus salience and perceptual reliability to effect 

behaviour and detection (Alvarado, Vaughan, Stanford, & Stein, 2007; Ernst & Banks, 2002).  

Other than the SC, multisensory neurons are found in additional regions of the brain that 

constitute the peripersonal space (PPS) network. This network comprises of the putamen 

(Graziano & Gross, 1993), regions within the posterior parietal cortex, in particular the ventral 
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intraparietal area (Cooke, Taylor, Moore, & Graziano, 2003), and the ventral premotor cortex 

(Graziano, Hu, & Gross, 1997), amongst others. This PPS network specialises in detecting stimuli 

that are proximal to the body, and in initiating stereotypical responses to interact with these 

objects (Graziano & Cooke, 2006).  The majority of the neurons within this network are 

multisensory, responding mainly to moving visual stimuli near the body, and tactile stimuli 

(Duhamel & Colby, 1998; Duhamel, Colby, & Goldberg, 1998; Graziano, Hu, & Gross, 1997; 

Rizzolatti, 1997; Rizzolatti, Scandolara, Matelli, & Gentilucci, 1981). Most importantly, these 

neurons do not respond to visual stimuli that lie outside a small spatial zone surrounding the 

body. Parallels to these neurophysiological findings can also be found in behavioural studies 

(Serino, 2019; Van der Stoep, Nijboer, Van der Stigchel, & Spence, 2015; Van der Stoep, Serino, 

Farnè, Di Luca, & Spence, 2016). For instance studies have found that visual stimuli that predict 

tactile contact enhance tactile processing (Clery, Guipponi, Odouard, Wardak, & Ben Hamed, 

2015; Kandula, Hofman, & Dijkerman, 2015).  

An interesting property of this network is that it codes objects in relation to the body part that 

they are close to, and not according to their location in the visual field (Avillac, Denève, Olivier, 

Pouget, & Duhamel, 2005). Additionally, these neurons are sensitive to looming stimuli (Colby, 

Duhamel, & Goldberg, 1993;  Graziano, Hu, & Gross, 1997). For similar effects in the audio-

visual domain see Cappe, Thelen, Romei, Thut, & Murray, 2012; Cappe, Thut, Romei, & Murray, 

2009, 2010. 

Surprisingly, although many properties of the PPS network have been studied in the 

neurophysiological studies in the past, very little is known about the multisensory properties of 
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the PPS network in the presence of simultaneous multisensory information. One study in 

macaques (Avillac, Ben Hamed, & Duhamel, 2007) which looked at the distribution of neurons 

in the VIP, found more depressive neurons (bimodal responses slightly lower than the best 

unimodal response) than enhancement neurons (bimodal responses slightly higher than the 

best unimodal response). The authors reported that proportion of additive neurons in the VIP 

was lower than what was commonly reported for the SC (Avillac, Ben Hamed, & Duhamel, 

2007).  

Considering the sensitivity of PPS to stimuli that are still approaching the body, and therefore, 

not yet in contact with the body, a contrast between the multisensory properties of the PPS 

network and those of the SC may be expected. While PPS neurons are multisensory, and 

respond to stimuli from multiple modalities, even when presented in isolation, they might 

preferentially respond to only one of the modalities when the stimuli are presented 

simultaneously (thereby not summing the responses to stimulation of multiple senses when 

presented together).  

The possibility of such a mode of operation becomes plausible once the function of the PPS 

network is considered closely. When sufficient activity is evoked within this network, 

researchers observed that monkeys exhibited stereotypical responses that aimed at protecting 

the body part represented by the stimulated sub-network (Cooke & Graziano, 2003). This 

property has allowed researchers to suggest threat avoidance to be one of the major functions 

of this network. These defensive responses are triggered when the threat is still imminent 

(represented by a looming visual stimulus), or when contact has already occurred (represented 
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by a tactile sensation when the offending object may not still be in view) (Graziano & Cooke, 

2006). This makes it possible that this network is required to operate when the threatening 

events are represented by information from a single modality, thereby obviating the need for a 

truly integrative mode of operation. 

In contrast, the bulk of neurons in the SC have been seen to alter their response in the presence 

of the multisensory stimuli. When stimuli from different sensory modalities are presented 

together, SC neurons have been observed to exhibit additivity, super-additivity, or sub-

additivity. That response to multisensory stimuli is often different from the response to the 

unisensory component stimuli presented in isolation. 

This possible contrast of multisensory behaviour between the SC and PPS leads to the 

possibility that the PPS network represents the imminent tactile event (looming stimulus), or 

the presently occurring tactile event, but responds selectively to the tactile stimulus in the 

presence of both (when the visual stimulus is still visible after making contact). If this is the 

case, the response to the bimodal event will not be greater than the response of the tactile-

only event. Alternatively, it is possible that the network, like the SC, takes advantage of bimodal 

stimuli when present and enhances their representation. If this is the case, the response to the 

bimodal event will be greater than the response of the tactile-only and visual-only events.  

While multisensory properties of several neuronal regions have been first demonstrated using 

single cell recordings in awake animals, multisensory integration has also been demonstrated in 

behaving humans using behavioural paradigms. One such behavioural paradigm commonly 

used to look for evidence of integration of multisensory stimuli is called the redundant target 
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effect paradigm (Forster, Cavina-Pratesi, Aglioti, & Berlucchi, 2002; Gondan & Minakata, 2016; J 

Miller, 1982; J Miller, 1986; Otto, Dassy, & Mamassian, 2013). In this paradigm, subjects are 

asked to respond to unisensory (for example visual or tactile stimulus in separate trials), and 

multisensory stimuli (both visual and tactile stimuli in the same trial). In behavioural response 

time tasks, responses to multisensory stimuli are generally faster than the fastest unisensory 

response. This may be either due to statistical facilitation of the response times or due to the 

integration of the information from both the senses. Statistical facilitation is the observation 

that the faster of two stimuli is detected faster than the average of the individual stimuli 

(assuming overlapping distributions of RTs for the unisensory conditions). To disentangle these, 

the cumulative distributive functions (CDF) of the response times (RTs) to multisensory stimuli 

are compared to the sum of the CDFs in the unisensory conditions. If the probability of a 

response time in the multisensory condition is higher than the summed probability of the 

unisensory conditions for that same response time, then this indicates that an interaction 

between the senses must have occurred. In practice, by setting a theoretical lower limit to 

enhanced multisensory response times, (popularly known as the race-model inequality), we can 

tease statistical facilitation and multisensory integration apart. (See Miller, 1982 to learn more 

about the rationale behind the race model analysis). 

Some studies using humans to investigate properties of the PPS, have used the multisensory 

capabilities of the PPS neurons to delineate its boundary of activity (Canzoneri, Magosso, & 

Serino, 2012; Ferri, Tajadura-Jiménez, Väljamäe, Vastano, & Costantini, 2015; Serino, Noel, 

Galli, Canzoneri, Marmaroli, Lissek, & Blanke , 2015; Taffou & Viaud-Delmon, 2014; see Van der 

Stoep, Nijboer, Van der Stigchel, & Spence, 2015; Van der Stoep, Serino, Farnè, Di Luca, & 
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Spence, 2016). These studies utilise looming auditory stimuli and deliver tactile stimuli on a 

body part (whose PPS boundary is being investigated) during the motion. Response times to the 

tactile stimuli are then sorted with respect to the physical location of the looming stimulus at 

the time of the tactile stimulus, and then averaged for each subject. Due to the activation of the 

PPS neurons, RTs to tactile stimuli that are delivered when the looming stimulus is within the 

PPS boundary are expected to be shorter. A sigmoidal function can then be fitted to these RTs 

to test if a boundary of peripersonal space can be found (Canzoneri, Magosso, & Serino, 2012; 

Ferri, Tajadura-Jiménez, Väljamäe, Vastano, & Costantini, 2015; Kandula, Stoep, Hofman, & 

Dijkerman, 2017; Noel, Grivaz, Marmaroli, Lissek, Blanke, & Serino, 2015). 

However, what these studies cannot yet explain is whether this response time facilitation that 

is seen especially within the boundary of the PPS is caused by the multisensory integration of 

sensory input within the PPS. This current study therefore aims to answer this question using a 

human behavioural paradigm. That is, we investigated whether static tactile targets were 

integrated with looming visual stimuli that were presented at five different distances from the 

observer’s hand. By using a redundant target paradigm, with looming visual stimuli presented 

at different distances from the observer, we were able to conduct a race model inequality 

analysis to test for multisensory integration at each of these distances.  

Secondly, we also repeated the analyses performed by many behavioural response times 

paradigms to establish a boundary of the hand-centred PPS by examining the RT patterns found 

in the experiment. Since the PPS network responds to looming stimuli within its zone, there 

should be a reduction of RTs to the looming visual stimuli presented within the hand-centred 
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PPS. As mentioned earlier, this marked change should follow a sigmoidal function for the 

average RTs across the five distances for each subject separately. A similar pattern of RTs across 

distance was expected for visuo-tactile stimuli. 

Thus, we combined two analyses to (1) test for a boundary of the PPS by examining the pattern 

of response time change to stimuli presented at different distances. (2) And then we check for 

evidence of multisensory integration (MSI) within PPS. If there is evidence of MSI within the PPS 

(obtained by the second analysis), then this indicates that the multisensory activity of PPS may 

be integrative in nature. If no MSI is found within the PPS region, this suggest that the PPS 

responds mainly to imminent tactile events. That is, a looming visual stimulus is only a pre-

tactile stimulus, and when both stimuli are present together (a looming stimulus combined with 

the touch), the PPS responds selectively to one of them.  

Experiment 

Methods. 

Participants: Twenty-one participants between the ages of 18 and 35 were tested (M  = 24.04 

years, SD = 3.73, 8 males, 4 left handed). All participants had normal or corrected-to-normal 

vision. The experiment was approved by the faculty’s local ethical committee (FETC15-073). All 

participants gave their informed consent prior to their participation in the study. 

Stimuli and Apparatus: The tactile stimulus was a 200 Hz vibration delivered by a vibrotactile 

motor (Precision Microdrives, Model: 308-100) that was attached to the distal phalanx on the 

back of both their left and right index fingers. The duration of the stimulus was 100 milliseconds 

. The visual stimulus was a grey dot that could be displayed at one of five distances from the tip 
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of the subject’s index finger (L1 to L5: 10, 30, 50, 70, 80 cm). The size of the dot varied with the 

distance from the subject to keep the visual angle consistent (2.5 degrees). The background of 

the screen was black in colour. The visual stimuli were displayed on a large monitor (Philips 

BDT5530EM/06) lying flat on a table in front of them (see Figure 1). The screen dimensions 

were 122 x 68 cm. See Figure 1 for a schematic overview of the setup. Participants had to 

respond using a foot-pedal. 

 

Figure 1: A schematic depiction of the experimental setup. B. Top view of the monitor. The visual 

stimulus travels 10 cm towards the subject (adapted from Kandula, Van Der Stoep, Hofman, & 

Dijkerman, 2017). 

Procedure: The experiment took place in a darkened room in the Experimental Psychology lab 

at Utrecht University. Each subject was seated in front of the screen where the visual stimuli 

were displayed. The head of the participants rested on a chin rest at a height of 18 cm from the 

screen to maintain a consistent viewing height across all participants. Within each block, only 

one hand was placed on the screen halfway across its width (34 cm), on the edge of the 

monitor that was closest to the participant. The hand was placed such that the index finger was 
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15 cm along the length the screen (see Figure 1). Prior to the commencement of a block, both 

the laterality of the hand that needed to be placed on the monitor, and the location on the 

screen where the index finger of the hand needed to be placed, were indicated to the 

participant through on-screen instructions. The location of the finger was indicated by the 

presentation of a dot at the correct location, and participants were instructed to cover this dot 

with the appropriate index finger. This ensured that all participants consistently placed their 

fingers at the correct location. Responses were given by depressing a foot-pedal with the right 

foot when participants detected the stimuli. In this position, they performed four blocks. In half 

of the blocks the left index finger was stimulated and the other half the right index finger3.  

The visual stimulus could be presented at one of five distances from the subject’s finger-tip (L1 

to L5). Once the visual stimulus was presented, the subject was instructed to fixate at its 

location. After a variable duration of 800 to 1100 milliseconds , one of the following events 

would happen. (1) Visual movement condition (V): The visual stimulus would move 10 cm 

towards the subject for a duration of 200 milliseconds .  (2) Tactile condition (T): The visual 

stimulus remained still at its location, while a tactile stimulus was delivered on the active hand 

for a duration of 100 milliseconds . (3) Visual-Tactile condition (VT): Both V and T stimuli would 

start simultaneously. That is, a tactile stimulus was delivered on the active hand and the visual 

stimulus would move towards the subject in  a manner similar to the visual movement 

 
3 The stimulated hand was switched between blocks only to ensure that tactile sensitivity did 

not vary based on the handedness of the subject. Laterality, therefore, was not a factor of 

interest. 
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condition (4) Catch trial (C): The visual stimulus remained in its location and no movement or 

tactile stimulus occurred. 

Subjects were instructed to press the foot pedal with their right foot as soon as they detected 

visual motion or a tactile stimulus. Therefore, in the catch trial condition, as neither of the two 

events occurred, the subjects had to withhold their response. Each condition was repeated 12 

times per hand. The stimulus conditions (V, T, VT, Catch) were presented in random order. The 

experiment consisted of four blocks presented in a randomised order. The experiment 

consisted of in total 420 trials (5 (location) x 3 (modality) x 2 (hand) x 12 (repetition) = 360 + 60 

catch trials (20 per modality) = 420 trials). These trials were divided into 4 blocks of 105 trials 

each. Each block was followed by a break of 5 minutes. 

The subjects wore headphones with continuous white noise playing to mask the sound of the 

vibrating motors. The entire experiment took approximately 40 minutes. 
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Results and Discussion. 

Accuracy: The number of hits, misses, and false alarms were analysed for each participant and 

each condition. The correct response rate (non-catch trial response) was 98% (SD = 8.2%). Catch 

trials were correctly rejected by participants 93.34% (SD = 5.75%). One subject had missed 

more than 30% of the target present trials and was therefore excluded from further analysis. 

This subject did not respond to 21% of the trials in the VT condition, 47% of the trials in the V 

condition and 35% of the trials in the T condition. 

Response Times: The median response time (RTs) was calculated per subject per modality (VT, 

V, T) and distance (L1 to L5). Two subjects whose RTs fell more than two standard deviations 

outside the group mean (M = 378.73, SD = 59.74) were excluded from further analyses. The 

median RTs of the remaining 18 subjects were submitted to a 3 x 5 repeated measures ANOVA. 

The factors were Modality (VT, V, and T) and Distance (L1, L2, L3, L4, and L5). 

The analysis revealed a main effect of Modality [F(1.223, 20.78) = 38.942, p < 0.001, np
2= 0.696]. 

Pairwise comparisons revealed a significant difference between all conditions. RTs in the VT 

condition (M = 320.27, SD = 36.24) were significantly faster than in the V condition (M = 359.40, 

SD = 58.74, t(17) =-3.712 , p = 0.002) and the T condition (M = 412.911, SD = 49.45, t(17) = -8.79 

, p < 0.001). The RTs in the V condition were significantly faster than those in the T condition 

[t(17) = -5.078, p <0.001] (Figure 2 has a depiction of mean response times per condition and 

distance). 
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There was a main effect of the factor Distance (F(4, 68) = 24.832, p < 0.001, np
2= 0.594). Further 

analysis (Bonferroni corrected for multiple comparisons) indicated that responses to stimuli 

presented at 10 cm (M = 340.31, SD = 35.23) were significantly faster as compared to stimuli 

presented at 30 cm (M = 357.03, SD = 39.33, t(17) = -3.671, p = 0.004), 50 cm (M = 366.97, SD = 

43.35, t(17) = -5.85, p < 0.001), 70cm (M = 377.44, SD = 45.94, t(17) = -8.12, p < 0.001), and 80 

cm (M = 379.21, SD = 51.51, t(17) = -8.54, p < 0.001). Responses to stimuli presented at 30 cm 

significantly differed from 70 cm (t(17) = -4.48, p < 0.001), and 80 cm (t(17) = -4.86, p < 0.001). 

No other comparisons between distances were significant.  

There was a significant interaction between Modality and Distance [F(8, 136) = 9.16, p < 0.001, 

np
2 = 0.350]. The pattern of response times across distance was different for visual, tactile, and 

visuo-tactile targets. Post-hoc comparisons (Bonferroni corrected for multiple comparisons) 

revealed that VT targets presented at 10 cm (M = 297.08, SD = 25.50) were responded to faster 

compared to VT stimuli presented at 30 cm (M = 311.86, SD = 33.96, t(17) = -3.85, p = 0.0013), 

50 cm (M = 321.44, SD = 38.85, t(17) = -4.59, p < 0.001), 70 cm (M = 335.94, SD = 45.61, t(17) = -

5.42, p < 0.001), and 80 cm (M = 335.05, SD = 41.71, t(17) = -6.14, p < 0.001). That is, VT stimuli 

presented at 10 cm were responded to fastest compared to all other VT stimuli distances. 

Distance 30 cm differed significantly from 70 cm (t(17) = -3.82, p = 0.0014), and 80 cm (t(17) = -

4.69, p < 0.001). No other distances differed significantly in the VT condition. 

In the V condition, distance 10 cm (M = 316.80, SD = 39.07) differed significantly from 30 cm (M 

= 344.16, SD 58.73, t(17) = -3.49, p = 0.0028), 50 cm (M = 363.86, SD = 62.79, t(17) = -5.15, p < 

0.001), 70 cm (M = 384.77, SD = 64.20, t(17) = -8.38, p < 0.001), and 80 cm (M = 387.38, SD = 
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77.91, t(17) = -5.81, p < 0.001).  That is, V stimuli at 10 cm were responded to the fastest 

compared to all other V stimuli distances. Those presented at distance 30 cm differed 

significantly from 70 cm [t(17) = -5.56, p < 0.001], and 80 cm [t(17) = -4.59, p < 0.001]. No other 

distances differed significantly in the V condition. 

As expected, no distances differed significantly in the T condition. The values for T response 

times per distance are presented below: 

10 cm (M = 407.05, SD = 52.19), 30 cm (M = 415.08, SD = 50.015), 50 cm (M = 415.611, SD = 

47.28), 70 cm (411.61, SD = 49.38), 80 cm (M = 415.19, SD = 53.44). 

Curve Fitting: To understand the nature of the change of response times with respect to 

distance, curve fitting was performed separately for each subject and modality (VT, V, T). 

Median response times, per subject, and modality were calculated at each distance. This 

resulted in 15 sets of medians per subject (5 for each modality). The medians were first 

normalised for each modality (Equation 1) and submitted into the curve fitting procedure.  As 

we were comparing the inflection point of the sigmoidal curve across different subjects, we 

wanted to ensure that individual differences in RTs across subjects did not influence the PPS 

boundary. Therefore, by normalising the RTs for each modality, we looked at the relative 

differences of RTs (for each subject and modality) as a function of distance. 

𝑅𝑇𝑛𝑜𝑟𝑚 =
(𝑅𝑇−𝑅𝑇𝑚𝑖𝑛)

𝑅𝑇𝑚𝑎𝑥−𝑅𝑇𝑚𝑖𝑛
   ---- Equation 1 

For each modality, the median RTs for each subject for distances L1 to L5 were fitted with the 

best fitting sigmoidal (Equation 2) and linear curves (Equation 3). 
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𝑌 =
1

1+𝑒(𝑎−𝐿)×𝑏  ---- Equation 2 

Y is the vector of estimated response times from the curve fitting procedure. L is the vector of 

distances of the visual stimulus at which the tactile stimulus is delivered. a, is the distance at 

which the response time reaches its mean value. b is the slope of the sigmoid curve. 

𝑌 = 𝑚 × 𝐿 + 𝑐              ---- Equation 3 

Y is the vector of estimated response times from the curve fitting procedure. L is the vector of 

distances at which the tactile stimulus is to be delivered. c and m are the coefficients estimated 

by the curve fitting function. c, is the intercept of the curve. m is the slope of the linear curve.  

This procedure resulted in a pair of sigmoidal and linear curves for each modality and subject. 

To compare which curve represented the data the best, the root mean square error (RMSE, 

Equation 4) values obtained for each pair of sigmoidal and linear fit was compared using three 

separate paired sample t-tests (one for each modality). The RMSE is a measure of the deviation 

of the actual data from the curve estimated by the procedure. Therefore, the fit with the lowest 

RMSE value (linear versus sigmoidal) more closely follows the obtained data. 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (𝑌𝑖^ − 𝑌𝑖)2𝑁

𝑖=1           ---- Equation 4 

 Two RMSE values, one for the sigmoidal curve, and another for the linear curve, were 

calculated for each modality and subject. Here, N equals the total number of data-points used 

in each curve (N = 5 in our design, as RTs from 5 distances of the visual stimulus were used). 

𝑌𝑖^, is the RT at distance i as estimated by the curve-fitting procedure. 𝑌𝑖 , is the RT at distance 

i as obtained from the subject. 
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In both the VT and V conditions, the sigmoidal curve was a better representative of the data 

[VT: Sigmoidal (Mean RMSE = 0.204, SD = 0.13), Linear (Mean RMSE= 0.25, SD = 0.154), t(17) = -

2.39, p = 0.028;  V: Sigmoidal (M = 0.187, SD = 0.103), Linear (M = 0.248, SD = 0.081), t(17) = -

3.99, p < 0.001]. The RMSEs in the T condition did not significantly differ [T: Sigmoidal (M = 

0.415, SD = 0.07), Linear (M = 0.425, SD = 0.06), t(17) = -0.152, p = 0.145), see Figure 2). 

The average midpoint of the sigmoidal curves (which is taken to be the boundary of the PPS)  

for the VT condition was 46.4 cm (SD = 11.4), and 44.6 cm (SD = 12.6) for the V condition (p > 

0.05). The average slope of the sigmoidal curve for the VT condition was 2.35 milliseconds /cm 

(SD = 2.9), and for the V condition was 4.31 milliseconds /cm (SD = 4.87). They did not 

significantly differ p>0.05. 

 

Figure 2: Mean response times across subjects for the 3 modality conditions (Visual, Tactile, 

Visual-Tactile) for the different distances at which the subjects fixated (and visual stimuli were 

presented in the Visual and Visual-Tactile conditions). The best fitting group average curves are 

shown too. Sigmoidal curves were the best representatives in the Visual and Visual-Tactile 
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conditions, and linear curves were the best representation for the Tactile condition. The error 

bars represent the standard errors. The error bars for each condition were created by 

calculating the standard error of the mean after correcting for between-subject differences in 

the scores (Field, 2013). This was done only for visualization of the data in this figure. 

Race Model Inequality Violations: One of the main aims of the study was to investigate the 

distances at which the RTs to multisensory stimuli show evidence for multisensory integration. 

This was performed by means of a Race Model Inequality (RMI) analysis for each distance (L1 to 

L5) used in the study, separately. The RMI analysis tests if the facilitation of responses in the 

multisensory condition is faster than expected based on statistical facilitation (i.e., probability 

summation) using the RMI. If the RTs in the VT condition are faster than the race model would 

predict, it would suggest that the signals from the two modalities interact in the VT condition. 

The RMI analysis was performed separately for each distance. First, cumulative density 

functions (CDFs) were obtained from each subject’s VT, V, and T RTs for each distance 

separately. Each VT CDF was then compared to the sum of the unisensory CDFs (i.e., the race 

model; P(RTV < t)+ P(RTT < t)) for the same distance at the 10th to the 90th percentile in steps 

of 10% (Raab, 1962; Miller, 1986; Ulrich et al., 2007). If RTs in the VT condition are faster than 

the race model, the race model inequality is said to be violated, and the response times at that 

distance can no longer be explained purely by statistical facilitation. 

To test if the RMI violations per condition were significant at the group level, paired sample t-

tests (Bonferroni corrected for nine comparisons) were conducted between the race model and 

the VT CDF time at each percentile point for that distance. The cumulative density functions for 
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the race model (V+T) and VT conditions for all the 5 distances are shown in Figure 3.  The RMI 

was significantly violated in the 30 and 50 cm condition. All p values reported here were 

corrected for multiple comparisons using the Bonferroni method. For VT stimuli presented at 

30 cm significant RMI violations were observed at the 20th (t(17) = -3.12, p = 0.006) and 30th 

percentile (t(17) = -3.26, p = 0.004). In the 50 cm condition percentiles 10 to 50 were significant 

(in all conditions p < 0.005). In summary, RMI violations were found only at the 30 cm and 50 

cm distance conditions.  

 

Figure 3: Plot of the cumulative distributions of the response times in the visuo-tactile condition 

and the cumulative distribution predicted by the race model (visual + tactile) for each of the five 

distances at which the visual stimulus was presented. Asterisks indicate significant differences 

between the two curves (after adjusting for multiple comparisons). 
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General Discussion 

The current study sought to shed light on the nature of the multisensory, particularly visuo-

tactile, interactions within the PPS. Specifically, we were interested in learning if the visuo-

tactile interactions within the PPS boundary showed evidence for multisensory integration.  

Firstly, we performed a curve fitting procedure that tested for the presence of a boundary 

between PPS and the extrapersonal space. Given that PPS neurons also respond to unimodal, 

looming visual stimuli, (Cooke & Graziano, 2004; Duhamel & Colby, 1998; Fogassi et al., 1996; 

Graziano et al., 1997; Ibos, Duhamel, & Ben Hamed, 2013) that are within its boundary, we 

expected that the RTs to these stimuli will be lower when presented within PPS. In line with the 

literature on PPS, our data showed that the RTs in these conditions seem to be best explained 

by the sigmoidal function at the individual subject level. This decrease in response time as 

visual stimuli got closer to the body could not be explained by an increase in retinal image size, 

as this was controlled for. Both for visuo-tactile and visual modalities, the PPS boundary was 

around 45 cm, and did not significantly differ based on the sensory modality of the target. The 

boundary is taken to the halfway location where the RTs changed between the maximum and 

minimum values (Canzoneri et al., 2012; Kandula et al., 2017).  

As the response to the unimodal tactile stimuli should not differ based on gaze location (PPS 

neurons possess receptive fields that are body part centred), we expected there to be no effect 

of distance on the tactile RTs. Indeed, our subjects’ tactile RT data was showed that the linear 

fit was a better fit by default. 
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In contrast with similar studies on peripersonal space in humans, we additionally performed a 

race model inequality analysis on the data to look for evidence of visuo-tactile integration. The 

results showed significant RMI violations at two of the five tested distances (30 cm and 50 cm), 

and no significant RMI violations at 10, 70, and 80 cm. However, if the integration at these 

distances is caused by the PPS properties, we also expected to find RMI violations at the 

nearest distance (10 cm), which was not the case. While it is not possible to know for certain 

why there was no integration of VT information at the nearest distance in our study, there are 

neurophysiological studies that might put forth plausible explanations for this.  

While reviewing the visual response properties of neurons in the ventral premotor cortex of 

monkeys, it was found that the responsiveness of certain neurons increased with the proximity 

of the looming visual stimulus, reaching its maximum when the stimulus was closest to the 

monkey (Graziano et al., 1997). This may also have been the case in our study. That is, in the 

nearest distance (10 cm), the response time to the visual stimulus might have been near its 

minimum. Because of this floor effect, visuo-tactile integration could not sufficiently decrease 

response times at the nearest distance relative to responses to unisensory visual or tactile 

stimulation.  

There is also evidence that multisensory processes within the PPS are not the same throughout. 

Bufacchi and colleagues (Bufacchi & Iannetti, 2018) recently proposed that the PPS might be a 

graded network. That is, PPS related processes on stimuli might vary as a function of proximity 

to the body, even when the stimulus is within the PPS. Evidence for their theory can be found 

by re-examining the single neuron studies that were performed in the years immediately 
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following the discovery of the PPS network (Colby et al., 1993; M. A. Graziano & Gross, 1993; 

Rizzolatti et al., 1981). The authors argue that splitting external space into binary zones (near 

and far) was a consequence of the way these single neuron studies chose to interpret neurons’ 

responsiveness. The authors suggest that the patterns of response instead show a ‘graded’ 

pattern with respect to the body part.   

While it is impossible to conclude anything on the action of neurons in the PPS network or even 

isolate the action to one network using a behavioural paradigm, our results put forth the 

following implication. Simultaneously presented visual-tactile stimuli within the PPS are not 

processed independently of one another. The PPS network therefore might be an integrative 

network and might not respond selectively to only one modality in the presence of bimodal 

stimuli. Using the RMI violation procedure, we found that at distances including, and under 50 

cm (50 cm and 30 cm), there was evidence for multisensory integration. This value concurs with 

the boundary found using the curve-fitting procedure.  

Other studies in humans have found evidence for integration of visuo-tactile stimuli presented 

in near space (Sambo & Forster, 2009; Teramoto & Kakuya, 2015). Our data has furthered their 

findings by using looming visual stimuli, which the PPS network is most sensitive to (Graziano et 

al., 1997). Moreover, by adding multiple distances that lie both within and outside the PPS, we 

found that only regions within the boundary showed evidence for integration (with the 

exception of the nearest distance).  

A question that arises is whether the multisensory enhancements found within the PPS are 

simply a result of the spatial rule of multisensory integration (Van der Stoep et al., 2015). That 
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is, are the enhancements of responses in near space simply are result the spatial proximity of 

visual and tactile stimulation in depth, or, does the PPS network play a role in these 

enhancements? The results of a recent study by Noel and colleagues (Noel, Serino, & Wallace, 

2018) on audio-visual integration in relation to the PPS provides some evidence for the latter. 

Their study found that multisensory processing for audio-visual stimuli was enhanced at the 

boundary of the PPS (compared to within and outside the boundary). Using source estimation 

on high density EEG recordings, they also found that generators corresponding to the PPS 

network were responsible for these enhancements. Their results put forth the following 

implication. If spatial coincidence alone was responsible for the enhanced responses to near-

body stimuli, then they would have found the highest enhancements to stimuli presented 

within the PPS boundary (and not at the boundary itself). Secondly, audio-visual stimuli were 

found to be enhanced at the boundary of the PPS. The authors suggest that PPS boundary 

might also act as a bridge between a region where visual spatial relationships are important 

(near space, dorsal stream processing) versus where identities of objects are important (far 

space, ventral stream processing).    

In sum, our results indicate that the hand-centred PPS boundary lies between 40-50 cm from 

the fingertip (when the hand is placed close to the body).  Furthermore, our findings show that 

visual and tactile input are integrated at most of the distances within this PPS zone, indicating 

the integrative nature of PPS neurons.   
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Abstract 

 

The space closely surrounding the body is represented neurologically by a network of 

multisensory and motor areas, found in the fronto-parietal cortex. This peripersonal space (PPS) 

network is speculated to monitor the region of space surrounding the body for potential 

collisions with nearby objects and to initiate defensive motor acts as necessary. The aim of our 

study was to investigate if the speed of a looming visual stimulus modulated the location of the 

boundary of the peripersonal space. We expected that when the speed of the looming stimulus 

increases, so will the size of the PPS. Our subjects performed a multisensory detection task, 

where they needed to respond as quickly as possible to a tactile stimulus, which was delivered 

at an unknown timepoint during the motion of a looming visual stimulus in depth. By plotting 

the response time to tactile stimuli delivered in conjunction with the egocentric distance of the 

visual stimulus at different timepoints, we were able to plot a sigmoidal curve for each subject, 

from which we were able to extract the location of the PPS boundary in depth. By changing the 

speed of the visual stimulus across different blocks, we were able to determine the boundary 

size for three different visual motion speeds. Our results indicated that the boundary of the PPS 

increased with the speed of the looming stimulus. This is consistent with the idea that PPS is a 

multisensory safety zone for predicting the tactile consequences of approaching visual stimuli 

and responding appropriately. With higher velocities of the visual stimulus the safety zone 

needs to be larger in order to be able to respond in time. 

 

Keywords: Peripersonal space, speed, vision, touch, multisensory integration, time to contact 
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Introduction 
 

In the past few decades, several studies have investigated the processing of the spatial region 

closely surrounding the body, the peripersonal space. This bounded region of space is revealed 

as being supported by a sensory-motor network encompassing neural areas in the posterior 

parietal cortex (the ventral intra-parietal sulcus) and the premotor cortex (specifically, the area 

F4 in the ventral pre-motor region) (Graziano & Cooke, 2006). These regions are populated by 

multisensory (primarily visual-tactile) neurons, that are organised in a body part centred 

fashion, responding mainly to moving looming stimuli, within their spatial receptive fields (also 

known as the PPS boundary), that approach a body part from all directions, and tactile stimuli 

at that body part (Duhamel & Colby, 1998; Duhamel, Colby, & Goldberg, 1998; Graziano, Hu, & 

Gross, 1997; Rizzolatti, 1997; Rizzolatti, Scandolara, Matelli, & Gentilucci, 1981).  

Within this network, the parietal regions are mainly involved in the processing of sensory 

events, whereas the pre-motor areas initiate stereotypical motor programs that interact with 

the looming object or defend the body part from impact (Graziano & Cooke, 2006).  

Combined activity of this network has been proposed to be an indicator of action that may be 

undertaken by the body part it represents, within the spatial limit of their receptive fields 

(Fadiga, Fogassi, Gallese, & Rizzolatti, 2000; Fogassi et al., 1996). For example, when a looming 

object reaches the boundary of the PPS of the hand, the hand-related PPS neurons start 

responding, and increase their firing rate as the object comes closer to the body (Graziano et 

al., 1997). If activity in these neurons reaches a certain threshold, the motor action coded for by 

its pre-motor counterpart is executed (for example: withdrawing the hand) with a magnitude 
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proportional to the neuronal activity (Cooke & Graziano, 2004). While the properties of this 

network have been mostly demonstrated in neurophysiological studies on monkeys, the body 

of literature examining these properties in behaving humans recently has begun to grow (see 

Cléry, Guipponi, Wardak, & Ben Hamed, 2015 for a recent review on the neurological 

foundations behind PPS in humans). 

One of the foremost questions remaining regarding the nature of PPS in humans is its flexibility 

and the factors that influence it. Several reports suggest flexibility of body part centred PPS: for 

instance, tools that extend the reach of a hand increase PPS size of that hand (Bonifazi, Farnè, 

Rinaldesi, & Làdavas, 2007). Other factors such as the presence of other people (Teneggi, 

Canzoneri, Di Pellegrino, & Serino, 2013) and threatening stimuli (de Haan, Smit, Van der 

Stigchel, & Dijkerman, 2016) may also play a role in dynamically influencing the size and shape 

of the PPS. 

As mentioned earlier, the function of the PPS network has been hypothesised as being a 

sensory-motor interface, which represents the potential to act in the reachable region 

surrounding the individual. Therefore, it stands to reason that the space that it represents not 

only encompasses the reachable space of the individual, but also the properties of the objects 

that may potentially encroach this region. The aim of this study is to investigate if the speed of 

a looming stimulus modulates the boundary of the PPS. We performed an experiment by using 

a paradigm in which participants were required to provide speeded responses to tactile stimuli 

that were delivered concurrently with looming visual stimuli, whose speed was manipulated 

across different trials. As the PPS network is comprised of neurons that possess multisensory 
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capabilities, we expect that when the visual stimulus is within the PPS, the response times to 

tactile stimuli will be faster, due to the integration caused by these multisensory neurons 

(Canzoneri, Magosso, & Serino, 2012; Van der Stoep, Nijboer, Van der Stigchel, & Spence, 

2015). We expect that during the different speed conditions, the spatial ranges within which 

these multisensory facilitations will be observed are different. That is, when the visual stimulus 

approaches fast, the spatial zone in which these facilitations will be observed will be larger than 

in the slow speed condition. This might be because, when a defensive response needs to be 

initiated more quickly due the increased speed of an approaching object, the location of the 

object at which the defensive response is initiated is also further away from the body, perhaps 

to compensate for constraints in the speed of the human motor system. Indeed, a 

neurophysiological study in monkeys showed that in a sub-population of PPS neurons in area 

F4, the visual receptive fields of these neurons increased in size when the speed of the looming 

object increased (Fogassi et al., 1996). 

We aimed at delineating the boundary of the PPS around the hand for different speed 

conditions by performing a curve fitting procedure to see if the response time to the tactile 

stimulus varied based on location of the dynamic visual stimulus at the same timepoint. We 

expected that if such a boundary does exist, due to the multisensory properties of these 

neurons, the response times to tactile stimuli that were delivered when the visual stimulus is 

within the PSS should be faster. Also, the transition from the extrapersonal space to the PPS 

should be marked by a reduction of the response times between the two zones. These 

properties are best captured by the sigmoidal function where the boundary of the PPS is 

represented by the mid-point of the function (Canzoneri et al., 2012). And if the boundary of 
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the PPS shifts due to the speed of the looming stimulus, this will be reflected by the differing 

midpoints of the sigmoidal curves. 

Experiment 

Methods. 

Participants: Sixteen subjects between the ages of 18 and 35 were used (M = 25.6 years, SD = 

3.9, 3 females). All had normal or corrected-to-normal vision. The experiment was performed 

according to the ethical guidelines laid down by the Declaration of Helsinki and was approved 

by the faculty’s local ethical committee. All the participants gave their informed consent prior 

to their participation in the study. 

Stimuli and Apparatus. The tactile stimulus was a 200 Hz vibration by a vibro-tactile motor 

(Precision Microdrives, Model: 308-100) that was attached to the distal phalanx on the back of 

both their left and right index fingers. The duration of the stimulus was 100 milliseconds. The 

visual stimulus was a red dot with a diameter of 5 cm. The background of the screen was black 

in colour. The visual stimuli were displayed on large screen monitor (Philips BDT5530EM/06) 

lying flat on a table in front of them (see Figure 5). The screen dimensions were 122 x 68 cm. 
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Figure 1: A schematic depiction of the experimental setup. 

Procedure: The experiment took place in a darkened room in the Experimental Psychology lab 

at Utrecht University. Each subject was seated in front of the screen where the visual stimuli 

were displayed. The head rested on a chin rest at a height of 18 cm from the screen to maintain 

a consistent viewing height across all participants. Within each block, only one hand was placed 

on the screen halfway across its width (34 cm), on the edge of the monitor that was closest to 

them. The hand was placed such that the index finger was 12 cm along the length the screen 

(see Figure 1). Prior to the commencement of a block, both the laterality of the hand that 

needed to be placed on the monitor, and location on the screen where the index finger of the 

hand needed to be placed, were indicated to the participant through on-screen instructions. 

The location of the finger was indicated by the presentation of a dot at the correct location, and 

participants were instructed to cover this dot with the appropriate index finger. This ensured all 
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participants consistently placed their fingers at the correct distance. Responses were given by 

depressing the foot-pedal with the right foot when they detected a tactile target on the index 

finger. In this position they performed six blocks, where half of the blocks stimulated the left 

index finger and the rest stimulated the right index finger4. The speed of the moving visual 

stimulus was varied in a block-wise fashion. The three movement speeds (fast, medium, and 

slow) were presented in these six blocks, such that each speed condition was combined with 

tactile stimulation on the left and right index fingers.  The order of the blocks was randomised 

across subjects.  

Each trial began with the presentation of a white fixation-cross 45 cm away from the tip of the 

index finger along the length of the screen, and midway along the width of the screen. The 

background colour of the screen was black. The fixation-cross lasted for a variable duration 

between 700 milliseconds  and 1000 milliseconds . Subjects were asked to maintain their gaze 

at this location throughout the course of the trial. After the fixation-cross disappeared, the 

visual stimulus appeared 90 centimetres away from the tip of the index finger, along the screen 

length, and halfway along the width of the screen. The visual stimulus remained there for a 

variable period between 50-200 milliseconds after which it started moving towards the 

subject’s index finger.  

 
4 The stimulated hand was switched between blocks only to ensure that tactile sensitivity 

did not vary based on the handedness of the subject. Laterality, therefore, was not a factor 

of interest. 
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From the start of the trial, there were seven locations in depth at which a tactile target could be 

delivered. In one condition, the tactile stimulus was delivered when the stimulus was stationary 

at the far of the screen (Lfar). The purpose of this condition was to encourage subjects to 

monitor the tactile modality throughout the duration of the trial. The visual locations of interest 

were L1-L6, where tactile stimuli were delivered during the motion of the visual stimulus. On 

any trial, one tactile stimulus or no tactile stimulus (catch trials) was delivered.  

Each location (during motion) at which a tactile stimulus could be delivered was separated by 

14 cm on the screen (L1 to L6 ranged from 76 centimetres to 6 centimetres from the tip of the 

index finger, in steps of 14 centimetres). Based on the speed condition of the block, the visual 

stimulus required 1500 milliseconds  (fast), or 2500 milliseconds  (middle), or 3500 milliseconds 

(slow) to travel from its starting position to the tip of the index finger. 

Within each block, tactile stimuli could be delivered at one of the seven locations during 

twenty-one trials (each condition was therefore repeated three times). Additionally, twenty-

one catch trials, where no tactile stimulus was delivered, were included. The purpose of these 

catch trials was to minimise the effects of the changing tactile expectations that accompanied 

the moving stimulus on the outcome response time patterns5. All the conditions were 

presented in a randomised order. 

 
5 We recently demonstrated that overt tactile expectations mask the pattern of PPS related 

multisensory response enhancements. Reducing the ratio of tactile present to the absent 

trials diminishes this effect (Kandula, van der Stoep, Hofman, Dijkerman (2017). 
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The subjects wore headphones with continuous white noise playing in order to mask the sound 

of the vibrating motors. The entire experiment took approximately 40 minutes. 

Results. 

Accuracy: All subjects had less than 10% false alarms during catch trials (M = 0.35%, SD = 1.3%). 

Two subjects missed more than 30% of tactile targets on target present trials, for one or more 

speed conditions, and were therefore excluded from further analysis (Miss Percentage across 

all subjects across all speeds: M = 4.5%, SD = 9.1%). The remaining subjects were included for 

further analysis. 

Response times: The median response times per subject for each speed, laterality, and location 

condition were calculated (see Figure 2). The response times of all subjects fell within three 

standard deviations from the group mean. 

The laterality condition was collapsed onto a single factor for each subject as the response 

times did not differ based on the stimulated hand (p = 0.205). The median response times per 

subject for each Speed and Location condition were fed into a 3 x 6 Repeated Measures 

ANOVA. The factors were Speed (Fast, Medium, Slow), and Visual depth location during tactile 

stimulation (L1-L6).  

There was a main effect of Speed [F(2, 26) = 10.053; p < 0.001, np2 = 0.436]. Pairwise 

comparisons between the three Speed conditions revealed significant differences between the 

following: RTs in the Fast condition (M = 357.74, SD = 28.79) were significantly faster than in the 

Medium condition [M = 378.33, SD = 34.47](Mean difference = -20.59, t(-4.046), p < 0.001)], 

and the Slow condition [(M = 377.50, SD = 41.86) (Mean difference = -19.7,  t(13) = -3.697, p = 
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0.003)]. The response times between the Medium and Slow conditions did not significantly 

differ. 

The effect of Location was significant [F(5, 65) = 32.581; p < 0.001, np2 = 0.715]. The interaction 

between Speed and Location was not significant. As the goal of the study was to understand 

the nature of the tactile response time patterns with respect to visual stimulus location for 

every Speed condition, we did not further analyse the main effect of Location. Instead, we 

deferred their interpretation to the curve fitting procedure. 

Curve Fitting: For this procedure, each participant’s response times obtained during the motion 

of the visual stimulus (L1-L6) were normalised (Equation 1) and submitted to a curve fitting 

procedure. In this process, the best fitting sigmoidal and linear curves were fit to the median 

response times of each subject, for every Speed condition. The equation used for the sigmoidal 

and linear curves are found in Equation 2 and 3, respectively. 

𝑅𝑇𝑛𝑜𝑟𝑚 =
(𝑅𝑇−𝑅𝑇𝑚𝑖𝑛)

𝑅𝑇𝑚𝑎𝑥−𝑅𝑇𝑚𝑖𝑛
               ------ Equation 1 

Here RTnorm is the vector of normalised RTs. RT is the original vector of median response times 

per subject and speed condition, and RTmin and RTmax are the minimum and maximum points in 

that vector. 

𝑌 =
1

1+𝑒(𝑎−𝐿)×𝑏                  ------ Equation 2 

Y is the vector of the estimated normalised response times from the curve fitting procedures. L 

is the vector of distances (locations) at which the tactile stimulus is to be delivered. a and b are 
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the coefficients estimated by the curve fitting function where a, is the location at which the 

response time reached their midpoint. b is the slope of the sigmoid curve. 

𝑌 = 𝑚 × 𝐿 + 𝑐                                 ------ Equation 3 
 

Y is the vector of estimated normalised response times from the curve fitting procedure. c and 

m are the coefficients estimated by the curve fitting function. c is the intercept of the curve. m 

is the slope of the linear curve. L is the vector of locations at which the tactile stimulus is to be 

delivered 

One subject whose data fit both sigmoidal and linear curves poorly6 was excluded from the 

analysis. To compare the fits of the sigmoidal and linear curves for each condition, t-tests on 

the RMSE values obtained for each pair of sigmoidal and linear curves were performed. RMSE, 

or root mean squared error values, are an indicator of the goodness of a model’s fit to the real 

data (see equation 4). The larger the RMSE value, the greater is the deviation of the estimated 

model’s value from the original data.  

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (𝑌�̂� −  𝑌𝑖)2𝑁

𝑖=1              ------ Equation 4 

The RMSE value is calculated separately for each subject, for each speed condition, and 

separately for both the sigmoidal and linear curves. Here, N equals the total number of data-

 
6 This subject showed negative goodness of fit values for both the linear and sigmoidal curves for the 

fast speed condition. This negative value indicates that the sigmoidal and linear models described in 

equations 2 and 3 were unsuitable to explain the obtained data. Therefore, the data for this subject 

for the fast speed was removed from the analysis.  
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points used in each curve  (N = 6 in our study, as RTs from 6 different locations of the visual 

stimulus were used). 𝑌�̂�, is the estimated normalised RT at a location i (for each subject, per 

speed condition), 𝑌𝑖  , is the normalised RT at location i (for each subject, per speed condition). 

Significant differences in RMSE between the sigmoidal and linear fits were found for all three 

speed conditions: Fast (Mean difference = -0.057, t(12) = -4.56, p < 0.001), Medium conditions 

(Mean difference = -0.067, t(13) = -4.64, p < 0.001), and Slow conditions (Mean difference = -

0.063, t(13) = -4.42, p < 0.001). The sigmoid-RMSE errors were significantly lower for all Speed 

conditions than the linear-RMSEs (Fast RMSE: MSigmoid = 0.18, SD = 0.0732, MLinear = 0.237, SD = 

0.08; Medium RMSE: MSigmoid = 0.138, SD = 0.085, MLinear = 0.205, SD = 0.055; Slow RMSE: 

MSigmoid = 0.187, SD = 0.078, MLinear = 0.251, SD = 0.063). 

In order to test if the midpoint of the sigmoid (reflecting the boundary of the PPS 

representation) differed between Speed conditions we conducted t-tests between the PPS 

boundaries at all speed conditions (the coefficient an obtained from equation 2). The 

boundaries for speeds Fast and Slow were significantly different [(Fast: M = 40.59, SD = 11.63, 

Slow: M = 35.20, SD = 9.87), t(12) = 2.61, p = 0.022)]. No significant differences between the 

boundary of the Medium curve (M = 38.78, SD = 10.9) and the Fast and Slow curves was found.   

We also tested if the slope of the sigmoid functions differed significantly across Speed 

conditions. No significant differences were found (Fast: M = -1.65, SD = 1.007; Medium: M =  -

1.53, SD = 0.79; Slow: M = -2.47, SD = 2.04). 
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Figure 2: Average response times to the tactile targets at different locations of the visual 

stimulus during motion. The error bars for each condition were created by calculating the 

standard error of the mean after correcting for between-subject differences in the scores. The 

reaction times were fitted with a sigmoidal function. The dashed lines represent the average 

boundary of the PPS for the three speed conditions.  

In order to examine the PSS boundary in terms of the time remaining for the stimulus to 

contact the subject, we translated the midpoints of the curves into a temporal measure (see 

equation 5).  

𝐴𝑡𝑖𝑚𝑒,𝑠𝑝𝑒𝑒𝑑 = (
𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦𝑑𝑖𝑠,𝑠𝑝𝑒𝑒𝑑

𝐷𝑖𝑠𝑡𝑜𝑡𝑎𝑙
 × 𝐷𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠𝑝𝑒𝑒𝑑)               ------ Equation 5 

 Atime,speed is the midpoint of the curve for a particular speed expressed in the temporal domain. 

Durationspeed is the total duration of the moving stimulus for a particular speed. 

Boundarydis,speed is the boundary (obtained from coefficient a from equation 2). It is expressed 
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in terms of distance from subject. Distotal is the total distance travelled by the visual stimulus 

(which is the same for all speed conditions). 

After obtaining the temporal midpoints we tested these values at different speeds against each 

other using paired sample t-tests. The results revealed that all temporal midpoints differed 

from each other [Fast  (M = 676.5, SD =193.37), Medium (M = 1077.5 , SD = 304.5), t(12) = -

4.77, p < 0.001], [Medium, Slow  (M = 1369.2, SD =383.87),  t(13) = -3.78, p = 0.002], [Fast, Slow, 

t(12) = -8.79, p < 0.001]. The time remaining for the stimulus to make contact with the subject 

decreased as a function of speed of the moving stimulus (Figure 3).  

 

 

Figure 3: Curves for the three speed conditions plotted with respect to the remaining time before 

the visual stimulus makes contact with the subject. The error bars for each condition were 
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created by calculating the standard error of the normalized mean response times, after 

correcting for between-subject differences in the scores. 

Discussion 

The aim of the current study was to explore if the peripersonal space region was modulated by 

the speed of a looming stimulus. As the neuronal architecture underlying PPS representation is 

multisensory in nature, we expected that the region of space encompassing PPS would cause 

the tactile stimuli and the visual stimuli presented within this region to become integrated and 

yield faster response times to the tactile stimuli when visual stimuli were closer. Our results 

indicated that this indeed was the case. When the response times at the individual subject level 

were submitted into a curve fitting procedure, it was revealed that they followed a sigmoidal 

pattern. This indicates that there was a relatively sharp change in response times to tactile 

stimuli depending on whether the accompanying visual stimulus was within or outside a spatial 

boundary. Response times to tactile stimuli when the accompanying visual stimulus was closer 

to the body were faster than those, which lay outside. This spatial boundary of the hand 

centred PPS was found to lie between 35 cm to 41 cm from the tip of the index finger, which 

closely corresponds to the size of the hand-centred peripersonal space reported in previous 

studies (Canzoneri et al., 2012; Serino et al., 2015). 

Our results also revealed that the boundary of the PPS was modulated by the speed of the 

approaching visual stimulus. The boundaries at highest speed and the lowest speed were 

significantly different from each other. For the highest speed, the boundary was farthest away 



132 

 

from the body (40.59 cm), and nearest (35.20 cm) for the slowest speed condition. For the 

medium speed (38.78 cm), the boundary lay in between that of the highest and lowest speeds.   

The PPS zone has been described as a safety margin around the body to protect it from 

potential collisions with objects in the environment by triggering stereotypical motor responses 

to protect the threatened body.  Our results indicate that when a potential collision is to occur 

earlier in time, the minimum distance of the encroaching object from the body at which the 

multisensory motor defensive interface is triggered is also further away.  

This might demonstrate that when the speed of an approaching object is increased, the 

location of the object at which the defensive response is initiated is further away from the 

body. The purpose of this increase might be to compensate for constraints in how fast the 

human motor system can respond.  

In order to test if indeed this was the case, we examined whether the temporal midpoints (or 

the time remaining for the looming stimulus to make contact with the subject after entering the 

PPS boundary) for the 3 speed conditions. They differed significantly from each other. Our 

results showed that the time to contact (TTC) for a particular speed condition was inversely 

proportional to the speed (TTCfast < TTCmedium < TTCslow).  

If this mechanism behaved by increasing the boundary by the exact amount necessary to 

equalise the timepoint at which the defensive motor output is initiated for all looming speeds 

(1000 milliseconds before contact, for example), one would find that the temporal boundary of 

PPS would be the same for all speed conditions. However, as this was not the case in our study, 

it may mean that the magnitude of a possible defensive output (defined by the motor speed) 
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may also vary with the stimulus speed. Since the set of possible motor speeds is limited to a 

finite range, in order to allow the required motor action to be initiated and completed 

successfully, both the latency at which the motor-act is initiated (corresponding to the 

boundary of the PPS) and the speed of the motor output may be modulated as required.  

The mechanism behind this increase in PPS boundary with speed is not well understood. To our 

knowledge, very few studies in the past have looked at the effects of stimulus velocity on the 

PPS network. Fogassi and colleagues (Fogassi et al., 1996), while examining the visual properties 

of the neurons in area F4 found that the visual receptive field sizes of a large proportion of 

neurons expanded with increasing looming stimulus speed. They also found that a small 

proportion of neurons had discharges that varied with visual stimulus velocity, with the 

magnitude of the discharge increasing with speed. It has also been demonstrated that in the 

same neuronal region, the magnitude of the neuronal discharge is proportional to magnitude of 

the motor output (Cooke & Graziano, 2004). These studies, taken together might indicate that 

both PSS boundary and motor output are increased to avoid high velocity stimuli. Still, a direct 

study comparing the effect of speed on neuronal receptive field size, neuronal discharge 

strength and motor output needs to be performed in order to be able to interpret our results 

along these lines more confidently. 

 With respect to studies with human participants, in a recent behavioural study, (Noel et al., 

2015) the authors found that while walking, the size of the chest-centred PPS (as indexed by the 

farthest location of the looming stimulus that facilitates tactile detection) also increases. That 

is, as long as there is relative motion between an observer and a stimulus (whether the object is 
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moving towards the observer, or the observer is moving towards the object), when the speed 

of the relative motion between the two changes, the boundary of the PPS also seems to change 

accordingly. This finding is consistent with our finding, although assessed for another aspect of 

peripersonal space. 

In conclusion, our results show that the PPS network is sensitive to the speed of the 

encroaching stimulus. The observed expansion of PPS with a higher visual stimulus speed can 

be interpreted as an increased ability to initiate and complete an appropriate motor response 

in a timely manner. Our study shows that the PPS of the hand changes modestly to the increase 

in speed of a moving stimulus. Although future studies are needed to confirm this, we speculate 

that both PPS boundary and perhaps the motor output magnitude are adjusted according to 

the speed of the looming stimulus to facilitate effective action. 
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Abstract 

 

Action capability may be one of the factors that can influence our percept of the world. A 

distinction can be made between momentary action capability (action capability at that 

particular moment) and inherent action capability (representing a stable action capability). In 

the current study we investigated if there was a biasing effect of these two forms of action 

capability on visual perception of location. In a virtual reality room, subjects had to stop a 

moving ball from hitting a pillar. On some trials, the ball disappeared automatically during its 

motion. Subjects had to estimate the location of the ball’s disappearance in these trials. We 

expected that if action is necessary but action capability (inherent or momentary) is limiting 

performance, the location of approaching objects with respect to the observer is 

underestimated. By judging the objects to be nearer than they really are, the need to select and 

execute the appropriate action increases, thereby facilitating quick action (Cole  

et al., 2013). As a manipulation of inherent action capability in a virtual environment two 

groups of participants (video game players versus non video game players) were entered into 

the study (high and low action capability). Momentary action capability was manipulated by 

using two difficulty levels in the experiment (Easy versus Difficult). Results indicated that 

inherent and momentary action capability interacted together to influence online location 

judgements: Non players underestimated locations when the task was difficult. Taken together, 

our data suggest that both inherent and momentary action capabilities influence location 

judgements. 

 



138 

 

Keywords: location estimation, action capability, perception, embodied perception, 

affordances. 

  



139 

 

Introduction 

In order to be able to interact effectively with the objects in our nearby surroundings we have 

to be able to first gauge how far they are from us. When interacting with the object, it is 

important to represent object properties in relation to our own action capabilities. Indeed, 

currently a large amount of evidence is available that suggests that our judgements of the 

external world and the objects in it is biased towards our own action capabilities (Proffitt et al., 

2003; Witt et al., 2005). 

Evidence for such a mechanism comes from the research on affordances. According to this idea, 

initially proposed by Gibson (Gibson, 1978), the utilities of an object, or affordances, are subject 

to constraints imposed by the action repertoire of the user. The term affordances, however, is 

an umbrella concept that covers a vast range of concepts that look at the influence of an 

observer’s ability to interact with an object on his perceptual judgements about the same 

object. The current experiment attempts to shed new light on action capability-based 

modulation of perceptual judgements in the context of object location judgements. 

The judgements of the space around us has been demonstrated extensively as not being 

veridical. For instance, Witt and colleagues (Witt et al., 2005) have demonstrated that our 

perception of the distance of an object is influenced by our intention and ability to interact with 

it. In this experiment, participants had to estimate the distances of targets that are ordinarily 

out of reach while holding a tool. Participants underestimated the distances of the targets 

when they were asked to reach for the object with the tool, and not when they were just 

passively holding the tool. Also, when they were asked to reach for the object without the tool, 
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these underestimations did not occur. In another study Proffitt and colleagues (Proffitt et al., 

2003) demonstrated that hills were judged as steeper when subjects were asked to carry a 

heavy load. Similarly, objects have been judged as closer when they were approaching the 

person in comparison to when they were receding from him (Takahashi et al., 2013). A recent 

study that could provide a framework for the interpretation of these results is the 2013 study 

by Cole and colleagues (Cole et al., 2013) that showed that threatening objects were perceived 

to be closer than they really were. They propounded the threat-signal hypothesis which states 

that perceiving the threatening object as closer than it really is would encourage the observer 

to take quick action to withdraw from it. That is, misjudged proximity is argued to promote 

urgent action. Overall, these accounts show evidence to support the motivational nature of our 

perception: our current goals and actions influence how we perceive the external world.  

The effects of either inherent action capability (Taylor et al., 2011; Witt & Linkenauger, 2009) or 

momentary action capability (Proffitt et al., 2003;  Proffitt et al., 1995; Schnall, et al., 2010) on 

perceptual biases have also been studied extensively. According to Witt (Witt, 2011), inherent 

action capability refers to the set of motor skills and strategies the person possesses to perform 

the task effectively. In addition, momentary action capability is defined as the robustness of 

these skills to cope with the current task difficulty level. To our knowledge however, few 

studies have directly compared the effects of both forms of action potential in the cognitive 

domain. One exception is the study by Witt and colleagues (Witt et al., 2008), who compared 

the effects of golfing performance on judged hole size and found that people who performed 

badly, judged the hole as being smaller (negative correlation between performance and 

perceived size) while their golf-handicap (measure of general ability) did not correlate. They 
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concluded that the current performance influenced perceptual judgements while general ability 

did not. However, all their subjects were relatively unskilled golfers, making it difficult to 

predict whether seasoned golfers would be better at estimating hole-size. That is, the design 

used was unable to provide a large enough range in inherent performance abilities to be able to 

separate the effects of general ability and current performance on perception.  

We therefore aimed to investigate the effects of both inherent and momentary action 

capability on the location estimation of approaching objects in the same task. Our task was 

performed in a first-person virtual reality setting. The goal of the subject was two-fold. The first 

was to stop a moving ball before it hit a pillar standing next to the subject. The next task was to 

estimate the location at which the ball disappeared. We expect that both forms of action 

capability interact to produce the final perceptual estimate of location. Inherent action 

capability is compared by testing two groups of people: one group that is expected to possess 

quick responses (video-game players, VGP) and the other that is expected to possess average 

responses (non-video game players, NVGP). Momentary action capability is manipulated for 

each individual by introducing two levels of task difficulty in stopping the moving ball.  

VGPs were selected as the high inherent action capability group for this study as they are 

regularly exposed to situations where quick decisions need to be made and appropriate actions 

need to be selected and executed quickly. Given the general fast pacing in these games, video 

games expose people to unpredictable and rapidly changing situations. There is currently a 

large body of research that shows that video-game players possess enhanced visual, perceptual 

and cognitive abilities (Achtman et al., 2008; Cardoso-Leite & Bavelier 2014). More specifically, 
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video-game players have been shown to possess better motor coordination (Borecki et al., 

2013), and faster reaction times (Castel et al., 2005) than non-players. 

Experiment 

Methods. 

Participants: Participants were recruited by means of digital advertisements and flyers. Persons 

between the age of 18 and 35 were included, if they indicated they had no mental health 

problems and did not suffer from visual problems other than sight correction, nor had trouble 

with stereopsis. Participants were unaware of the objective of the study and received credit 

points or financial remuneration.  If responders indicated that they played video games more 

than 3 hours a week, they were assigned the video game player group (VGP). Responders who 

played video games less than 3 hours a year, or never played video-games, were assigned to 

the non-video game player (NVGP) group.  
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Figure 1: Screen shots of the virtual room projected onto the right eye of the participant. A: The 

ball is currently black in colour and approaching the pillar. Figure B: This is a Response Type 

trial. The ball has turned red, indicating that the subject may now stop the ball. Figure C: The 

location estimation cube. This cube can be moved by the subject along the trajectory of the ball 

to indicate where the ball disappeared. 

Design: In order to investigate the relationship between action capabilities and location 

perception, participants were asked to estimate the location of an approaching object in a 

virtual environment, viewed from the first person perspective. Participants were viewing an 

empty room with a pillar standing on their left side, close to them. The task was to stop a 

moving ball from hitting this pillar. Also, subjects had to estimate the location at which the ball 

disappeared. There were two types of trials in the experiment: Response trials and Estimation 
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trials. These two trial types were included to gather response time information and location 

estimation information independently of one another. In the Response trial, the approaching 

object was a black ball that moved towards the pillar (Figure 1a). The ball started at a certain 

(the details are provided in the procedure section) distance and the task of the subject was to 

stop the ball before it hit the pillar. During its motion, the ball would turn red in colour (Figure 

1b). Participants could stop the ball only after it turned red, by pressing the space bar. After the 

space bar was pressed, the ball disappeared. If the ball was not stopped on time (before it hit 

the pillar), an aversive sound would be played through the headphones. The dependent 

variable (DV) of interest in these trials was the response time (RT: the time at which they first 

pressed the space bar to stop the ball). In addition to this, participants were also instructed to 

estimate the location at which the ball turned red. These estimations were not our main 

variables of interest and were included only to encourage the participant to pay attention to 

the location at all times. 

 Estimation trials were included to obtain location estimation (LE) information that was 

uncorrupted by the necessity to stop the ball. In these trials, the approaching object was again 

a black ball that moved towards the pillar (Figure 1a). Instead of turning red (as in the case of 

Response trials), the ball disappeared automatically during its motion. The participants had to 

indicate the location at which the ball disappeared. Until the ball either turned red, or 

automatically disappeared, the participant was not aware of whether the trial was going to be 

an Estimation trial or a Response trial. By doing this, we expected that the level of urgency 

induced in that block would also affect the perceived locations in the Estimation trials. The ball 

could disappear (Estimation trials) or turn red (Response trials) at one of the two possible 
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distances: 30 units (Near condition) and 50 units (Far condition) from the subject. Each distance 

unit used in the virtual world was approximately equal to 10 centimetres. 

Location estimations were given by moving a cube (Figure 1c), that was the same size as the 

ball, towards the location in space that the ball occupied when it either turned red (in the 

Response trial) or automatically disappeared (in the Estimation trial). The cube could be moved 

along the same trajectory that the ball travelled. 

In order to be able to test the effects of the momentary action capability against the effects of 

inherent action capability, we added two difficulty levels in separate blocks. The Easy and 

Difficult blocks differed only in terms of the number of button presses required to bring the ball 

to a halt in the Response type trials. In the Easy block, one press of the space bar was sufficient 

to bring the ball to a halt. In the Difficult block, the space bar needed to be pressed five times to 

bring the ball to a halt. Crucially, in the Difficult and Easy blocks, the embedded Estimation trials 

(trials where the location estimations were required) were identical. The order of the blocks 

was randomised for each participant. 

In summary, the study comprised of 2 groups (VGP and NVGP). Each group performed two 

blocks of the task (Easy block and Difficult block). Each block consisted of two types of trials 

(Response trials and Estimation trials). The location at which the ball turned red (in Response 

trials) or disappeared automatically (in Estimation trials) could be at 30 units or 50 units from 

the subject (Near or Far). Each condition was repeated 10 times, yielding a total of 40 trials per 

difficulty block, and 80 trials in the experiment (excluding the practice trials). 
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Materials: The experiment was conducted using an Oculus Rift DK1 Virtual Reality headset, 

which was connected to a PC running on Windows. Headphones (Sennheiser) were used to 

administer pre-programmed audio instructions. Participants could respond using the space bar 

and arrow keys on a keyboard. The space bar was used to stop the ball, and the up and down 

arrow keys were used to perform the location estimation. The experiment was programmed 

using the Unity 4.3.4 game engine.  

Procedure: The study was carried out in a controlled lab environment at Utrecht University. 

Firstly, participants were briefed in writing about the background of the study and what was 

expected from them. Next, they were asked to sign an informed consent form.  All procedures 

were conducted in accordance with the guidelines dictated in the Declaration of Helsinki.  

Participants were seated behind a desk, with their head resting on a chin rest. Prior to every 

block, participants received written instructions, during which they did not wear the head 

mounted display and headphones. All of the instructions emphasised that they had to estimate 

the location as precisely as possible and that they had to respond as fast as possible when the 

ball turned red. Next, the head mounted display and earphones were put on and a practice 

block was started. This was performed to acclimatise the participant to the virtual environment, 

and to incorporate the appropriate sense of urgency necessary for that block. The practice 

block consisted of ten trials.  

Pre-programmed auditory instructions about how to start the trial were given automatically 

before each trial through the headphones. All trials started with a fixation point at the Back wall 

of the virtual room, at a location of 102 units from the view of the participant and a height of 10 
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units. Each distance unit used in the virtual world was approximately equal to 10 cm. The 

fixation dot was projected for a duration between 500 to 1500 milliseconds .  After it 

disappeared, a black ball started approaching from the opposite wall in a straight line. The 

starting location of the ball was randomised to be between 90-100 units and the ball always 

travelled at a height of 1.5 units below eye-level. The size of the ball was 3x3x3 units and it 

travelled at a speed of 20 units per second. At the left side a pillar was located at 1 unit in front 

and 3.6 units left of the participant. The location where the ball turned red (Response trials) or 

disappeared (Estimation trials) was 30 (near) or 50 (far) units. It was possible to stop the ball 

after it turned red in the Response trials, by pressing the space bar.  

After the ball had disappeared, pre-programmed instructions about how to indicate the 

location were given automatically through the headphones. Participants had to move a blue 

cube that appeared at the back of the virtual room (100 units away from them) to the 

estimated location, by pressing the up and down arrow keys. The cube moved over the same 

trajectory as the ball and had the same size (3x3x3 units). 

Lastly, at the end of both blocks, participants were debriefed and were asked to indicate on a 

questionnaire how difficult they felt the condition where multiple presses were required to 

stop the ball (Difficult) was compared to the condition where one button press was required to 

stop the ball (Easy). Their responses were given on a scale from 1-5 where 1 indicated not 

difficult and 5 indicated very difficult. 
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Results. 

Out of the thirty-two responders, 13 were assigned as VGPs (9 males, 1 left handed, Mean Age 

= 21.92, SD= 3.04) and 12 NVGPs (4 males, Mean Age = 25.9, SD= 4.68) and 7 people who 

belonged to neither group were excluded from the analysis.  

Analysis of the error rates (trials where the subjects failed to stop the ball on time) indicated 

that all subjects were able to stop the ball successfully and the rate of failure was less than 1%.  

Location Estimation: The analysis performed in this section used Location estimates obtained 

from the Estimation trials, to prevent the influence of performing dual-task (stopping the ball 

and reporting the location in the Response trials) on the obtained location estimates. See the 

footnote for an overview of the results obtained from analysing the Location estimates in the 

Response trials7. 

In order to ensure that people were able to distinguish between the near and far distance 

condition, the raw location estimates for the near and far distance conditions, for each block 

 
7 The analysis performed on the Location estimates, found in the Estimation trials was repeated to the location estimates found in the 

Response trials.  The raw location estimates for the near and far distance conditions, for each block (Difficult and Easy) and group (VGP and 

NVGP) into a paired sample t-test. All tests yielded significant differences (p<0.001, for all cases). A mixed-between group ANOVA was 

conducted with the same factors we used for the LEs from the Estimation trials. The results showed a main effect of Difficulty (F(23,1) = 

13.234, p = 0.001, n2  = 0.365) and Distance (F(23,1) = 4.508 , p = 0.045, n2  = 0.164). The factor Difficulty also interacted with group 

(F(23,1) = 13.886 , p = 0.01 n2  = 0.376). The factor Group was also significant (F(23,1) = 24.512, p < 0.001, n2 = 0.516). No other factors 

were significant. Pairwise comparisons between Easy and Difficult conditions revealed that locations were underestimated significantly for 

the Difficult condition (t(24) = 2.25 p = 0.001). We conducted one sample t-tests per Difficulty and Group to test which location estimation 

errors were significantly different from zero. The test revealed that only for the NVGP group were the LEs significantly different (Easy 

Near: M= -5.12, SD = 3.28, t(11) = -2.480, p <0.001, Easy Far: M= -6.68, SD = 5.91, t(11) = -3.914, p = 0.002, Difficult Near: M= -13.404, 

SD = 6.31, t(11) = -7.359, p <0.001, Difficult Far: M= -16.52, SD = 10.031, t(11) = -5.708, p < 0.001). Thus, only NVGPs underestimated 

distances. 
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(Difficult and Easy) and group (VGP and NVGP) into a paired sample t-test. All tests yielded 

significant differences (p<0.001, for all cases). 

Next, the location estimation errors (LE) were calculated individually for each subject by 

subtracting the estimated location from the actual location. Negative errors indicated that 

subjects estimated the ball as being closer to them, and vice versa. Finally, the LEs were 

averaged for all subjects, separately for each block and distance condition (Figure 2). 

In order to test the effects of group (NVGP, VGP), Difficulty (Easy, Difficult) and Distance (Near 

and Far) on the location estimates we conducted a mixed - between group, within subject 

design ANOVA. The within subject factors were Difficulty and Distance. The dependant variable 

were the LE’s. The results showed a main effect of Difficulty (F(1,23) = 5.093, p = 0.034, n2  = 

0.181) and Distance (F(1,23) = 11.395 , p = 0.003, n2  = 0.331). The factor Difficulty also 

interacted with group (F(1,23) = 7.095 , p = 0.014, n2  = 0.236). No other factors were 

significant. Pairwise comparisons between Easy and Difficult conditions revealed that locations 

were underestimated significantly for the Difficult condition (t(24) = 2.25 p = 0.034). Exploring 

the interaction of Difficulty with Group revealed that NVGPs underestimated the location of the 

ball in the Difficult condition. In order to test these effects, we conducted one sample t-tests 

per Difficulty and Group to test which location estimation errors were significantly different 

from zero. The test revealed that only in the Difficult condition for the NVGP group were the 

LEs significantly different (Near: M= -2.39, SD = 3.34, t(11) = -2.480, p = 0.031, Far: M= -5.64, SD 

= 5.32, t(11) = -3.674, p = 0.0043).  
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Overall, the Location Estimate data reveal that in the Easy condition, for either Distance, both 

VGPs and NVGPs were accurate in estimating the location at which the ball disappeared. In the 

Difficult condition, the VGPs were again accurate in estimating the location at which the ball 

disappeared, while NVGPs underestimated the locations at both the distances. 

 

Figure 2: Location estimation error. The error bars represent the standard error, corrected for 

within subject error. 
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Figure 3: Response times to the stop signal. The error bars represent the standard error,  

corrected for within subject error. 

Response Times: Response times (RT) were calculated for each subject by subtracting the time 

at which the subject pressed the stop button (for the first time in the Difficult condition) from 

the time at which the ball turned red. The RTs were averaged for each subject, separately for 

each block and distance condition (Figure 3). 

In order to test the effects of Group (NVGP versus VGP), Difficulty (Easy, Difficult) and Distance 

(Near and Far) on the response times we conducted a mixed - between group, within subject 

design ANOVA. The within subject factors were Difficulty and Distance. The results showed a 
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main effect of group: VGPs were faster than NVGPs (F(1,23) = 5.59 , p = 0.027, n2  = 0.196). The 

factor Distance (F(1,23) = 36.54 , p < 0.001, n2  = 0.614) was also significant. The factor Difficulty 

interacted with the Distance (F(1,23) = 21.77 , p < 0.001, n2  = 0.486). Exploring the interaction 

of Difficulty with Distance revealed the interaction was mainly caused by a significant speed up 

in the Difficult-Near condition compared to the Easy- Near condition. In order to test these 

effects, we conducted paired sample t-tests for two pairs of RTs grouped by Distance. For the 

comparisons RT Near-Easy (M = 0.388, SD = 0.056) versus RT Near-Difficult (M = 0.359, SD = 

0.033) and RT Far-Easy (M = 0.430, SD = 0.075) versus RT Far-Difficult (M = 0.437, SD = 0.064), 

only the RTs in the near conditions were significantly different from each other(t(24) = 3.416, p 

= 0.002). That is, RT in the Near Difficult condition was significantly faster than the RT in the 

Near Easy condition.   

Additionally, there was a three-way interaction between Difficulty, Distance and Group (F(1,23) 

= 4.919 , p = 0.037, n2  = 0.176). The three-way interaction was brought about by the relative 

differences in the amount of speed up across conditions for the two groups. This interaction 

was not explored further. 

Overall, the RT data indicate that VGPs were faster in responding to the ball. All participants, 

irrespective of Difficulty or Group responded faster in the Near conditions than the Far 

condition. Lastly, all participants responded the fastest in the Difficult-Near condition. 

Questionnaire: Subjects at the end of the experiment filled in a questionnaire that asked how 

difficult they felt the condition where multiple presses were required to stop the ball (Difficult) 

was compared to the condition where one button press was required to stop the ball (Easy). 
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The mean scores of difficulty were 2.85 (SD = 2.18) for VGPs and 2.91 (SD = 1.44) for NVGPs. A 

Mann-Whitney U Test revealed no significant differences between the groups (U = 75.5 p = 

0.88).  

Discussion 
 
The aim of this study was to test whether objects are judged as being closer in conditions 

where it was more difficult to stop an approaching object (Momentary action capability). We 

also tested to see if groups with contrasting inherent action capabilities (high versus low 

Inherent action capability) estimated distances of objects differently. The main results of this 

study are that in the condition where it was easy to stop the approaching ball, both VGPs and 

NVGPs were able to estimate the location of the approaching object accurately. However, when 

the object was more difficult to stop, VGPs and NVGPs behaved differently. More specifically, 

NVGPs tended to estimate the approaching object as being closer than it actually was. The 

VGPs continued to be accurate in estimating the location of the approaching object. 

Additionally, the questionnaire measuring the relative difficulty in stopping the ball in the 

Difficult condition compared to the Easy condition, indicated that both groups regarded the 

task to be reasonably difficult (VGPs scoring a mean of 2.85, and NVGPs scoring a mean of 

2.91).  

The VGPs were always faster than NVGPs in responding to the colour change in the ball. Studies 

(Bialystok, 2006; Dye et al., 2009) have shown that video game players show enhanced abilities 

at a range of cognitive and motor related tasks. The faster reaction times for VGPs found in our 

study are in line with these studies. Although the VGPs were faster, all subjects had equally high 
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success rates with stopping the ball in both Easy and Difficult conditions.  This was not 

surprising as the task was designed to ensure that subjects would be successful at stopping the 

ball. Subjects typically failed in the first few trials of the practice sessions in the Difficult block, 

but adapted quickly.  These results indicate that although both groups found the task to be 

equally difficult (as indexed by the questionnaire responses), VGPs were faster in stopping the 

ball.  

The differences in location estimations between the NVGPs and VGPs in the difficult block, 

require some further interpretation.  Many studies have demonstrated the presence of 

mechanisms that contribute to functional adjustments of visual information corresponding to 

moving objects. Firstly, due to transmission delay between information reaching the retina and 

travelling to the visual cortex, the visual cortex actively extrapolates the trajectory of moving 

objects to be able to keep up with the actual location (Berry et al., 1999). The neural basis of 

the motion extrapolation has been attributed to directionally selective neurons that directly 

activate other neurons that respond to the future locations of the moving stimulus (Fried et al., 

2002). To be able to interact with a moving object we have to compensate for the transmission 

delay between the motor cortex and the effectors, and also for the sluggishness of the 

responses of these effectors (Nijhawan et al., 2004). Therefore, motor commands are tailored 

to affect not the location where the object is when the command is issued, but at the location 

the object will be when the action needs to be performed. In order to accomplish this, the 

future locations of the object are computed and perhaps also stored as such, ahead in time 

(Nijhawan, 1994).  
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The underestimations of location by the NVGPs in the difficult condition might be seen as the 

result of an active compensation for the slower processing of detecting the stop-signal and 

issuing the motor command to stop the moving ball. By perceiving the ball to be closer, NVGPs 

might have started the motor preparation ahead in time so that they would respond as quickly 

as possible when the stop-signal was detected. VGPs on the other hand, are trained in such 

situations and therefore might require less compensation. For instance, studies in persons who 

are proficient in certain motor skills such as expert musicians and athletes have shown that the 

overall cortical activation, required to perform a basic movement is lower than with controls 

(see Yang 2015 for a review).  Also, in the Easy condition such compensation would have been 

unnecessary for either group, as a small delay in responding to the stop signal would still have 

resulted in successfully stopping the ball.  

The erroneous underestimations delivered by the NVGPs in our study may have been caused by 

forward shifts in the memory of the ball’s location, and not by the misperception of the 

location. Such an effect was coined Representational Momentum by Freyd and Finke (1984).  

Studies have shown that when subjects were asked to report the final location of an object 

undergoing motion (for example: translational, rotational), they typically misremembered the 

object’s location further along its trajectory. Furthermore, subjects’ belief about the objects 

movement properties seemed to interfere with the effect. For example, when subjects were 

presented with objects that were associated with motion (such as rockets) and those that were 

typically static (such as steeples), the former category showed greater forward shifts (Senior et. 

al., 2000). Representational momentum accounts take into consideration the failure in stopping 

the dynamic updating of the object’s location in memory, interference caused by divided spatial 
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attention (Hubbard & Ruppel, 1999; Hayes & Freyd, 2009), and the effect of action plans 

(Wexler and Klam 2001) on the final reported location.  

In our study only the NVGPs underestimated locations, and only in the difficult condition. One 

explanation is that VGPs and NVGPs used different strategies to perform the task. That is, VGPs 

could have been faster at stopping the dynamic updating of the ball’s location than NVGPs in 

the difficult condition. Also, in the difficult condition of our task, if the NVGPs monitored their 

critical response location (shifting their spatial attention completely to that location, or by 

dividing it between the two locations) closely to be able to respond to the ball as soon as it 

reached that location, thereby dividing their attention between the moving ball and the critical 

location, it is possible that their dynamic memory representation of the ball was between the 

actual location and the critical location, yielding a forward displacement of the moving ball.  

Another possibility is that action capability is an independent factor that exerts its influence 

directly on location perception of dynamic objects.  

A crucial difference between the embodied perception accounts and representational 

momentum accounts of object mis-localisation is that while the former assumes that there are 

neural mechanisms and strategies that directly exert their influence on perception, the latter 

states that the forward shifts are caused at the representational level (memory shifts). Given 

our design, it is not possible to state whether our results were caused by the direct 

manipulation of perception (if the ball was viewed to be closer by), or by the manipulation at 

the level of perceptual judgements (if the ball was remembered to be closer by), or a 
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combination of the two. We therefore offered alternative explanations that take both 

possibilities into account.  

Although our study shows that VGPs were more accurate in estimating locations in all 

conditions, it is entirely possible that if the task difficulty was increased even further, they too 

would have started to underestimate locations.  Therefore, the interaction between action 

capability and perception may lay along a continuum that is lower-bounded by one’s inherent 

action capability. As long as the task is easier than what our inherent action capability allows us, 

perception of location may be unaffected by it. When the task becomes more difficult, then 

perception may be altered to aid effective action. This possibility should be researched in future 

studies. 

Lastly, we would like to compare the effects found in our study with those of Witt and 

colleagues (Witt et al., 2008). An important difference between the two studies is that they 

compared the effects of task performance to perceptual judgements after the task was 

completed, while we manipulated skill-level and difficulty while equalising the performance 

(success rates). Also, we asked for perceptual judgements during the task, on trials where no 

action to stop the ball was required. By using these two methods, we reduced the influence 

that emotional responses (negative or positive emotions caused by the subject’s performance) 

had on the perceptual judgements they reported. Therefore, the results found in our study may 

be viewed as an extrapolation of the results of Witt and colleagues (Witt et al., 2008). 

In conclusion, the results of our study show that both inherent and momentary action 

capability can interact to influence the location estimation. Mainly, our perceptual judgements 
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of the location of an approaching object are adjusted dynamically in order to promote effective 

action execution. The location of the self-same object, approaching in an identical fashion, but 

only separated by the expected difficulty in stopping it, could be judged differently. 
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Chapter 7 

Summary and Conclusion 
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The aim of this thesis was to understand how events and stimuli that occur in space closely 

surrounding an observer; i.e., his peripersonal space, guides his actions in response to the 

event. The bulk of this thesis (Chapters 2 to 6) discusses our hypotheses and provide 

experimental evidence towards this mechanism that allows processing objects and events in 

near space. This final chapter aims to summarize these results. While this thesis derives its 

inferences exclusively from systematic experimentation in behaving humans, the motivations 

behind the hypotheses were heavily influenced by prior work on the same topic in single 

neuron studies in monkeys.  

 Peripersonal space was defined as the region of space within which an approaching stimulus 

evoked enhanced spatially specific neural processing at the site of expected contact. This 

definition provided us two guidelines: Firstly, that whenever we expected peripersonal space 

specific responses in behaviour, there would be a boundary surrounding an observer beyond 

which these responses would be absent. That is, that there would be a  distinction in behaviour 

that occurred within the peripersonal space and outside. Secondly, we expected that the 

enhancement responses would be specific to the site or body part where contact was expected. 

Using these guidelines, we designed studies that tested several hypotheses regarding the 

influence of peripersonal space on human behaviour. This final chapter aims to summarize and 

discuss these results. While this thesis derives its inferences exclusively from systematic 

experimentation in behaving humans, the motivations behind the hypotheses were heavily 

influenced by prior work on the same topic in single neuron studies in monkeys.  
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While most, if not all events in near space are of significance to human observers, we aimed to 

examine mainly a subset of those that fell into the purview of peripersonal space. 

Our first hypothesis (put forth in Chapter 2) was that the predictive information embedded in a 

dynamic visual stimulus (time and site of impending contact on the body), is used by observers 

to anticipate bodily contact with the stimulus. We argued that this prediction will allow a faster 

detection of the tactile stimulus thereby resulting in faster responses. Previous literature on 

peripersonal space neurons, specifically in the ventral interparietal sulcus in monkeys, had 

established that the visuo-tactile neurons that coded for the location of impending contact 

responded even when a visual stimulus merely predicted impact at location (Cléry et al., 2017; 

Clery, Guipponi, Odouard, Wardak, & Ben Hamed, 2015). Our results provide evidence of a 

human behavioural extrapolation of this mechanism. In addition, we were able to show that 

the facilitation at the site of expected stimulation was also accompanied by the sensitivity to 

the impending time at which the observer is being touched.  

Results following a similar theme, i.e., modulation of responses to tactile stimuli based on the 

time-course of expected contact with a visual stimulus were discussed in Chapter 5. Here we 

extended our findings in Chapter 2 by examining the response times to tactile stimuli delivered 

in conjunction with a visual stimuli that moved at different speeds. We demonstrated that the 

behaviourally derived peripersonal space boundary, which we defined as the location of the 

visual stimulus where a concurrently delivered tactile stimulus produced a sharp drop in 

response times (see Canzoneri, Magosso, & Serino, 2012), varied with the speed of the moving 

stimulus. That is, higher speeds of visual stimuli resulted in boundaries that were further away 
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from the observer, while lower speeds contracted the boundary. This result again extends the 

findings in single neuron studies in monkeys that showed groups of peripersonal space neurons 

that were sensitive to different speed ranges of visual stimuli (Fogassi et al., 1996) . These 

receptive fields of these neurons similarly were larger for faster moving objects.  

In Chapter 3 we demonstrated that the manner in which behavioural mechanisms such as overt 

expectations of tactile contact could interact with multisensory interactions specific to 

peripersonal space in determining behavioural responses to tactile stimuli. The initial 

motivation behind this study was to stabilise an existing behavioural paradigm that extracted 

the boundary of peripersonal space through examining the changes of response time to tactile 

stimuli with distance to a moving visual stimulus (Canzoneri et al., 2012). As research into 

peripersonal space has demonstrated many times that moving stimuli in near space are 

subserved by multisensory enhancements provided by the peripersonal space network, it is 

expected that response times to tactile stimuli experience a sharp decrease when their 

accompanying visual stimuli cross the boundary into peripersonal space. Thus, by examining the 

patterns of these response times, where this sharp decline occurs, we can delineate the 

boundary.  

This paradigm can however be sensitive to higher order processes such as overt expectations of 

tactile contact that a looming object also introduces. We manipulated overt expectation 

of tactile stimuli, by manipulating the visual cue reliability over different blocks. In some blocks, 

the visual cue was highly predictive of a tactile stimulus, while in others it was very weakly 

predictive. The results of this study were two-fold: (1) We were able to establish that both 
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overt tactile expectations and peripersonal space related multisensory processes work together 

in allowing an observer to respond to looming objects. (2) We were able to recommend a 

method to suppress the effects of overt expectations on the peripersonal space boundary 

paradigm. 

Paradigms examining the nature of multisensory interactions always suffer from the drawback 

of being influenced by extraneous cognitive effects that cannot always be isolated or 

suppressed. While results so far from this thesis and other authors have consistently 

demonstrated behavioural evidence for multisensory facilitation for tactile stimuli in space 

closely surrounding the observer, the study in Chapter 4 furthered these results by 

demonstrating the multisensory integration was the underlying mechanism. While it is 

tempting to take evidence of faster responses to multisensory stimuli as evidence for their 

integration, it is a commonly known phenomenon that concurrently presented stimuli are often 

detected faster than stimuli in isolation (known as the redundant signals effect). In order to 

more confidently state that multisensory responses times to stimuli within the peripersonal 

space are indeed due to their integration, one needs to also rule out the effect of redundant 

signals. In behavioural studies, this is tested most reliably by analysing response times using the 

race model inequality (Miller, 1982).  In chapter 4 we demonstrated that the visuo-tactile 

interactions that result in faster detection of tactile stimuli within peripersonal space were 

indeed a result of the integration of these stimuli.  

The penultimate chapter of this thesis (Chapter 6) moves slightly away from the theme of 

examining purely peripersonal space related modulations to looming stimuli, and asks whether 
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the observer’s action capability influences the perception of the visual stimulus location. Our 

results showed that both our inherent action capability (representing a stable action capability) 

and our momentary action capability (action capability at that particular moment) can bias the 

observer’s perception of the object’s location in relation to themselves. We suggested that this 

misrepresentation of object’s location is further evidence for the motivational nature of our 

perception that induces the observer to perform urgent action when necessary.  

In summary, the chapters 2-6 demonstrate the complexity of our behavioural mechanisms in 

monitoring objects around us, and especially those closely surrounding us.  

While neuronal studies in the past have specifically isolated a defensive neuronal network 

(known as the peripersonal space network) in the posterior parietal and premotor areas that 

are specialised in detecting and responding to looming objects, the behavioural studies within 

this thesis find the fingerprints of these networks’ activity in human behaviour.  

The main findings of this thesis are that objects approaching an observer modulate the 

processing of the impending tactile contact. Approaching objects are also able to boost tactile 

processing at the site and time of the impending touch on the body. These findings are 

consistent with the profile of the peripersonal space network. This thesis also shows that other 

processes such as tactile expectation, multisensory integration, and motivational perception 

bolster the peripersonal space mechanism to result in conducive defensive behaviour.  

There are several researchers currently that are working hard towards mapping out the 

boundaries and nature of peripersonal space in humans. While most neurophysiological studies 

in monkeys focused on head, torso and hand-centric peripersonal space, human studies have 
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shown evidence for a peripersonal space around the lower limbs  (Stone, Kandula, Keizer, & 

Dijkerman, 2018) the back of the torso (Serino et al., 2015) and also a peripersonal space that 

encompasses the full body (Noel et al., 2015) . While the studies in this thesis and 

neurophysiological literature focused on stimuli approaching the body and did not manipulate 

the nature of the stimuli, human studies have shown that the affective nature of the 

approaching stimuli can modify the peripersonal space, expanding it when the stimulus has a 

negative affect (de Haan, Smit, Van der Stigchel, & Dijkerman, 2016; Taffou & Viaud-Delmon, 

2014).  

Recent research has also shown that performing actions that are more likely to bring us in 

physical contact with other objects, such as walking, can expand the boundaries of the 

peripersonal space  (Brozzoli et al., 2010; Noel et al., 2015). These results are in the same vein 

as the result from our study that showed that objects moving towards the observer increase 

the boundary of the peripersonal space in a manner consistent with their speed. These results 

taken together suggest that the relative speed of external objects with respect to the observer 

determine the size of the PPS boundary. 

While the results of studies that search for a boundary might tempt the reader into thinking of 

peripersonal space as a sharply bounded zone, it must be noted that the distinction between 

the peripersonal and extrapersonal space is most likely graded in nature (Bufacchi & Iannetti, 

2018; Van Der Stoep, Serino, Farnè, Di Luca, & Spence, 2016). In our studies, and others, the 

location are sampled at distances of 10-20 centimetres giving the illusion of effects occurring 
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clearly within the peripersonal space, and their absence outside. However, if we had sampled 

locations at smaller intervals, it is likely that boundary would have been more smeared out.  

This thesis has made a step in examining nature of the underlying multisensory processes that 

govern peripersonal space related behaviour, by showing that the approaching object and 

touch are indeed integrated. That means that the faster detection of multisensory targets 

within the peripersonal space was not merely a result of the statistical facilitation that 

accompanies redundant targets.  

A subject that is closely related to visuo-tactile integration is body-ownership. That is, many 

paradigms studying the locus of body part ownership have demonstrated that the concurrence 

and synchronisation of dynamic touch on the body, and the sight of the foreign object being 

touched are largely responsible for creating a sense of ownership over the body part. This 

phenomenon has been consistently demonstrated using a popular illusion called the rubber 

hand illusion (Botvinick & Cohen, 1998) where participants experience ownership over a fake 

hand simply because they experience touch on their own hidden hand, while they see a fake 

hand being stroked synchronously with what their hidden hand feels. Until recently, the 

emergence of the illusion was strongly dependent on the fake hand being actually touched 

congruently with the real hand. However, two recent studies have demonstrated that simply 

predicting touch on the rubber hand (Ferri, Chiarelli, Merla, Gallese, & Costantini, 2013; Smit, 

Van Stralen, Van den Munckhof, Snijders, & Dijkerman, 2019) or performing the stroking 

movements within the near space of the fake hand (without actually touching it) (Guterstam, 

Zeberg, Özçiftci, & Ehrsson, 2016) are sufficient to create a sense of ownership over the fake 
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hand. Both these studies indicate the role that multisensory integration within the peripersonal 

space in creating body-ownership. 

The multisensory activity of the peripersonal space network belies a purpose that is more 

important than just creating an understanding of the space around us and the events within it. 

It plays a role in our very survival. Imagine an inherently innocuous object such as a fruit that 

just detached itself from a tree looming towards our head. If it wasn’t for this network of 

multisensory areas, we wouldn’t be able to so quickly protect our head from its impact if all we 

caught was a glimpse of it at the very last moment. Or imagine feeling a small insect that just 

landed on the arm and we swat it away without even thinking twice. This insect could have 

been a deadly spider whose venom could kill us or at the very least irritate the skin. Regardless, 

this network is there is to prevent or minimise bodily harm that can occur by interacting with 

the world around us.  

 Future research should focus on gaining more understanding about the role of the peripersonal 

space network in body-representation. As neural damage caused by strokes or even physical 

accidents such as losing a limb (Makin, Wilf, Schwartz, & Zohary, 2010) can create disturbances 

in this network, a more thorough understanding of this network may allow us to create means 

to combat these losses in function. Research goals could also include precisely mapping the 

activity of this neural network to understand its vulnerabilities. By doing so, we can design 

implants that can supplement the activity of this network to make us even more effective at 

preventing physical damage while navigating. Or decoding the defensive algorithm these 
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networks use may allow us to implement them in obstacle avoidance systems in non-biological 

objects such as transport systems. 
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Summary in Dutch 

  



172 

 

Als mens zijn wij uitgerust met verschillende systemen om ons te beschermen tegen lichamelijk 

letsel. Eén van die systemen, genaamd de peripersoonlijke ruimte (PPR), helpt ons bij het 

ontwijken van botsingen, of het minimaliseren van schade bij een botsing. 

Dit netwerk in het brein houdt continu de directe omgeving rond lichaamsdelen, zoals gezicht, 

handen, torso en benen, in de gaten, zodat het bij een dreigende situaties defensieve acties kan 

initiëren, zoals het wegdraaien van een lichaamsdeel uit het botsingsgebied, of het sluiten van 

de ogen als er een verwachte botsing met het gezicht is. 

Het interessante is dat deze beschermingszones rond de verschillende lichaamsdelen 

onafhankelijk van elkaar zijn, en dat de daaruit voortvloeiende defensieve acties ook afhankelijk 

zijn van het specifieke lichaamsdeel dat beschermd dient te worden. 

Bijvoorbeeld: Stelt u zich voor dat u zich in een speeltuin bevindt, een bal vliegt in de richting 

van uw lichaam, en u heeft dit van tevoren niet aan zien komen. Wat zou uw lichaam doen? 

Hoogstwaarschijnlijk zouden uw knieën buigen, en zou uw bovenlichaam, ter bescherming van 

de borstkas, wegdraaien. Als het uw gezicht betrof, dan zou uw reactie anders zijn. Uw nek zou 

uw gezicht wegdraaien uit de richting van de naderende bal en begint met het sluiten van uw 

ogen. Het oog dat dichter bij het naderende voorwerp is, zal meer sluiten dan het andere oog.  

Dit defensieve mechanisme was de focus van deze thesis. 

Alhoewel dit netwerk als eerste ontdekt is bij primaten, wordt er nu ook onderzoek gedaan bij 

mensen om er een beter begrip van te krijgen. In deze thesis kijken we naar verschillende 

factoren die invloed hebben op de PPR. 
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In de eerste studie van de thesis laten we zien dat mensen niet alleen in staat zijn om in te 

schatten waar een naderend object contact gaat maken, maar ook om te interpreteren 

wanneer contact gemaakt gaat worden. 

In andere studies hebben wij gekeken naar eigenschappen van de PPR. 

Wij zagen bijvoorbeeld dat wanneer de snelheid van een naderend object toeneemt, de grootte 

van de defensieve PPR rond het betreffende lichaamsdeel ook toeneemt, zodat een defensieve 

reactie eerder geïnitieerd kan worden. 

Dit resultaat is consistent met wat eerder is geobserveerd in de neurale activiteit van apen. 

Neuronen waren geneigd om eerder te reageren wanneer het voorwerp dat de aap naderde, 

een hogere snelheid had. Dit is ook logisch, want om bij een naderend object effectief te 

kunnen reageren, moeten we de snelheid van het object in acht nemen. Hoe sneller het 

voorwerp beweegt, des te sneller moeten wij daar op reageren. Vergelijkbaar met onze 

uitkomsten, hebben andere onderzoekers laten zien dat de wanneer men aan het lopen is, de 

grootte van de PPS PPR om ons heen toeneemt. 

We laten ook zien dat het PPS PPR netwerk informatie van verschillende zintuigen gebruikt, 

zoals zicht en tast, om te reageren. Dus als u bijvoorbeeld een voorwerp en ziet naderen en u 

voelt ook de initiële aanraking dan bent u eerder in staat het voorwerp te detecteren dan dat 

als u het object alleen gezien of gevoeld heeft. Stelt u zich voor dat u door een dicht bebost 

gebied aan het lopen bent. U moet continu duiken en uw lichaamshouding aanpassen om de 

laaghangende takken op uw pad te ontwijken. Soms zal u duidelijk de takken voor u zien, en 

dan maakt u de bewuste keuze om uw houding aan te passen om deze te ontwijken. In andere 

gevallen ziet u sommige takken pas op het laatste moment in uw ooghoeken. In dat geval zal 
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uw lichaam zich automatisch aanpassen om letsel door een langs uw gezicht schrapende tak te 

beperken. Soms ziet u de tak helemaal niet komen. U merkt de tak pas op als deze tegen u aan 

komt. De tak zou van een van een zachte struik kunnen zijn die geen letsel tot gevolg heeft, of 

het zou een struik met stekels kunnen zijn die uw huid kan beschadigen. 

Voordat u bewust kan vaststellen of de tak een bedreiging voor u vormt, trekt uw PPR systeem 

uw arm terug om het contact te minimaliseren en het potentiële letsel van de tak te beperken. 

Hopelijk maakt dit voorbeeld duidelijk hoe zowel zicht als tast samenwerken om de PPR 

grenzen rond uw lichaam te vormen. 

Maar wat gebeurt er als je een voorwerp ziet aankomen en u verwacht dat deze u aanraakt. Zal 

het PPR op dezelfde manier reageren in deze situatie? In een onderzoek ontworpen om te 

kijken naar het effect of een verwachte aanraking op ons PPR, hebben we laten zien dat de PPR 

en onze verwachting samenwerken om onze gedrag te beïnvloeden. En het blijkt ook dat het 

effect van het PPR is meer waarneembaar in situaties waarin we de aanraking niet verwachten. 

Tot slot kijken we in dit proefschrift naar het effect van ons actie vermogen op hoe wij de 

locatie kunnen inschatten van naderende voorwerpen waarop wij willen reageren. 

We laten zien dat hoe beter iemands actievermogen is, hoe beter hij in staat is om de locaties 

van een naderende voorwerp in te schatten. 

In het onderzoek vergeleken we videogame spelers met niet-videogame spelers in een virtual 

reality opdracht. Ze moesten voorkomen dat een naderende bal contact maakte met een 

voorwerp naast hen. 

We vroegen ook aan deelnemers om in te schatten wat de locatie van de bal was wanneer deze 

van kleur veranderde. 
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De uitkomst was dat videogame spelers niet alleen beter waren in het stoppen van de bal, maar 

ook beter konden inschatten wat de locatie van de bal was. 

Niet-videogame spelers waren langzamer in het stoppen van de bal en schatten de bal ook 

consequent dichterbij in dan dat deze daadwerkelijk was. 

In een ander onderdeel van het experiment maakten we het moeilijker voor de deelnemers de 

bal te stoppen en creëerden daarbij dus een verkleining van het actievermogen. 

In deze situatie schatten deelnemers de bal dichterbij in dan in de situatie waarbij het 

makkelijker was om de bal te stoppen. 

Van dit onderzoek hebben we geleerd dat, wanneer we te maken hebben met een naderend 

object, ons vermogen om de locatie van het object in te schatten afhankelijk is van hoeveel 

interactie we met dit object gehad hebben. Zijn we hier meer bedreven in, dan we nemen de 

locatie beter waar. Zo niet dan wordt de waarneming van het object bijgesteld naar een positie 

dichtbij zodat we met meer urgentie kunnen reageren. De resultaten van deze thesis laten de 

effecten van het mechanismes zien waar ons brein mee uitgerust is om een veiligheidsmarge 

rondom ons lichaam te houden. 

Deze marge is niet alleen een simpele grens, maar een complex mechanisme dat zich kan 

aanpassen aan en reageren op de omgeving. 

Deze thesis demonstreert hoe een werkend PPR mechanisme ons veilig houdt. 
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