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1
Introduction
Consider a typical early morning. Your lack of both coffee and sleep are creating fog in 
your head when your feet touch the cold floor. Your baby is still fast asleep next to you, 
tired after a long night of keeping up mum and dad. You decide not to turn on the lights 
and let him sleep for a bit, lest he will think his lack of milk is way more urgent than 
your lack of coffee. So, in the dark you dress yourself, tie your shoelaces and tiptoe to the 
kitchen. But how do you do that? The representation of the arm is based on convergence 
of both visual and proprioceptive information (Graziano, 1999) with a larger influence 
of visual information on for instance perceived hand position (Mon-Williams, Wann, 
Jenkinson, & Rushton, 1997) and movement preparation (Touzalin-Chretien, Ehrler, & 
Dufour, 2010). Also, perceived limb position tends to drift when you make movements 
without visual feedback (Brown, Rosenbaum, & Sainburg, 2003a, 2003b). As humans a 
lot of the coordination we do is based on visual information. Let’s focus on the hands 
for now. If you manipulate visual information, it is actually surprisingly easy to influence 
where you think your hands are. For instance if there is a fake hand lying in front of you, 
next to your real hand which is hidden from view, your perception of where your hand 
is shifts in the direction of the fake hand (Ferri, Ambrosini, Pinti, Merla, & Costantini, 
2017; Ferri, Chiarelli, Merla, Gallese, & Costantini, 2013; Rohde, Luca, & Ernst, 2011). Some 
attentive readers might now be shouting at this booklet: “that works way better if you do it 
multisensory!” Yes. I know. We’ll come to that later. My point is that by even manipulating 
visual information a little you can easily mess up body localisation. Moreover, you can 
trick people into moving their hands without them noticing. If you then remove visual 
information about the position of the hands, and provide haptic proof that their hand is 
not where they thought they last left it, people end up with no clue where the hand has 
gone (Newport & Gilpin, 2011).
 
These are of course experimental settings, in real life -or at least real life outside of our 
lab- you very rarely encounter loose fake hands. But still, they illustrate that your brain 
does not have a direct feedback line from your hands telling it where they are in space. So 
how does your brain not lose your hands all the time? 
 
First of all, you know that your hands are attached to your arms, which are approximately 
1 arm length long. So your hands will be somewhere within arm’s reach. You have 
perceptual mental representations of your body, you know sort of what it looks like, how 
big it is, where different parts connect. This is loosely what is -within neuroscience at 
least- described by the term “body image”.
 
However, you can move your body parts. Where did you last move your hands again? 
Luckily, your brain usually gets a lot of feedback from the different senses. It combines 
the information (e.g. tactile input from touching the shoe laces, feedback from 
muscle spindles, hearing the shoes rustle) and integrates this with predictions of 
where your hand may have ended up given the movements you have performed lately. 
 
Lastly, you will need a representation of your body in interaction with its environment. 
Not only can we process and integrate information from different senses, we can also 

1
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make predictions about interactions between our body and the outside world based on 
this information. A fronto-parietal network of neurons has receptive fields for tactile 
stimuli on a body part (most importantly the hands and face) but also visual and auditory 
receptive fields that extend from the body part into the outside world. These neurons can 
integrate between the different modalities and for instance connect something you see 
coming towards you to a subsequent touch on your skin. This interaction in the processing 
of events near your body and on your body is what is generally referred to as peripersonal 
space processing (see Brozzoli, Makin, Cardinali, Holmes, & Farnè, 2012). I believe this 
enables you to combine the two-body and surround- and find you place in the world.
 
And also, to safely reach the kitchen on an early morning. 
 
In this thesis, I will describe my studies of the representation you have of yourself in, and 
in interaction with, your environment. 

Your body in your mind
Let’s talk about you. Or more specifically, your body, and how you experience it. 
Philosophers have disagreed for centuries about whether your body is actually something 
completely separate from your “mind”, or whether the two are in some way (and there is 
a huge pile of different ideas about what way) the same thing. By far the most influential 
advocate of the dualistic vision, René Descartes, considered us to be immaterial thinking 
things, who could exist without a body (Skirry, n.d.). While sensory input does come from 
the body, you can only be sure of the experience of it, which he believed to be a form 
of thinking not necessarily requiring a body. And while he considered our senses to be 
unreliable and susceptible to illusions (mostly in the first meditations), even Descartes 
considered the perception of your own body, and more importantly, the perception 
of your own body as your own, as a unique experience. It feels like your body is part of 
yourself (see Chamberlain, 2016). 

The perception of our own body as ourselves, and the possible consequence that 
we must have some sort of representation of what, where and how our body is, is an 
intriguing phenomenon. One that many people now -in contrast to Descartes’ ideas- 
consider very much correlated to not only self-consciousness, but to being conscious 
of that consciousness. Thus, to recognise your own body is something we often regard 
as a behavioural measure of self-awareness (Gallup, Platek, & Spaulding, 2014). This is 
most directly seen in the fact that we tend to link self awareness as a state of mind often 
directly to self recognition as tested in the mirror self-recognition test (Gallop, 1970). In 
this test a visual marking (e.g. a sticker) is placed on the skin of a -usually- non-human 
animal and its behaviour is observed when given a mirror in which the marking is visible. 
Some animals, such as bottlenose dolphins (Reiss & Marino, 2001), orca’s (Delfour & 
Marten, 2001), great apes (Anderson & Gallup, 2011; Gallop, 1970; Westergaard & Hyatt, 
1994) and most surprisingly the Eurasian magpie (Prior, Schwarz, & Güntürkün, 2008), 
will recognise that they are looking at themselves, and will for instance try to touch the 
sticker. Some others, such as my cats, will react as if they see another animal of the same 
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species. There are rather a lot of complications with this kind of setup. For instance, some 
animals may just not recognise that there is anything strange about a random dot on their 
skin, or may not be inclined to clean it up. Other animals rely primarily on other senses 
than vision. And of course, self-recognition does not automatically imply self-awareness 
(Morin, 2011). But the popularity of these experiments does illustrate the importance we 
give to body awareness as a part of consciousness. 

While not nearly as popular as research of the visual modality, somatosensory research is 
gaining attention, and a growing number of researchers are investigating how we perceive 
and represent our own bodies, and why we feel ownership of it. Yet, body research is 
tricky. To move to more phenomenalistic terms: the body is both the perceived and the 
perceiver. This is also what -to me -makes it incredibly interesting to study. 

Body awareness and body perception
Body awareness is actually a broad term and its meaning depends on the speaker. For 
a philosopher, it may include feelings of body ownership, agency, self-localisation and 
egocentric perception while for a medical practitioner it may be more about the awareness 
of internal body sensations, and the affective component and attention assigned to these 
sensations. What these factors have in common is that they depend on the sensory input 
you get from your own body. 

All of your senses contribute to the inflow of information you get about your own body. 
Some information comes via the outside world, such as visual and auditory feedback 
about the body. Other signals, such as proprioception, vestibular perception and tactile 
perception do not come through the outside world and are inherently bound to the body. 
The somatosensory system is concerned with processing these signals from inside the 
body. In our group in Utrecht we work a lot with proprioception and tactile perception. 
Body experiences rely on a successful weighted combination of information from different 
modalities (Azañón et al., 2016). In situations such as finding1 and tying your shoelaces 
in the dark, proprioception and tactile perception provide complementing streams of 
information. 

Proprioception relies on information from proprioceptors, sensory nerve terminals in the 
muscles, tendons and joints, and refers to the perception of the position of our body or 
body parts. To use an example that oversimplifies a bit, you can feel from the muscles and 
tendons that are and aren’t being stretched whether your arms are stretched out to the 
ground, or held against your chest. Usually, this perception remains largely unconscious; 
you do not need to consciously keep track of your hands and fingers to tie your shoelaces. 
Proprioception is immensely important in making movements, as it helps the online 
temporal coordination of limb muscles. Knockout mice that are missing genes important 

1:  In research terminology this would be called haptic search, something I could have devoted 
some studies to, but my project went in different directions. I would recommend the work of my  
colleagues at the VU in Amsterdam, such as (Overvliet, Smeets, & Brenner, 2008).
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for cation channels in the sensory endings of proprioceptors (Woo et al., 2015) or for 
maintenance of proprioceptors (Akay, Tourtellotte, Arber, & Jessell, 2014), show largely 
uncoordinated body movements and abnormal limb positions. They will show incorrect 
timing in their movements, and have an unstable gait. Mice in which only proprioception 
in the hind limbs is affected may even just give up on them when walking, raising their 
hind limbs in the air and dragging their bellies over the flour with their front paws.

Tactile perception to me is rather interesting in particular, as tactile receptors are placed on 
the border between your own body and the outside world. Our skin, covering an impressive 
1.5-2 square meters in surface, is therefore both a last line of defence and an interface 
for feeling the world; a contact zone. Tactile perception relies on free nerve endings and 
four subtypes of mechanoreceptors in the skin, which are sensitive to different aspects 
of touch. Most superficially, Merkel’s disks and Meissner’s corpuscles respond to lighter 
touch and have relatively small receptive fields. Deeper in the dermis, Ruffini endings 
and Pacinian corpuscles respond to stronger pressure and have larger receptive fields. 
Nicely counterbalanced, Meissner’s corpuscles and Pacinian corpuscles adapt quickly to 
a stimulus and therefore are sensitive to fast changes in touch, while Merkel’s disks and 
Ruffini endings can detect prolonged touch (Johnson, 2001). 

As the tactile receptors are bound to the skin, the first line of processing on tactile input 
takes place in a somatosensory reference frame. However, actions you may want to 
perform upon this tactile input generally need to be coordinated in an external reference 
frame. This is what we investigated in chapter 2. One way to study the reference frames 
used in perception is to invoke situations in which two reference frames are in conflict. 
Most commonly used are experiments were body parts are crossed over each other, so that 
what is “the left side” in a somatotopic reference frame is now on the right side in space 
(and vice versa). It has been shown before that when crossing the hands over each other, 
you misperceive the order of tactile stimuli that are applied to the two hands in rapid 
succession. Tactile information is first processed according to a prototypical positioning 
of the limbs and when a rapid second stimulus disturbs the integration of an external 
reference frame, you get confused. Given more time to process each stimulus, you remap 
them to incorporate the crossed posture of the hands. This gives an interesting insight 
into how the representation of your body within the world is constructed. We found that 
this remapping is not something that is done automatically with all tactile input and all 
body postures before conscious perception, but rather the brain has a few remapping 
scripts lying around for known reference frame incongruent postures, which get activated 
if needed. 

Body representations 
How do we store and use the information about our bodies that we received from our 
senses? How and if the body is represented in our brain is a matter of debate. I think it 
would not be fair for me to dive into the discussion of mental body representations without 
mentioning the whole discussion going on about whether they exist at all. Philosophy is 
by no means my area of expertise, but I do think cognitive neuroscience could gain from 
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giving it a little more attention. So I will give a short introduction on why I believe we have 
body representations. If you prefer a more throughout explanation, please see for instance 
the work of De Vignemont (e.g. 2011, 2014).

According to a strict enactive or sensorimotor view, mental representations are unnecessary 
and require too many computational resources, and the same could easily be solved by 
sensorimotor loops (Gallagher, 2008). Enactivism is based on the idea that cognition, 
including perception, is not tied to some central “mind”-process, but rather is a direct 
consequence of acting within the world. Perceptual experiences, including the perceptual 
experience of our own bodies, are considered to be inseparable from the bodies actions or 
sensorimotor expectations (O’Regan & Noë, 2001; Thompson, 2005). So, the experience 
of having a hand is nothing else than having a practical knowledge of how to move or 
interact with this hand (see also Merleau-Ponty’s stance that bodily experiences consist 
of “I can” rather than “I think”, Merleau-Ponty 1945/1962). You don’t have to actually move 
your hand, the know-how is enough. Still, patients who cannot move their arm anymore 
show a more flexible or perhaps weaker sense of ownership over the paralysed arm, but 
are more strict than healthy controls about the ownership of their other arm (Burin et al., 
2015). Body ownership in this experiment was measured using the rubber hand illusion. 
In this body illusion, participants view a rubber hand that is stroked synchronously with 
their real, hidden hand. This procedure usually results in experiencing an increased 
sense of ownership over the rubber hand and was used in chapter 4 in this thesis. A study 
from della Gatta et al. (2016) using the same illusion found that motor excitability in M1 
hand circuits corresponding to the real hand dropped when participants experienced a 
feeling of ownership over the fake hand. Thus, there is experimental evidence for a direct 
link between body experiences and the motor system. Also, the enactive view of body 
experiences is attractively parsimonious and nicely evades the homunculus problem.

On the other hand, there is compelling evidence that motor know-how can’t be the only 
thing underlying body experiences. First of all, an action and a related perception are not 
even always coded in the same reference frame (more on reference frames in chapter 2 of 
this thesis). Moreover, there are situations that cannot be explained by mere sensorimotor 
loop activations (De Vignemont, 2011, 2014). This is where the representationalist vision 
will add -you’ve guessed it- a mental body representation2. First of all, if body experiences 
are solely based on motor know-how, factors that influence perception of the body should 
influence actions and vice versa. This does not appear to be true. For instance, in the rubber 
hand illusion the perceived location of the real hand shifts in the direction of the rubber 
hand. However, when asked to make a hand movement, no influence of the illusion is 
seen in the trajectories ( (Kammers, De Vignemont, Verhagen, & Dijkerman, 2009a). Also, 
when asked to reach for the real replaced hand with the other hand, participants reach to 
the correct location. In the disappearing hand trick (Newport & Gilpin, 2011), participants 
are tricked into moving their hands, while the visual information provided (through a 
monitor-mirror setup above the hands) assures them that their hands have stayed at the 
same location. This visual information is so prevailing that you, as a participant, really 
don’t notice that you have moved your hands about 10 centimetres in opposite directions. 

2:  As this is a thesis on perception of (things around) the body, I hope the reader will forgive me 
that I will skip over Solipsism, as it argues that your body may not even exist outside of your mind.
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Visual information from one hand is then removed, and you are allowed to haptically (with 
the other hand) explore the location where your now invisible hand was before you moved 
them. Rather amusingly, when you do not encounter your hand at said location, you don’t 
know where it has gone. In case you are worried I just spoiled the illusion for you: it 
works just as well if you know how it works. In fact, when Roger Newport first showed the 
disappearing hand trick to me, I had read the paper, we had discussed it in our research 
meetings in Utrecht, I had seen the software he used, and still I got rather mad with him 
for losing my hand3... which I had moved myself. Similarly, when participants were asked 
to cross their fingers in the study described in chapter 2, they perceived tactile stimuli to 
their fingertips as if the fingers were uncrossed (sorry for the spoiler). Even though they 
knew that their fingers were crossed and they actively crossed them themselves at the start 
of the block of trials. Finally, clinical populations also point to a more complicated story 
than pure sensorimotor loops. Phantom limb patients report experiencing a limb at the 
location they used to have one, and may experience sensations from that limb, but they do 
not all feel they are able to move it (see Anderson-Barnes, McAuliffe, Swanberg, & Tsao, 
2009). Patients with blindsight can respond to visual stimuli that they did not consciously 
see, for instance avoiding obstacles when reaching (Striemer, Chapman, & Goodale, 
2009). And the equivalent has also been shown in tactile perception. Paillard, Michel, & 
Stelmach, (1983) described a patient with severe loss of touch perception on the right side 
of her body, who could nonetheless point to the location where her right arm had been 
touched even if she did not perceive the touch. Also, Anema et al. (2009) showed a double 
dissociation in two stroke patients between tactile localisation capacities for perception 
and action. These examples would be hard to explain with a strict sensorimotor view, 
which is why it hasn’t won over all of the body related research community.

But does the idea of mental body representations lead to an infinite observer-within-the-
observer problem? I would argue that depends on how you define “representation”. What 
first comes to mind with the term “body representation” is some sort of mental picture 
or 3D image of what I look like. I, for instance, am a 34 y.o. female, red-ish curly hair, one 
pointy ear and freckles on my arms. While this knowledge about myself is considered 
part of my body representation, you can imagine it won’t be of much help when I want 
to tie my shoelaces. In fact many different distinctions of body representations, can be 
made depending on what contrasts you deem important. (De Vignemont, 2007; see 
Kammers, Mulder, de Vignemont, & Dijkerman, 2010, for an interesting methodological 
view). Some representations may just be sensorimotor loop based while others will 
involve an integration of memories, affective components, semantics etc. Together these 
representations consist of far more than just some sort of stored 3-dimensional percept 
of your body shape and size. 

I like to think of body representations in terms of transiency: some stored information 
is more fixed, such as how big you think your nose is or whether you consider yourself 
too thin, while other for instance posture related information is only relevant until your 
next movement and therefore changes constantly (Carruthers, 2008). However, ‘more 
fixed’ does not equal ‘unchangeable’. It would not be necessary to have a very flexible 

3:  He totally made up for it by finding my hand back and being an awesome host in general. 
Roger, if you ever read this, thank you again for our lovely Mirage crash course in Nottingham!
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representation of how many arms you have, and indeed when you lose one this can 
give rise to phantom limb syndrome, where individuals with an amputation have the 
sensation that the limb is still attached (Mitchell, 1871; but it was known before that, see 
Wade, 2003). However, in experimental settings it is surprisingly easy to fool people into 
perceiving more4 (Guterstam, Petkova, & Ehrsson, 2011; Newport, Pearce, & Preston, 2010; 
Newport, Wong, Howard, & Silver, 2016) or fewer (Newport & Gilpin, 2011) limbs than 
they really possess. 

Body image and body schema 
Another dyadic taxonomy of body representations (see for instance De Vignemont, 2010; 
Dijkerman et al., 2007; Gallagher, 2005; Paillard, 1999) is based on a division between 
action and perception functions, and is rather popular. This idea is not mine; it is a line 
of thought credited to Head and Holmes (1911), who coined the term for the posture 
related body representation: “body schema”, and contrasted this unconscious body 
schema to a “superficial schema” for tactile perception, and a “body image” containing 
the conscious perception of your own body (Head & Holmes, 1911). Currently, body image 
is generally considered to cover all non-action related representations (De Vignemont, 
2010), sometimes including for instance emotional and mnemonic aspects. This division 
between a body schema (unconscious, action, updated online) and body image (conscious, 
perceptual, stable) has stood the test of time, even though the terminology has been 
mixed up and used for other, but related, ideas multiple times (see Gallagher, 1986, 2001 
for a short discussion). A similar division is seen in the work of Merleau-Ponty almost 
half a century later (Merleau-Ponty, 1945/1962), who differentiated between this habitual 
body and the actual body. And the division between body image and body schema is still 
in use a century after Head and Holmes introduced it, although the division into any two 
categories is (and has been) more of a working theory and practical generalisation than 
something everyone agrees on (see for instance De Vignemont, 2010; Longo & Haggard, 
2012; Schwoebel & Coslett, 2005).

When interacting with the environment, both categories of body representations come 
into play. Consider the situation in which you feel something on your leg, under the 
table. To estimate how big this thing or animal is, you can process the tactile information 
that is coming in. However, you will need more than this. Say you feel the touch from 
about halfway up your lower leg, up to about the knee. How many centimetres would you 
estimate the source? The distribution of tactile receptors and the size of tactile receptive 
fields varies considerably over body parts (Johansson & Vallbo, 1979; Weinstein, 1968), so 
you cannot just convert the amount of tactile receptors that are activated into a size or 
contact surface in an external frame of reference. However, if you have an idea of how long 
your lower leg is, this would help considerably. The sensory input is thus combined with 
a body image (despite the term not necessarily visual) of the touched body part (Serino 
& Haggard, 2010; Spitoni, Galati, Antonucci, Haggard, & Pizzamiglio, 2010). You learn 

4:  Tjerk, look, a three-armed human! (note: if you’re not Tjerk, don’t worry, this footnote was 
not written for you. Enjoy if you get the reference nonetheless, and sorry for putting that tune in your 
head for the rest of the day.)
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that the source of the tactile input is about 30 cm’s big, and you can conclude that this is 
a comforting amount bigger than Dutch spiders will ever grow. But it could well be your 
half-blood Siamese cat, asking for some attention5. 

If you want to pet your cat, you will have to move your body in space, and move limbs 
with respect to each other. Here the body schema category comes into play. As mentioned 
a few paragraphs ago, movement becomes rather hard without proper online feedback, 
and luckily you have several senses to keep track of it. Indeed, multimodal perception 
is an important factor in obtaining and maintaining a correct body schema (Azañón et 
al., 2016; Maravita, Spence, & Driver, 2003). As Pitron & de Vignemont (2017) astutely 
point out, this process could resemble a continuous loop of Bayesian model updating.  
Or actually, they propose two separate but interconnected series of loops with increasing 
complexity: one for body image and one for body schema. When updating for instance the 
body schema at some level of complexity, you start off with a prior “body representation 
distribution”, based on your believes about your body, the previous situation, constraints, 
and efference copies. You then integrate sensory information to update your model. 
One thing I like about this abstraction is the central role it gives to predictions, which I 
think is an important theme in interacting with your environment. I will say more about 
predictions in the last paragraphs of this introduction.

Maintenance of body representations
As adults, we are usually quite competent at moving our bodies through the world and 
can adequately change our movements depending on the current possibilities for action 
(e.g. petting the cat). The body schema needs constant updating to incorporate new 
movements, but it can rely on some stable, more body image associated knowledge. We 
can for instance adequately avoid hitting our head when passing through a low door as 
our height does not suddenly change a lot without having to consciously apply external 
aids such as high heels or hats (see Stefanucci & Geuss, 2010 for a study that did use high 
heels and hats). However, your body is not a static form during your life. How do you 
keep track of changes in the form or size of your body? Some phenomena suggest that 
this updating is rather slow and body representation rather rigid. For example, anorexia 
nervosa patients that have successfully obtained a healthy eating style, and when asked do 
not report they still think they are way too fat, still keep showing abnormal performance 
on visual size estimation of body part widths (for instance size of the hips) and affordance 
estimation (overestimating what would be the smallest hoop they could fit through) 
(Engel & Keizer, 2017). Additionally, as was mentioned before, losing a limb can lead to 
the situation in which a phantom limb is perceived at the location of the missing arm or 
leg (Mitchell, 1871). 

One often cited example of a lack of fast enough updating of body representations is 
the perceived clumsiness of teenagers. Teenagers who are in the pubertal growth spurt 
gain 7-14 cm in length and 8-13 kg in weight annually (Hirtz & Starosta, 2002), next to 

5:  yes, I am aware that I have very big cats. They look like Siamese cats copy-pasted at 150% and 
sound the way they look.
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changes in body form and weight distribution. Some previous studies have described a 
correlation between how fast children are growing and their motor competence (Hirtz & 
Starosta, 2002; Visser, Geuze, & Kalverboer, 1998). This information is often followed by 
the conclusion that the correlation must be due to their body representation not keeping 
up with their rate of their growth. 

However, there seemed to be little data to confirm this conclusion. In fact, the relevant 
body representation(s) considering clumsiness would be the body schema, as clumsiness 
is by definition related to movements. Clumsiness is, according to the online Oxford 
dictionary (2017), defined as “the quality of being awkward or careless in one’s movements”. 
We considered it rather unlikely that the body schema would lag much behind the actual 
body size, as it receives constant updating. Moreover, when someone’s body (part) height 
or weight is changed experimentally, for instance by putting on gloves (Ishak, Adolph, 
& Lin, 2008), or high heels (Stefanucci & Geuss, 2010), participants can quickly and 
adequately adapt their movements to their new dimensions. Even non-pregnant adults 
(including male participants who clearly have not ever been pregnant before) wearing a 
big belly-prothesis immediately adapt their estimations accordingly (Franchak & Adolph, 
2014a). 
 
Thus, in chapter 3 we set out to investigate these hypothesised lagging body representations 
in teenagers, this time investigating (flexibility of) body representation on a much larger 
time scale than in chapter 2. We based our approach on the dyadic action/perception 
division of body representations into body image and body schema. In this categorisation, 
thinking you are smaller than you actually are does not automatically mean that you move 
as if you’re smaller than you actually are, and vice versa. Therefore, we performed two 
separate experiments, both including participants between 6 and 50 years old, but one 
aimed at investigating perceptual body image and the other focussing on movements. 
Neither of the tasks showed evidence that children within the age range of the pubertal 
growth spurt underestimated their own body size.

Body ownership
So one thing that has been casually mentioned in the paragraphs above, but not properly 
discussed yet, is body ownership. The thing is, these body representations I hold are not 
just representations of a body, they are representations of my body. The feeling that your 
body belongs to you is thought to be independent of the sense of agency: the feeling that 
you are in control of your own actions. However, the two concepts are often described 
together, as they sort of approach related feelings of embodiment. Agency needs an action, 
that is self-initiated (e.g. moving your hand towards your coffee), while body ownership 
does not (Tsakiris, Schütz-Bosbach, & Gallagher, 2007). If somebody else moves your 
hand towards your coffee for some reason, you do not feel agency over the movement, but 
your hand does not suddenly stop feeling like it is your own hand. Unless you have had 
some serious damage to the right parietal lobe and some subcortical regions (Gandola et 
al., 2012).
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But what causes this feeling of ownership, and how important is it actually? Is it just an 
added flavour to getting sensory input from your body, or does (not) feeling ownership 
over a body part hugely influence the body representation or even the body itself? Moseley, 
Gallace, & Spence argued in  2012  that the body representation of a body part, or of the whole 
body, which they refer to as the ‘body matrix’, centred by a feeling body ownership over it, 
is the central pillar of how your brain interacts with the rest of your body. They propose it 
has a strong relation with cortical processing of sensory input, but also its physiological 
regulation and input from the space surrounding the body. Together, multisensory and 
homeostatic brain areas would maintain the body matrix. This proposition was rather 
conventional with respect to multimodal integration, which has been extensively linked 
to body ownership (e.g. Botvinick & Cohen, 1998; Kilteni, Maselli, Kording, & Slater, 2015; 
Maselli, Kilteni, López-Moliner, & Slater, 2016), body representation (e.g. Azañón et al., 
2016; Maravita, Spence, & Driver, 2003) and peripersonal space processing (e.g. Brozzoli et 
al., 2012; Holmes & Spence, 2004). However, the suggestion that the feeling of ownership 
over a body (part) has direct consequences for its homeostatic control was remarkable. It 
redefines the idea of cortical body representations as a governing concept rather than a 
perception/action tool. 

This idea was based on findings that lack of ownership over a body part may influence 
local physiological processes. In the rubber hand illusion, the “replaced arm” (the one 
hidden from view, next to or under the fake arm), shows increased histamine reactivity 
(Barnsley et al., 2011), higher pain threshold (Hegedüs et al., 2014) and slower processing 
of tactile stimuli (Moseley et al., 2008) (although the latter two could well be mediated by 
a decrease of spatial attention to the “displaced” hand (Miron, Duncan, & Bushnell, 1989; 
Shore, Spence, & Klein, 2001). Most often cited however is the finding that the temperature 
of the replaced hand drops a few tenths of a degree when the rubber hand illusion 
successfully induces a feeling of ownership over the rubber hand, and so imaginably a 
disownership of the real hand (Moseley et al., 2008). This could also explain why in certain 
clinical population, feelings of disownership over a body part concur simultaneously with 
disturbed thermoregulation (e.g. anorexia nervosa, complex regional pain, stroke) (see 
Moseley et al., 2008, supporting information table S1 for an overview). However, not all 
studies have reported changes in hand temperature. Between 2008 and 2017, 8 studies 
published hand temperature recordings in the traditional rubber hand illusion, of which 
only 3 found some evidence in favour of a hand temperature drop.

In chapter 4 we therefore tried to find evidence for the drop in hand temperature in 
the rubber hand illusion, analysing data from studies in our lab from the last 5 years, 
that measured hand temperature during rubber hand illusion induction. We could not 
replicate the illusion-related drop in hand temperature. While set up as a methodological 
study (we would have loved to have such an objective measure of body ownership), the 
results have implications for the central role we do -or do not- assign to feelings of body 
ownership in bodily control. 
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Interactions with the environment
Enough about you, let’s talk about the rest of the world. As you may have noticed I am 
not a hard core embodied cognition devotee, but I do rather like the statement often 
associated with enactivism, that perceiving your body is perceiving your body in the world 
(Merleau-Ponty, 1945/1962).
  
Back to our early morning situation. Apart from integrating knowledge about your own 
body, and its current posture with information coming from different modalities, you 
will need to handle your shoelaces as well.  Or perhaps even more importantly, once you 
are downstairs and the lights are on: you will want to avoid stepping on the Lego bricks 
on your way to the coffee machine. One link through which spatial perception of your 
surroundings and of your own body is linked, is time: something that is near you now, may 
be touching you soon. Sometimes that is your intention (e.g. grasping a cup), sometimes 
you’d rather avoid that touch (e.g. stepping on Lego). As vision and hearing are not bound 
to the skin, you can see and hear things before you can touch them. So, visual and auditory 
information in the present may predict something about tactile information in the future. 
In particular of course if either you or objects around you are moving. Predicting future 
contact, in particular in relation to body defence, is a central topic in the final two studies 
in this thesis. These visuotactile predictions have been suggested to be a central concept 
in how you interact with the world.

For example, what would you say is the most efficient predator in the world? Contrary to 
what most people would probably guess, this is not the fastest runner (cheetah, Acinonyx 
jubatus, ~40% e.g. Hilborn, Pettorelli, Orme, & Durant, 2012), one with big teeth (e.g. 
lion, Panthera leo, 15-45% depending on group size, Funston, Mills, & Biggs, 2001), or the 
group hunting African wild dogs (Lycaon pictus, ~45%, Creel & Creel, 1998). In fact, it 
seems to be the dragonfly (order Odonata, infraorder Anisoptera), which hunts by darting 
out to the position in space a prey is going to be, rather than chasing it and try to be faster 
or more persevering (see QI series O episode 2 for a nice video recording of a successful 
catch). In doing so it reaches a stunning 95% success rate (Combes, Rundle, Iwasaki, & 
Crall, 2012; Olberg, Seaman, Coats, & Henry, 2007), which is rather impressive compared 
to my own measly ~5-10% per try when hunting mosquitoes around my bedroom. Maybe 
I should get a pet dragonfly to do it for me. Anyway, what I wanted to show with this 
example is that predicting touch (or collision) pays of: it seems rather efficient in dealing 
with the world around you.

A dragonfly brain is quite different from a human one6. Still, prediction is an important 
concept in our brain as well (see Clark, 2013). With respect to predicting if and where 
something close will touch you, when either you or the something is moving, a network of 
areas in the parietal and frontal cortex seem to be involved in doing just this. This network 
is involved in peripersonal space (PPS) processing. 

6:  let alone their eyes, check them out if you have the time, they’re really cool.
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Peripersonal space research in monkeys
Originally described in the macaque brain, specific neurons within posterior parietal and 
premotor areas respond to tactile stimuli on (obviously) the skin, but also to visual stimuli 
near the tactile receptive field (Rizzolatti, Scandolara, Matelli, & Gentilucci, 1981a, 1981b). 
For instance, a neuron in the ventral premotor cortex may react to tactile stimuli on the 
right hand, such as a tap or a stroking. The same neuron will also show an increased 
firing rate when a visual stimulus is presented on the same spot, so for instance if you 
flash a light on top of the hand (Gentilucci et al., 1988; Gentilucci, Scandolara, Pigarev, 
& Rizzolatti, 1983; Rizzolatti et al., 1981b). But it will also respond to a visual stimulus 
near the hand. Importantly, the response of these neurons to a visual stimulus depends 
on the distance of the stimulus to the tactile receptive field with the optimal distance for 
different neurons varying somewhere between 5 and 50 cm (Rizzolatti et al., 1981b). As the 
tactile receptive field is located somewhere on a body part, the reference frame for visual 
responses is thus body part centred. In fact, if the monkey moves its hand to a different 
location in space, the visual receptive field will move with it (Graziano & Gross, 1993). 
However, if the monkey moves its eyes, the visual receptive field won’t change (in contrast 
to neurons adhering to a retinotopic reference frame) (Fogassi et al., 1992; Gentilucci et 
al., 1983).

Interestingly, these multimodal neurons are particularly sensitive to visual stimuli that 
are moving towards the tactile receptive field (Fogassi et al., 1996). Even if you switch of 
the lights, and an approaching visual stimulus is no longer visible, PPS neurons will keep 
on firing (Graziano, Hu, & Gross, 1997). All these characteristics strongly suggest that the 
processing going on with these peripersonal space neurons is related to predicting touch 
in the future. 

These findings in monkeys started a line of research on what Rizzolatti and colleagues 
(1981a, b) called the peripersonal space: the multimodal processing of stimuli near to the 
body and relative to the body, and their consequences for the processing of stimuli on the 
body. Near the body has been defined as “within arms reach”: the area of space in which we 
can grasp and manipulate objects, in contrast to extrapersonal space (i.e. further away), 
thereby dividing the world in three parts: me, the part I can directly perform actions on, 
and the rest. 

Peripersonal space in humans
In humans, the nature of peripersonal space processing was for a while not as clear as in 
the macaque studies. Partly because single cell recordings in humans are, well, ethically 
challenging. But also, because peripersonal space processing seems to be a bit more 
complicated than a straightforward addition of visual and tactile signals in PPS areas. 

Clear indications that similar networks are active in the human brain as well came from 
patient studies and crossmodal congruency experiments. Brain damage to the right 
hemisphere, in particular the frontal and parietal cortex, may lead to a phenomenon 
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called extinction: patients may well be able to perceive a single stimulus (tactile in the 
case of tactile extinction) on the contralesional side, but fail to perceive it once a second 
stimulus is presented simultaneously on the ipsilesional side (Bender, 1952). Importantly, 
Pellegrino, Làdavas, & Farne (1997) and Mattingley, Driver, Beschin, & Robertson (1997) 
showed that this second stimulus could also be in a different modality, so a visual stimulus 
on the ipsilesional side can impair the perception of a tactile stimulus on the contralesional 
hand, but this effect occurs mainly when visual stimuli are presented in near space rather 
than further away (Làdavas, di Pellegrino, Farnè, & Zeloni, 1998).

Crossmodal experiments in healthy participants have also shown that there is ample 
evidence for increased visuo-tactile (and audio-tactile) interactions in peripersonal space. 
In crossmodal congruency experiments, visual distractors near the hand can greatly 
influence the perception of tactile stimuli on the hand. For instance, experiments have 
used lights flashing synchronously with a tactile target to a finger, but close to a different 
finger (Spence, Pavani, & Driver, 2004) or asked participants to report the direction of 
a series of tactile stimuli in space, but a series of visual stimuli is simultaneously going 
another direction (Lyons, Sanabria, Vatakis, & Spence, 2006). You are considerably slower 
in tasks considering the tactile stimuli when the visual stimuli are incongruent (and vice 
versa), but these effects are largest when the tactile and visual stimuli are presented near 
or on the same hand (Holmes, 2012) and decrease when the distance between the tactile 
and visual stimuli increases (Spence et al., 2004).

Tool use studies have shown further evidence that these effects are indeed linked to 
peripersonal space processing. When the visual stimuli in these congruency experiments 
are close to the tip of wooden sticks, far from the hands, they do not influence tactile 
tasks. But after you have used the wooden sticks as tools within a motor task for a while, 
visual stimuli near the tip of the stick (but not the whole motor task irrelevant middle 
part of the stick) will influence tactile tasks on the hand as if the visual stimulus was near 
the actual hand (Holmes, 2012).

And finally, imaging studies have looked for regions in the brain that are relatively active 
in response to typical “peripersonal space” stimuli, such as multisensory stimuli near 
the body (compared to far), looming visual stimuli (compared to receding), or tactile 
stimuli when an auditory stimulus is presented at different distances from the body. It 
turns out that there is rather a large number of regions involved in processing these kinds 
of stimuli. A meta-analysis by Grivaz, Blanke, & Serino (2017) found 7 clusters of area’s 
specifically related to peripersonal space processing, in parietal, temporo-parietal, and 
frontal regions. It includes areas in primary somatosensory cortex, the superior parietal 
lobule, the temperoparietal junction and premotor cortex. While the network does not 
directly overlap with the brain areas that were initially investigated in macaques - a 
macaque brain is just not really the same as a human brain-, the clusters and patterns of 
functional connectivity can be linked to the macaque studies, especially when considering 
homologues more in functional than anatomical terms.
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Defensive peripersonal space
As many peripersonal space neurons are either in (pre)motor areas or connected to 
them (Brozzoli et al., 2012; Grivaz et al., 2017), a direct link to action seems reasonable to 
assume. Predicting contact with nearby animals, people and objects, is only useful when 
you can prepare an appropriate response; for instance, avoid a Lego brick or grasp your 
coffee. But fast and appropriate action is particularly important when a possible threat is 
approaching us or we are approaching it. Interestingly, when you electrically stimulate the 
same peripersonal space neurons in macaques, they show defence-like arm movements, 
for instance shielding their head (Cooke, Taylor, Moore, & Graziano, 2003; Graziano 
& Cooke, 2006). Therefore, one of the functions of the peripersonal space could be to 
act as a defence zone or margin of safety around the body ( Graziano & Cooke, 2006; 
Sambo, Liang, Cruccu, & Iannetti, 2012). As you would expect, the size of an individual’s 
peripersonal space is correlated with trait anxiety (Sambo & Iannetti, 2013), with a larger 
peripersonal space in more anxious individuals. 
 
If indeed defence is an important function of peripersonal space processing, the objects 
in your environment should be coded not only in spatial terms (how tall, how curved etc), 
but also in identity. What it is, is important for the predictions of what will happen when 
you touch it. By predicting not only where and when, but also what will touch you, you 
can make an informed decision on whether to avoid, defend, approach, etc. You will want 
to avoid stepping on the cat’s tail, but hitting the occasional sock lying around is not a big 
problem. In chapter 5 and chapter 6 we investigated this hypothesis from two directions. 

Chapter 5 investigated how your movements are affected if you are moving your hands in 
the vicinity of an object that you do not want to touch. The presence of non-target objects 
in a workspace alters both spatial and temporal parameters of reaching trajectories. 
Generally, you veer away a bit from these obstacles, even if they are not actually physically 
in your path. Previous neuropsychological studies had shown that the visual dorsal 
stream is crucial for processing visual input about the obstacle, while intact ventral 
stream processing does not seem to be required (McIntosh, McClements, Dijkerman, 
Birchall, & Milner, 2004; Rice et al., 2006; Schindler et al., 2004). However, if not strictly 
required, ventral stream (identity) information could well play a role in obstacle avoidance 
behaviour, as it allows for being extra careful when the predicted consequences of hitting 
the obstacle are worse. In chapter 5 we therefore asked participants to reach for a target 
area at the far end of a table, while not knocking into glasses (obstacles) placed either on 
the left or the right of the reaching path. Glasses could be either empty, or filled to the 
brim with water, thereby varying the predicted consequences of collision while keeping 
the low level visual features similar. As we predicted, a larger safety margin was included 
in the reaching movements if the glass was full and a potential obstacle.7 

7:  Come to think of it, I could have done a nice follow-up experiment in which I tested whether 
being generally optimistic or pessimistic could predict how far your reaching movements would veer 
away from a half-filled glass of water. It would actually make sense if it does.
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In chapter 6 we investigated what happens to visuotactile interactions in peripersonal 
space when not you, but the object is moving. Not everything that’s coming towards you 
is friendly, cuddly and soft. The predicted consequences of collision, and therefore the 
actions you should be undertaken before you get hit differ quite a lot between being in a 
pillow fight, or watching a game of hockey (live, that is, although you may as well duck when 
a ball seems to be approaching you on television). Given the importance of visuotactile 
predictions in peripersonal space processing, we hypothesized that an approaching threat 
would have an effect on visuotactile interactions that increases as the threat moves closer. 
In chapter 6 we investigated this using a tactile detection task in which participants were 
asked to respond as fast as possible to a tactile stimulus, while looking at an animation 
of an approaching or receding spider or butterfly. We then analysed whether participants 
who were afraid of spiders respond differently in this task than participants who were not. 
Indeed, the effect of distance to the visual stimulus on reaction times was larger when 
participants saw an approaching spider compared to an approaching butterfly, but only 
for participants who were afraid of spiders.
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Overview of this thesis
To emphasise the role the different studies in this thesis play within a theoretical 
framework, I have introduced them within the body text of the introduction. For the sake 
of the “fast scanner”, at the cost of making this introduction even longer, I will also give a 
short overview below:

(Chapter 1 is the general introduction.)
Chapter 2: Acting with your body within your environment requires multimodal 
integration. However, these modalities are not automatically coded within the same 
reference frame. In Chapter 2 we investigate the use of reference frames in tactile 
perception. 
In chapter 3, we focus on mental body representations, which I think you will need when 
acting within your environment, and how you maintain them when your body is changing. 
Chapter 4 focuses on the feeling of ownership over your body and questioned whether 
this has a central role in even homeostatic control of your body.
In chapter 5 we move the focus from you to the interaction with the environment. If you 
act within the environment, how do you consider the exact circumstances? We investigate 
how you change your movements when moving in the vicinity of something you really do 
not want to knock over.
And finally in chapter 6 we investigate whether visuotactile prediction seems to be as 
important as we think it is in visuotactile processing in peripersonal space, by investigating 
tactile processing when a nearby threat is approaching you.
 
 
By the way, now would be a proper time to admit that the order in which I will describe 
the studies in my thesis is not at all chronological, but rather thematically sensible. I 
think this improves the readability of my thesis and makes sense from a usability point 
of view. In the last few years of my PhD project, and initially motivated by the null 
results in chapter 3 and 4, I got interested in Bayesian statistics. I discovered it to be 
not only very accessible, but also capable of answering research questions much more 
directly than frequentist statistics. I would really recommend anyone to take a look at 
Bayesian statistics, for instance using JASP (JASP Team, 2018). Anyway, you can spot the 
chronologically later studies in this thesis by the use of these techniques.
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Abstract
Processing of tactile stimuli requires both localising the stimuli on the body surface and 
combining this information with a representation of the current posture. When tactile 
stimuli are applied to crossed hands, the system first assumes a prototypical (e.g. uncrossed) 
positioning of the limbs. Remapping to include the crossed posture occurs within about 
300 ms. Since fingers have been suggested to be represented in a mainly somatotopic 
reference frame we were interested in how the processing of tactile stimuli applied to the 
fingers would be affected by an unusual posture of the fingers. We asked participants to 
report the direction of movement of two tactile stimuli, applied successively to the crossed 
or uncrossed index and middle fingers of one hand at different inter-stimulus intervals (15 
to 700 ms). Participants almost consistently reported perceiving the stimulus direction 
as opposite to what it was in the fingers crossed condition, even with SOAs of 700 ms, 
suggesting that on average they did not incorporate the unusual relative finger positions. 
Therefore our results are in agreement with the idea that, by default, the processing of 
tactile stimuli assumes a prototypical positioning of body parts. However, in contrast 
to what is generally found with tactile perception with crossed hands, performance did 
not improve with SOAs as long as 700 ms. This suggests that the localization of stimuli 
in a somatotopic reference and the integration of this representation with postural 
information are two separate processes that apply differently to the hands and fingers.
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Introduction
When you want to respond to a tactile stimulus you first have to find out where on the 
skin this stimulus is located. Moreover, you need to know the location of that skin in 
space. Thus, in order to locate a tactile stimulus in external space one has to generate 
a representation of the stimulus position on the skin surface and since your body parts 
move freely in space, information about the current posture needs to be additionally 
integrated (Medina & Coslett, 2010).

Body part posture affects somatosensory processing (Overvliet, Anema, Brenner, 
Dijkerman, & Smeets, 2011a; Soto-Faraco, Ronald, & Spence, 2004), particularly when 
the posture is not commonly used during haptic exploration. Yamamoto & Kitazawa 
for instance (2001) (see for similar results (Azañón & Soto-Faraco, 2007; Cadieux, 
Barnett-Cowan, & Shore, 2010; Craig & Belser, 2006; Shore, Spry, & Spence, 2002; Wada, 
Yamamoto, & Kitazawa, 2004), used a temporal order experiment to investigate how such 
an unusual body part position affects tactile information processing. It was shown that 
when tactile stimuli were subsequently applied to crossed hands, a position in which the 
external spatial frame is incongruent with the somatotopic frame (Azañón & Soto-Faraco, 
2007; Zampini, Harris, & Spence, 2005), participants tended to misperceive the order in 
which the tactile information was applied, but only when stimuli were administered in 
rapid succession. This decline in performance with the hands crossed over the midline 
is often called the “crossing effect”. The authors concluded that tactile information was 
first processed according to a prototypical positioning of the limbs and that the second 
tactile stimulus was applied before the external reference frame was integrated in the 
representation of the first stimulus. This resulted in confusion of the temporal order of 
tactile stimuli to crossed hands to such an extent that a quarter of the participants reported 
a complete reversal of the perceived order of stimuli with stimulus onset asynchronies 
(SOAs) of up to 300 ms. With larger SOAs, the reversal errors diminished to an average 
percentage of 5% (95% correct). Similarly, saccades to tactile stimuli on crossed hands 
tend to be directed to the unstimulated hand at first, but bent to the opposite side after 
about 200-300 ms (Overvliet, Azañón, & Soto-Faraco (2011b): range 248-319 ms; Groh & 
Sparks (1996): a time estimate is not reported, but inspection of their figure 6F would 
suggest a range between 200-300 ms). In contrast, using a crossmodal cueing paradigm, 
Azañón and Soto-Faraco (2008)  concluded that remapping would already be completed 
somewhere between 180 to 360 ms after stimulus onset. In their supplementary data they 
investigated the time course of their tactile-visual cueing effects and added intervals of 
10, 90 and 140 ms. The data showed that with a 10 ms stimulus interval, no cueing effects 
were yet shown. With a 30 or 60 ms stimulus interval, cueing effects were based on a 
somatotopic reference frame, and at a 360 ms interval on a spatiotopic reference frame. 
With 90, 140 and 180 ms intervals, no significant cueing effect was found, reflecting a time 
interval in which none of the possible reference frames is dominant, probably due to an 
incomplete remapping process. In line with this result, using ERPs Heed & Röder (2010) 
found an indication of the use of both an anatomical and a spatial reference frame 100-
140 ms after a tactile stimulus on the hand. Thus, crossing effects are often so large that 
on average a reversal of response patterns is observed. This “reversal effect” in hands (and 
feet, see Schicke & Röder, 2006) seems quite robust for short stimulus intervals, although 
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time estimates of this phase differ, ranging from around 150 to 300 ms (see for instance 
Azañón & Soto-Faraco, 2008; Groh & Sparks, 1996; Heed & Röder, 2010; Overvliet et al., 
2011b; Yamamoto & Kitazawa, 2001). Longer stimulus intervals provide the opportunity to 
incorporate the unusual postures into the spatial representation of the tactile stimulus, 
albeit not completely (on average 95% correct) (Azañón & Soto-Faraco, 2007; Groh & 
Sparks, 1996; Shore et al., 2002; Wada et al., 2004; Yamamoto & Kitazawa, 2001).

An important question is whether similar patterns of spatial mislocalisation of tactile 
stimuli for unusual postures can also be found for the fingers, as several others have 
suggested that somatic finger representations may be somewhat different to hand and arm 
representation (Anema, Overvliet, Smeets, Brenner, & Dijkerman, 2011; Gálvez-García, De 
Haan, Lupiañez, & Dijkerman, 2012; Gerstmann, 1942; Kinsbourne & Warrington, 1962). 
There is some evidence suggestive of a misperception of tactile stimuli when applied 
to crossed fingers of one hand. The Aristotle illusion, for instance, entails that when a 
small sphere such as a marble is touched with crossed fingers, it is perceived as being two 
separate marbles. A possible explanation might be that simultaneously applied tactile 
stimuli at two skin regions that are not normally adjacent are processed as originating 
from different objects. Benedetti further explored this illusion and performed several 
studies of tactile perception or haptic exploration with crossed fingers in the 1980s. He 
showed that when having to report the location of two tactile stimuli applied to (unseen) 
crossed fingers of one hand, the locations of the stimuli were perceived as if the fingers 
were uncrossed (Benedetti, 1985), in contrast to when the spatial position of the fingers 
with respect to each other was reported (Benedetti, 1988b). Furthermore, this illusory 
tactile reversal influenced goal directed movement to tactile targets, and while feedback 
and training allowed participants to rapidly change their motor behaviour, the stimuli 
were still perceived as reversed (Benedetti, 1990). In line with Yamamoto and Kitazawa’s 
interpretation of their results, it seems that these simultaneously applied tactile stimuli 
were processed according to a prototypical, uncrossed position of the limbs. Only after 
several months of training tactile perception with crossed fingers, by fixating the fingers 
in a crossed position for several hours per day, months in a row, subjects were able to 
integrate the crossed posture (Benedetti, 1991). In contrast to Yamamoto and Kitazawa 
(2001), Benedetti did not vary the stimulus onset asynchrony between the two tactile 
stimuli, as they were applied simultaneously. The question therefore remains whether 
the decay of the ‘reversal effect’ (spatial reversal in response pattern) observed in hands 
is similar for crossed fingers and participants incorporate the crossed finger posture with 
longer SOAs. 

Over the last decade various studies have been published investigating perception 
of successive tactile stimuli applied to crossed fingers of one hand using several SOAs 
(Craig, 2003; Heed, Backhaus, & Röder, 2012; Sekine & Mogi, 2009). Craig (2003) for 
instance used moving tactile patterns applied to crossed or uncrossed fingers. The two 
moving patterns were applied in succession to each finger (SOA range = 13–400 ms) 
and participants had to indicate which of two fingers was stimulated first; left or right 
(temporal order judgement). Stimulating two fingers in succession induced a perception 
of motion. Therefore, the direction of motion evoked by the tactile patterns could be 
either congruent or incongruent with that of the apparent motion evoked by the successive 
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stimuli on the two fingertips. They observed an overall advantage for congruent stimuli 
that disappeared when SOAs were longer than (about) 200ms, so the direction of the local 
motion influenced the order judgement at shorter SOAs. Interestingly, this influence 
did not differ between the fingers crossed and fingers uncrossed condition. Therefore, 
it was concluded that, contrary to Benedetti’s findings, the crossed finger position was 
integrated in the processing of the tactile stimuli.

Sekine and Mogi (2009) investigated the processing of two tactile stimuli successively 
applied to crossed fingers using only one SOA of 500 ms. Participants were required 
to judge which finger received the second stimulus (index or middle finger), or had 
to judge the direction of stimulation (leftward or rightward). They observed that the 
TOJ judgments (finger identity) were performed accurately (about 96%) whereas the 
directional judgments were significantly less accurate, particularly in palm down posture 
(only 41% correct). The authors concluded that judging which body part has been touched 
and localising stimuli in external space are distinct processes, with the latter failing to 
include the crossed finger posture. 

Using a series of experiments Heed et al. (2012) specifically questioned whether finger 
position is remapped into external space, hence an incorporation of the crossed posture, 
and tested this with various SOAs (20 ms – 1000 ms) and a temporal order judgment 
task (middle finger or ring finger first). In contrast to Sekine and Mogi (2009), who 
did not vary the SOA, Heed et al. (2012) showed that the proportion of accurate TOJs 
declined considerably (to an almost flat -but not reversed- psychometric curve at about 
60% correct) when the fingers were crossed. They concluded that the response pattern 
suggests an external coding of the tactile stimuli, indicating that the crossed posture was 
incorporated in the processing. However, large individual differences in the proportion of 
accurate TOJs as a function of SOA played a considerable role in producing the on average 
large crossing effect (e.g. the substantial drop of performance with crossed fingers). It 
could be that some participants showed a large reversal effect and others did so to a lesser 
extent, in line with the observations of Yamamoto and Kitazawa (2001). 

In all, it remains to be investigated at what SOA the “reversal effect” in fingers that is 
observed in Benedetti’s experiments, decays. That is, the time course of the integration of 
crossed postures when processing tactile stimuli to the fingers still needs to be assessed. 
To that purpose we used a directional spatial judgement task of tactile stimuli presented 
to the (unseen) index and middle finger of one hand in a fingers-crossed and uncrossed 
condition. To explore the temporal aspects of the process, the tactile stimuli were applied 
with different inter-stimulus intervals ranging from 15 to 700 ms. 
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Materials and Methods
Participants
10 undergraduate, graduate and PhD students of Utrecht University (mean age 23.2 years 
SD 2.9) participated in this study and received either a small payment or course credits 
as compensation for their time. All were right-handed, female and had normal tactile 
sensitivity by self-report. They were naïve to the purpose of the study and gave their 
informed consent prior to the experiment. The experiment was conducted in agreement 
with the local ethics and safety guidelines, which are based on the Declaration of Helsinki.

Apparatus and stimuli

Tactile stimuli consisted of metallic pins with a diameter of 2mm and were applied using 
computer controlled miniature solenoid tappers (MSTC3 M&E Solve, Rochester, UK). The 
tappers were attached to the ventral side of the middle and index fingertip of the left hand 
with medical tape. All taps had a duration of 6 ms and were given with an intensity that 
was reportedly well above threshold (at 20% intensity) but not discomforting. Since the 
tappers produce noise during stimulus presentation, participants wore noise-cancelling 
headphones during the experiment.

Participants were seated at a table in a dimly lit room with their left hand palm down in 
front of them on the body midline. All tactile stimuli were presented to the left hand, 
which was occluded from view by a hardboard cover (see figure 1A). The perceived 
direction in space was recorded by means of a response box. Participants were asked to 
fixate on a red dot, painted on the hardboard cover above the left hand (see figure 1A).

The middle and index finger of the left hand were either crossed (middle over index) 
or uncrossed within a block of trials. Clay molds were used to ensure that the distance 
between the fingertips remained equal (2 cm) between conditions and throughout the 
experiment (see figure 1B and C). The clay molds did not fixate the fingers in a way that 
would allow relaxation of the muscles, so the finger crossing had to be maintained actively 
during the experiment.

Procedure

Within a trial, two tactile stimuli (taps) were applied successively at one of seven different 
stimulus onset asynchronies (SOA) (15, 30, 60, 90, 150, 400 & 700 ms) and two directions 
(leftwards and rightwards). Trials were divided in eight blocks of 56 trials, participants 
had their fingers crossed in four blocks and uncrossed in the other four. The blocks were 
presented in a pseudo-randomised order. In all, each finger positioning (2) x direction (2) 
x SOA (7) condition was tested 16 times. Stimulus onset asynchrony and direction of taps 
were randomised within blocks, and to ensure that participants remained focused on the 
task the inter-trial interval was variable (between 1000 and 3000 ms). 
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Participants were instructed to report the perceived direction in space by pressing one 
of two buttons on the response box with both the middle and index fingers of the right 
hand (top button for “leftwards” and bottom for “rightwards”, or vice versa for half of the 
participants). In-between trials both fingers rested on a centre button of the response 
box, which was located between the two response keys. 

Before the experiment, participants were given instructions about the task and 20 practice 
trials (10 with uncrossed, 10 with crossed fingers). 

 
Figure 1. The experimental setup. Participants were seated at a table with their left 
hand palm down in front of them. The stimulated left hand is occluded from vision by a 
hardboard cover, on which a red fixation cross was present directly above the stimulated 
fingers. The right hand is used for responses. The light dotted lines indicate that the hands 
were placed next to each other, while the stimulated fingers and the gaze were aligned with 
the body midline (A). Panel B and C show the uncrossed and crossed positioning of the 
fingers.
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Data analysis

Trials with reaction times longer than 3000 ms (0.76%) and trials in which a response 
was given before the second tap (0.11%) were excluded from further analysis. In two 
participants, one block of trials had to be excluded due to technical problems or a failure 
to follow the instructions.

Both the directional judgements and the reaction times (with respect to the second tap) 
were recorded and analysed per stimulus onset asynchrony for crossed and uncrossed 
fingers. We analysed the proportion of rightward directional judgements per SOA. This 
measure reflects the error rate, but also the influence of SOA on this error rate, thus 
providing insight into the time course of the effects. Therefore, we consider this analysis 
to be the most relevant for the influence of SOA. If the crossed posture is correctly 
integrated during the processing of tactile stimuli to the fingers, crossing the fingers will 
not interfere with the task and directional judgements with crossed and uncrossed fingers 
should be the same. However, if directional judgements with crossed fingers are generally 
based on a somatotopic representation that is not integrated with postural information, 
we would expect to see an on average inverted relation between SOA and responses to the 
tactile stimuli on crossed fingers as compared to uncrossed fingers. To investigate this, a 
logistic function fitting algorithm (Ezyfit Matlab toolbox, logistic model: 

y = floor + (ceiling floor)*( 1
1+ e (a+bx ) )  

where ‘y’ is the probability of a response rightwards, ‘b’ represents the slope and ‘a’ the 
point of subjective equality, e.g. the SOA at which a participant responses were 50% 
rightwards) was applied to both the average group results and the single subject data (see 
for instance Roberts & Humphreys, 2008 or Azañón, Longo, Soto-Faraco, & Haggard, 
2010) for a similar logistic model fitting). We used the slope of the fitted function (‘b’ 
in the model) as a measure of interference of the crossed posture with the directional 
judgement: if the crossed posture is not correctly integrated, the slope parameters in 
crossed and uncrossed condition are expected to differ. Cadieux et al. (2010) proposed 
an alternative measure that compares the difference in the total percentage of correct 
responses over all SOAs between crossed and uncrossed condition. This gives a measure 
of the average performance with crossed or uncrossed fingers. We included this analysis 
(adapted in line with Heed et al. (2012) for use in a within subjects design) to increase the 
comparability of this study with other experiments. 

The slope parameters and absolute slope parameters (e.g. the numerical values without 
regards to their signs) of the functions (‘b’ in the model) with crossed and uncrossed 
fingers for each participant were compared with a paired samples t-test. The latter does 
not give direct additional information about the reversal effect, but gave the possibility to 
check for differences in general performance (a steeper slope reflects a better performance, 
see Heed et al., 2012; Roberts & Humphreys, 2008; Schicke & Röder, 2006). Since slower 
responses are generally found with crossed fingers (or hands), median reaction times 
were analysed with a finger position (2) x SOA (7) repeated measures ANOVA. 
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Results

Figure 2 shows the proportion of rightward directional judgements at SOAs of -700, -400, 
-150, -90, -60, -30, -15, 15, 30, 60, 90, 150, 400 and 700 ms, with negative SOAs for stimuli 
going leftwards in space (e.g. leftwards according to an external spatial reference frame), 
and positive for stimuli going rightwards. It can be observed that participants seem to 
have reported directional judgements opposite to the actual stimulation direction when 
their fingers were crossed. 

Figure 2. The proportion of rightward directional judgements at the different 
SOAs. The average proportion of trials in which participants reported the direction of the 
stimuli to be to the right (in space) is depicted in the fingers uncrossed (blue, open circles) 
and crossed (red, filled circles) condition at different SOAs, together with the corresponding 
fitted logistic curves (red continuous line for crossed, blue dashed line for uncrossed 
condition). Negative SOAs indicate conditions in which the direction of stimuli was to the 
left in space. So, data points in the bottom left and top right quadrant represent conditions 
in which on average on more than 50% of the trials a correct response was given. Error bars 
indicate 1 standard error of the mean. A, B, C & D indicate the proportion of rightward 
directional judgements at the longest SOA (700ms).

To investigate if the directional judgements in crossed conditions are indeed systematically 
inverted, a fitting algorithm was applied to the average group results. Both the data in 
uncrossed (Chi-square goodness of fit test c2(11)=3.760, p=.97) and crossed condition 
(c2(11)=4.872, p=.94) could be well described by a logistic curve (uncrossed: R2=.992 
and crossed: R2=.974). Individual data also fitted well to a logistic curve in uncrossed 
condition (all R2>.83) and in most participants in crossed condition (R2>.69). In 2 out 
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of 10 participants, the proportion of rightward directional judgements with crossed 
fingers could not be fitted to a logistic curve (R2=.171 & R2=.395) due to a high variability in 
judgements with short SOAs. 

The total percentage of correct responses was different from chance level (50%) in both 
uncrossed condition (mean=74.8% SE=3.1%, t-test t(9)=8.018 p<0.001) and crossed 
condition (mean=31% SE=3.8% t-test t(9)=-5.030 p=0.001). Furthermore, the total 
percentage of correct responses was higher in uncrossed conditions than in crossed 
(paired samples t-tests t(9)=8.751 p<0.001), showing a large crossing effect. The total 
percentage correct with crossed fingers was below chance level, again indicating that the 
participants reported perceiving the direction of the stimuli as opposite to what it really 
was.

To further investigate this reversal, we analysed the slope parameters of the functions 
per participant. The two participants whose responses with crossed fingers could not be 
fitted to a logistic curve were excluded from this analysis. Paired samples t-tests showed a 
main effect of crossing the fingers on the slope parameters (on average 0.025 (SE=0.005), 
corresponding to a change of 0.025 in proportion of rightward responses (scale 0-1, unitless) 
per millisecond SOA with uncrossed and -0.022 (SE=0.010) in crossed fingers; p=0.008, 
t(7)=3.642), the signs indicating that the slopes are inverted in the crossed condition as 
can be seen in Figure 2. Single subject data showed that slopes of the functions were 
inverted in crossed as compared to uncrossed condition in 7 out of 8 participants, and a 
similar trend was observed for the 2 other participants, so in all but one participant the 
pattern of directional judgement was reversed when the fingers were crossed.

To check for differences in general performance between the two finger conditions, the 
absolute slope parameters of the functions (e.g. the numerical values without regards 
to their signs) were analysed per participant. The two participants whose responses 
with crossed fingers could not be fitted to a logistic curve were again excluded from this 
analysis. Paired samples t-tests showed no effect of crossing the fingers on absolute slope 
values (on average 0.025 (SE=0.005) with uncrossed and 0.031 (SE=0.006) with crossed 
fingers; p=0.355, t(7)=-0.991), indicating no difference in difficulty between crossed and 
uncrossed condition. (When the slope parameters of the two other subjects were included 
-though not well-fitted giving an indication- there was still no difference in absolute slope 
between crossed and uncrossed conditions (p=0.677, t(9)=-0.526).)

As can be seen in figure 2, the proportion of rightward directional judgements in crossed 
condition at the longest SOA (700ms) remained significantly different compared to 
uncrossed (On average: uncrossed (point B in fig. 2): 97% (SE=1.9%) and crossed (point 
A): 74% (SE=7.4%), paired samples t-test: t(9)= 3.411, p=0.008, uncrossed (C): 2.8% 
(SE=1.5%) and crossed (D): 24% (SE=7.7%), paired samples t-test: t(9)= -2.835, p=0.020). 
This difference remains significant when excluding the participant with “un-reversed” 
directional judgements (t(8)= 3.686, p=0.006 and t(8)= -2.600, p=0.032). In addition, 
directional judgement proportions stabilised at a SOA of around 300 ms in both crossed 
and uncrossed condition but the standard errors at higher SOAs were larger with crossed 
compared to uncrossed fingers, indicating a higher inter-subject variability. 
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Reaction times

Figure 3 shows the median reaction times (RT), time between the second tap and the 
response, in trials with fingers uncrossed or crossed at different SOAs. A finger position 
(2) x SOA (7) x stimulus direction (2) repeated measures analysis showed a main effect of 
finger position (p=0.002, F(1,9)=19.341) with crossing the fingers leading to longer RTs (by 
on average 60-120 ms).

Figure 3. The mean of median reaction times (ms) at different SOAs. Mean median 
reaction times in trials with fingers uncrossed (blue, open circles, dashed line) and crossed 
(red, filled circles, continuous line) are depicted at different SOAs. Reaction times are 
defined as the time between the second tap and the response. Negative SOAs again indicate 
trials in which the direction of stimuli was to the left in space. Error bars indicate 1 standard 
error of the mean.

Furthermore there was a main effect of SOA (p<0.001, F(6)=58.719) reflecting quicker 
responses with increasing SOA. This might indicate that the task was easier with longer 
SOAs, having more processing time for the first stimulus. If participants used a response 
strategy by reacting to the location of the first tap, we would expect that RT to the first 
stimulus does not change with increasing SOA. This, however, was not supported by the 
analyses of the RT calculated from the first tap. At least for the shorter SOAs, RTs with 
respect to the first tap still decreased with increasing SOA. Interestingly, for the longest 
two SOAs (400 & 700 ms), the RTs increased considerably (but not with respect to the 
second tap) (see Table 1). This pattern may be expected if a) the RTs with respect to the 
second tap at longer SOAs reached a point were participants could not respond much 
faster or b) participants based their response on the first tap and with longer SOAs had to 
wait for the second tap before they could respond. The latter is clearly not the case, as this 
would have resulted in a disappearance of the reaction time differences between crossed 
and uncrossed condition at longer SOAs. Therefore, it appears that participants in this 
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experiment answered as quickly as they could, and based their responses not solely on the 
first tap, thus had to use both taps to form a perception of direction.

Table 1. RTs (ms) at different SOAs with respect to the first and second tap.

RTs to 1th. 
tap (ms)

RTs to 2nd. 
tap (ms)

SE  
(ms)

SOA (ms) uncrossed crossed uncrossed crossed uncrossed crossed

15 1053 1113 1038 1098 81 82

30 1011 1104 981 1074 77 75

60 997 1067 937 1007 69 63

90 986 1094 896 1004 68 68

150 946 1062 796 912 59 56

400 1008 1139 608 739 52 43

700 1274 1414 574 715 60 52

Mean median reaction times (RTs) to the first and second tap at the different SOAs and 
1 standard error of the mean. Reaction times to stimuli going leftwards and stimuli going 
rightwards are collapsed, since a finger position (2) x SOA (7) x stimulus direction (2) 
repeated measures analysis showed no main effect (or interaction) of stimulus direction.

Discussion
In this study we investigated the perceived direction of movement of two tactile stimuli, 
applied successively to the crossed or uncrossed index and middle finger of one hand. 
The total percentage of correct responses with crossed fingers was significantly below 
chance level. Moreover, the slope of the psychometric function fitted to the proportion 
of rightward directional judgements at the different SOAs was inverted in crossed as 
compared to uncrossed condition. Thus, participants almost consistently reported 
perceiving the stimulus direction as opposite to what it actually was in the fingers crossed 
condition. This suggests that on average they did not integrate the crossed finger position 
when making their directional judgements. Therefore the results are in agreement with 
the idea that, by default, the processing of tactile stimuli applied to the fingers assumes 
a prototypical positioning of body parts (Yamamoto & Kitazawa, 2001). However, in 
contrast to what has been generally found for tactile perception with crossed hands (see 
for instance Cadieux et al., 2010; Craig & Belser, 2006; Heed et al., 2012; Schicke & Röder, 
2006; Shore et al., 2002; Wada et al., 2004; Yamamoto & Kitazawa, 2001), performance 
did not change to incorporate the unusual finger postures for SOAs as long as 700 ms. 
This indicates that time between the two stimuli alone was not sufficient to allow for the 
crossed posture information to be integrated with the tactile information. Several aspects 
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may be relevant to explain these results, such as haptic experience, incomplete remapping 
and differential weighting of reference frames, and will be discussed below in relation to 
the results of previous studies. 

Comparison with other crossed finger experiments

Our results are in agreement with those of Sekine and Mogi (2009), who showed reversed 
directional judgements when crossing the fingers, suggesting incomplete integration of the 
crossed posture. In addition to their findings, we show that this reversal does not subside 
with longer SOAs. As was outlined in the introduction, not every study investigating 
tactile perception with crossed fingers finds this lack of integration of the crossed posture. 
For instance, Craig (2003) asked participants to judge the direction of apparent motion of 
two successive tactile stimuli to crossed fingers and observed that participants accurately 
incorporated the crossed fingers posture. However, as the participants could see their 
crossed fingers, the integration of the posture might be based on visual information. 
Indeed, several authors have suggested that visual information about the crossed posture 
might facilitate coding in an external spatial reference frame (Azañón & Soto-Faraco, 2007; 
Cadieux et al., 2010; Röder, Föcker, Hötting, & Spence, 2008; Röder, Rösler, & Spence, 
2004; Shore et al., 2002). As discussed by Cadieux (2010), several manipulations of the 
vision of the limbs influence crossing effects, for example crossing the hands behind the 
back (Kóbor, Füredi, Kovács, Spence, & Vidnyánszky, 2006) or manipulating the visual 
information about the crossing of the hands with (un)crossed rubber hands (Azañón & 
Soto-Faraco, 2007). Furthermore, while sighted individuals showed impaired temporal 
order judgements with crossed hands at short SOAs, congenitally blind did not show this 
effect (Röder et al., 2004). Therefore, visual input informative of body part posture might 
partly explain the difference between Craig’s (2003) and our data. A second factor that 
might explain the difference in results is stimulus complexity. In contrast to the simple 
tactile stimuli used in the current study and by Sekine and Mogi (2009), Craig used a 
rather complex tactile display. Each stimulus consisted of a local apparent motion pattern 
generated by an array of 144 tactile stimuli, and stimulus presentation lasted 65ms. Both 
the complexity and the longer stimulus duration might have allowed participants to 
build a more robust percept of the tactile stimulus, as compared to two short tactile taps. 
Similarly, a recent study by Kuroki et al. (2012), used various SOAs ranging from 0 to 180 
ms and tactile stimuli consisting of vibrating pins, with a stimulus duration of 200 ms. 
Additionally, participants were allowed to keep their eyes open. This study found that a 
tactile motion after effect, induced by repetitively applying the two stimuli in the same 
order, and the perceived direction of the apparent motion (subsidiary experiment) was 
determined by the direction of the stimuli in space. Thus in their experiment, the posture 
was included in the processing of tactile stimuli to the fingertips. Again, the combination 
of visual information about the crossed posture, and the long stimulus duration may have 
allowed participants to process the information more substantially.

In terms of posture and range of SOAs our experiment resembles that of Heed et al. 
(2012, experiment 3). As in the current study, they found an incomplete integration of 
the crossed posture and no re-reversal of the temporal order judgements at longer SOAs. 
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However, while we found mostly no integration of the crossed posture, as was shown 
by an inverted S-shaped curve of the responses with the crossed as compared to the 
uncrossed posture, Heed et al. reported an almost flat, uninverted, response curve. The 
flatness may reflect a large variance between subjects, as is mentioned by Heed et al. in 
their results section. The fact that it is uninverted reveals substantial integration of the 
crossed finger posture. Possibly, the difference in between-subject variance is caused by 
the dissimilarity in both the task and response methods. Heed et al. asked participants 
to perform a finger identification (TOJ) task. Fingers have non-spatial identities (e.g. 
index finger or little finger) and tasks asking for finger identification therefore might 
not require incorporation of postural information. This task requirement in itself could 
thus have yielded no interference of the crossed posture in the experiment of Heed et 
al. However, participants were allowed to keep their eyes open, and although they were 
instructed to look at a fixation cross, the hands were not shielded from view. As discussed 
in the previous paragraph, visual input may facilitate integration of the crossed posture. 
Furthermore, responses were given using a foot pedal. In contrast to for instance verbal 
responses, this requires spatial target-response mapping (Azañón, Camacho, & Soto-
Faraco, 2010). The spatial target-response mapping and the availability of vision may have 
caused some participants to adopt a more external reference frame. Combined, these 
factors may have caused larger differences between subjects. Furthermore, inspection of 
their figure 3A shows that the fingers were closer to each other in space in the fingers 
crossed as compared to the fingers uncrossed condition. This may have caused an increase 
in the error rate (making the response curves flatter), since tactile stimuli can more easily 
be mislocated to the wrong finger when the fingers are closer to each other (Overvliet et 
al., 2011a; Schweizer, Maier, Braun, & Birbaumer, 2000).

Indeed, both task and response requirements have been found to influence crossing 
effects. Sekine and Mogi (2009) found no influence of crossing the fingers on judgements 
of which finger was tapped last (index or middle), but did see a considerable decrease 
in performance on a directional judgement task. However, prior to the experiment, 
participants practised the finger identification but not the directional judgement task. 
Still, a similar result was reported by Roberts & Humphreys (2008), who found crossing 
effects in temporal order judgements only when asking to report spatial attributes. 
Additionally, Gallace et al. (2008) compared the influence of different response methods 
on crossing effects. In their experiment, the influence of a distractor to one hand on a 
tactile target stimulus on the other hand was determined in spatial coordinates when 
subjects had to respond using a foot pedal, even when the task at hand did not require 
doing so (e.g. finger identity judgements), but less so when they had to respond verbally. 
When the target finger had to be lifted the response pattern was no longer spatially 
defined. The authors concluded that response demands, to a large extent, determine the 
amount of remapping of tactile information to an external frame of reference.

Differences in remapping between hands and fingers 

It has been debated whether fingers and hands are represented differently. For instance, 
in a study by Haggard et al. (2006) participants had to indicate which hand or which 
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finger had been touched in two different postures. While hand identification performance 
declined when the fingers of the two hands were interleaved, finger identification was 
not influenced by this posture. Haggard et al. concluded that fingers are represented 
in a somatotopic space, whereas hands are represented in an egocentric external space. 
However, as Riemer et al. (2010) pointed out, in these conditions there may be differences 
in interfering influences of crossing the hands and fingers together compared to crossing 
only fingers or hands. Indeed, crossing effects on a temporal order task are larger when 
crossing both the hands and the fingers as compared to either crossing fingers or hands, 
suggesting an interference between crossing hands and fingers (Heed et al., 2012). In the 
current experiment we tried to minimise this problem by crossing the fingers of one hand. 
Our results show that when processing tactile stimuli to the fingertips, unusual postures 
are not necessarily integrated. When crossing hands however, an incorporation of the 
crossed posture with longer SOAs is generally observed (Cadieux et al., 2010; Craig & 
Belser, 2006; Heed et al., 2012; Schicke & Röder, 2006; Shore et al., 2002; Wada et al., 2004; 
Yamamoto & Kitazawa, 2001).

Differences in the influence of crossing the hands and fingers may be explained by the 
lack of haptic explorative experience with crossed fingers (Benedetti, 1990). The hands 
move constantly, and they often cross over each other. However, crossing your fingers 
is not an everyday situation. Indeed, Benedetti (1991) showed that only after several 
months of training crossed fingers with concurrent multimodal input (tactile, visual 
and proprioceptive) by taping them together for several hours a day, the perceptual 
reversal in space declined. The crossed posture in our experiment can only be obtained by 
actively forcing the fingers in that position, something you would not likely do in haptic 
explorative behaviour. It could therefore be suggested that the lack of integration of the 
unusual finger postures with long SOAs observed in our experiment is due to the haptic 
inexperience with the crossed posture. Thus, instead of concluding that tactile stimuli 
to the fingers are processed according to one or the other reference frame, we suggest 
(in line with Cadieux et al., 2010; see also Sanabria, Soto-Faraco, & Spence, 2005) that 
differential weighing between different representations occurs, depending on the task 
at hand, the availability of different sensory input and the prior experience we have with 
tactile processing in a certain posture.

Incomplete remapping

The integration of the crossed posture is not an ‘all or nothing’ process. Indeed, in our 
study the “reversal effect” (spatial reversal in response pattern) was not complete, as can 
be revealed by the lack of an exact mirroring of the proportion of responses right- or 
leftwards in the uncrossed posture (about 70% instead of about 95%). This difference 
cannot be explained by an increase in task difficulty with crossed fingers, as the slopes 
of the curves did not differ between both conditions. Therefore we suggest that the 
crossed posture was processed to some extent. The integration of a posture has been 
explained as a translation or transference between different reference frames. Tactile 
information is processed first according to a somatotopic reference frame. When tactile 
information is used for a spatial task, a translation from a somatotopic to an external 
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spatial reference frame would be required to achieve the correct answer (remapping of 
touch; see for instance Longo, Azañón, & Haggard, 2010). Several studies have suggested 
that somatotopic and external spatial representations are formed in parallel (Eimer, 
Cockburn, Smedley, & Driver, 2001; Kim & Cruse, 2001) and differences in perception 
are a consequence of the weight attributed to each during the integration (Cadieux et 
al., 2010)  (similar to for instance tactile-auditory (Bresciani & Ernst, 2007), tactile-visual 
(Bresciani, Dammeier, & Ernst, 2006) and haptic-visual integration (Ernst & Banks, 
2002)). As discussed above, these weights could depend on task requirements (Roberts 
& Humphreys, 2008; Sekine & Mogi, 2009), response methods (Gallace et al., 2008) 
differences in stimulus characteristics (compare the current results with (Craig, 2003)), 
the availability of visual information (Cadieux et al., 2010), strategy (Cadieux et al., 2010) 
and experience in processing tactile information in a certain posture. In Benedetti’s 
studies the somatotopic representation dominated and the postural position was not 
incorporated (Benedetti, 1985, 1988a, 1990). In our experiment the postural information 
was incorporated in some trials, but it is still considerably less as compared to tactile 
perception with crossed hands. Moreover, long SOAs did not allow for the incorporation 
of the crossed posture (see also Benedetti, 1991), as is seen in experiments with crossed 
hands (Cadieux et al., 2010; Craig & Belser, 2006; Heed et al., 2012; Schicke & Röder, 2006; 
Shore et al., 2002; Wada et al., 2004; Yamamoto & Kitazawa, 2001). Therefore, the current 
experiment suggests that the localization of stimuli according to a somatotopic reference 
frame and the integration of postural information are two separate processes that apply 
differently to the hands and fingers. 

Conclusion

To conclude, this study demonstrates that the somatotopic representation of tactile 
stimuli is not necessarily remapped to a spatial reference frame to include the crossed 
posture during the construction of a stable percept. In this experiment, participants almost 
consistently reported perceiving the stimulus direction of two tactile stimuli presented to 
crossed fingers as opposite to what it was. This suggests that during the construction 
of the percept, the somatotopic representation was weighted heavier than the postural 
information, rendering responses mostly based on somatotopic processing. Our results 
therefore support the suggestion that tactile processing involves a weighted integration 
of somatotopically-based representations with postural information. While for hands, 
atypical postures are usually included in the constructed percept, particularly when 
sufficient time is allowed, the representation of fingers can remain mostly somatotopically 
based. This suggests that the localization of stimuli in a somatotopic reference and the 
integration of postural information are two separate processes that apply differently to 
the hands and fingers. 
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Abstract
Both making perceptual judgements about your own body and successfully moving 
your body through the world depend on a mental representation of the body. However, 
there are indications that moving might be challenging when your body is changing. 
For instance, the pubertal growth spurt has been reported to be negatively correlated to 
motor competence. A possible explanation for this clumsiness would be that when the 
body is growing fast, updating the body representation may lag behind, resulting in a 
mismatch between internal body representation and actual body size. The current study 
investigated this hypothesis by testing participants ranging from age 6 to 50 on both a 
tactile body image task and a motor body schema task. Separate groups of participants, 
including those in the age range when pubertal growth spurt occurs, were asked to estimate 
the distance between two simultaneously applied tactile stimuli on the arm, and to move 
their hand through apertures of different widths. Tactile distance estimations were equal 
between participants before, during and after the age range where the pubertal growth 
spurt is expected. Similarly, Bayesian evaluation of informative hypotheses showed that 
participants in the age range of the growth spurt did not move through the apertures as if 
their representation of the hand was smaller than its physical size. These results suggest 
that body representations do not lag behind in updating for the pubertal growth spurt.
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Introduction
Most of us can easily perform tasks such as reaching for our coffee while looking at our 
phone, or stepping over a puddle without paying much attention. But for these seemingly 
simple tasks, you actually need to know quite a lot about your own body dimensions and 
about the position of your body parts in relation to the objects around you. Most of the 
time we are unaware of this. Sensory information is unconsciously combined with mental 
body representations to perform the movement (Holmes & Spence, 2004). However, as an 
adult, your body is not changing in size very often and you have had much feedback about 
its size and form from the experience of moving it many times a day. 

Healthy adults are indeed usually competent at moving their body through the world and 
can adequately change their movements depending on the current possibilities for action 
(e.g., Cole, Chan, Vereijken, & Adolph, 2013; Day, Wagman, & Smith, 2015), or affordances 
(Gibson, 1979). Some of your action possibilities are dependent on your body size and 
form. If you are very slender, you will fit through smaller doorways, and when you are very 
tall, you will have to be more careful about not hitting your head. However, your body 
size and form change considerably during your lifetime. This raises the question how a 
veridical body representation is updated and maintained when your body is changing. 
Children in early puberty, when they are in the middle of a growth spurt, are often 
described as somewhat clumsy (Tanner, 1962). Indeed, Hirtz and Starosta (2002) found 
that the onset of the growth spurt is linked to an impairment in coordination in 75% 
(girls) - 90% (boys) of their participants. Visser, Geuze, and Kalverboer (1998) also found 
that being in a growth spurt is negatively related to motor competence. Starting at age 
11, they tested general motor skills of 16 boys, plus 15 relatively clumsy children, every 6 
months for 2.5 years. They found that while the clumsy children group on average became 
less clumsy, for the control group, the faster a child had been growing in height, the worse 
their motor skills were (see Beunen et al., 1988 for a review of similar results). Bisi & Stagni 
(2016) reported less smooth walking patterns in teenagers that grew faster than in their 
similarly aged peers, but the difference between both groups on most measures was in 
fact non-significant.

At the same time, strength and speed of movements increase during the growth spurt 
(Beunen & Malina, 1988), suggesting that this apparent clumsiness does not originate at 
the level of the muscles. One possible explanation for the decline of motor competence 
could therefore be that updating the body representation during the pubertal growth 
spurt lags behind physical growth. With a fast grow rate, the body representation may 
get insufficient time to adapt, resulting in a body representation that is smaller than the 
actual body. This is actually often suggested in the media (e.g., BBC (n.d.): “Teenagers 
shoot up so fast that their brains can’t keep up”) and has been mentioned in scientific 
literature (Longo, Azañón, & Haggard, 2010). Is there any support for this idea? The current 
experiment aims to investigate this question, while considering that body representation 
is in fact a collective term for many different concepts (De Vignemont, 2007). Thinking you 
are smaller than you actually are does not immediately imply you will move as if you are 
smaller than you actually are. The current study will investigate both aspects in separate 
experiments. In body representation research, the mental representations of the body are 
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often divided between “body schema”, the unconscious, constantly updated sensorimotor 
representations of the body that are directly used for making movements, and “body 
image”, which groups the more conscious, perceptual representations (Dijkerman & de 
Haan, 2007; Gallagher, 2005; Paillard, 1999; Rossetti, Rode, & Boisson, 1995). The term 
“body image” here includes all representations not directly used for making movements 
(covering all modalities), while the same term may be used in specific research areas to 
describe subsets (such as only visual representations or affective components), and has 
been used rather ambiguously in general (Tiemersma 1989). 

The current study focuses on metric components of body image (i.e., representation 
of size, length, width of body parts). Previous research on metric body image during 
development has mostly used visual tasks such as scaling an image on a computer screen 
to match the perceived body size (Neves, Cipriani, Meireles, Morgado, & Ferreira, 2017). 
Results are variable and have shown slight over- and underestimations of body size as 
well as correct estimations, depending on the specific task, and no systematic differences 
between age groups (e.g., Gardner et al. 1990; 1997; 1999). However, you could solve these 
visual tasks using a visual memory snapshot of what you look like in the mirror, which is 
only a small part of your body image. In contrast to vision, tactile perception is inherently 
bound to the body. Therefore a more direct method to test metric body image distortions 
may be by using tactile size estimations. Since the distribution of tactile receptors and 
the size of tactile receptive fields varies considerably over body parts (Johansson & Vallbo, 
1979; Weinstein 1968), they alone cannot give sufficient information about the distance 
between two tactile stimuli on the skin. The sensory input will therefore have to be 
combined with a mental representation of the touched body part (Serino & Haggard, 
2010; Spitoni, Galati, Antonucci, Haggard, & Pizzamiglio, 2010). This means that if size 
of the touched body part is smaller in the mental representation than in reality, you will 
consequently underestimate tactile distances. Tactile distance estimations have indeed 
been shown to be a dependable measure of metric body image in clinical groups (Keizer et 
al., 2012; Scarpina, Castelnuovo, & Molinari, 2014) and when using illusions to manipulate 
perceived body size (De Vignemont, Ehrsson, & Haggard, 2005).

With respect to the body schema, there may be a good argument why a delayed updating 
of the body representation leads to clumsiness. If you move as if you are smaller than you 
actually are, you may underestimate how close you get to objects in your environment, 
allow too little safety margin and knock into things. On the other hand, as the body 
schema is responsible for online control of action, it has to be constantly updated when 
moving your body (Schwoebel & Coslett, 2005; Wolpert, Goodbody, & Husain, 1998). 
This makes it unlikely the body schema is lagging behind during relatively slow changes 
such as growth. Previous research on the development of the body schema has often used 
reaching movements (e.g., Gabbard, Cordova, & Ammar, 2007; Gabbard & Caçola, 2014; 
Ishak, Franchak, & Adolph; 2014; Yonas & Hartman, 1993) but has not found consistent 
over- or underestimations. For instance, when you ask participants to estimate whether 
reaching through a small aperture is possible, this gives an indication of how wide they 
think their hand is. Ishak, Franchak, and Adolph (2014) showed that children under age 
7 seem to underestimate what aperture size their hand will fit through. Estimated whole 
body width has previously been investigated in children with developmental dyspraxia, 
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a DSM-V neurodevelopmental disorder characterised by severely reduced motor 
coordination during childhood, not restricted to the growth spurt, and proceeding into 
adulthood. Wilmut, Du, and Barnett (2017) asked children with developmental dyspraxia 
to walk through an aperture and found that they initially underestimated the width 
needed to pass through, but when actually walking through the apertures, they started 
turning their shoulders at a larger aperture than their non-clumsy peers. 

To summarize, no previous studies have yet looked at body size representations during 
the pubertal growth spurt, or investigated inaccurate body representation as a possible 
cause of clumsiness in this group. The aim of the current study was therefore to bridge 
this gap in knowledge and compare a wide age range, by testing participants between 6 
and 50 years old in two experiments. 

First, we investigated the accuracy of the tactile metric body image by examining the 
processing of spatial information of touch. In experiment 1, we asked participants to 
estimate the distance between two stimuli on the skin (tactile) as well as the distance 
between two black dots on a paper (visual, as a non-body related control condition). If 
indeed the metric body image is updated too slowly when you are growing faster, children 
experiencing the pubertal growth spurt would be expected to underestimate tactile 
presented distances, compared to younger and older groups. These groups would however 
not be expected to differ on visual size estimations, as these estimations do not rely on 
metric body image. 

In experiment 2 we investigated body schema at different ages. We asked participants to 
move their hand through narrow apertures of varying width to see whether participants 
compensated for their hand width at different aperture widths. Reaching through 
apertures closely resembles the sort of situations where teenagers might be clumsy in 
(e.g., knocking over a glass of milk at the breakfast table). Based on the literature on 
clumsiness during a growth spurt (Hirtz & Starosta, 2002; Visser et al., 1998; Beunen 1988), 
it could be expected that children that are in the age range of the pubertal growth spurt, 
underestimate their body size, and as a consequence think their hand will fit through an 
aperture more easily than it actually can. If this is the case, they would be expected to 
compensate less on average, or start compensating at smaller aperture sizes (so a smaller 
compensation threshold) than younger and older groups (respectively before and after 
the growth spurt). 

General Methods 
Location

All participants were recruited in Science museum NEMO Amsterdam, a science 
museum aimed at children ca. 6-12 years old. Through the Science Life research program 
(www.sciencelife.nl), the museum offers the possibility to recruit young visitors and their 
parents for participation in experiments, in an experimental room within the museum. 



48 | Chapter 3

3

Visitors could sign themselves up for experiments so we had no control over the sizes of 
the groups or male/female ratio’s. We allowed all visitors to participate and experience the 
research. However, we only included participants between 6 and 50 years old in the studies 
as we were interested in body representations at the age of the growth spurt compared to 
adults, and the tasks were too difficult for most children under 6. Participants received 
no monetary or other compensation for their time. All participants were naïve to the 
purpose of the study and gave their written informed consent prior to the experiment (in 
case of minors, their parents gave consent). This study was done in accordance with the 
declaration of Helsinki and approved by the local ethics committee at Utrecht University. 

Experiment 1

Methods

Participants

Experiment 1 had 71 participants, 2 were excluded because they were older than the 
intended age range. The remaining 69 were divided into three groups: pre-growth spurt 
(“Pre group”), growth spurt (“During group”) and post-growth spurt (“Post group”). A 
growth spurt has been defined in literature as a period in which an increase of 7-14 cm in 
length and 8-13 kg in weight is seen annually (Hirtz & Starosta, 2002). The growth spurt in 
girls (ca. between 10 and 14 years) starts earlier and ends a bit sooner than in boys (ca. 12-
16 years) (Hägg & Taranger, 1982; Rauch et al., 2004). We have no longitudinal data on the 
growth of our participants. Therefore, participants were assigned to groups based on their 
age and gender: Pre group (6-9 y/o for girls, 6-11 y/o for boys: 14 girls, 17 boys, mean age 8.5 
± 1.4, mean body height 134.4 ± 8.1 cm for girls and 137.1 ± 10.6 cm for boys), During group 
(10-14 for girls, 12-16 for boys: 13 girls, 7 boys, mean age 12.8 ± 1.5, mean body height 157.9 
± 8.8 cm for girls and 170.6 ± 11.0 cm for boys) and Post group (15-50 y/o for females, 17-50 
y/o for males: 12 female, 6 male, mean age 39.4 ± 7.8, mean body height 166.9 ± 7.5 cm 
for females and 183.3 ± 5.1 cm for males). 59 participants were right-handed (Edinburgh 
handedness questionnaire (Oldfield, 1971), cut off score of 40), 4 were ambidexter and 6 
left-handed. All had normal or corrected-to-normal vision (self-report).

Experimental setup, procedure and stimuli

Participants first completed the Edinburgh handedness questionnaire (Oldfield, 1971) as 
well as a form collecting demographic information (gender, date of birth, nationality, 
finished level of education and current occupation), if necessary with help from an 
experimenter. Their body height and under arm length was measured, after which 
participants were seated next to the experimenter behind a table, and the procedure was 
explained. 
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The experiment was divided into two blocks in random order: one with visual and one 
with tactile stimuli. In the tactile block, participants were asked to perform the tactile 
estimation task (“TET”, see Keizer et al., 2011), in which they had to estimate the distance 
between the two pointers of a calliper that were pressed simultaneously on the ventral 
side of the right forearm for approximately 1 second (see figure 1). Participants were 
blindfolded using carton children’s masks to prevent them making the estimations based 
on visual information. For the visual block, participants had to estimate the distance 
between two black dots on a white A4 sized paper. In both blocks, participants were only 
allowed to respond after the stimulus had disappeared.

Figure 1. Experimental setup in experiment 1. Depicted are the stimuli in the tactile 
estimation task (left), visual estimation task (centre, also showing wooden cover. the 
response tablet is below the cover, not visible for the participant), and response method 
(right, please note that the response tablet is not visible in the tactile condition either 
because of the participants wearing paper masks). 

Estimated distances in both the visual and the tactile condition were reported by varying 
the gap between the index fingers of both hands on a Wacom touch tablet (model CTH- 
661). A laptop with Matlab software recorded 100 measurements of the coordinates of 
both index fingers and calculated the average distance between them per trial. Trials in 
which a participant moved their hand during recording of the estimated distance were 
repeated. Between trials, participants were instructed to put their arms back on the table, 
ventral side up, and touch their thumb with their index finger.

Note that both in the visual and the tactile condition, participants had no visual feedback 
on their responses. During the visual block, both hands and arms and the Wacom touch 
tablet were covered from view by a wooden shelf. In the tactile block, participants wore 
paper masks. The visual stimuli were presented on top of the wooden shelf, above the 
right arm. For both the visual and the tactile block, the presented distances were 50, 60 
and 70 mm, and each distance was presented three times in random order within a block. 
In total, this yielded 18 trials, and the complete experiment including instructions took 
approximately 10 minutes. 

Please note that the tactile estimation task is not a two-point discrimination task, which 
would measure tactile acuity instead of metric body image. The presented distances in 
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the current study are above two point discrimination threshold (Nolan, 1982) and the 
response requires participants to place the stimuli within a spatial reference frame, which 
requires including metric body image as was discussed in the
introduction.

Bayesian statistics

The current study uses Bayesian statistics. A priori we considered it likely that children 
in the age range of the pubertal growth spurt would not respond differently from younger 
and older participants. In contrast to frequentist statistics, Bayesian methods allow for 
quantification of the evidence that the results from different groups do not differ from 
each other. Therefore, Bayesian statistics was a logical choice for our study. 

Data analysis

Distance estimations that were over three times the median absolute deviation from 
the median of all estimations of all participants for a certain presented distance were 
considered outliers (Leys et al., 2013). This resulted in exclusion of 38 out of 1242 trials 
(3.06%). Next, Average (mean) distance estimations for each presented distance were 
calculated per participant, and expressed in percentages of the presented distance (so 
>100% is an overestimation). Two participants had to be excluded as all three estimations 
for one condition were excluded, and no average estimation could be calculated.

Distance estimations were separately analysed per modality using a Bayesian mixed 
ANOVA in JASP (which uses a linear mixed model) with within factor presented distance 
(3 levels: 50, 60 and 70 mm) and between subjects factor growth spurt group (3 levels: 
Pre, During and Post). This analysis uses cauchy priors on effect size, centred on zero 
with r scale 0.5 for the fixed effects and r=1 for the random effect of participant. These are 
considered uninformative priors and are default in JASP. JASP ran 10000 iterations (JASP 
Team, 2017). 

Results

Estimated distances at the applied distances in the visual and tactile condition were 
analysed using Bayesian Presented Distance (3) (50, 60, 70) x Group (3) (Pre, During, 
Post) mixed ANOVAs. Figure 2 shows the average distance estimations in the three 
groups, expressed as a percentage of the presented stimulus distance, on both the tactile 
and the visual estimation task.

For tactile stimuli, there was evidence in favour of the null model, which had the highest 
posterior model probability (P(M)=0.2, P(M|data)=0.449). This means that it is -given 
this data- most likely that there are no main effects or interactions. Inclusion Bayes 
Factors were calculated for the possible main effects of presented distance and group, and 
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their interaction, which give a measure of the amount of evidence for or against an effect 
of a certain variable. Inclusion Bayesian Factors showed moderate evidence against an 
effect of presented distance (BFinclusion =0.225) on tactile distance estimations (in % of 
presented distance). This roughly means that there was 1/0.225=4.4 times more support 
in the data for no effect of presented distance, than there was for an effect of presented 
distance. There was anecdotal evidence against an effect of group (BFinclusion =0.456) 
and strong evidence against the interaction effect (BFinclusion across matched models = 
0.049). On average, stimuli were overestimated at 126.6 % (± sd 30.88).

Figure 2. Average distance estimations for tactile and visual stimuli in exp. 1. 
Distance estimations are given in percentage of presented distance for tactile (left) and 
visually (right) presented stimuli for all three groups. Error bars depict the 95% CI. A 
dashed line at 100% indicates what would have been a correct estimation.

For visual stimuli, the highest posterior model probability was for a model with a main 
effect of both group and presented distance on visual distance estimations (in % of 
presented distance), but no interaction. The BF10 for this model was 34.497 (P(M)=0.2, 
P(M|data) = 0.602). Inclusion Bayesian Factors show moderate evidence for an effect of 
presented distance (BFinclusion = 6.892), anecdotal for group (BFinclusion = 1.919) and 
there was moderate evidence against the interaction effect (BFinclusion across matched 
models = 0.125). Next we performed post-hoc Bayesian t-tests to investigate the nature 
of these main effects. There was some evidence in favour of average distance estimations 
in the Post group (estimated mean 150.4% ± sd 27.22) being higher than in the two other 
groups (vs Pre: est 128.3 ± 25.12%, moderate evidence, BF10=7.159, vs During: est 132.8 
± 28.64%, anecdotal evidence, BF10=1.321). There was anecdotal to moderate evidence 
against a difference between the Pre and During groups (BF10 = 0.330). Furthermore, 
Post-hoc Bayesian paired samples t-tests showed that there was evidence for a difference 
in estimations of stimuli 50 mm (est. 130.8 ± 28.93%) compared to 70 mm (138.7 ± 32.25%, 
strong, BF10 = 26.686) and some indication for a difference with 60 mm (136.6 ± 28.84%, 
anecdotal, BF10 = 1.487), as well as moderate evidence against a difference in estimation 
of stimuli of 60 and 70 mm (BF10 = 0.208).
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Intermediate discussion experiment 1

The tactile estimation task in experiment 1 could be solved by comparing the tactile 
input to the mental representation of the length of your arm, which was not needed 
for the visual estimation task. Thus, as we expected children in the During group to 
underestimate their arm size, we expected them to underestimate tactile, but not visually 
presented distances, compared to the Pre and Post groups. However in summary, the 
results show that tactile distances were not estimated differently in the three groups. 
While the Bayes factor concerning this showed only anecdotal evidence against an effect 
of group, the evidence is pointing in the direction opposite to what was hypothesised. Also 
note that the Bayes factor is not really indecisive, which suggests we had enough power to 
investigate our question, although not by a very large margin. For visual stimuli, the Post 
group overestimated presented distances slightly more than the other two groups, while 
overestimation of visual stimuli with a presented distance of 50 mm were overestimated 
slightly less than the two larger presented distances. 

Experiment 1 shows evidence against our hypothesis that children in the During group 
underestimate tactile distances compared to the Pre and Post groups. This gives no support 
for the idea that their metric body image may lag behind on their growth. Nevertheless, 
their movements may still reflect a smaller body (part) representation. In experiment 2, 
we investigated if the During group behave in an aperture task as if they are smaller than 
they actually are, which would indicate that their body schema lags behind.

Experiment 2

Methods

Participants
Eighty-nine visitors participated in this experiment, who did not participate in experiment 
1. The first two participated to optimise the test setting and were excluded from analysis. 
Furthermore, five participants were excluded due to equipment failure, nine due to an 
experimenter error, and two because they were older than the intended age range. This 
was quite a hard task for children, especially those younger than 7. They often moved their 
hand from the start position before the beginning of a trial, scratched their nose or arms, 
moved their hand somewhere else than the target position or knocked into the panels, 
stopped looking at the monitor at all, or kept turning around to talk to siblings. The 
experimenter made a note when this was the case. Additionally, the data were inspected 
visually to ensure that hand movements started at the start position and there was no 
collision with the set-up. Participants that failed this in over half of their trials were 
excluded. In total we excluded 15 children because of these reasons.

The remaining 56 participants were divided into three groups, again based on their age 
and gender: Pre group (6-9 y/o for girls, 6-11 y/o for boys: 8 girls, 12 boys, mean age 9.3 ± 
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1.5, mean body height 134.1 ± 10.2 cm for girls and 144.0 ± 9.4 cm for boys), During group 
(10-14 for girls, 12-16 for boys: 11 girls, 5 boys, mean age 12.4 ± 1.6, mean body height 159.5 
± 11.3 cm for girls and 161.6 ± 11.4 cm for boys) and Post group (15-50 y/o for females, 17-50 
y/o for males: 11 female, 9 male, mean age 28.5 ± 10.9, mean body height 169.3 ± 10.1 cm 
for females and 182.4 ± 9.1 cm for males). All participants were right-handed (Edinburgh 
handedness questionnaire scores >40), all had normal or corrected-to-normal vision 
(self-report).

Experimental setup and stimuli

Participants were seated behind a table with a custom made experimental setup (see Fig. 
3). This consisted of a black floorboard, with two grey panels (18x28 cm, at 17.5 cm from 
the front edge of the table), that could be moved in- and outwards to adjust the width of 
the aperture between them. Four coloured patches were attached to the floorboard as start 
(red) and target (green, yellow, blue) positions for the right hand during the experiment. 
The aperture setup was placed in front of a monitor (HP Compaq LA2006x) at table level 
(44 cm from the edge of the table), on which visual stimuli were presented.

18
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Figure 3. Experimental setup for the reaching movements. Two panels could be 
moved in- and outwards to adjust the width of the aperture between them. (Colour guide 
when printing grayscale: coloured patch behind the panels is blue, coloured patches in 
front of the panels are -left to right- yellow, red and green.)

Reaching trajectories of the right hand were recorded continuously during the whole 
experiment at two locations (sensors at the second phalange of the thumb and in between 
the knuckles of the ring finger and the pink) using an electromagnetic motion analysis 
system (MiniBIRD, Ascension Technologies) which recorded x, y and z positions at a 
frequency of 103.3 Hz. 
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Procedure

As in experiment 1, participants first completed the Edinburgh handedness questionnaire 
(Oldfield, 1971) as well as a form collecting demographic information (gender, date of 
birth, nationality, finished level of education and current occupation), if necessary 
with help from an experimenter. Their body height and width of their right hand (while 
lifted above the table) were measured after which participants were seated behind the 
experimental setup, the procedure was explained and the sensors were attached. 

During each block participants were asked to pay attention to the monitor on which a 
sequence of coloured drawings of air balloons were presented for 1750 ms (target colours: 
green, yellow, blue) each, alternated with a drawing of a red air balloon for 1250 ms (start 
position colour). Participants were to cover - with a flat right hand- the coloured patch 
on the board in front of them corresponding to the colour presented on the monitor. This 
resulted in them moving their hand from the red patch to a random target colour and back 
to the red patch 12 times during a block (each target colour 4 times). Participants were 
instructed that the speed of the movement was not important, as long as they responded 
correctly and covered the target patch in time to respond to the next colour. They were 
told not to touch the panels, as pilot experiments showed that some participants would 
otherwise try to smash through the panels instead of moving their hand between them. 
In the first block, the aperture between the panels was set at 1.6 times the width of the 
right hand of the participant. Between blocks, the experimenter changed the aperture to 
one of the other seven ratios (0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5 times the hand width) in a random 
order. In total, participants completed 8 blocks of 12 trials.

Data analysis

Since the blue target patch was located behind the panels, participants had to move their 
hand through the aperture when a blue air balloon was presented. We only analysed these 
reaching movements. The possibility to move to the green and yellow patch was included 
to keep the task entertaining for young children and to ensure that the movements were 
not initiated without any conscious effort. For the analyses, this leaves four trials per ratio 
per participant. Trials in which a participant failed to reach the target (4.69%), did not 
start their movement from the start position (0.22%) or knocked into the panels (3.29%) 
were excluded from further analysis, as well as 1.28% due to recording errors. 

3D reaching trajectory recordings were filtered with a 1-dimensional Low pass Butterworth 
filter (4th order, cut-off frequency 20 Hz). The exact point at which the hand passed the 
position of the aperture on the y-axis for each trial was interpolated using the five data 
points before and five after moving through the aperture. At this point in the trajectory, 
the distance on the x-axis between the two sensors was calculated. 

Average hand compensation at the different apertures
A decrease in x-axis distance between the two sensors with narrower apertures (so smaller 
ratio’s) would indicate that the participant compensated by either rotating the hand or 
moving the little finger and/or thumb below the hand palm to fit through (which we 
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will group under “hand compensation”, see figure 4). Scrunched hand width strongly 
correlates with affordance thresholds in adults (Ishak et al., 2008). We analysed average 
x-axis distance at the different aperture widths using a Bayesian mixed ANOVA in JASP 
(which uses a linear mixed model and 10000 iterations) with within factor aperture width 
(eight levels: 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5 and 1.6 times hand width) and between subjects 
factor group (three levels: Pre, During and Post) (see methods experiment 1). JASP uses 
cauchy priors on effect size, centred on zero with r scale 0.5 for the fixed effects and r=1 
for the random effect of participant. These are considered uninformative priors and are 
default in JASP. (JASP Team, 2017).

Figure 4. Placement of the sensors and possible types of hand compensation. The 
top drawing shows the hand of a participant from above in normal position (so no hand 
compensation) as well as the placement of the sensors (A). The lower two drawings depict 
the possible ways participants may compensate for their hand width if they think their 
hand will not fit through the aperture: by rotating the hand (B) or by placing the thumb (C) 
or little finger (not depicted) under the hand palm. For clarity reasons, the sensors are not 
drawn in (B) and (C) but the dotted lines indicate their position. As is illustrated, both types 
of hand compensation will lead to a shorter x-axis distance between the two sensors.

Compensation thresholds (CT)
The distance between the sensors on the x-axis as a function of aperture width was 
expected to follow a sigmoid curve (Franchak & Adolph, 2014). With the largest aperture, 
participants were expected to not compensate or very little (baseline compensation, set at 
100%). With decreasing aperture width, at some point participants were expected to start 
compensating. The CT was defined as the aperture width at which the hand compensation 
would be at 90% of hand compensation at the largest aperture.
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For the participants that did indeed compensate more at smaller apertures, the data was 
better described by a sigmoidal cumulative Weibull function than by a linear model in 
both the During and the Post group, but not in the Pre group (difference in penalized 
deviance Pre group: 1.40, During: -17.1, Post: -95.9). Therefore, we compared only the 
CTs of the During and Post group. For these participants we normalised the average 
distance between the sensors at the different aperture widths to the average distance 
at an aperture width of 1.6 times hand width. Next, we fitted scaled Weibull sigmoidal 
affordance functions (Franchak & Adolph, 2014) and used the likely fitted distributions 
to find estimations of the CT. Likely distributions were fitted using JAGS within R:. A 
hierarchical structure allowed for the repeated measures at different apertures within 
each participant. X-axis distance was defined by a Weibull psychometric function as 
proposed by Kuss et al. (2005) (formula 1).

(1)

with location parameter m and slope parameter s, x is the aperture width divided by 
the hand width, y is the x-axis distance, normalised to the x-axis distance at the largest 
aperture (1.6 times hand width). 

JAGS ran three chains, running 30000 iterations burn-in, followed by 40000 iterations 
with thinning at 25. Separate but identical priors were set for the (hyper)parameters of 
both groups. Priors on the hyperparameters (hyperpriors) for the mean of location and 
slope were normal distributions with mean 0 and precision 0.001 (broad, uninformative 
priors), and hyperpriors on the standard deviations were uniform distributions from 
0 till 1000. Priors on location and slope parameters were normal distributions with 
mean and standard deviation taken from the corresponding hyperparameters. The 
prior and hyperprior on location were truncated at zero, as the Weibull psychometric 
function is defined for x>0 (also, you cannot reach through an aperture of zero width). 
Parameter estimates for both groups were obtained through MCMC sampling (See 
Spiegelhalter 2009). All chains converged (potential scale reduction factor estimates for 
the hyperparameters between 1.00 and 1.01). 

The CT was calculated every iteration for both groups. This was defined as the x-value at 
which y = 0.9 and was calculated using formula 2: 

(2)

For each iteration, we counted which estimated group CT was higher. We formulated two 
informative hypotheses (Hoijtink, 2011). First, if growing faster results in underestimation 
of body size, the During group will start compensating at smaller apertures than the Post 
group, with Pre growth spurt children somewhere in between. Unfortunately, the Pre 
group could not be compared on CT, as their data was better described by a linear model 
than by a sigmoidal one, which suggests they do not show a clear threshold at some point. 
Therefore, H1: CTduring< CTpost. Alternatively, if the amount of safety margin is related 
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to how much experience you have with moving your body near potential obstacles, the 
effect will be the other way around, H2: CTduring> CTpost. We compared the evidence in 
favour of these hypotheses to an unrestricted null model (using JAGS within R:). 

Results

Average hand compensation

Figure 5 shows the average hand compensation for each participant at the eight ratio’s 
compared to the hand compensation at an aperture width of 1.6 times the hand width 
(the largest aperture used). All groups already decreased their hand width to about 75% 
of their normal hand width at an aperture of 1.6 times hand width (see also figure 6, 
Pre: 79.5%, During: 73.5%, Post: 78.2%). This was unexpected, and did not happen in 
pilot testing. As a result, an aperture width of 0.9 times hand width would not require 
additional hand compensation. About half of the participants indeed did not further 
decrease their hand width more than 10% when the aperture width was equal to or smaller 
than their normal hand width (non-compensators, Pre group: 11 out of 19, During group: 
8 out of 16, Post group: 9 out of 20). In the During and Post group, it seems to be one of 
two patterns, the other pattern being the expected increase of hand compensation at 
smaller apertures (compensators). In the Pre group, patterns are less clear as there is more 
variance in the movements.

Figure 5. Individual hand compensation. Local polynomial regression fits for the 
individual participants’ average hand compensation at the 8 ratio’s in the Pre growth spurt 
group (A), the During growth spurt group (B) and the Post growth spurt group (C). Hand 
compensation is normalised to the hand compensation at an aperture size of 1.6 times hand 
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width to increase visibility of different patterns. The black dotted lines are local polynomial 
regression fits for the individual participants, which were added to increase visibility of 
different patterns.

Average hand compensation at the different apertures was investigated with a Bayesian 
aperture (8) x group (3) mixed ANOVA. If children in the During group would 
underestimate what size aperture their hand would fit through, you could expect an 
interaction between group and aperture or perhaps a main effect of group. We performed 
this analysis twice, once with and once without the non-compensators. Figure 6 shows 
the average hand compensation for each group at the 8 ratios expressed in percentage of 
hand width (not normalised to the largest aperture).

Figure 6. Average hand compensation. Average hand compensation at the 8 ratio’s for 
all three groups for all participants (A) and including only the compensators (B). Error 
bars depict the 95% CI. The fitted lines are local polynomial regression fits for the separate 
groups, which were added to increase visibility of the patterns.

When including non-compensators, a Bayesian aperture (8) x group (3) mixed ANOVA 
showed that the posterior model probability was largest for the model with only a main 
effect of aperture (P(M)=0.2, P(M|data)=0.819, BF10=5.527e +24). This means that it is 
-given this data- most likely that there is a main effect of aperture, but no other main effects 
or interactions. Hand width decreased with smaller apertures. We calculated Inclusion 
Bayes Factors for the possible main effects of aperture and group, and their interaction, 
which give a measure of the amount of evidence for an effect of a certain variable. The 
inclusion Bayes Factor for aperture was larger than JASP can handle (>1e+305), indicating 
that there was decisive evidence in favour of hand compensation being dependent on 
aperture. There was moderate evidence against an effect of group (BFinclusion = 0.148) and 
very strong evidence against an interaction (BFinclusion across matched models =0.023). 
When including only the compensating participants, the results were similar (model 
with aperture effect only BF10=2.560e +33, aperture: BFinclusion>1e+305, group BFinclusion 
= 0.438, interaction: BFinclusion = 0.285). So, both analyses show evidence for an effect of 
aperture, and evidence against an effect of group or interaction.
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Affordance threshold

Next, we wanted to test our hypotheses regarding hand compensation in the aperture task 
more directly by comparing at which aperture the different groups start compensating for 
their hand width. As this analysis was specifically investigating CT, we only selected the 
compensating participants. Also, as the Pre group did not show the predicted sigmoidal 
pattern, they are not included in this analysis (see methods section). Figure 7 shows the 
average fitted sigmoidal curves and estimated CTs.

Figure 7. Average fitted sigmoidal models and estimated Compensation Thresholds 
(CT). A and B: fitted sigmoidal models for the During group (A) and the Post group (B) 
with 50 likely sigmoidal curves in light gray, and a thicker line for the final estimated curve 
(when colour printing: in green for the During group (A) and in blue for the Post group 
(B).) Darker grey dots are individual data points. The estimated CT for the During and 
Post group is indicated with the vertical line, with the error bar indicating the 95% credible 
interval. 

Estimated median group CT for the During group was 1.27 (95% CI: 1.14 - 1.45), and for the 
Post group 1.17 (95% CI: 1.06 - 1.33). The Bayes factor for our H1 (CTduring< CTpost ) over 
the null model, so, the support in the data for the During group having a smaller CT than 
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the Post group (which would be hypothesised if the During group moved as if they were 
smaller than they actually are) was only 0.257, indicating moderate evidence against this 
hypothesis. The Bayes factor for our H2 (CTduring> CTpost) over the null model was BF10 
= 1.744, which indicates anecdotal evidence.  

Discussion
The current cross-sectional study aimed to bridge the gap in literature on body size 
representation in teenagers, and investigate whether there is evidence in favour of claims 
that body representation during the growth spurt lags behind. We differentiated between 
the question whether children during the pubertal growth spurt perceive themselves as 
smaller than they actually are (metric body image, experiment 1) and move as if they are 
smaller than they actually are (body schema, experiment 2).

Summary of main results

In experiment 1, children in the age range of the pubertal growth spurt did not underestimate 
tactile distances compared to participants before and after the growth spurt. In all groups, 
the three presented tactile distances were equally overestimated with ca 25%. This means 
that estimations increased with larger applied distances, suggesting that participants 
in all groups could differentiate between the different applied distances. Therefore, not 
finding a difference between the three groups was not caused by all participants just 
reporting random guesses. In our visual control condition, children in the age range 
of the pubertal growth spurt did underestimate visual distances compared to the Post 
growth spurt participants, but not compared to the Pre growth spurt participants. Our 
results thus show evidence against a lag in at least tactile metric body image during the 
growth spurt. All groups on average overestimated both tactile and visual distances with 
the current response method. 

In experiment 2, targeting body schema, we administered a task that most resembles the 
kind of situations you could expect children to be clumsy in: moving their hands near 
potential obstacles, in this case through an aperture. While average hand compensation 
increased with smaller apertures, showing that participants on average could perform the 
task and adapt their movements to the changes in affordance, there were no differences 
between the three groups. There was evidence against the expected interaction between 
aperture size and group. Moreover, our data show moderate evidence against the 
hypothesis that children during the growth spurt would start compensating for their 
hand width at smaller apertures than Post growth spurt participants. There is actually 
anecdotal evidence that children during the growth spurt start compensating at larger 
apertures than Post growth spurt participants, which is opposite to what you would 
expect if children during the growth spurt would move as if they are smaller than they 
actually are. Therefore, our experiment 2 shows evidence against a lag in body schema 
during the growth spurt.
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Measuring metric body image

We find no difference between the groups on our metric body image task. This is in line 
with previous studies on visual body image size in children, which have also shown no 
difference between different age groups (Gardner et al., 1990; 1997; 1999). For instance, 
Gardner et al. (1997; 1999) asked children aged 6, 9 and 12 to adjust the width of visual 
images of a body until they thought it matched their own body, and in separate trials, 
their ideal body size. They repeated this after one year. Girls showed a discrepancy 
between their perceived and their ideal body size already at age 7, which increasingly 
higher discrepancies in older girls. Overall though, children tended to be quite accurate 
in visual body size estimations with, similarly to the current study, no difference between 
children in the different age groups. Children overestimated, rather than underestimated, 
their average body size with only around 2%. 

Our results in experiment 1 show large overestimations of the presented distances. We 
asked participants to respond by indicating a distance between the two index fingers 
of both hands, as the fact that younger participants have smaller hands would have 
compromised our results if we had used the traditional response method between thumb 
and index finger. With this new method, we find overestimations as large as 56%. In 
previous experiments with the TET, average estimations have varied largely (e.g., Anema, 
Wolswijk, Ruis, & Dijkerman, 2008; Keizer et al., 2011; 2012, Longo & Sadibolova 2013; 
Scarpina et al., 2014). This might be partly caused by differences in which reference frame 
is employed to encode the response. In the current experiment, the response distance 
between the index fingers of both hands depends on the positions of the hands in space, 
which is not the case for the more commonly used response method between thumb and 
index finger of one hand. Given the dependency on specific response method, our results 
do not necessarily indicate that all groups in our study largely overestimated the length of 
their forearm even though on average estimations were larger than the presented stimuli. 
These effects of response method on overall over- or underestimation however do not 
restrict between-groups comparisons on the TET within an experiment. 

Also in other paradigms investigating metric body image, estimations have varied 
largely between methods. Body image is not one monolithic mental representation, but 
depends on the task at hand. Large distortions in localisation judgements of body parts 
are not necessarily reflected when you have to select the image of a body or body part 
that most resembles yours from an array of possibilities (Fuentes, Longo, & Haggard, 
2013). Linkenauger et al. (2015) found that length estimations of body parts are specifically 
distorted when participants are asked to estimate the length of a body part in amount of 
hand lengths rather than compare a body part to a neutral object. Additionally, Longo 
and Haggard (2011) showed that when the back of the hand is touched at two points, the 
perceived distance between them is larger when they were oriented across the width of 
the hand rather than along the length. However, this was not found when touches were 
applied to the palm of the hand. Thus different methods have been used to test metric 
body image and have yielded different results. This shows that “perceiving yourself as 
smaller than you actually are” is not as simple a statement as it appears to be. It might 
therefore be possible that a lag in metric body image will be visible in other measures than 
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our tactile distance estimations, although we consider this unlikely as tactile perception 
is inherently bound to the body and thus particularly suitable for measuring metric body 
image. 

Development of affordance perception and -action

Our body schema task could be considered a classical example of affordance experiments: 
to solve the task, you have to estimate the match between the body and the environment 
(Gibson, 1979). If you estimate the body to be too large to make the required action possible, 
you will have to compensate by changing your movement. The body size estimation here 
is what we were particularly interested in (and within a body representation framework 
this would be considered the body schema). Previous research shows that adults are 
rather good at estimating affordances, especially for movements that are more restrained 
by the body proportions than by factors such as strength and balance, such as walking 
(Cole, Chan, Vereijken, & Adolph, 2013; Day, Wagman, & Smith, 2015). For instance, errors 
in estimating whether you would fit through a doorway are made mostly when doorways 
are only a few centimetres smaller or wider than what you would actually fit through 
(Franchak, van der Zalm, & Adolph, 2010). In adults, these kind of affordance estimations 
are directly influenced by changing online feedback to the body schema (Creem-Regehr, 
Payne, Rand, & Hansen, 2014). For instance, wearing weights on the wrists influences 
reachability estimations (Rochat & Wraga, 1997).

Research on the development of affordance perception and acting on them shows 
that when encountering a new affordance situation, infant’s behaviour reflects their 
experience with a certain skill such as walking (Adolph, 1995; Adolph, Bertenthal, Boker, 
Goldfield, & Gibson, 1997; Kretch & Adolph, 2013). Very young children may therefore 
attempt clearly impossible actions as they have had little experience with their own body 
in interaction with the environment. For instance, just after learning to walk, infants will 
try to descend impossibly steep slopes. After having some weeks or months of experience 
with walking, their actions will start reflecting their skill level. (Adolph, 1995; Kretch & 
Adolph, 2013). Interestingly, infants may also show a different strategy concerning error 
prevention than adults. While for instance adults will want to avoid getting their hand 
stuck in an aperture, infants may not consider the penalty of getting stuck as severe (Ishak 
et al., 2014). The current studies did not include children as young, and we did not see 
more liberal response criteria in our younger participants. But risk assessment, or more 
specifically, the amount of safety margin participants take may have played a role in our 
study.

The safety margin in reaching movements

In our body schema task, children from the age of 6 changed their reach movements to 
fit through the apertures, so adapted their movements to the affordances given in the 
task. There was some indication that children within the growth spurt may have higher 
compensation thresholds (i.e., start reducing their hand width at larger apertures) than 
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people after the growth spurt. As compensation thresholds were not clear in de Pre growth 
spurt group, we cannot be sure whether compensation threshold decreases with age, or 
is larger during the pubertal growth spurt. Both options however, could have to do with 
the safety margin you incorporate when moving around (or between) obstacles in your 
environment. The extent of this safety margin could depend on the years of experience 
you have had with avoiding obstacles. It has been shown before that children below 12 
years old make grasping movements with a larger safety margin (open their hand wider) 
than 12 year olds (Kuhtz-Buschbeck et al., 1998). Also, children below 8 years old used 
larger safety margins when crawling under or stepping over obstacles (Pryde, Roy, & Patla, 
1997) and there is a correlation between safety margin when stepping over obstacles and 
age until at least 18 years (Corporaal, Swinnen, Duysens, & Bruijn, 2016). The current 
result shows some indication that this effect may extend into teenage years for manual 
obstacle avoidance as well. 

Visual information may have influenced this safety margin. Berard and Vallis (2006) 
found that children show more cautious strategies in particular under dimmed lighting, 
when less visual information is available. As the participants had to keep an eye on the 
monitor in the current experiment, this could additionally have led to more careful 
strategies in younger participants. While participants typically looked at the monitor 
to check their next target, then looked at the setup while moving, and redirected their 
gaze to the monitor once they had reached their destination, this limits the amount of 
viewing time of the aperture. Alternatively, children within the pubertal growth spurt 
could temporarily adopt a larger safety margin, for instance because they are less certain 
about their movements. Or in fact they could adopt a larger safety margin because they 
experience a temporary drop in motor competence. The cause and reliability of our 
possible finding of possibly higher compensation thresholds in the growth spurt range 
remains to be investigated, as we show only anecdotal evidence. However, our results in 
any case show no clear support for the hypothesis that clumsiness in the pubertal growth 
spurt is related to children underestimating how much space they need for their hand.

Variability in perceiving affordances in children

Previous studies have shown that young children scale motor behaviour to changes in 
aperture (i.e., affordances) when reaching (Ishak et al., 2014) or walking (Franchak & 
Adolph, 2012; van der Meer, 1997; Wilmut & Barnett, 2011) through openings. Ishak et 
al. (2014) showed that children up until the age of 5 years will already show sensitivity 
and consistency in their attempts similar to young adults when asked to reach through 
apertures of varying size, including ones that are too small. This means they scale 
their behaviour to the changing affordances (sensitivity) and trial-to-trial variability in 
participants’ decisions (consistency) was comparable among young children and adults. 
However, children up till 5 years old were less accurate: they were quite consistent in 
underestimating the aperture they could fit their hand through. Accuracy improved in 7 
year olds and adults. Unfortunately, the study by Ishak et al. did not include older children 
and teenagers in their experiment.
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In line with this finding, the current study shows similar accuracy in children age 6 
and up and adults. However, we show less sensitivity in children aged 6-9 years (girls) 
and 6-11 years (boys) than in the older participants; the hand compensation in the pre 
growth spurt participants did not follow a sigmoidal pattern as clearly as the older two 
groups. Possibly, previous studies had less time pressure on the movements than the 
current experiment. Moreover, in the current study, participants had to keep track of 
the visual stimuli on the monitor as well, directing attention and vision away from the 
apertures. This could have been harder for younger participants, causing responses to 
be less influenced by affordances. Distracting situations are actually more common in 
daily life than an experimental setup in which all you have to focus on is reach through an 
aperture. You would for instance try to grab a glass of milk amidst a cluttered breakfast 
table, while discussing the day ahead with your partner (or sister, mother, etc). Still, 
even in many controlled experimental body schema tasks, highly variable performance 
is seen more often seen in younger children. Huang, Ellis, Wagenaar and Fetters (2013) 
showed that children aged 3-5 start picking up an object with two hands instead of one 
at the same object size (in ratio’s of hand size) as adults, but children were more variable, 
switching between using one and two hands before the critical ratio while adults did 
not. Similar to our findings, Hackney and Cinelli (2013) could not estimate an affordance 
threshold for children aged 7-8 years walking through apertures, due to high variability in 
strategy between participants but also between trials. They suggested that this indicates 
that children may be more affected by dynamic factors (e.g., movement control) than by 
the geometric measures (Hackney & Cinelli, 2013). In line with this idea, Van der Meer 
(1997) found that when asked to walk under a barrier, children aged 4 and 5 were more 
variable than adults and for instance changed how much they ducked on whether they 
were running or walking. Our findings indeed show quite variable hand compensation 
in particular in the youngest participants in response to the affordances presented by the 
different apertures.

Is there an increase in clumsiness during the growth spurt?

To summarise, our results show no evidence for the claim that clumsiness during the 
pubertal growth spurt may be due to the body representations lagging behind the fast 
physical growth rate. Future studies could aim at investigating more dynamic factors 
such as muscle control during the growth spurt, but perhaps also reconsider if, and in 
what domains, teenagers in the pubertal growth spurt are clumsy at all. The amount of 
literature investigating clumsiness when growing is small and effects are quite variable 
between participants. Beunen and Malina (1988) already report that a decline in motor 
competence is something seen in individual cases rather than being characteristic for 
all children going through puberty. They also suggested that this could be related to 
differences in motivation and changing attitudes rather than to growth rate. Similarly, it 
has been proposed that clumsiness in puberty could be mediated by poorer self-esteem 
and as a consequence, less active play with peers (Schoemaker & Kalverboer 1994). 
Reports on clumsiness during the growth spurt have not been that definite. The drop 
in performance related to the growth spurt reported by Hirtz and Starosta (2002) could 
be succeeding the onset of the growth spurt by as much as one year. The drop in motor 
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competence in young participants in the experiment by Visser et al. (1998) was explained 
in relation to growth spurt onset, but as they mention themselves, this interpretation 
was based on the hypothesis that this would be an important predictor. It is difficult to 
separate time effects from growth speed effects, and their data was described as well by 
a model with linear, quadratic and cubic time elements (so no effects of growth spurt) as 
by the chosen linear effect of time with a negative influence of growth velocity. Finally, 
the current study finds more variable movements during the growth spurt than after, but 
even more in pre-growth spurt children. Perhaps it is our perception that changes when 
children reach puberty. Now that they are changing into adults, we increasingly notice 
and disapprove of clumsiness they had all along, and their increased limb size means that 
they do have a larger region of space in which they can knock into things.

Conclusion

Concluding, our results show no evidence in favour of a delay in updating either the metric 
body image, or the body schema during the pubertal growth spurt. Children from age 6 
completed tactile distance estimations similar to adults, showing that this comparison 
between tactile input and the metric body image is well developed in early childhood. 
Moving through apertures did not show the pattern predicted by a negative influence of 
the growth spurt on body schema accuracy. Therefore, our results provide some evidence 
against the idea that children during the growth spurt perceive themselves as smaller than 
they actually are, and even more convincing evidence against them moving as if their 
body representation is lagging behind their actual body size.
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Abstract
In the rubber hand illusion (RHI), participants view a rubber hand that is stroked 
synchronously with their real, hidden hand. This procedure results in experiencing an 
increased sense of ownership over the rubber hand and demonstrates how multisensory 
information (vision, touch) can influence the sense of body ownership. However, it has 
also been suggested that a (lack of) sense of ownership over an own body part may in 
turn influence bodily processes. This suggestion has previously been supported by the 
observation that a decrease in skin temperature in the real hand correlated with ownership 
over the rubber hand. However, this finding has not been consistently replicated. Our lab 
has conducted several studies in which we recorded temperature of the hands during 
the RHI using various measures and in different circumstances, including continuous 
temperature measurements in a temperature-controlled room. An overall analysis of our 
results, covering five attempts to replicate the traditional RHI experiment and totalling 167 
participants, does not show a reliable cooling of the real hand during the RHI. We discuss 
this failure to replicate and consider several possible explanations for inconsistencies 
between reports of hand temperature during the RHI.
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Introduction
Consider a simple task such as walking towards another person - say, this huge big 
shot you noticed at a conference - and shaking hands. Your brain is charged with the 
challenging mission of walking, while making an appropriate arm movement, without 
knocking other things over, shaking the wrong hand, colliding forcefully with the target 
hand, or crushing it if you managed to reach it without accidents. Also, among this sea of 
moving limbs you will need to keep track of which ones are yours, so you can walk away 
again without making a complete fool out of yourself. To do so, your brain needs to know 
which parts of the world are “you” and which parts are not. To no surprise, the concept 
of body ownership, or recognition that your body indeed is your own, has received ample 
attention (De Vignemont, 2011; Ehrsson, Spence, & Passingham, 2004; Kilteni, Maselli, 
Kording, & Slater, 2015; Serino et al., 2013; Tsakiris, 2010, 2016; Tsakiris, Hesse, Boy, 
Haggard, & Fink, 2007).

While body ownership is considered a basic part of the sense of the self (Blanke, 2012; 
Gallagher, 2000; Serino et al., 2013), various illusions have shown that body ownership 
is surprisingly malleable (Alimardani, Nishio, & Ishiguro, 2016; Botvinick & Cohen, 
1998; Ehrsson, 2007; Newport, Pearce, & Preston, 2010; Petkova & Ehrsson, 2008; Slater, 
Spanlang, Sanchez-Vives, & Blanke, 2010; van der Hoort, Guterstam, & Ehrsson, 2011). In 
these illusions, healthy participants are made to feel that an artificial object (Botvinick 
& Cohen, 1998; Ma & Hommel, 2015; Pasqualotto & Proulx, 2015) (or even artificial 
body such as a complete mannequin) (Maselli & Slater, 2013; Petkova & Ehrsson, 2008; 
Petkova, Khoshnevis, & Ehrsson, 2011; Salomon, Lim, Pfeiffer, Gassert, & Blanke, 2013; 
Slater et al., 2010) is part of their body by providing “false” multisensory information. 
In the most widely used version, the rubber hand illusion (RHI), a rubber hand is being 
stroked synchronously with one’s own unseen hand. This causes integration of the visual 
and tactile input about the stroking which is felt on the rubber hand. This leads to the 
experience that the rubber hand feels like the own real hand (Botvinick & Cohen, 1998). 
Apart from the subjective changes assessed with questionnaires, the estimated position of 
the real hand is drifted towards the rubber hand (proprioceptive drift).

This illusion reveals that the brain’s ability to integrate bottom-up multisensory input 
(vision, touch) heavily influences the sense of body ownership. Interestingly, gaining 
ownership of a foreign hand has consequences for the perception of the own “replaced” 
hand. Indeed, it has been suggested that the hand for which the illusion is evoked is 
somewhat disowned (Lane, Yeh, Tseng, & Chang, 2017; Lewis & Lloyd, 2010; Longo, Schüür, 
Kammers, Tsakiris, & Haggard, 2008; Preston, 2013; Valenzuela Moguillansky, O’Regan, 
& Petitmengin, 2013) (However see De Vignemont, 2011; Folegatti, de Vignemont, Pavani, 
Rossetti, & Farné, 2009; Schütz-Bosbach, Tausche, & Weiss, 2009). This may in turn 
influence various physiological processes. For example, Barnsley et al. (2011) showed 
that histamine reactivity was increased after conducting the RHI, an effect that was only 
present for the stimulated, “replaced” arm. Hegedüs et al. (2014) reported higher pain 
thresholds of the real hand after RHI induction (although it should be noted that Mohan 
et al. (2012) did not find any influence on pain ratings of noxious heat stimuli). Moreover, 
it has been suggested that the RHI leads to slower processing of tactile stimuli on the 
“replaced” arm (Moseley et al., 2008). 
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One influential and widely cited effect of the RHI is a drop in skin temperature for the 
replaced own hand (Moseley et al., 2008). Moseley et al. (2008) observed that many 
pathological conditions (e.g. anorexia nervosa, complex regional pain, stroke) are 
characterised by both body ownership problems and a disturbed thermoregulation. They 
hypothesised that these symptoms are related, which could explain why disruption of 
temperature regulation can be restricted to a specific limb. This would imply that body 
ownership is not only a cognitive phenomenon that arises from having to control a body 
and bodily processes, but may in turn influence physiological processing in the body. Using 
the traditional RHI, Moseley et al. (2008) showed a relative decrease in skin temperature 
in the real “replaced” hand of about 0.2ºC - 0.8 ºC that correlated with ownership over 
the rubber hand. Most importantly, in their Experiment 3 they compared synchronous 
with asynchronous stroking and showed that the hand temperature after a 7-8 minute 
stroking period was lower with synchronous than with asynchronous stroking on the test 
hand, whereas no difference was found on the non-stimulated hand. This suggests that 
the cooling is related to the illusionary disowning of the real hand in favour of the rubber 
substitute. 

However, replication of this effect has been inconsistent. To our knowledge, since the 
study by Moseley and al (2008), eight studies have published results on hand temperature 
measurements during the traditional RHI in healthy participants (David, Fiori, & Aglioti, 
2014; Grynberg & Pollatos, 2015; Kammers, Rose, & Haggard, 2011; Paton, Hohwy, & 
Enticott, 2012; Rohde, Wold, Karnath, & Ernst, 2013; Thakkar, Nichols, McIntosh, & Park, 
2011; Tsakiris, Tajadura-Jiménez, & Costantini, 2011; Van Stralen et al., 2014). Only three of 
them could replicate the RHI related temperature drop. Kammers et al. (2011) showed a 
relative cooling of the hand in synchronous compared to asynchronous conditions in the 
RHI. They provide additional evidence for the link between the RHI and local temperature 
changes, as artificially lowering the hand temperature increased proprioceptive drift in 
the RHI, while increasing the hand temperature decreases proprioceptive drift. Hand 
temperature manipulation did not influence subjective ratings of body ownership, but 
it has been shown before that proprioceptive drift and body ownership questionnaires 
measure different aspects of the RHI (Abdulkarim & Ehrsson, 2016; Blanke, 2012; Fiorio 
et al., 2011; Rohde, Luca, & Ernst, 2011). Tsakiris et al. (2011) also found a lower hand 
temperature in synchronous compared to asynchronous stroking in the RHI, however 
only in participants with relatively low interoceptive sensitivity, and it appeared to be 
more related to the proprioceptive drift outcomes than the subjective ratings of the RHI. 
Also, hand temperature change only showed a very small correlation with the level of 
interoceptive sensitivity, so it seems not entirely clear what was causing most of the 
temperature change in this experiment. Finally, a study from our lab (Van Stralen et al., 
2014) reported a RHI-related hand temperature drop with slower stroking velocities in 
the RHI, which elicit an affective touch sensation and increases the effect of the RHI. 
However, a second experiment in the same study and using the same methods, did not 
replicate the temperature change (while it did replicate the increase in proprioceptive 
drift with slower stroking). This therefore might suggest that affective, pleasant stoking 
may be linked to temperature changes of the hand. Indeed, literature on affective touch 
shows that stroking with a velocity around 3cm/s activated C-tactile fibers that project to 
the posterior insula and is associated with a pleasant feeling. Interestingly, the posterior 
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insula has also been linked to interoception, for instance of body temperature (Craig et 
al. 2002).

In studies using variations on the RHI or related bodily illusions, skin temperature drop 
has also occasionally been replicated. Hohwy et al. (2010) showed a hand temperature 
change related to the synchrony of stroking using some variants of the (in this case virtual) 
rubber hand illusion, but did not find any temperature changes in other variations on the 
RHI (although these variations did elicit the changes in sense of ownership). Salomon 
et al. (2013) found a very small temperature decrease of on average around 0.010-0.015 oC 
after about half a minute of stroking (see their supplementary figure S1) on the leg and 
back in congruent conditions of a full body illusion, in which illusionary ownership over 
a complete fake body was generated by the use of a virtual reality setup. Macauda et al. 
(2015) used visual and vestibular input to create a full body illusion and also reported 
a small but significant drop in hand and neck temperature in the congruent full body 
illusion condition. 

However, many other studies report a failure of replication of the temperature drop 
in the RHI either finding no temperature changes, or temperature changes that are 
independent of stroking synchrony, so unrelated to the illusion of body ownership. Paton 
et al. (2012) found no cooling of the test hand in the RHI using sensitive temperature 
measurements (0.01°C accuracy, 2 Hz sampling over 15 seconds) in either participants 
with autism spectrum disorder or healthy controls. Grynberg & Pollatos (2015) also found 
no relative cooling of the hand in the RHI in a study investigating possible links between 
RHI susceptibility and lower awareness of emotional and non-emotional internal bodily 
signals. Other studies did find a drop in hand temperature, but independent of the 
synchrony of stroking (David et al., 2014; Thakkar et al., 2011). A case study in our lab 
in a patient with problems in ownership of her left arm showed a temperature drop in 
the left arm as a result of the RHI procedure but not in the right arm, but this was again 
independent of stroking synchrony (van Stralen, van Zandvoort, Kappelle, & Dijkerman, 
2013). One study specifically set out to investigate the relative cooling of the test hand 
in the RHI. Rohde et al. (2013) used a robot arm to apply the stroking and did not find 
any temperature changes over the course of a 3.3 minutes stroking period, nor after 5-7 
minutes of continuous stroking, while subjective ratings of the illusion and proprioceptive 
drift were in the range generally reported in RHI literature. When reverting to manual 
stroking and mimicking the procedure of Moseley et al. (2008) as closely as possible, 
Rohde et al. (2013) found a significant drop in hand temperature of the stimulated hand, 
but this drop was independent of synchrony of stroking (although there was a trend) and 
did not correlate with vividness of the illusion. Also, subjective ratings of the illusion and 
proprioceptive drift did not differ between the automatically applied and manually applied 
conditions. Therefore, the authors suggested that uncontrolled low level properties of the 
stimuli applied in the traditional RHI rather than subjectively felt ownership may cause 
temperature changes in some studies but not others.

Overall, these studies raise the question whether hand temperature really is a reliable 
objective measure of hand disownership during the RHI, especially given the known 
publication bias for positive findings (Franco, Malhotra, & Simonovits, 2014). 
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Unfortunately, the literature that reports hand temperature in the rubber hand illusion 
in healthy participants is limited and quite diverse in their analyses and coverage, making 
a meta-analysis problematic. Over the years, several studies in our lab have included 
hand temperature as a dependent variable in their design. As mentioned above, we did 
find an effect of the RHI on hand temperature in one experiment (Van Stralen et al., 
2014). Other studies in our lab have recorded temperature of the hands during the RHI 
with various measures and in different circumstances, but on a single study level did 
not find any illusion-related changes in hand temperature. This made us question the 
reliability of hand temperature as a measure of body disownership in the RHI and we 
therefore performed a RHI study in a temperature-controlled room, using more sensitive 
temperature measuring equipment. In this manuscript we will analyse all experiments 
from our lab performed in the last five years covering hand temperature measurements 
during RHI induction together, including this last study in a temperature-controlled 
room, to investigate whether we can replicate the hand temperature drop shown by 
Moseley et al. (2008).

Methods
Experiments

Out of all experiments in our lab in the last five years, five recent experiments have 
been included in this study based on 3 criteria: 1) the traditional RHI was conducted 
(synchronous and asynchronous stroking), 2) in healthy participants, 3) temperature was 
measured before and after stroking on both the test hand and a control location. The 
included experiments and specifics are presented in Table 1. All participants were naive to 
the purpose of the various experiments and written informed consent was obtained from 
all individual participants prior to the experiments. These experiments were conducted 
in accordance with the standards of the local ethical committee and the declaration of 
Helsinki. 

Experiment 3 included conditions in which stroking was performed with a plastic mesh 
instead of the generally used soft brush, but these conditions were not included in this 
analysis. Experiment 4 included condition on the ventral side of the hand (palm of the 
hand) but these were not included for analysis. Experiment 5 included conditions in 
which the RHI was performed inside a MIRAGE setup (Newport et al., 2010; Newport, 
Preston, Pearce, & Holton, 2009), but these conditions were also not included in this 
study. The data on proprioceptive drift and questionnaire responses (but not temperature 
data) from Experiment 1 was previously published in Keizer, Smeets, Postma, van Elburg, 
& Dijkerman (2014) as a control group. The data on proprioceptive drift and questionnaire 
responses (but not temperature data) from Experiment 2 was published in Smit, Kooistra, 
van der Ham, & Dijkerman (2017). The data from Experiment 3 and 4 was previously 
published in Van Stralen et al. (2014).
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Setup 

Participants were seated with their forearms resting palms down on a table, within a 
wooden framework (75 x 50 x 25 cm). A rubber hand (including forearm) was placed in 
front of the participant, 17.5 (Experiment 1&2), 14 (Experiment 3&4) or 20 (Experiment 
5) cm more to the body midline than the real hand it substituted (see Fig 1). A screen 
could be placed either vertically, occluding the real test hand from view during stroking 
but not the other hand or the rubber hand, or horizontally, occluding all three hands 
during proprioceptive drift recordings. The arms were covered from view by the wooden 
framework. 

Figure 1. Overview of the experimental setup. In Experiment 3,4 and 5 and half of the 
trials in Experiment 2, the right hand was the test hand, as depicted here. In Experiment 
1, as well as in half of the trials in Experiment 2, the left hand was the test hand. The 
large vertical screen is depicted hiding the test hand from view. It could also be placed 
horizontally on top of the setup, to hide all three hands from view.

Tactile stimulation

Tactile stimulation (stroking) was delivered using a soft brush, to the dorsal side of the 
test hand and the rubber hand during 90 seconds. Stroking was always from knuckle to 
fingertip, and the stimulation of the real and the rubber hand was either synchronous 
(both spatially and temporally aligned) or asynchronous (difference between stroking on 
the real and on the rubber hand was unpredictable) (trials in counterbalanced order in 
all experiments). Stroking speed was unpredictable in Experiment 1,2 and 5 (around 20 
cm/s), while in Experiment 3 and 4, it was controlled at respectively 3 cm/s and 30 cm/s 
(Experiment 3) or 0,3 cm/s, 3 cm/s and 30 cm/s (Experiment 4). Stroking speeds between 
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15 and 30 cm/s are quite frequently used in the literature, although the exact stroking 
speed is most often unknown as stroking frequency is reported instead (some recent 
examples: Dempsey-Jones & Kritikos, 2017; Grynberg & Pollatos, 2015; Lane, Yeh, Tseng, 
& Chang, 2017; Marotta et al., 2016; Suzuki, Garfinkel, Critchley, & Seth, 2013). Stroking 
speeds between 1 and 10 cm/s would specifically target C-tactile fibres, and are considered 
more pleasant than slower and faster stroking (Olousson, 2010, Morrison et al., 2010). 
Please see Van Stralen et al (2014) for a discussion on how this affects the RHI experience. 
Within this manuscript, we will group stroking speeds above the optimal C-tactile fibre 
range under “normal”. 

Temperature recordings

In Experiments 1-4, temperature was recorded before and after stroking with a Raytek 
handheld Autopro (ST25) laser thermometer (resolution ±0.2 oC) on the dorsal side of the 
test hand, as well as on a control location (cheek in Experiment 1, the non-stimulated hand 
in Experiment 2-5). In Experiment 5, the temperature of the test hand, non-stimulated 
hand and the rubber hand (environment) was measured continuously with a frequency 
of 1 Hz and a resolution of 0.0625 oC using iButton® temperature loggers (DS1922L) 
placed on the centre of the dorsal side of the hands. This experiment was conducted in a 
temperature-controlled room (19 oC).

Procedure

At the start of a trial, all three hands were occluded from view by the wooden screen 
(horizontally placed). In Experiment 1-4, skin temperature was measured at the dorsal 
side of the test hand and on the control location. In Experiment 5, the computer time at 
the start of stroking was logged as skin temperature was measured continuously during 
the whole experiment. Furthermore, in all experiments, the perceived location of the test 
hand and the non-stimulated hand was recorded. The experimenter moved her index finger 
along the back of the setup where a ruler was attached out of view from the participant. 
The direction was counterbalanced. Participants reported verbally when they thought the 
experimenter’s finger mirrored the perceived location of their own index finger. This was 
performed for both hands. Next, participants closed their eyes, and the wooden screen 
was put up vertically to reveal the rubber hand and non-stimulated hand. Stroking was 
then applied (synchronous or asynchronous) after which participants were asked to close 
their eyes again so that all hands could be occluded from view. Skin temperature and 
perceived location of both hands were obtained again. Then, the participant was asked 
to fill out the ‘rubber hand illusion questionnaire’ (Botvinick & Cohen, 1998; Kammers, 
de Vignemont, Verhagen, & Dijkerman, 2009a). At this time, they removed their hands 
from the setup.

The rubber hand illusion questionnaire consisted of ten statements (Kammers et al., 
2009a) (see Supplementary material); the first three statements are illusion-related and 
the remaining seven are control statements. For Experiment 5, an additional statement 
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was added, which was not analysed in the current study (statement 11; ‘It felt as if my real 
hand was at the location of the rubber hand’), as pilot testing showed some participants 
considered the original 3 illusion-related statements did not describe their experience in 
the MIRAGE setup sufficiently (not included in this analysis). Participants were asked to 
indicate how much they agreed with each statement on a 10-point Likert scale ranging 
from 1 “I strongly disagree” to 10 “I strongly agree”. In the current study, the first three 
(illusion-related) statements were analysed: “ 1) It seemed as if I was feeling the touch 
at the location where I saw the rubber hand being touched”, “2) It seemed as though the 
touch I felt had caused the stimulation on the rubber hand” and “3) I felt as if the rubber 
hand was my own hand”.

Additionally, three out of the five experiments tested how pleasant participants rated the 
stimuli. In Experiment 1, this was asked once, on a Likert scale of 1-10.  In Experiment 
3 and 4, pleasantness was rated after every trial, on a visual analogue scale that gave an 
output range between 1 and 5. 

Data analysis

Outlier selection:
Within each individual dataset (one from each experiment), outliers (>3SD from the 
mean) were excluded for each outcome measure as well as participants who failed to follow 
instructions (for instance moved their hands during proprioceptive drift measurements). 
In dataset 1, out of 30 participants, 1 was excluded for the analysis of hand temperature 
(>3 sd from average), 0 for the questionnaire and 2 for proprioceptive drift (>3 sd from 
average). In dataset 2, no participants were excluded for any of the analyses. In dataset 3, 
out of 21 participants, 1 was excluded for all analyses due to scores >3 sd from average. In 
dataset 4, out of 28 participants, 0 were excluded for the analysis of hand temperature: 1 
for the questionnaire (failed to follow instructions) and 4 for proprioceptive drift (moved 
their hands or indicated something other than the felt location of the real hand). In 
dataset 5, out of 25 participants, 1 was excluded for all analyses (kept moving the hands), 
1 was excluded for the analysis of hand temperature (>3 sd from average), 0 for the 
questionnaire and 1 for proprioceptive drift (moved the hands on several occasions before 
indicating the perceived location). 

Subjective ratings and proprioceptive drift
To verify whether the rubber hand illusion was successfully induced in the included 
experiments, we analysed subjective strength of the illusion and proprioceptive drift 
separately in each dataset.

Results of the questionnaire responses in dataset 1 (Keizer et al., 2014), 2 (Smit et al., 
2017), 3 and 4 (Van Stralen et al., 2014) were previously published and are discussed in 
depth in these papers. No participants were excluded that were not also excluded in the 
published papers. We performed Wilcoxon signed-rank tests per dataset per stroking 
speed to compare the average ratings on the test statements (1, 2 and 3) to a (usually 
deemed “neutral”) score of 5. As the data did not resemble normal distributions, we 
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performed non-parametric tests, similar to Keizer et al. (2014) and Smit et al. (2017). 
Bayesian equivalents of these non-parametric tests are not yet commonly available.

We calculated proprioceptive drift by taking the difference between the perceived and 
the real location of the hand after stroking (averaged in case of 2 trials/condition), with 
a positive difference reflecting a drift in the direction of the rubber hand. Proprioceptive 
drift of the test hand was compared between synchronous and asynchronous stroking 
conditions per dataset per stroking speed using a paired samples comparison in JASP 
(Jasp Team, 2017; Morey & Rouder, 2015), which uses a Jeffrey’s Bayesian t-test (Rouder et 
al., 2009). This procedure compares a model with an effect of Synchrony (with a Cauchy 
prior, scaled r=0.707, on effect size, so H+: δ ≠ 0,) with the Null model (H0, δ = 0) (default 
uninformative priors in JASP). 2 participants from experiment 1 were excluded based on 
proprioceptive drift values >3sd from average, that were not excluded in Keizer et al. (2014) 
due to the nature of their non-parametric analysis and a slightly different calculation of 
proprioceptive drift.

Temperature analysis
For each participant in all experiments, we calculated the temperature difference at the 
test hand and the control location by subtracting the temperature after stroking from the 
temperature before stroking. If an experiment contained two trials per condition, these 
two temperature differences were averaged. Temperature differences were calculated for 
the test hand and on a control location in the synchronous and asynchronous condition. 
Only the temperature data from dataset 3 and 4 were previously published in Van Stralen et al., 
(2014). No participants were excluded that were not also excluded in Van Stralen et al., 
(2014).
First, to investigate the collective picture these studies give, we performed a conventional 
meta-analysis. For this, temperature differences in the four conditions (location (2) x 
synchrony (2)) were combined into one outcome measure: we controlled the difference 
in temperature change in the test hand and the control location in synchronous (“sync”) 
condition for that in asynchronous (“async”) condition. Thus, Tdc = (Tchange test hand 
sync - Tchange control location sync) - (Tchange test hand async - Tchange control 
location async) with Tchange = (temperature at end of stroking) - (temperature at start of 
stroking). A negative Tdc would imply a drop in temperature as a result of the RHI. For the 
meta-analysis we used a random effects model in OpenMetaAnalist. Within subject conditions 
in experiment 3 and 4 (stroking speed) were entered as separate studies.

Next, we used the BEST package in R:  (Kruschke, 2013) to get a Bayesian posterior 
estimate for average hand temperature change in the test hand in RHI conditions minus 
control conditions. This package can handle informative priors. We investigated how 
much of the posterior distribution fell inside a region of practical equivalence (ROPE) 
(Kruschke, 2013). The model used was a t-distribution, with mean μ, standard deviation σ 
and degrees-of-freedom parameter df. For σ and df, we used broad priors as described by 
Kruschke (2013) (prior σ: gamma distribution with mode = sd(data) and sd=sd(data)*5, 
prior df: gamma distribution with mean = 30 and sd = 30). We used an informative prior 
for μ based on the results by Moseley et al. (2008) who reported an average temperature 
change difference in the test hand between RHI and control conditions of -0.27 degrees 
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(SEM=0.11, n=11). We used the Bayesian MCMC process (3 chains) with an adaptive phase 
of 100 iterations, 1000 iterations burn-in and 33334 iterations sampling (default settings in 
the BEST package). Convergence was reached for all parameters (potential scale reduction 
factor was 1.00 for μ and σ, 1.01 for df). 

Finally, we did a Bayesian correlation analysis in JASP (Jeffreys, 1961; Ly, Verhagen, & 
Wagenmakers, 2016; van Doorn, Ly, Marsman, & Wagenmakers, 2016) to see if temperature 
changes of the test hand (both in synchronous and asynchronous conditions) correlated 
with subjective strength of the illusion (average questionnaire ratings on question 1, 2 
and 3) or proprioceptive drift of the test hand. We included both Synchrony conditions 
as some individuals in RHI experiments report some embodiment even in asynchronous 
conditions. As questionnaire ratings were not following a normal distribution, and 
temperature changes appeared to be more heavily tailed than a normal distribution, a 
rank correlation was performed. We also performed a rank correlation to investigate a 
possible relationship between pleasantness ratings and test hand temperature change. 
For the latter analysis, the pleasantness ratings of synchronous stroking in Experiment 
3 and 4 were averaged and resized to 1-10 with the calculation (10 - 1)*(rating - 1) / (5 
- 1) + 1). Additionally, we performed a Bayesian Pearson correlation (Ly, Marsman, & 
Wagenmakers, 2018) to find out if there was a correlation between hand temperature at 
the start of an experiment and test hand temperature change. 

Results
First, it was made sure that all studies involved had successfully elicited the RHI. Results 
of the questionnaire responses and proprioceptive drift in dataset 1 (Keizer et al., 2014), 2 
(Smit et al., 2017), 3 and 4 (Van Stralen et al., 2014) were previously published. Please see 
these papers for a more elaborate discussion of these results. 

Questionnaire ratings

Wilcoxon signed-rank tests showed that questionnaire ratings on the test statements in 
synchronous conditions were larger than neutral score of 5 in each dataset (dataset 1: 
median 7.08, p<.001, r=0.51; dataset 2: median 7.33, p<.001, r=0.76; dataset 3,slow: median 
8.08, p<.001, r=0.83, normal: median 7.5, p<.001, r=0.83; dataset 4 , slowest: median 7.33, 
p=.001, r=0.60 , slow: median 7.67, p=.001, r=0.82 , normal: median 8.0, p=.001, r=0.76). 

The median ratings on the test statements (1,2 and 3 combined) after synchronous 
stroking is depicted in Figure 2.
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Figure 2. Forest plot of group median questionnaire ratings on the test statements (rating 
of 1,2 and 3 averaged) in synchronous conditions. Horizontal lines depict a (bootstrapped, 
10000 samples) 95% CI on the median. Note that all datasets show that ratings of the test 
statements were above a neutral score of 5.

Proprioceptive drift

Average proprioceptive drift of the test hand was compared between synchronous and 
asynchronous conditions in each dataset. Bayes factors were in favour of the model that 
included an effect of Synchrony: i.e. proprioceptive drift was different in synchronous 
(sync) than in asynchronous (async) conditions, compared to a model without an effect of 
Synchrony. Estimated mean proprioceptive drift was larger with synchronous than with 
asynchronous stroking in all datasets. The estimated mean and standard deviation in cm, 
and BF are given in Figure 3.

To summarise, the ratings of the test statements in the questionnaire and proprioceptive 
drift results suggest that all 5 studies successfully induced the rubber hand illusion. 

Figure 3. Forest plot of estimated mean proprioceptive drift. Synchronous stroking is 
shown in black, asynchronous in gray. Horizontal lines depict a 95% CI on the mean. Note 
that all studies show proprioceptive drift of the test hand as a result of the RHI, although 
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in the slowest stroking condition in dataset 4 this effect is less clear. In the table on the left, 
estimated mean and standard deviation per dataset is given, with on the right side of the 
graph the BF10.

Temperature: meta analysis

The main goal of the current study was to see if we find evidence in favour of a hand 
temperature change related to the RHI. First, we performed a conventional meta analysis 
of our five experiments. For this analysis, temperature differences in the four conditions 
(Location (2) x synchrony (2)) were combined into one output measure (Tdc, see methods 
section). This is the output measure used in Van Stralen et al. (2014), which covered 
dataset 3 and 4 and reported a RHI related temperature drop in the test hand. A negative 
Tdc would imply a drop in temperature as a result of the RHI. However, the meta analysis 
showed no significant effect of RHI on hand temperature, the estimated tdc was -0.06 
(95%CI -0.17, 0.06, p=.337) (see figure 4). 

The forest plot illustrates that the reported cooling of the hand in the RHI in Experiment 
3 is rather eccentric (even compared to the original Moseley et al. (2008), who reported 
a Tdc of -0.27) and it could not be replicated using the same methods (Experiment 
4). Heterogeneity in the meta analysis was significant with a I2 of 77.6% (tau2 =0.017, 
p<.001), which indicates substantial heterogeneity, i.e. the studies are not all evaluating 
the same effect. This seems to be caused by the results from the slow stroking condition in 
experiment 3 (3 cm/s), as I2 drops to 20.1% (tau2 =0.001, p=.276) when excluding this data 
subset (but not that of the slow stroking condition in experiment 4). A subgroup meta 
analysis with stroking speed as the covariate (continuous random effects) shows a Tdc 
estimates of -0.033 (95% CI -0.080, 0.013) for normal stroking speeds, -0.418 (95% CI -1.281, 
0.444) for slow stroking speed and 0.158 (95% CI 0.004, 0.304) for the slowest stroking 
speed. None of these subgroups show a significant RHI related hand temperature drop 
(normal: p=.155, slow: p= .342, slowest: NA as there is only one dataset with this stroking 
speed). When excluding the slow stroking condition in experiment 3, the estimated tdc 
was -0.01 (95%CI -0.06, 0.05; p=.774). 

Figure 4. Forest plot of average Tdc in the different Experiments and Stroking Speed 
conditions. The Tdc represents the change in temperature of the test hand in synchronous 
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versus asynchronous conditions, relative to the same temperature change in the control 
location. A negative Tdc would imply a drop in temperature as a result of the RHI. The 
diamond shape depicts the weighted average (including dataset 3), which is not significantly 
different from zero. 

The slow stroking condition in experiment 3 seems to have generated very different 
results from the identical experimental condition in experiment 4. To test this, we ran an 
additional Bayesian unpaired comparison between the slow stroking condition in dataset 
3 and 4 (see Gronau et al., 2017) using JASP. The Bayes factor of BF10 = 217.8 shows that 
the data were far more likely to have occurred under the alternative (dataset 3 ≠ dataset 4) 
than under the null hypothesis. Based on this finding and the heterogeneity analysis, we 
will report further analyses both including and excluding the data from the slow stroking 
condition in experiment 3.

Dissimilarity of dataset 3

We were interested to see what caused the dissimilar Tdc in dataset 3. It has been suggested 
that RHI is larger when your hands are colder (Kammers et al., 2011). Room temperature 
in experiment 3 was slightly lower (on average 18.4 oC) than in experiment 1 (20.3 oC), 4 
(22.4 oC) and 5 (20.8 oC)  (no data on room temperature in experiment 2 is available). 
Therefore, we checked whether hand temperature at the start of a condition correlated 
with temperature change in that hand in that condition in all datasets (collapsed). There 
was moderate evidence against such correlations (test hand sync: Pearson’s r=0.062, 
BF10=0.128, async: r=0.165, BF10=1.809; control sync: r=0.047, BF10=0.107, async r=-0.045, 
BF10=0.104). Also, hand temperature at the start of trials was not lower in experiment 3 
than in the others (Bayesian independent samples t-test: sync trials: BF10=0.188, async: 
BF10=0.194). 

Furthermore, based on the conclusions of Van Stralen et al. (2014), temperature differences 
in the hands may relate to affective experience rather than changes in embodiment. 
Three out of the five experiments tested how pleasant participants rated the stimuli. 
However, when excluding dataset 3, slow condition, there was moderate evidence against 
a correlation between pleasantness ratings and temperature change of the test hand 
(Kendall’s tau = -0.029, BF10=0.138). (When including dataset 3, slow condition, the Bayes 
factor is indecisive: Kendall’s tau = -0.156, BF10=0.912.)

We have found no direct explanation for the dissimilar results in experiment 3 in our data. 
We will speculate on further possible differences between experiment 3 and 4 that may 
have caused the temperature changes in experiment 3 in the discussion section. 

Evidence for the null effect

The conventional meta-analysis did not find a significant RHI related temperature 
change. To investigate the strength of this null effect, we directly examined how much 
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evidence we find that for the idea that the RHI results in a meaningful temperature drop 
in the test hand. Bayesian statistics offers the possibility to include previous beliefs. As 
Moseley et al (2008) give mean and variance information on the temperature drop in the 
hands, we could include this as an informative prior. We investigated what percentage of 
the posterior distribution of temperature change in the test hand in synchronous minus 
asynchronous conditions, falls inside a region of practical equivalence (ROPE) to zero 
temperature change (Kruschke, 2013).

Figure 5A illustrates how the credible t-distributions described our data (excluding 
slow condition in dataset 3), as well as the difference with the data from Moseley et al. 
(2008). As can be seen in figure 5B, the estimated mean RHI related temperature change 
in the test hand (μ in the model) was 0.00383 oC, and the 95% HDI is from -0.0504 
to 0.0579. Estimation for σ was 0.33521 (HDI 0.2717 to 0.3996) (which is similar to the 
standard deviation in the data from Moseley et al, 0.11* √11=0.3648287) and df 3.95845 
(HDI 1.9267 to 6.5541). Using a ROPE of [-0.1 : 0.1 oC], 100% of the posterior distribution 
fell within the ROPE, i.e. was equivalent to zero (see figure 5B). Given the resolution of 
the measuring equipment used in all but 1 of the studies (± 0.2 oC) we consider this a 
reasonable ROPE, but we plotted dependence of how much of the posterior falls inside 
the ROPE as a function of the width of the ROPE in figure 5C so readers can consider 
their own thresholds. When including the slow condition in dataset 3, results are similar. 
Estimated μ: -0.0348 oC, (HDI -0.0914 to 0.0223), σ: 0.3560 (HDI 0.2941 to 0.4225) and df: 
2.9598 (HDI 1.7640 to 4.3793), 99% within a -0.1: 0.1 oC ROPE.

Figure 5. results from the ROPE procedure with an informative prior based on 
the data from Moseley et al (2008). panel A shows in red (medium gray when printing 
grayscale) a histogram of our data on the temperature change in the test hand in RHI trials 
minus control trials, with 20 credible t-distributions in blue (lightest gray). Superimposed 
in black is the prior distribution we used (normal distribution, mean= -0.27, sd=0.11* 
√11). Panel B shows the posterior probability distribution for μ in blue, with HDI credible 
interval in black, percentage of the distribution above and below zero in green and ROPE 
in red (dotted red lines represent the ROPE boundaries). Note that 100% of the posterior 
distribution fell within the ROPE, i.e. was equivalent to zero. Panel C shows the relation 
between the choice of ROPE radius and fraction of the posterior that falls within the ROPE. 
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Correlation analyses
Finally, we checked whether over all conditions, temperature change of the test hand 
(both in synchronous and asynchronous conditions) correlated with subjective strength 
of the illusion (average questionnaire ratings on question 1, 2 and 3), including both 
synchronous and asynchronous stroking. The BF10 that quantifies evidence in favour 
of a two-sided alternative hypothesis that the population correlation does not equal 0, 
was 0.207 (Kendall’s tau = -0.051), which suggests moderate evidence in favour of the 
Null model (similar when including dataset 3-slow: Kendall’s tau = -0.048, BF10=0.197). 
Similarly, there was moderate evidence against a correlation between proprioceptive 
drift of the test hand and temperature change of the test hand (Kendall’s tau = -0.033, 
BF10=0.107, similar when including dataset 3-slow: Kendall’s tau = -0.050, BF10=0.207).  
(see figure 6). 

Figure 6. Scatterplots of the correlation analyses. A: subjective strength of the RHI 
(average ratings on questionnaire items 1,2 and 3) vs temperature change during stroking 
in the test hand (no correlation, BF10=0.207) B: proprioceptive drift of the test hand vs 
temperature change during stroking in the test hand (no correlation, BF10=0.107). Solid 
regression lines represent the model when excluding dataset 3 - slow condition, dotted 
lines when including it. For dataset 3, slow stroking, asynchronous stroking conditions are 
depicted by gray circles, synchronous stroking conditions by gray triangles (darkest gray 
when printing grayscale). For the other data points, asynchronous stroking conditions are 
depicted by red circles (lightest gray), synchronous stroking conditions by blue triangles 
(medium gray). 
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Discussion
The current study investigated whether temperature changes are a reliable measure of 
body (dis)ownership, as suggested in several studies (Hohwy & Paton, 2010; Kammers et 
al., 2011; Moseley et al., 2008; Tsakiris et al., 2011) but disputed in several others (David et 
al., 2014; Grynberg & Pollatos, 2015; Paton et al., 2012; Rohde et al., 2013; Thakkar et al., 
2011). We conducted an analyses of data collected during five experiments from our lab 
(with a total of 167 participants) that used the Rubber Hand Illusion (RHI) and measured 
hand temperature, to see whether we find evidence in favour of a hand temperature 
change as a result of the RHI. All experiments in the analysis replicated the subjective 
experience of body ownership over the fake hand, as well as proprioceptive drift of the 
test hand associated with the RHI. We found that a conventional (frequentist) meta-
analysis of our results did not show a significant RHI related change in hand temperature. 
Moreover, Bayesian ROPE analysis showed that over all experiments, when correcting 
temperature change in the test hand with synchronous stroking for temperature change 
with asynchronous stroking, the estimated mean temperature change is equivalent to 
zero (100% within our defined ROPE), even though we included the results by Moseley 
et al. (2008) as an informative prior. Finally, a Bayesian correlation analysis showed that 
temperature differences did not correlate with subjective strength of the RHI or with 
proprioceptive drift. Concluding, based on our conducted experiments there is evidence 
against a RHI-dependent change in hand temperature. This suggests that a drop in 
temperature of the hand is not a reliable measure of hand (dis)ownership.

The current study therefore finds evidence that the temperature drop described in 
previous studies (e.g. Moseley 2008) cannot be replicated. This is in line with other 
studies that show difficulty in replicating hand temperature change as an index of the 
RHI. Some studies showed an illusion-related hand temperature drop (Kammers et al., 
2011; Moseley et al., 2008; Tsakiris et al., 2011) while others did not (David et al., 2014; 
Grynberg & Pollatos, 2015; Paton et al., 2012; Thakkar et al., 2011) or temperature change 
was present independent of stroking synchrony (Rohde et al., 2013). The inconsistency 
in replicating a temperature drop as a proxy of the RHI may suggest that other factors 
apart from the effect of the illusion influenced temperature of the skin. First, there is the 
hypothesis that stroking speed is an influential factor of temperature changes of the skin. 
This idea arises from literature on affective, pleasant touch. Pleasant touch is associated 
with the processing of signals from C-tactile fibers, situated in the hairy skin. C-tactile 
fibers have been shown to respond to stroking with a velocity between 1-10cm/s and project 
to the posterior insula cortex (Olausson 2010). Studies have shown that the processing of 
pleasant touch is tightly connected to the processing of bodily state such as temperature 
of the body (Rolls, 2010). For example, a skin-temperature of 32°C results in the strongest 
feeling of pleasantness of stroking compared to lower or higher skin-temperatures 
(Ackerly 2014). Therefore, the tight link between pleasantness and temperature might 
assume that temperature drop during the RHI may be more pronounced during slow 
stroking conditions. However, we do not find any evidence that slow stroking has a unique 
effect on temperature drop. First, the slow stroking conditions do not show a significant 
higher temperature drop compared to higher stroking velocities. Although slow stroking 
in experiment 3 resulted in a temperature drop (but not in experiment 4), we showed that 
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dataset 3 is deviant for reasons other than that of the effect of affective touch. Moreover, 
in the original experiment of Moseley (2008), there was no specific stroking speed nor 
subjective ratings of pleasantness described. In the known replications of the RHI-related 
hand temperature drop, stroking speed was not particularly low (Kammers et al., 2011; 
Tsakiris et al., 2011; see also Rohde et al., 2013). Stroking frequencies of 1 Hz are reported, 
which would suggest stroking speeds between 15 and 30 cm/s. Replications with other 
bodily illusions and RHI variations use varying methods. Salomon et al. (2013) used a 
rather low stroking speed of 8 cm/s in the full body illusions, but Hohwy and Paton (2010) 
used tapping as tactile input instead of stroking and Macauda et al. (2015) used vestibular 
input instead of tactile. Overall, this suggests that stroking speed and pleasantness were 
unlikely to be responsible for the temperature drop. Second, we do not find a significant 
correlation between pleasantness of the stroking and temperature drop. That is, stroking 
that is regarded as more pleasant did not result in a stronger decrease of hand temperature. 
Therefore, these results suggest that the experience of pleasantness of stroking does not 
influence temperature of the hand during the RHI. 

Some other factors can be proposed. First, environmental temperature fluctuations may 
increase variation of body temperature during the experiment and thereby masking 
possible effects of the RHI. However, one of the experiments conducted in our lab 
(Experiment 5) was conducted in a temperature controlled room and still did not detect 
temperature changes of the hand as a result of the illusion, suggesting that environmental 
factors are not the primary cause of not detecting temperature drops. Additionally, if 
power problems were the reason that a RHI-related temperature drop in the hand is not 
consistently replicated, it would be expected that the current meta-analysis (N=167) 
showed a significant RHI-related temperature drop, which it did not. Nevertheless, 
room temperature in our experiment 3, which did show an effect of the RHI on hand 
temperature, was slightly lower than in the other experiments. This did not seem to 
moderate a RHI related hand temperature change by influencing the strength of the RHI 
through baseline hand temperature (see Kammers et al., 2011), as there was no correlation 
between hand temperature at the start of a trial and hand temperature change. Still, it 
may have caused direct changes in hand temperature change, for instance if participants 
moved less in certain conditions. Heat is an important by-product of muscle contraction. 
If participants are more inclined to keep their hands really still with synchronous 
stroking, for instance trying not to break this interesting illusion, their hands will get 
colder. This could cause a correlation between illusion strength and temperature changes 
in experiment 3 and possibly in other studies in the literature. While these temperature 
drops will be related to experimental condition, they are not directly related to feelings of 
body (dis-) ownership. This temperature change due to lack of movement would be larger 
in a colder room because the temperature difference between the hand and the room 
would be larger and the hand would cool down quicker. Furthermore, experimenters may 
show a bias in how they decide which trials to exclude or how to approach a participant 
in different conditions. For instance, being unconsciously inclined to be stricter about 
a participant keeping their hands motionless during a trial when it is a synchronous 
stroking trial could result in a relative lower temperature post-stroking of the hands in 
the synchronous condition as moving the hands will increase the hand temperature. 
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Another possible influence could be the duration of stroking. Moseley et al. (2008) 
used a rather long stroking duration of 7-8 minutes, while we used 1.5 minutes. Visual 
inspection of their Figure 1 indicates that the long stroking duration in Moseley et al. 
(2008) may have increased hand temperature changes as a result of the RHI procedure, as 
it shows that hand temperatures kept decreasing for a few minutes. However, subjective 
experience of the illusion preceded temperature changes. It has been reported that 
for most participants, illusionary ownership over a rubber hand close to the real hand 
starts within 5-15 seconds (Ehrsson et al., 2004; Lloyd, 2007). A stroking duration of 1-2 
minutes is therefore quite commonly used in RHI experiments (for example Abdulkarim 
& Ehrsson, 2016; David et al., 2014; Hegedüs et al., 2014; Kammers et al., 2009a; Kammers 
et al., 2009b; Kilteni, Normand, Sanchez-Vives, & Slater, 2012; Lloyd, 2007; Mohan et al., 
2012; Preston, 2013; Rohde et al., 2011) and Rohde et al. (2013) did not replicate an illusion 
related drop in hand temperature using a 7 minute stroking period. Moreover, studies 
that did replicate the drop in hand (or body) temperature did not use particularly long 
stroking durations (90 s. in Kammers et al., 2011; 120 s in Tsakiris et al., 2011). Therefore, 
together these studies indicate that the shorter duration of stroking in the current study 
is unlikely to be a cause for the lack of observed skin temperature changes.

A third factor that may influence temperature outcome are the characteristics of the 
experimenter. In one of our studies, two experiments were conducted in an identical set-
up, apart from the person that conducted the experiment (Van Stralen et al., 2014). In the 
first experiment (here Experiment 3), a clear temperature drop was found whereas in the 
second experiment (Experiment 4), which was conducted by another experimenter, this 
was not replicated. While this could be a coincidence, the influence of the experimenter on 
the experience of touch has been investigated by studies on social touch. There is evidence 
that neural activation varies depending on what the source of tactile stimulation is (Gallace 
& Spence, 2010). In a study of Gazzola et al. (2012), heterosexual male participants were 
made to believe to be caressed by either a man or a woman, although the stroking was in 
fact always delivered by a female. The perceived sex of the experiment leader changed the 
affective valence of the touch, and even more, it changed activation within the primary 
somatosensory cortex. Another study investigated ingroup-outgroup differences in visual 
remapping of touch (VRT), an effect in which the observation of touch on another’s 
body leads to greater sensitivity to tactile stimulation on one’s own body. Results showed 
that detecting touch was most enhanced when viewing a touched face of a person that 
is regarded as a member of the same group compared to the observation of touch of an 
outgroup member (Serino, Giovagnoli, & Làdavas, 2009). These studies suggest that the 
impression of the person that applies tactile stimulation influences tactile processing. 
Although it might be suggested that an altered tactile processing leads to a different effect 
on the rubber hand illusion, studies on this topic are scarce. It has been reported that a 
higher degree of empathy (as a characteristic of the participant) increases the strength 
of the RHI (Asai, Mao, Sugimori, & Tanno, 2011). Rohde et al. (2013) examined whether 
manual stroking applied by an experiment leader affected the RHI compared to automated 
stroking by a device, without a person present in the experimental room. Results show no 
effect on vividness of the RHI between automated and manual stroking. Interestingly, 
as discussed in the introduction, a drop in temperature of the hand was only objectified 
in the manual stroking condition, and not with the automated stroking by a device. 
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This temperature drop was independent of the synchrony of stroking or the subjective 
experience of the RHI, i.e. the temperature drop was present in the experimental as 
well as the control condition. The authors offer several potential factors that explain the 
results, including the difference in characteristics of the stroking (force, irregularity or 
predictability of tactile and visual input) and the characteristics of the experiment leader 
(unconscious bias in how they perform the stroking in synchronous and asynchronous 
condition, arousal differences). Our results seem to support their finding that it might 
matter who -or what- is applying the tactile input. This underscores the great complexity 
of social touch, in which the exact role of skin temperature remains unclear.

In all, although the presence of temperature changes of the hands in RHI experiments 
might be determined by various factors, an overall analysis of RHI experiments in our 
lab in the last 5 years, covering five replications of the traditional RHI experiment and 
totalling 167 participants, shows evidence against a reliable cooling related to the RHI. 
In line with Rohde et al. (2013), our analysis therefore suggests that hand temperature 
changes in the RHI are not causally related to changes in body ownership. 

Acknowledgments

We would like to thank Marlies de Bruijn for her help with data acquisition.

Supplementary material: Statements of the RHI questionnaire

Participants in the experiments rated these statements on a 1-10 Likert scale

1. It seemed as if I was feeling the touch at the location where I saw the rubber 
hand being touched.

2. It seemed as though the touch I felt was caused by the stimulation on the rub-
ber hand.

3. I felt as if the rubber hand was my own hand.
4. It felt as if my real hand was drifting towards the rubber hand.
5. It felt as if I had more than one left hand.
6. It seemed as if the touch I was feeling came from in between my own hand and 

the rubber hand.
7. It felt as if my real hand was turning “rubbery”. 
8. It appeared (visually) as if the rubber hand was drifting towards my own hand. 
9. The rubber hand began to resemble my own real hand, in terms of shape, skin 

tone, freckles, etc.
10. It felt as if the rubber hand and my own hand lay closer together.
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Abstract
When reaching for target objects, we hardly ever collide with other objects located in 
our working environment. Behavioural studies have demonstrated that the introduction 
of non-target objects into the workspace alters both spatial and temporal parameters of 
reaching trajectories. Previous studies have shown the influence of spatial object features 
(e.g. size, position etc.) on obstacle avoidance movements. However, obstacle identity 
may also play a role in the preparation of avoidance responses as this allows prediction of 
possible negative consequences of collision based on recognition of the obstacle. In this 
study we test this hypothesis by asking participants to reach towards a target as quickly 
as possible, in the presence of an empty or full glass of water placed about half way 
between the target and the starting position, at eight cm either left or right of the virtual 
midline. While the spatial features of full and empty glasses of water are the same, the 
consequences of collision are clearly different. Indeed, when there was a high chance of 
collision, reaching trajectories veered away more from filled than from empty glasses. This 
shows that the identity of potential obstacles, which allows for estimating the predicted 
consequences, is taken into account during obstacle avoidance.
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Introduction
When reaching out for target objects, we rarely collide with other objects in our 
peripersonal space, even though our environment is usually cluttered with objects. 
Although this obstacle avoidance occurs effortlessly, and often unconsciously, visual 
information about the location of potential obstacles needs to be incorporated into 
motor plans and execution. As a result, the presence of these objects influences both 
the spatial and temporal parameters of reaching trajectories. Even when non-targets are 
not actually physically obstructing the movement, hand movement trajectories show 
a tendency to veer away from non-target objects situated in the workspace (Chapman 
and Goodale, 2008; McIntosh et al., 2004; Menger et al., 2012; Rice et al., 2008; Tipper et 
al., 1997; Tresilian, 1998). For instance, Tipper et al. (1997) showed that reach-to-grasp 
movements deviated away from non-target objects that were not physically restricting the 
reach in a manner similar (but to a smaller extent) as when they were actually obstructing 
the movement. Furthermore, hand movements are slowed down when there are nearby 
obstacles (see for instance Biegstraaten et al., 2003; Chapman and Goodale, 2008; Jackson 
et al., 1995; Mon-Williams et al., 2001; Saling et al., 1998; Tipper et al., 1997; Tresilian 
1998). Probably, these effects of obstacles in peripersonal space on hand movements allow 
us to avoid knocking them over (Menger et al., 2012; Mon-Williams et al., 2001; Sabes 
and Jordan, 1997; Tresilian, 1998). When the likelihood of collision increases, for instance 
when obstacles are larger or closer to the intended path, hand movements are even 
slower and deviate more (Biegstraaten et al., 2003; Chapman and Goodale, 2008; Menger 
et al., 2012; Mon-Williams et al., 2001; Tresilian, 1998). For instance, Mon-Williams and 
colleagues (2001) asked participants to grasp an object in the presence of an obstacle that 
could be placed on one of four (or none of the) locations. All obstacles were presented 
left or right of the centre line, either flanking the target object or about half way between 
the target and the starting point. Their results showed that obstacles altered movements 
in a way that decreased the risk of collision. When an obstacle was present, movement 
times increased and grip aperture decreased. With the obstacles closer to the participant 
a large effect was seen on movement times, and a relatively small effect on grip aperture, 
and vice versa with flanking obstacles. Similarly, higher obstacles caused larger deviations 
in the hand trajectories than smaller obstacles when placed mid-reach, but not when they 
were placed at the same depth as the target (Chapman and Goodale, 2008). More recent, 
Menger et al. (2012) showed that when keeping the visual setup of the workspace constant 
but varying the chance of collision by manipulating starting posture, the obstacles with 
the highest chance of collision altered hand trajectories the most.

Changes in the (relative) spatial properties of the workspace thus influence obstacle 
avoidance, probably by influencing the perceived risk of collision. However, the 
consequences of a potential collision can be quite different depending on the obstacle. Not 
only the spatial features, but also the identities of non-target objects are relevant when 
avoiding obstacles (Schindler et al., 2004). For example, potentially colliding with a cactus 
is quite different from potentially colliding with a box of tissues, and presumably requires 
incorporating a different safety margin into one’s movement. Therefore, non-spatial 
object features may also play a role in planning or programming avoidance responses, 
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as this would enable one to predict the possible negative consequences of collision (as 
suggested by Chapman and Goodale, 2008, 2010; Schindler et al., 2004). 

It is still a topic of debate whether the preparation of a movement is one monolithic 
‘planning system’ (Glover, 2004) or should be considered more diverse (Goodale & Milner, 
1992; Milner & Goodale, 2008). Both models, however, seem to agree that online control 
of movements is influenced by spatial, size and shape features processed in the dorsal 
stream (see also Chapman & Goodale, 2010). Furthermore, both models agree that non-
spatial object features that require visual recognition, such as the fragility of an object, 
are mediated by ventral stream processes and are incorporated in the planning of a 
movement. This incorporation would allow for preparation of a movement that suits the 
specific context. Most studies on obstacle avoidance favour a crucial role for dorsal stream 
processing in using visual input about the obstacle to automatically alter movements 
(Humphreys and Edwards, 2004; McIntosh et al., 2004; Rice et al., 2006; Schindler et al., 
2004). For instance, Schindler et al. (2004) showed that the automatic alteration of reach 
trajectories to avoid near non-target objects was impaired in two patients with optic ataxia 
following dorsal stream damage. However, this does not mean that the processing of non-
targets in obstacle avoidance is regulated entirely by the dorsal stream. Since non-spatial 
aspects of obstacles are relevant for predicting the possible consequences of collision, we 
expect effects on the planning or programming of obstacle avoidance movements. 

Indeed there is some evidence that non-spatial features of nontarget objects influence 
visuomotor performance. In a study by Gentilucci et al. (2001), participants reached to 
grasp a red or a green target object from one of two possible target locations. In half 
of the trials, a flat distractor (also red or green) flanked the target. The colour of non-
targets influenced the grasp (with smaller finger apertures when target and non-target 
had different colours), but not the reach component of the movement. However, since 
non-target objects were at the same depth as the target, they were not actually potential 
obstacles during the reaching part of the movement, although they could be considered 
potential obstacles while grasping. In a recent study Menger et al. (2013A) placed a non-
target object halfway in between the starting position and the target object and varied 
colour similarity between the two objects. When target and non-target were dissimilar in 
colour, participants veered away more during the reaching movement. No effect of colour 
per se was observed. The effect of similarity was only present when the non-target was 
placed on the right side where it served more as an obstacle to the trailing arm. 

These studies suggest that non-spatial object features influence obstacle avoidance when 
these features are directly relevant for visuomotor performance. The question remains, 
however, whether processing of non-spatial information about non-target objects, 
which allows for estimating the potential consequences of collision, influences obstacle 
avoidance. We tested this by asking participants to reach towards a target in the presence 
of an empty or a full glass of water, thereby varying the consequences of collision whilst 
keeping spatial features constant. We expected that hand movements would veer away 
more from filled than from empty glasses, since the predicted consequences of knocking 
over a filled glass are worse than those of knocking over an empty glass. 
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Methods
Participants
Seventeen undergraduate, graduate and PhD students of Utrecht University (five males, 
mean age 24.9 ±5.0 years) participated in this study and received either a small payment 
or course credits as compensation for their time. They were naïve to the purpose of the 
study and gave their informed consent to the experiment. All participants were right-
handed, as measured by a Dutch handedness questionnaire (score 9.6 ±0.7 on a -10 
(extremely left-handed) to 10 (extremely right-handed) scale) (Van Strien, 1992). This 
study was conducted in accordance with the guidelines of the local ethical medical board 
and the declaration of Helsinki.

Experimental setup

Participants were seated behind a custom made white table (122 x 61 cm) with an orange 
button at 8.6 cm from the edge (starting position), and a dark grey target button (22 x 5 
cm) at 40 cm from the starting position, at the same level as the table top. Non-targets 
were placed at 22 cm from the starting position, at eight cm either left or right of the 
line between the starting position and the centre of the target button (virtual midline). 
This distance was chosen because it has been shown to cause reliable obstacle avoidance 
effects (see for instance McIntosh et al., 2004; Rice et al., 2008; Schindler et al., 2004), 
while the object is not actually blocking the direct path from the starting position to 
the target. The non-targets consisted of transparent long-drink glasses with a height of 
16.7 cm and a diameter of six cm. A felt adhesive circle with the same colour as the table 
(white) was attached to the bottom of the glasses to be able to put them on the table 
without making noise. 

For each trial, participants were to reach from the starting position and press the target 
button as fast as possible. Reaching trajectories were recorded at two locations (middle 
finger tip and centre of the hand) using an electromagnetic motion analysis system 
(MiniBIRD, Ascension Technologies). This recorded x, y and z positions of two motion 
sensors at a frequency of 103.3 Hz. The sensors were attached with medical tape to the 
finger and hand, as well as to the arm of the participant and the edge of the table, to 
ensure that movements were not restricted by the cables.

Vision was controlled by spectacles with shutter glasses (Plato glasses, Translucent 
Technologies). Participants could always see their hands and setup within trials (so when 
moving), but vision was restricted in-between trials.
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Figure 1. The experimental setup. Front view of the setup with the button indicating the 
starting position (not to scale for clarity), the target button and the glass on the left relative 
to the participant (left), and placement of the Minibird sensors on the tip of the middle 
finger and on the centre of the hand (right)

Procedure

Participants were seated in a normally lit room and first completed the handedness 
questionnaire and the Dutch version of the BIS/BAS questionnaire (translated version see 
Franken et al., 2005; original English by Carver and White, 1994; the BIS/BAS questionnaire 
is generally used to measure the relative sensitivity of the behavioural approach and 
avoidance system. Since these individual differences were not the focus of this study, and 
the BIS/BAS score did not correlate with obstacle avoidance in our experiment, it will not 
further be discussed). 

Participants were asked to sit straight behind the table and place their middle finger on the 
starting position (wrist as straight as possible). At the beginning of each trial the shutter 
glasses opened, and the participant was allowed to observe the table, target button and (if 
present) glass. After 800-1200 ms (random to avoid premature movements) a 30 ms beep 
sound was presented which served as an auditory go- signal. Participants were to press the 
target button on the other end of the table as fast as possible and then return their finger 
to the starting position. The shutter glasses closed as soon as the participant pressed the 
orange button at the starting position, and the experimenter could then change the glass 
in preparation for the next trial. 
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Three conditions (no glass (baseline), empty glass and full glass) were tested, with the 
latter two conditions having glasses at two different locations (eight cm left or right 
from the virtual midline). The full glass was filled up to five mm under the rim with clear 
tap water. Glasses were changed between trials, when the shutter glasses were closed. 
The experimenter always put down two glasses, then took away one or both, to prevent 
differences in sound during the inter-trial interval that could give away the location (or 
presence) of the obstacle in the upcoming trial. For the same reason, in the case of two 
subsequent trials of the same condition and location, the glass was first removed and then 
put back in the manner described above.

Each participant made 45 reaches in total, nine repetitions for every condition-location 
combination, in randomized order. They were allowed to practice the procedure ten times. 

Data analysis

Trials in which a participant missed the target (0.92%), started moving before the go-signal 
(1.96%) or failed to respond to the go-signal (0.13%) were excluded from further analysis, 
as well as four trials due to recording errors (0.52%) and one trial due to an experimental 
error (0.13%). All raw 3D reaching trajectory recordings were filtered with a 1-dimensional 
Low pass Butterworth filter (2nd order, cut-off frequency 10 Hz). Velocities at each point 
along the trajectories were calculated using numerical differentiation. We were interested 
in the movements towards the target button. The starting point of each movement was 
defined as the first point at which the velocity of the markers exceeded five cm/s. Using 
the MSI endpoint detection method (see for a detailed description Schot et al., 2010), the 
endpoint was defined based on two continuous criteria: velocity of markers (lower means 
more likely to be the endpoint) and the position of the marker on the index finger (closer 
to the peak measurement on the y axis means more likely to be the endpoint).

Since we were interested in the movement of the hand, the main analyses were done on 
the trajectories recorded by the marker on the centre of the hand. To be able to compare 
complete trajectories, reaching trajectories were resized to 50 sections (interpolating), at 
equal time intervals. To assess changes in the complete hand movements as a result of the 
glasses, we projected all movements onto the horizontal plane. We calculated the average 
horizontal deviation (on the x-axis) of the trajectories in the glass conditions from the 
average trajectory in the baseline (no glass) condition (see figure 2).

The position at which the marker at the centre of the hand passed the centre of the glass 
on the y-axis for each trial was then interpolated (passing distance). The difference in 
horizontal deviation from the baseline movement, the average passing distance, and the 
speed of the hand at this point were compared between empty and full glass conditions 
using a location of glass (2) x content of glass (2) repeated measures ANOVA. The same 
2x2 repeated measures ANOVA was conducted to investigate reaction time (time between 
the onset of the go-signal and the first measuring point at which the velocity of the 
markers exceeded five cm/s, which was defined as the start of the movement), movement 
time, peak velocity and time to peak velocity for the marker on the hand. All further 
comparisons were made with Bonferroni-corrected paired samples t-tests.
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Results
Horizontal deviation of the reaching trajectories
Figure 2 shows a top view of the hand trajectories in trials without glass, a full, or empty 
glass to the left or right of the midline. The effect of glass content on the complete reaching 
trajectories in the horizontal plane was assessed by analysing the average horizontal 
deviation of the paths compared to the baseline condition in which no glass was present. 
A glass position (2) x glass content (2) repeated measures analysis showed a main effect 
of glass position (p<.001, F(1,16)=77.105, η2

p=0.828), reaching trajectories deviated further 
from the baseline trajectory when the glass was on right (absolute mean deviation: 28.1 
mm 95% CI [22.8, 33.4] SE=2.51) than when it was on the left (mean 6.08 mm [4.90, 
7.27] SE=0.56). Despite instructions, people had difficulty keeping their hand straight 
at the starting position. Therefore, at the start of a trial, the position of the centre of 
the hand was more to the right than the starting position (mean 51.5 mm [44.8, 58.1] 
SE=3.1, t-test t(16)=16.385, p<.001, d=3.97). This pushes the trajectories rightwards in 
all glass conditions, thereby probably causing the main effect. Furthermore, there was 
a main effect of glass content with larger average horizontal deviations when the glass 
was full than when it was empty (full: mean 17.5 mm [14.6, 20.5] SE=1.38, empty: mean 
16.6 mm [13.9, 19.4] SE=1.28, p=.047, F(1,16)=4.632, η2

p=0.225) and an interaction between 
glass position and glass content (p=.039, F(1,16)=5.078, η2

p=0.241). Paired samples t-tests 
showed that there was a difference in deviation from the baseline trajectory in empty 
compared to glass full conditions when the glass was placed on the right (mean empty: 
27.0 mm [21.8, 32.2] SE=2.45 and full: 29.2 mm [23.6, 34.8] SE=2.63, t(16)=-2.692, p=.016, 
d=0.65, 95% CI [-3.95, -0.47]), but not when it was placed on the left (mean empty: 6.29 
mm [5.03, 7.54] SE=0.59 and full: 5.88 mm [4.46, 7.30] SE=0.67, t(16)=-0.690, p=.500, 
d=0.17, 95% CI [-0.85, 1.66]). 

Passing distance

To clarify how much distance is kept from the potential obstacles, we additionally analysed 
the average distance between the centre of the hand and the glass at the moment the 
hand is passing the glass (passing distance), when the glass was empty and full with water 
(Figure 3). A glass position (2) x glass content (2) repeated measures analysis showed the 
same pattern as the analysis on the complete reaching trajectories. There was a main effect 
of glass position on passing distance (p=.001, F(1,16)=18.835, η2

p=.541), (left: mean 113.5 mm 
95% CI [108.9, 118.1] SE=2.16, right: mean 99.5 [93.4, 105.6] SE=2.87 mm). Also, there was 
main effect of glass content (full: mean 107.1 mm [102.8, 111.5] SE=2.06), empty: mean 105.8 
mm [101.8, 109.8] SE=1.89, p=.021, F(1,16)=6.596, η2

p=.292), and an interaction between 
glass position and glass content (p=.045, F(1,16)=4.751, η2

p=.229). Post-hoc paired samples 
t-tests showed that there was a difference in passing distance in glass empty compared to 
glass full conditions when the glass was placed on the right (mean empty: 97.8 mm [91.7, 
103.9] SE=2.88 and full: 101.1 mm [94.9, 107.4] SE=2.95, t(16)=-3.273, p=.005, d=0.79, 95% 
CI [-5.43, -1.16]), but not when it was placed on the left (mean empty: 113.9 mm [109.4, 
118.4] SE=2.13 and full: 113.2 mm [108.2, 118.1] SE=2.33, t(16)=0.644, p=.529 d=0.16, 95% CI 
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[-1.60, 3.00]). Concluding, when the glass was on the right, the hand trajectories kept a 
larger distance from the glass in full glass conditions compared to empty glass conditions 
when passing it. 

Additionally, there was no significant effect of glass location or content on passing 
velocities (location: mean left 176 cm/s [161, 190] SE=6.77, right 172 cm/s [159, 185] SE=6.02, 
p=.174, η2

p=.112, content: mean empty 175 cm/s [161, 189]  SE=6.74, full 173 cm/s [160, 185] 
SE=5.87 p=.280, η2

p=0.072).

Figure 2. left: Average reaching trajectories for the centre of the hand in trials withouglass, 
a full, or empty glass to the left or right of the midline (both axes normalised to the 
coordinates of the starting position). Coordinates [0,0] represent the starting position. The 
circles indicate the position of the glass (if present) placed on the right (black) and on the 
left (grey). Top right: clarification of the passing distance in the highlighted region of the 
graph. Bottom right: clarification of the average horizontal deviation
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Figure 3. The average passing distance in mm (the distance between the centre of the hand 
and the glass at the moment the hand is passing the glass). Error bars represent the within-
subject 95% confidence intervals calculated as described by Cousineau (2005)

Reaction times, movement times and peak velocities

To investigate whether the observed differences in hand trajectories are based in motor 
planning, or are accomplished during online control, we performed 4 additional location 
of glass (2) x content of glass (2) repeated measures ANOVA’s on reaction time, movement 
time, peak velocity and time to peak velocity for the marker on the hand. If object identity 
was incorporated during on-line control, you would expect no effect of glass content 
on reaction times (but note that participants had 800-1200 ms for observation of the 
workspace and planning of the movement, which could obscure possible differences in 
reaction time to the subsequent go-signal). You would however expect differences in 
movement times and in velocity profiles depending on whether the glass was full or empty. 

Our analyses showed no effect of glass content on reaction times  (empty 221 ms 95% 
CI [205, 237], full 223 ms [208, 238], p=.791, η2

p=0.005), no effect of glass position (left 
221 ms [206, 235], right 222 ms [205, 239] p=.704, η2

p=0.009) and no interaction (p=.192, 
η2

p=0.104)). Note that although reaction times might be considered short, this is due 
the fact that we are merely measuring the time between the go-signal and the onset of 
the reaction. Moreover, participants knew there was a go-signal coming approximately 
1 second after the shutter glasses opened, and may have responded relatively fast as a 
consequence. There was no effect of glass content on peak velocity (empty 213 cm/s [201, 
224], full 211 cm/s [201, 222], p=.530, η2

p=0.025, also no effect of glass position (left 214 
cm/s [203, 225], right 210 cm/s [199, 221], p=.111, η2

p=0.151) and no interaction (p=.492, 
η2

p=0.030)), time to peak velocity (empty 196 ms [183, 209], full 194 ms [183, 205], p=.354, 
η2

p=0.054, also no effect of glass position (left 193 ms [180, 206], right 197 ms [185, 209], 
p=.126, η2

p=0.140) and no interaction (p=.892, η2
p=0.001)), or movement times (mean 

empty 368 ms [342, 393], full 368 ms [345, 391] , p=.943, η2
p<0.001, although there was a 
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main effect of position (p=.004, F(1,16)=11.331, η2
p=0.415 with longer movement times when 

the glasses were on the right (mean 373 ms [350, 396] vs left: 362 ms [337, 388]) and a trend 
for an interaction between glass content and position (p=.057, F(1,16)=4.199, η2

p=0.208). 
Additional paired samples t-tests showed no significant difference in movement times in 
glass empty compared to glass full conditions when the glass was on the left (mean empty 
365 ms [337, 392], full 360 ms [336, 385], t(16)= 1.660, p =.116, d=0.40, 95% CI [-1.23, 10.08]) 
or when it was on the right (mean empty 371 ms [347, 395], full 376 ms [353, 398], t(16)= 
-1.142, p =.270, d=0.28, 95% CI [-13.77, 4.13])). Thus, based on these results we consider it 
most likely that in this experiment, object identity information was included during the 
planning or programming of the movement.

Discussion
The aim of the current study was to investigate whether the predicted consequences of 
collision with an obstacle influences reaching trajectories. Predicting the consequences 
requires recognition of the obstacle involving processing of non-spatial features. 
Participants reached towards a target area in the presence of an empty or full glass of 
water. In concordance with earlier studies (Biegstraaten et al., 2003; Chapman and 
Goodale, 2008; Menger et al., 2012; Mon-Williams et al., 2001; Tresilian, 1998), our results 
show that the position of the obstacle has an effect on reaching trajectories. Trajectories 
veered away more from glasses placed on the right than from glasses placed on the left. 
This effect has been reported before, and is probably due to the fact that all reaching 
movements were made with the right arm and the elbow is protruding on the right 
(Menger et al., 2013B). Therefore the risk of collision with glasses placed on the right is 
higher, and the reaching trajectories deviate more. Importantly, our results additionally 
show that reaching trajectories veer away more from filled than from empty glasses, as 
would be expected if predicted consequences of collision are taken into account in the 
planning or execution of the movement. However, this additional effect was seen only 
when glasses were placed on the right of the reaching movement. Since the glasses placed 
on on the left were probably less obstructing than the glasses placed on the right, the 
risk of collision with glasses placed on the left was generally lower (see also Menger et al., 
2012, 2013A, 2013B). Consequently, whether the left glass was full or empty made less of 
a difference. However, when glasses were more obstructing (on the right), participants 
veered away more from their baseline movement than when the glasses were on the left. 
Additionally, they remained at an even larger distance from the glasses when these were 
full. Similarly, Menger et al. (2013A) found that similarity in colour between target and 
obstacles influenced obstacle avoidance only when the obstacle was relatively obstructing. 
Possibly, when the obstacles on the left in our study would have been placed nearer to the 
line between the starting position and the target, there may have been an influence of 
object identity on the movements. Our results suggest that when there is a high chance of 
collision with an obstacle, the predicted consequences of collision are taken into account 
when preparing an arm movement.

In this experiment, the predicted consequences of collision required perceptual 
recognition of the status of the glass (e.g. full or empty), while the spatial features of 
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empty and filled glasses were the same. In line with current models of action planning 
and control (Glover, 2004; Milner & Goodale, 2008), our results are consistent with the 
idea that incorporation of predicted consequences happens before execution of the 
movement, since glass content did not influence motion times or velocity profiles. Glass 
content also did not affect reaction times. While this might suggest that the influence of 
object identity in this experiment occurred after movement initiation (e.g. during on-line 
control), participants had ample time (800-1200 ms) to prepare their movement before 
the go-signal. As reaction times were measured as the time between this go-signal and 
the start of the movement, the 800-1200 ms preparation time may have prevented us from 
finding differences in the recorded reaction times. Consistent with our finding, there are 
several other strands of evidence that suggest a role of ventral stream input in visually 
guided reaching in general and obstacle avoidance specifically (Gentilucci et al., 2001; 
Hesse et al., 2012; Himmelbach and Karnath, 2005; Lee and van Donkelaar, 2002; Milner 
et al., 1999; Rice et al., 2008; Verhagen et al., 2008, 2012; Menger et al., 2013). For instance, 
Hesse et al. (2012) showed different directional biases in obstacle avoidance between 
patients with left or right hemianopia. Reaching trajectories of left hemianopic patients 
shifted more to the left in response to an obstacle as compared to reaching trajectories 
of right hemianopic patients. This hemianopic shift is considered to be related to ventral 
stream processing and is typically seen in tasks requiring conscious visual perception. 
This suggests that while obstacle avoidance may depend on unconscious processing 
of the workspace, pathways underlying conscious visual perception (possibly ventral 
stream areas) can still influence (the preparation of) avoidance movements. Additionally, 
impaired obstacle avoidance in optic ataxia recovered when a delay allowed ventral 
stream processing to be involved (Rice et al., 2008) and pointing errors in optic ataxia 
patients decreased with increasing delays between target presentation and start of the 
movement, suggesting a (gradually) increasing influence of ventral stream processing 
on reaching (Himmelbach and Karnath, 2005; Milner et al., 1999). Also, Jax and 
Rosenbaum (2007) showed that while dorsal stream information is supposed to decay 
almost completely within a second (Jax and Rosenbaum, 2009), information about the 
likelihood of an obstacle being present that was deduced from previous trials influenced 
reaching movements. Thus, it seems that visual memory of obstacle position, presumably 
dependent on ventral stream processing, can be used in reaching and obstacle avoidance 
tasks. In fact, it has been suggested that while online motor control is influenced mainly 
by object characteristics such as location, size and orientation, object identity features 
and the context of the situation (such as fragility of objects, or perhaps the consequences 
of knocking obstacles over) would be incorporated in the preparation of a movement, to 
construct a motor plan that suits the specific circumstances (Chapman & Goodale, 2008, 
2010; Glover, 2004; Milner & Goodale, 2008; Schindler et al., 2004). In concordance with 
this view, our study suggests visual obstacle avoidance behaviour depends on interactions 
between dorsal and ventral stream processing.

The current study showed that non-spatial obstacle identity information that is not 
related to the reaching target can affect reaching trajectories if there is a high chance of 
colliding with the obstacle. Processing of non-target objects in the environment is quite 
relevant. When moving towards a target object, we often have to avoid other objects, such 
as cups of coffee on a cluttered desk. In some situations, consequences of knocking the 
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non-target object over are more undesirable than in other situations, for example when 
this object is harmful or fragile. The risk of collision with a non-target object then needs to 
be minimized (Schindler et al., 2004). Thus depending on the estimated consequences of 
collision, an appropriate safety margin can be determined to maintain during a movement. 
In our experiment, this was reflected in a larger deviation from the obstacle when the 
consequences of collision were worse (e.g. spilling water on the table). The additional 
deviation we report of obstacle identity on reaching trajectories was limited (on average 
3.3 mm) and in fact smaller than the average within-subject variance in deviation (average 
standard deviation ca 7-9 mm). This would therefore suggest a rather limited increase in 
safety margin. However, the consequences of collision with a glass of water are not that 
dramatic. While knocking over a full glass has worse consequences than knocking over an 
empty glass, it is not exactly life threatening either. The magnitude of the safety margin 
may be considerably larger when the consequences of collision are increased. It has been 
suggested that such a safety margin is related to the extensive multimodal visuotactile 
integration in the space directly around our body, the peripersonal space (Cooke and 
Graziano, 2004; Graziano and Cooke, 2006; Sambo et al., 2012). This body part centred 
peripersonal space possibly acts as a defensive zone, and multimodal predictions are used 
to determine the desired response to nearby objects and for instance avoid contact with 
harmful objects. Our results suggest that the distance we keep to potential obstacles in 
obstacle avoidance behaviour may reflect this safety margin.
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Abstract
The region surrounding our body (i.e. peripersonal space) is coded in a multimodal 
representation by fronto-parietal bimodal neurons integrating tactile stimuli on the body 
with nearby visual stimuli. This has often been suggested to serve a defensive purpose, 
which we propose could be mediated through visuotactile predictions. An approaching 
threat would then be of particular interest to peripersonal space processing. To investigate 
this, we asked participants to respond as fast as possible to a tactile stimulus on the 
hand, while looking at an animation of an approaching or receding spider or butterfly. 
Tactile stimulation was applied at one of 25 possible time points during the animation. 
Tactile reaction times were faster when an approaching stimulus was closer to the hand 
at the time of tactile presentation. Critically, this effect of distance on reaction times 
was larger when participants saw an approaching spider compared to an approaching 
butterfly, but only for participants who were afraid of spiders. This finding demonstrates 
that the perceived threat of an approaching stimulus modulates visuotactile interactions 
in peripersonal space and is consistent with the idea that visuotactile predictions are 
important for defensive purposes and maintaining bodily integrity.
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Introduction
We are not alone in this world. Often, the space around us is filled with other animals 
and objects, and we frequently interact with them. However, not everything around us 
is innocuous. By predicting the probable consequences of contact with nearby animals, 
people and objects, we can prepare an appropriate response; for instance, hug a friend 
or avoid an approaching snowball. Appropriate responses are particularly important in 
the region directly surrounding your body (e.g. peripersonal space). Evidence suggests 
that the peripersonal space is represented by fronto-parietal bimodal neurons integrating 
tactile stimuli on the body with nearby visual (and auditory) stimuli (Rizzolatti et al. 1981). 
Interestingly, electrical stimulation of peripersonal space neurons in macaque monkeys 
triggers a pattern of arm movements that is compatible with defence and avoidance 
behaviour (Cooke and Graziano 2003; Graziano and Cooke 2006). Therefore, it has been 
suggested that peripersonal space acts as a defence zone or margin of safety around the 
body (Graziano and Cooke 2006; Sambo et al. 2012). In line with this idea, the size of an 
individual’s peripersonal space is correlated with trait anxiety (Sambo and Iannetti 2013), 
with a larger peripersonal space in more anxious individuals. 

For defensive purposes it is relevant to identify nearby objects. Identification will allow 
predictions of the harmfulness of bodily contact with the object. Touching a cactus will 
have very different consequences than touching a flower. Consequently, in the light of a 
defensive purpose of peripersonal space, the implied threat of an object to a certain body 
part would be expected to have a large influence on tactile processing on that body part. 
Indeed, threat enhances visuotactile cueing in peripersonal space. In an experiment by 
Poliakoff, Miles, Li, & Blanchette (2007), participants were required to make judgements 
about the vibration frequency of a tactile stimulus (fast or slow) on either the left or the 
right hand, which was preceded by a visual stimulus near one of the hands. Any visual cue 
near the hand facilitates tactile discrimination on that hand (see for instance Reed et al. 
2006; Tseng and Bridgeman 2011), but Poliakoff and colleagues (2007) showed that this 
facilitation was larger when stimuli consisted of threatening pictures rather than neutral 
pictures. 

Most studies on the crossmodal effects of visual threat in peripersonal space have used 
static images (Lipp and Derakshan 2005; Poliakoff et al. 2007; Van Damme et al. 2009; 
Brown et al. 2010; Shi et al. 2012). However, an approaching threat is far more relevant 
and would imply rather different visuotactile predictions than a static one. Moreover, the 
relevance of a visual threat for visuotactile predictions should increase as it approaches 
the body. Peripersonal space neurons in macaque monkeys show an increased firing rate 
if the visual stimulus is moving in the direction of the tactile receptive field (Graziano and 
Cooke 2006) and tactile judgments are faster at the expected time and location of impact 
of an approaching visual stimulus (Gray and Tan 2002; Kandula et al. 2014; Cléry et al. 
2015). Furthermore, it has been shown that an approaching auditory stimulus facilitates 
tactile perception when it is perceived within the peripersonal space (Canzoneri et al. 
2012). In line with the hypothesised importance of visuotactile predictions, Van Damme 
et al. (2009) showed that the facilitating effect of visual threat on tactile attention is larger 
with physical threat pictures (for instance a snake or a knife) than with more general threat 
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pictures (for instance an exploding jet or an angry face) or neutral pictures, suggesting that 
the effects are related to the predicted consequences of touching the object or animal. In 
an interesting experiment by Taffou & Viaud-Delmon (2014) participants who were (not) 
afraid of dogs had to detect tactile stimuli to the hand while a threatening (dogs barking) or 
non-threatening sound (sheep bleating) was presented from behind the participant. The 
sounds changed in volume and other aspects such as frequency spectrum and inter-aural 
differences over the course of 3 seconds, to mimic an approaching movement. Responses 
were faster when threatening sounds appeared closer and this effect depended on the 
reported fear of dogs. For dog-fearful participants, the sound of barking dogs started 
influencing tactile detection earlier in the trial than for non-fearful participants. A very 
similar study by Ferri et al. (2015) also increased sound volume to mimic an approaching 
movement. They found the same effect as Taffou & Viaud-Delmon (2014): noise sounds 
that elicited a negative emotion and negative ecological sounds (recording of a screaming 
woman) started influencing tactile reaction times earlier in the trial than sounds with a 
neutral or positive valence. This has been interpreted as reflecting a larger peripersonal 
space when a threat is approaching. These studies however did not include a condition in 
which the sounds mimicked a receding movement, which makes it uncertain whether the 
reported effects were due to for instance changes in stimulus intensity or duration, or to 
the perception that a threat was approaching. 

The aforementioned findings are consistent with the idea that peripersonal space has a 
defensive purpose (Sambo et al. 2012; Sambo and Iannetti 2013; Vignemont and Iannetti 
2014). Most studies on peripersonal space however emphasize the strong link between 
visual and tactile perception, especially when a visual stimulus is approaching the body 
(Graziano and Cooke 2006; Huang et al. 2012). If the increased multimodal integration 
in peripersonal space indeed serves a defensive purpose, mediated through visuotactile 
predictions, you would specifically expect a large influence of an approaching threat on 
visuotactile interactions. Surprisingly, while some effects of an approaching visual threat 
on perceptual and cognitive tasks have been studied (e.g. Vagnoni et al. 2012; Anelli et al. 
2013; Witt and Sugovic 2013; Sagliano et al. 2014), the effect on visuotactile interactions 
in peripersonal space has not yet been investigated. To that purpose we used a tactile 
detection task in which participants were asked to respond as fast as possible to a tactile 
stimulus, while looking at an animation of an approaching or receding spider or butterfly. 
The animations were presented on a large horizontal flat screen monitor, so they were 
actually approaching and receding from the participant. To our knowledge, this is the first 
study investigating approaching threat on visuotactile processing in peripersonal space 
using realistic stimuli, while controlling for retinal size, duration and location by adding 
a receding stimulus condition. 

Materials and Methods
Participants

Twenty-six undergraduate and graduate students (1 male, mean age 21 ±1.1 years) 
participated in this study. They could receive course credits as a compensation for their 
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time. They were naïve to the purpose of the study and written informed consent was 
obtained from all individual participants prior to the experiment. All participants were 
right-handed by self-report. This study was conducted in accordance with the standards 
of the local ethical committee and the declaration of Helsinki.

Experimental setup and stimuli

Participants were seated in a dark room on the short end of a large flat screen monitor 
(Philips BDT5530EM/06, screen dimensions 122 x 68 cm), which was placed flat on a table 
(see figure 1). Their heads were stabilised with a chinrest (height 27 cm from the table), 
and the toes of the right foot were placed on a foot pedal below the table. Participants 
placed their right hand on the monitor, dorsal side up, with the tip of the middle finger at 
a distance of 27.5 cm from the edge of the screen. 

Fig 1 Overview of the experimental setup. Dimensions are given in the drawing, as well 
as the positions of the hand, chin rest and foot pedal

During each trial, an animation was presented on the monitor (see figure 1). Animations 
consisted of a crawling spider or flying butterfly (see figure 2) with a diameter of 12.5 cm, 
that moved either towards or away from the participants hand in a straight line (start 
and end locations at 29 and 112.5 cm from the edge of the table, covering 83.5 cm in 4 
seconds or 240 frames at a refresh rate of 60 Hz). The animations were presented on a 
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grey background. Half of the presented animated animals was presented in greyscale, 
the other half of the animations were coloured with an orange/yellow colour, to prevent 
habituation to the stimuli.

Fig 2. Screenshots of the animations of butterflies and spiders used in the 
experiment

At 25 different time points during a trial, the participant could receive a tactile stimulus 
on their right hand. The first possibility was 560 ms after the start of the animation, 
corresponding to 15.3 or 71.2 cm from the hand depending on the direction of movement. 
Then, a tactile stimulus could be applied every 120 ms (but only once per trial), 
corresponding to once every 2.5 cm. Tactile stimuli consisted of clearly perceivable ‘taps’ 
with plastic pins with a diameter of 2 mm and were applied using a computer controlled 
miniature solenoid tapper (MSTC3 M&E Solve, Rochester, UK) that was attached to the 
dorsal side of the first phalanx of the middle finger with medical tape. All taps had a 
duration of 10 ms. 

Procedure

After receiving instructions and signing the consent forms, participants were instructed to 
press the foot pedal with the toes of their right foot (without shoe) as fast as possible when 
they felt the tactile stimulus, and to keep looking at the animations. Each participant 
completed 10 practice trials, followed by 4 blocks of 100 trials. Each trial had a duration of 
4 seconds, followed by a 500 ms inter-trial interval in which a black screen was presented. 
Trials were presented in randomized order within blocks. Each unique movement 
direction (2) x animal (2) x location (25) - combination was presented 4 times.

Questionnaires

To clarify for which participants the animation of the crawling spider actually imposed 
a perceived threat, after the tactile detection task all participants completed the Fear of 
Spiders Questionnaire (FSQ, Szymanski and O’Donohue 1995) and a second questionnaire 
in which we used the same questions, but replaced all instances of “spider” with “butterfly” 
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(Fear of Butterflies Questionnaire: FBQ). The FSQ consists of 18 items such as “If I saw 
a spider now, I would think it will harm me.” which participants had to rate on a 7-point 
Likert scale (0=strongly disagree, 6=strongly agree). Scores on the 18 items are summed, 
and on the possible 0-108 score range, ratings over 15 points are considered indicative of 
at least a moderate fear of spiders (Cochrane et al. 2008) or in case of the FBQ, butterflies. 
Scores on the FSQ were used to divide the group in two. Average scores on the FSQ were 
21.6 ± 17.7 (range 2- 55), and based on the cut-off score of 15 (Cochrane et al. 2008), half 
(13) of our participants were at least moderately afraid of spiders (high fear) and the other 
13 were not (low fear). According to this score threshold, none of the participants was 
afraid for butterflies (average score FBQ 3.5 ± 4.0, range 0-14). 

Data analysis

The reaction time to the tactile stimulus was recorded in every trial. Trials with reaction 
times longer or shorter than the median of all reaction times of a participant +/- 3 times 
the median absolute deviation were excluded from further analysis (3.48%), as suggested 
by Leys, Ley, Klein, Bernard, & Licata (2013).

Then, the average median tactile reaction times over all 25 time points for each of the 
four Movement Direction (2) x Animal (2) conditions for the two Fear Groups (2) were 
analysed with a 2x2x2 mixed-design ANOVA, followed by separate Movement Direction 
(2) x Animal (2) repeated measures ANOVA’s for the high and low fear groups.

Furthermore, to investigate the influence of location of the visual stimulus on tactile 
reaction times, we calculated the median reaction time per condition (Movement 
Direction (2) x Animal (2)) at each time point (25) per participant. For each participant a 
linear function was fitted to these median tactile reaction times for each of the conditions 
using the Matlab ezyfit toolbox. Linear functions were described by: y = ax + b where ‘y’ is 
the reaction time in ms, x is the duration of the animation in ms at the time of the tactile 
stimulus, ‘a’ represents the slope of the linear function and ‘b’ the y-axis intercept at x=0. 
We used the slope of the fitted function as a measure of the influence of time point on 
reaction times, as a steeper slope reflects a higher influence. The y-axis intercept gives a 
measure of the reaction time shortly after the onset of the animation. As the animations 
moved with a constant speed, the distance of the animation increases linearly with the 
duration of the animation with receding stimuli, and decreases with approaching stimuli.

The slope parameters and y-axis intercepts of the functions with approaching and 
receding spiders and butterflies for each participant were analysed using Movement 
Direction (approaching vs. receding) (2) x Animal (butterfly vs. spider) (2) x Fear Group 
(low vs. high fear) (2) mixed-design ANOVA’s, followed by separate Movement Direction 
(2) x Animal (2) repeated measures ANOVA’s for the high and low fear groups. All further 
comparisons were made with Bonferroni-corrected paired samples t-tests. The relation 
between reported fear of spiders and the effect of perceived threat on slope parameters 
and y-axis intercepts was further investigated using a correlation analysis.
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Results
Average median reaction times for high and low fear participants
A Movement Direction (2) x Animal (2) x Fear Group (2) mixed-design ANOVA on the 
average median tactile reaction times over all 25 locations showed a trend for a three way 
interaction (F(1,24)=4.07, p=.055, η2

p=.145). Separate Movement Direction (2) x Animal 
(2) repeated measures ANOVA’s for both fear groups showed no significant main effects 
or interactions. 

Slope Parameters for High and Low Fear Participants

Figure 3 shows the average reaction times to approaching and receding spiders and 
butterflies at all 25 time points for high and low fear participants, as well as fitted linear 
functions. Please note that for approaching animations, earlier time points correspond 
to the stimulus being further way, while the reverse is true for receding visual stimuli. 
As can be seen, all slopes are negative, meaning that reaction times decrease when the 
time between onset of the animation and the tactile stimulus increases. This temporal 
preparation effect is quite common in reaction time experiments en is due to the onset 
of the visual stimulus acting as a warning to prepare for an upcoming response (Requin, 
Brener, & Ring, 1991).

A Movement Direction (2) x Animal (2) x Fear Group (2) mixed-design ANOVA showed 
a main effect of movement direction (F(1,24)=90.15, p<.001, η2

p= 0.790) and animal 
(F(1,24)=5.28, p=.031, η2

p= 0.180) on the slope parameters, but no effect of fear group 
(F(1,24)=0.02, p=.884). Furthermore, there was no interaction between direction and 
animal (F(1,24)=.33, p>.570) but there was an interaction between fear group and animal 
(F(1,24)=4.74, p=.040, η2

p= 0.165) and a trend for an interaction between fear group 
and direction (F(1,24)=3.20, p=.086, η2

p= 0.118) and a significant three way interaction 
(F(1,24)=4.80, p=.039, η2

p= 0.167). 

To explore this three-way interaction, separate Movement Direction (2) x Animal (2) 
repeated measures ANOVA’s were performed for each fear group. 

For low fear participants, there was a main effect of movement direction on the slope 
parameter (F(1,12)=25.92, p<.001, η2

p=.684), with steeper slopes when the animations 
were approaching rather than receding from the hand, but no main effect of animal 
(F(1,12)=0.01, p=.920) and no significant interaction (F(1,12)=1.05, p=.326).

For high fear participants there was a main effect of movement direction on the slope 
parameters (F(1,12)=74.47, p<.001, η2

p=.861), a main effect of animal on the slope parameters 
(F(1,12)=7.82, p=.016, η2

p=.395) and an interaction between these factors (F(1,12)=5.05, 
p=.044, η2

p=.296). Paired samples t-tests (Bonferroni corrected, α=.025) showed that 
slopes were steeper with the spider animation than with the butterfly animation when 
animations were approaching the hand (p=.006, t(12)=3.37, d=.93) (spider: mean -0.040, 
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95% CI [-0.048, -0.031], butterfly: mean -0.031, 95% CI [-0.038, -0.024]), but not when 
they were receding from the hand (p=.458, t(12)=0.767) (spider: mean -0.018, 95% CI 
[-0.025, -0.012], butterfly: mean -0.017, 95% CI [-0.023, -0.011]). 

To further investigate the relationship between fear of spiders and the effect of time point on 
reaction times, we analysed whether the difference in slope between approaching spiders 
and approaching butterflies correlated with the score on the FSQ in all participants (slope 
with butterfly – slope with spider, so since all slopes are negative, a positive difference 
reflects a steeper slope in the spider condition). Indeed, there was a positive correlation 
between the difference in slope and the FSQ score (Pearson product-moment correlation, 
r=0.554, n=26, p=0.003). A higher reported fear of spiders was correlated with a larger 
difference in slope, e.g. a larger effect of time point on reaction times with approaching 
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Fig 3 Average median reaction times and fitted linear functions. The average median 
reaction times to approaching and receding spiders and butterflies at all 25 time points for 
high (left) and low fear (right) participants, as well as their fitted linear functions (a) and 
average slope and intercept parameters for the fitted linear functions (b). Please note that 
for approaching animations, earlier time points correspond to the stimulus being further 
way. The error bars represent the within subject standard deviation
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spiders than with butterflies. So the higher the reported fear of spiders, the more the 
distance from the animated spider influenced tactile reaction times as compared to with 
butterflies.

y-intercept Parameters for High and Low Fear Participants

The y-intercepts of the fitted linear functions for high and low fear participants, with 
approaching and receding spiders and butterflies are depicted in figure 3. A Movement 
Direction (2) x Animal (2) x Fear Group (2) mixed-design ANOVA showed a main effect 
of movement direction (F(1,24)=66.72, p<.001, η2

p=.735) on the y-intercept parameters, 
but no effect of animal (F(1,24)=1.81, p=.191) and fear group (F(1,24)=0.27, p=.608) and no 
interaction between fear group and animal (F(1,24)=1.81, p=.191) or between movement 
direction and animal (F(1,24)=0.05, p=.829). However, there was a trend for an interaction 
between fear group and movement direction (F(1,24)=3.27, p=.083, η2

p=.120) and a 
significant three way interaction (F(1,24)=8.76, p=.007, η2

p=.267).

To explore this three-way interaction, separate Movement Direction (2) x Animal (2) 
repeated measures ANOVA’s were performed. 

For low fear participants there was a main effect of movement direction on the y-intercept 
parameters (F(1,12)=17.69, p=.001, η2

p=.596) with higher y-intercepts with approaching 
stimuli, but no main effect of animal (F(1,12)<0.01, p=.999) and a trend for an interaction 
(F(1,12)=3.78, p=.076, η2

p=.239). Paired samples t-tests (Bonferroni corrected, α=.025) 
showed no effect of animal with approaching (p=.197) or with receding stimuli (p=.120).

For high fear participants there was a main effect of movement direction on the y-intercept 
parameters (F(1,12)=58.12, p<.001, η2

p=.829), again with higher y-intercepts with 
approaching stimuli, but no main effect of animal (F(1,12)=2.79, p=.121) and a significant 
interaction (F(1,12)=5.02, p=.045, η2

p=.295). Paired samples t-tests (Bonferroni corrected, 
α=.025) showed no effect of animal with receding stimuli (p=.784) and a trend for an 
effect of animal with approaching stimuli (p=.030,  t(12)= -2.47).

To further investigate this trend, a Pearson product-moment correlation was run to analyse 
whether the difference in y-intercept with approaching spiders compared to approaching 
butterflies correlated with the score on the FSQ in all participants (intercept with spider 
– intercept with butterfly, so a positive difference reflects a higher intercept in the spider 
condition). There was a positive correlation between the difference in y-intercept and the 
FSQ score (r=0.566, n=26, p=0.003). A higher reported fear of spiders was correlated with 
a larger positive difference in y-intercept, which reflects slower reaction times shortly after 
onset of a stimulus (corresponding to a large distance from the hand) with approaching 
spiders as compared to with approaching butterflies.
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The influence of perceived threat in the first and second half of the experiment

During the course of the experiment, the influence of the perceived threat of the 
animations may change. For instance, the relevance of a spider animation in far space 
may increase over trial, as participants learn that it will always walk towards their hand. 
To investigate this, we analysed whether responses in the first half of the experiment 
differed from those in the second half by introducing Experiment Half as a variable in the 
repeated measures analysis. 

We performed two Experiment Half (2) x Movement Direction (2) x Animal (2) x 
Fear Group (2) mixed design ANOVA’s, one for the slope parameters and one for the 
y-intercepts. They showed no main effect of Experiment Half on the slope parameters 
(F(1,24)=1.757, p=.198, η2

p= 0.068) and no interactions between Experiment Half and any 
of the other variables (all F<2.310, p>.14). However, for the y-intercepts there was a main 
effect of Experiment Half (F(1,24)=5.026, p=.034, η2

p= 0.173) with higher y-intercepts (i.e. 
slower reactions at early time points) in the second half of the experiment (on average 400 
vs 387 ms) (and no interactions between Experiment Half and any of the other variables, 
all F<2.155, p>.15). This suggests that while participants got slightly slower in general in 
the second half of the experiment, the effect of the distance of the stimulus (which is 
measured by the slope) did not change. There was no interaction between Experiment 
Half and either movement direction, Animal or Fear Group, so this increase in reaction 
times seems to be uncorrelated to the visual stimuli. Therefore there is no indication of a 
learning or habituation effect present in our data.

Discussion
The current experiment investigated the influence of an approaching visual threat on 
visuotactile interactions in peripersonal space with a tactile detection task. Reaction 
times to tactile stimuli at different time points during the trial were described by fitted 
linear functions. We hypothesised that when an approaching stimulus is perceived 
as threatening, its distance from the observer is of more importance to visuotactile 
predictions than with a neutral stimulus. This would be reflected by steeper slopes of the 
fitted functions, as the slope reflects the influence of time point / distance on reaction 
times. (For approaching animations, earlier time points correspond to the stimulus being 
further way, while the reverse is true for receding visual stimuli.)

The results showed an increase in slope for approaching stimuli compared to receding 
stimuli. This suggests that the distance of an observer from a visual stimulus has a larger 
influence on tactile processing when the visual stimulus is approaching. This is in line 
with our expectations, as the distance from an approaching object is more relevant for 
visuotactile interactions than from a receding one. Previous studies have shown that 
peripersonal space processing is indeed particularly influenced by approaching stimuli. 
For instance Canzoneri et al. (2012) found that the effect of an auditory moving stimulus 
on tacile processing of stimuli on the hand was stronger when the auditory stimulus 
appeared to be approaching. Using visual stimuli, it has been shown that a looming 
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visual stimulus speeds up tactile processing on the face (Cléry et al. 2015). The current 
experiment shows that this effect depends on the distance to the visual stimulus at the 
time of the tactile stimulus. 

Critically, next to the increase in slope with approaching visual stimuli, our results show 
an additional increase in slope when participants saw an approaching spider compared to 
an approaching butterfly, but only for participants that were relatively afraid of spiders. 
The difference between threatening and non-threatening stimuli was not found when 
the stimuli were receding from, rather than approaching the stimulated hand, indicating 
that the effect was distance-dependant, and not caused by either the time of the tactile 
stimulus within the trial, a difference in temporal preparation effect, or the retinal size 
of the visual stimulus. Additionally, this difference was not found for participants who 
were less afraid of spiders, which suggests that the stronger influence of distance of the 
approaching spider animation on reaction times was related to the perceived threat of 
the stimulus rather than to low-level stimulus features. To summarise, when a perceived 
visual threat was approaching the body, the distance from this threat influenced tactile 
processing more than when it was receding from the body. This finding underlines the 
importance of visuotactile predictions in peripersonal space processing and shows the 
hypothesised importance of perceived threat in this process. 

The current results are consistent with the earlier finding that fear of an auditory stimulus 
in peripersonal space influenced tactile processing (Taffou and Viaud-Delmon 2014). This 
study (and many others) focussed on the size of peripersonal space, which is considered to 
be flexible. An extension of peripersonal space has been shown by various manipulations 
including tool use (Farnè and Làdavas 2000; Holmes et al. 2004; Ladavas and Serino 
2008; Bassolino et al. 2010), artificial body parts (Farnè et al. 2000; Zopf et al. 2010) and 
mirror images (Maravita et al. 2002; Sambo and Forster 2011). Both auditory threat (Taffou 
and Viaud-Delmon 2014) and higher trait anxiety (Sambo and Iannetti 2013) result in a 
larger peripersonal space. However, studies on the reachability of objects showed that 
threatening stimuli are perceived as not reachable at a closer distance, which would imply 
a reduction of peripersonal space (Coello et al. 2012; Valdés-Conroy et al. 2012). 

The current study sheds a different light on the effect of threat on peripersonal space size. 
The results showed that the distance from a visual stimulus has a stronger influence on 
tactile reaction times if it is perceived as threatening, which indicates that the distance 
from a threatening visual stimulus is more important for visuotactile interaction than 
to a non-threatening one. While this outcome is similar to findings with approaching 
auditory stimuli (Taffou and Viaud-Delmon 2014; Ferri et al. 2015), a difference is that 
they generally find a non-linear relation between distance and response times while we 
found a linear effect. As we used a higher measuring resolution (more time points) than 
previous studies, it is rather unlikely that a non-linear relation was present in our data, but 
was missed due to noise. So our data does not suggest a clear distinction between a near 
and a far region in which the visual threat respectively had a large or small influence on 
tactile processing with a non-continuous transition between them, which has generally 
been interpreted as a ‘border of peripersonal space’. However, the difference in stimulus 
modality may be relevant here. As sound localisation is considerably more difficult than 
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visual localisation (e.g. Frens et al. 1995; Alais and Burr 2004; Bowen et al. 2011), using 
auditory stimuli introduces more uncertainty about the distance and movement of a 
stimulus. This may have triggered observers to regard a certain area of space around them 
as a ‘yes, now it is definitely close to me’ (or in other words: relevant) area, with less 
distinction within this space as the exact location of the auditory stimulus is uncertain. 
Moreover, for the duration of the current experiment, the monitor was the relevant 
part of space with respect to visual stimuli. The trajectory of the animations was highly 
predictable and the participants knew a spider would always move to the hand when it 
appeared at the far edge of the monitor. Within this area, the relevance of a spider would 
increase as it approaches the hand. However, it would be unlikely that it would take a 
sudden leap in relevance when it crosses the ~70 cm line that is reachable space, where 
a boundary of peripersonal space is often considered to be (e.g. Iriki et al. 1996; Previc 
1998; Witt et al. 2005). This finding suggests that the peripersonal space is not necessarily 
linked to the space just surrounding the body or extensions of the body such as tools 
(See also Holmes 2012), but could instead reflect a relevance area in which, depending 
on the task at hand, objects are for example expected to predict tactile consequences, or 
in other paradigms, a relevance area in which objects can be manipulated (action space). 
Again depending on the task this area could have a clear border (for instance between 
reachable vs. not reachable space) or be reflected by a gradual change in the importance 
of the distance of objects from the body for multimodal processing, as in the current 
experiment. This idea is supported by studies showing that peripersonal space is actually 
not necessarily always in direct connection to the body, but can move to for instance the 
tip of a hand-held tool (Holmes et al. 2004) or in far space via mirror images (Sambo and 
Forster 2011) or a shadow (Pavani and Castiello 2004) and can even include parts of other 
people’s peripersonal space (Maister et al 2015). 

It could be argued that our results were due to differences between the two fear groups in 
trait anxiety (Sambo and Iannetti 2013) or general arousal (Brendel et al. 2014). A previous 
study by Sambo and Iannetti (2013) showed that multimodal processing of neutral stimuli 
close to the face correlated with trait anxiety. If our effects had been due to a higher 
trait anxiety in the spider-fearful group, the reaction times in the spider-fearful group 
would have been shorter in general. Instead, the effects clearly were related to the visual 
stimuli. There was no difference in overall reaction times between the two fear groups, 
but specifically a difference in the influence of the combination of identity, distance and 
movement direction of a stimulus. Similarly, this shows that our finding does not simply 
reflect effects of general arousal. 

In the current study, longer reaction times were seen shortly after onset of an approaching 
stimulus. This may reflect a distance effect (independent of movement) with slower 
reaction times when a stimulus was far away. However, reaction times shortly after onset 
of an approaching stimulus were even longer when the stimulus was threatening as shown 
by the higher y-intercept values. Previous studies have described a facilitation of tactile 
processing when a threatening picture was presented nearby, leading to faster responses 
than when it was presented further away (for instance near a different body part) (e.g. 
Poliakoff et al. 2007; Van Damme et al. 2009). These findings are generally explained in 
terms of attention: a shift in attention towards the location of a visual threat influences 



116 | Chapter 6

6

tactile events that follow at or near the location of a preceding visual threat. Threatening 
stimuli indeed are automatically prioritised in attentional selection (Mulckhuyse & 
Dalmaijer 2015) and can for instance be detected faster than neutral stimuli (Öhman et 
al. 2001). This increase in attentional capture has been reported for moving threatening 
stimuli (Carretié et al. 2009), especially when they are approaching (Sagliano et al. 2014). 
The same attentional bias holds for moving spiders in spider-fearful individuals (Vrijsen 
et al. 2009). Furthermore, there is a delay in disengagement of attention from threatening 
stimuli (Koster et al. 2004; Belopolsky et al. 2011; Massar et al. 2011; Vromen et al. 2014; 
Mulckhuyse & Dalmaijer 2015; for a crossmodal study see Van Damme et al. 2004) and 
many studies have shown slower responses in or after the presence of negative emotional 
non-target stimuli (e.g. Fox et al. 2001; Lipp and Waters 2007; Waters and Lipp 2008; 
McGlynn et al. 2008; Yamaguchi & Harwood 2015). In the current experiment, participants 
were asked to do two things: look at the visual stimuli (location variable) and respond to 
tactile stimuli (located on the hand). We therefore assume that  spatial attention shifts in 
the direction of the visual stimulus at the onset of the trial, followed by a shift to the hand 
at the onset of the tactile stimulus. With threatening stimuli (i.e. approaching spiders 
in the high fear group), disengagement from the visual stimulus takes longer, causing 
participants in the high fear group to be slower than the low fear group. However, as the 
stimulus moves closer, participants in the high fear group get faster as the visual stimulus 
becomes more relevant for visuotactile predictions and tactile processing is facilitated. 

The current experiment shows an influence of perceived threat on visuotactile interactions 
even though the used stimuli were not in reality threatening. We are quite used to 
watching threatening images on screen, and we are well aware that these will not cause 
us direct physical harm. Probably, the reported effects would be significantly larger when 
using real spiders, or perhaps virtual reality. However, virtual animations already affected 
tactile reaction times, which suggests that (perceived) threat indeed has a large influence 
on visuotactile predictions. Interestingly, when predicting a possible collision with a 
visual stimulus, the time-to-collision for threatening stimuli is underestimated (Vagnoni 
2012). Conformingly, approaching pictures of spiders following a rather unpredictable 
route appear to be moving faster than non-threatening stimuli, perhaps to trigger faster 
reactions (Witt and Sugovic, 2013). It would therefore be interesting to investigate the 
influence of the perceived time-to-collision or the predictability of the trajectory of the 
stimuli in our paradigm.

The increased visuotactile interaction in peripersonal space has often been suggested 
to serve a defensive purpose. The current results suggest that this could be mediated 
through visuotactile predictions. That is, perceiving an approaching visual stimulus as 
threatening, would predict negative consequences of bodily contact with the stimulus, 
which would result in enhanced tactile processing. Here we have shown a distance 
dependent facilitation of tactile processing when a threatening visual stimulus is 
approaching, which is consistent with this idea. Future studies should further test this 
hypothesis by investigating whether this facilitation of tactile processing is specific for 
tactile input applied at the time and location predicted by the approaching threatening 
visual stimulus.
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I started this thesis by sketching an early morning situation, and the challenges you 
encounter when trying to handle this. The studies in my thesis investigated these 
challenges at different levels and from different points of view, all giving insight into 
how we perceive ourselves in, and in interaction with, the outside world. This general 
discussion will provide an overview of the different findings, as well as an explanation of 
their theoretical implications.

The findings in this thesis

Representing the outside world

Chapter 2: the shoelaces
• What we found: Posture is not automatically included in the spatial representation of 

tactile input
• What we think it illustrates: The reference frames used in (in this case tactile) perception 

depend on the context.

The first challenge we encountered was multimodal integration. When acting in the world 
you get a lot of feedback from it, but not all senses are coded in the same reference frame. 
Specifically tactile stimuli  are first represented in a somatotopic reference frame, but 
when you want to act on the tactile information (e.g. swat a mosquito1), you will have to 
know where in space the offender is. Chapter 2 investigated how you incorporate postural 
information in tactile perception. We asked participants to cross two fingers of the same 
hand, a posture not regularly used in daily life, unless perhaps you are making a living 
out of betting on racing horses. Contrary to previous findings in more common crossing 
postures (e.g. Yamamoto & Kitazawa, 2001), we found that this unusual posture was not 
automatically included in the spatial representation of tactile input when given enough 
time. Apparently, it is something that is learned as we repeatedly encounter different 
postures and orientations of our body parts with respect to each other.

When given very little time to process the input, no integration of the posture was seen 
at all. However, at longer processing times, sometimes the posture was integrated while 
mostly it was not. This underlines the idea that tactile remapping is not an all-or-nothing 
process. Instead, it suggests information is processed based on weighted integration 
of various reference frames. The weights used in this integration could be based on for 
instance task requirements (Roberts & Humphreys, 2008; Sekine & Mogi, 2009), response 
methods (Gallace, Soto-Faraco, Dalton, Kreukniet, & Spence, 2008), the availability of 
visual information (Cadieux, Barnett-Cowan, & Shore, 2010), strategy (Cadieux et al., 
2010) and as we showed, experience with a posture. Whether you represent your coffee 

1:  I am convinced there is some secret rule in the tactile research community that makes it 
obligatory to use mosquitoes as an example wherever possible. Now so shortly before my PhD defense, I 
do not consider it wise to ignite the wrath of the community so I will offer a mosquito as an example as is 
tradition.
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cup mainly in a somatotopic or in a spatial reference frame will depend on what you want 
to do with it: estimate whether the temperature is low enough to take a sip, or bring the 
cup to your mouth. Representing the world seems an active process, and strongly depends 
on your own actions and intentions. 

Representing your own body

Chapter 3: your body
• What we found: Children in the age range of the growth spurt do not seem to represent 

themselves as smaller than they actually are. 
• What we think it illustrates: Mental body representations are not too rigid; they update 

fast enough to incorporate normal changes in the body. 

How do you then represent your own body? How good are we at this? Chapter 3 aimed 
to investigate this in a group that is often hypothesised to be having incorrect body 
representations: children in the pubertal growth spurt. We followed what I think is a 
typical neuropsychology approach here: if you want to know how something is working, 
investigate what is happening when it doesn’t work. Either investigate someone in whom 
it is broken already, or break it temporarily using illusions and other tricks of the trade. 
At first sight a surprising approach, but - as the non-neuropsychologist intruder in our 
group- I must admit it is rather efficient. 

We did a cross-sectional study on whether the body image and/or body schema lags behind 
in updating for the pubertal growth spurt, including participants between 6 and 50 years 
old. One group was asked to estimate the distance between two simultaneously applied 
tactile stimuli on the arm. Participants then had to report this estimation by increasing 
the distance between their two index fingers2. As the reader will recall from the example 
in the introduction containing my Siamese cats, we think a metric body image is needed 
to solve this task. If the body image is updated too slowly during the pubertal growth 
spurt, the children would be expected to underestimate tactile presented distances, 
compared to younger and older groups. However, tactile distance estimations were equal 
between participants before, during and after the age range where the pubertal growth 
spurt is expected. So, the perceptual body image seems rather competent at updating for 
the rapid change in body size.

In a second experiment, we asked participants to move their hand through apertures 
of different widths. If you move as if you are smaller than you actually are, you may 
underestimate how close you get to objects in your environment and allow too little safety 
margin. It could therefore be expected that if body representations lag behind during the 
pubertal growth spurt, these children will try to squeeze their hands trough apertures 
that are too small, or less excessively, start compensating (for instance by rotating the 

2:  To be honest, at first we asked participants to indicate the perceived distances using the 
thumb and index finger of one hand, as is the default reporting method in these tactile estimation tasks. 
As we could have predicted, this correlated hugely with participants’ hand size, and we could show that - 
shockingly - smaller children have smaller hands. I won’t be calling Nature for that finding.
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hand) at smaller apertures than younger and older groups (respectively pre and post 
growth spurt). On the other hand, older participants have more experience moving 
their hands through busy environments, and may therefore take less of a safety margin 
than younger participants. We compared these possibilities using Bayesian evaluation 
of informative hypotheses and found evidence against the idea that body schema lags 
behind in updating for the pubertal growth spurt.

This shows our body representations can quite competently update for slow changes such 
as growth. Does this mean that our body representations are really accurate? Intuitively, 
you would assume that in healthy adults, the internal body representation would be a 
correct match with the actual body in terms of size and form. In fact, previous studies 
have shown that the conscious body image is hardly ever completely correct (e.g. Bianchi, 
Savardi, & Bertamini, 2008; Fuentes, Longo, & Haggard, 2013; Linkenauger, Witt, Bakdash, 
Stefanucci, & Proffitt, 2009; Matthew R Longo, Azañón, & Haggard, 2010; Matthew R 
Longo & Haggard, 2011). Much seems to depend on the specific task, your intentions, what 
is being asked from you. For instance, in a study by Fuentes, Longo, & Haggard (2013), 
participants showed an overestimation of width of their whole body relative to height. 
Furthermore, length of the upper arms was overestimated while length of the lower arms 
and legs was underestimated. However, despite these errors in body part localisation, 
when presented with a series of body templates (dot figures), participants were accurate 
in selecting the one that best resembles their own body. 

Chapter 4: you
• What we found: Feeling ownership over a fake hand does not cause a temperature drop 

in the real (replaced) hand. 
• What we think it illustrates: Not feeling body ownership over a body part does not 

influence homeostatic control.

Chapter 4 is a replication study. There has been a lot of uproar about the need of replication 
within the scientific community (Open Science Collaboration, 2015), and I think this is 
completely deserved. Replication studies help science to be the self-correcting system it 
is believed to be. Additionally, failed replication may give important insights into what 
is actually happening in certain experiments, by comparing the differences between 
successful and unsuccessful replication attempts. This could give new openings for future 
research. However, replication studies are hard to publish and are cited less than the 
original papers (Fabry & Fischer, 2015). Journals still demand “original and new” findings, 
and showing that an earlier finding was indeed correct is considered not that sexy. When 
you fail to replicate something, this also tricky: how are you sure you tried hard enough? 
It is often questioned whether your data is strong enough to overthrow a set theory, even if 
the basis of that theory may have been just one or few studies with their own limitations. 
Therefore, in chapter 4 we used Bayesian statistics, and included the effect we tried to 
replicate as a prior on our analysis. This way, we acknowledged the fact that there was 
previous data on the matter, which pointed in a specific direction. 
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Moseley et al. had reported in 2008 that the rubber hand illusion (RHI) leads to a relative 
decrease in skin temperature in the real “replaced” hand that correlated with ownership 
over the rubber hand. This finding had both theoretical and practical implications. 
Theoretically, it suggested that body ownership is more than just a phenomenon that 
arises from having a body, but feeling ownership actually has an active influence on 
physiological processing in the body. Practically, temperature recordings would offer an 
objective measure of body ownership. 

Our lab was very interested in having a more objective measure of body ownership. In the 
five years prior to submitting chapter 4, we therefore included temperature measurements 
in multiple studies involving the RHI. However, in all but one sub-experiment we could 
not find any effects on hand temperature. Most of this data was never published, nicely 
illustrating the file drawer phenomenon. In fact, the only data that was published was 
from the one study that did show an effect, but then could not replicate it in a follow up 
experiment. We decided that we should make an effort to bundle the RHI temperature 
data and make it public. We added a new study in which we controlled room temperature 
and used better thermometers to be sure we tried hard enough. As suspected, the 
frequentist meta analysis as well as the Bayesian analyses we applied on the data from 
the five experiments combined did not show a drop in hand temperature in the RHI. In 
fact, we found evidence against it. Our analysis therefore shows that hand temperature 
changes in the RHI are not causally related to changes in body ownership. 

As our study can’t replicate the temperature drop, you may argue that this would be 
because the RHI after all does not elicit a decrease in ownership over the real hand, just 
an additional ownership over the fake hand. Therefore, a decrease of ownership could still 
cause a disturbance in homeostasis, but the RHI just can’t measure that. Perhaps future 
studies could use the paradigm by Nishiyama, Tatsumi, Nomura, & Gunji (2015) to study 
skin temperature in hand disownership more directly. But actually, chapter 4 disproved 
the whole basis where the idea of an influence of body ownership on temperature control 
came from. So this is a bit of a weird “I went back in time and killed your mother”-kind 
of situation. But since ideas have a tendency to ignore theses paradoxes and stick around 
anyway, I may as well address the concern. There are multiple indications that some 
disownership does take place in the RHI. Most importantly, Lane, Yeh, Tseng, & Chang 
(2017) directly investigated this question and showed  that disownership experiences 
do occur, even if they do show a difference between the left and right hand. They also 
showed a strong correlation between feeling of ownership over the fake hand, and feeling 
disownership of the real hand. In a study by Longo, Schüür, Kammers, Tsakiris, & Haggard 
(2008) as well as by Lewis & Lloyd (2010), participants denied having three hands during 
the RHI, indicating that they lost ownership over the replaced real hand. Most participants 
in Lewis & Lloyd (2010) described their real hand as “not there”. Additionally, a patient 
with problems in ownership of her left arm after a stroke, was particularly susceptible for 
the RHI. (van Stralen, van Zandvoort, Kappelle, & Dijkerman, 2013). Preston (2013) did 
show that ratings of feelings of disownership over the real hand were lower than ratings 
of ownership over the fake hand and the locations of the real and fake hands in space 
influences the strength of the subjective (dis)ownership.
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The interaction between you and the world

Chapter 5: the Lego brick
• What we found: Participants keep a larger safety margin when moving past filled 

compared to empty glasses of water.
• What we think it illustrates: the predicted consequences of collision are taken into 

account during manual obstacle avoidance.

The final two chapters is this thesis focussed on our representation of the space directly 
around our bodies, and how we integrate information we get from our surroundings in 
perceiving and interacting with it. We used a specific type of situation, in which there is a 
predicted negative consequence of touching something. 

In everyday situations such as manoeuvring through your child’s Lego collection, you are 
surprisingly competent at not colliding with or stepping on things around you. Everyone 
who has seen my desk at the university will agree that I am probably very skilled at 
obstacle avoidance. This asks for the integration of representations I have of myself and 
of the environment. At first sight, this integration includes mainly spatial aspects: body 
schema information, and a representation of the location and size of potential obstacles 
around me. However, we hypothesised that the relevance of a certain potential obstacle 
would influence the integration. You really do not want to knock over your cup of coffee 
next to your keyboard, but might ignore the cute neuron-shaped cuddly toy that has been 
living on your desk for years, as it will do you and your equipment little damage if you 
accidentally hit it. 

To keep low-level visual features as similar as possible between conditions, we investigated 
this using long drink glasses as obstacles, which could be either empty or filled to the 
brim with water. Participants had to make a reaching movement, passing the obstacle, 
and press a target button at the far end of the table. Confirming what we hypothesised, 
reaching movements veered more from filled than from empty glasses. This shows that the 
identity of potential obstacles, which allows for estimating the predicted consequences, is 
taken into account during obstacle avoidance.
 
Obstacle avoidance has previously been described as an illustration of why our peri-
and extrapersonal space is represented in relation to locomotor action capabilities 
(Higuchi, Imanaka, & Patla, 2006). However, as discussed in the introduction, we think 
visuotactile prediction rather than action capabilities are the core of peripersonal space 
processing. Our chapter 5 illustrates that these predictions can unconsciously influence 
our movement patterns. We investigated visuotactile prediction in peripersonal space 
further in chapter 6.

Chapter 6: Referring to our early morning situation here is less straightforward. I would 
like to write “coffee”, but coffee that comes towards you automatically still needs to be 
invented. 
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• What we found: the influence of the distance to an approaching visual stimulus on 
tactile processing depends on the perceived threat of that visual stimulus.

• What we think it illustrates: the predicted negative consequences of touching an 
approaching object or animal modulate visuotactile interactions in peripersonal space.

If you consider visuotactile predictions to be important in peripersonal space processing 
and considering the defensive aspects the peripersonal space seems to be having, 
particularly approaching threats should be relevant for peripersonal space processing. 
More specifically, the relevance of a visual threat for visuotactile predictions should 
increase as it approaches the body. In chapter 6 we used a huge flat screen monitor lying 
flat on a table to send animations of crawling spiders and flying butterflies towards (or 
away from) participants, who had to perform a simple tactile detection task. We found 
that only for participants who were afraid of spiders, the influence of the distance 
of an approaching spider on tactile processing was larger than that of the distance of 
approaching butterflies. Also, the more afraid participants reported to be of spiders, the 
more the distance from the animated spider influenced tactile reaction times as compared 
to butterflies.

This finding supports our hypothesis that perceiving an approaching visual stimulus as 
threatening would predict negative consequences of bodily contact with the stimulus, 
which would result in increasingly enhanced tactile processing as the visual stimulus 
approaches the body. This could mediate the defensive functions of peripersonal space. 
Depending on the situation you may want to prepare and action, for example avoid an 
approaching object, catch it or protect your face. As a fast and appropriate response is 
particularly important when a possible threat is approaching, a logical follow-up question 
is therefore how motor cortex excitability is influenced in these situations, which I intend 
to investigate in a subsequent post doc project.

Relevance and visuotactile predictions in peripersonal space processing

One thing I have been asked a lot regarding the study in chapter 6, is whether we find 
a larger of smaller peripersonal space when a threat is near. From the point of view of 
visuotactile prediction, it does not automatically make sense that peripersonal space 
should have a clear boundary. The relevance of a nearby object depends on many factors, 
including but not limited to its distance to the body. Even the single cell recordings in 
macaques that are often credited as the base for presuming such a clear border are not in 
fact that clear cut. In the single cell recordings of Fogassi et al. (1996), 28% of peripersonal 
space neurons in F4 did not show a clear boundary to their visual receptive field, at least 
not within the tested region of space. The other 82% showed a dependency of spike 
rate on distance to a moving visual stimulus (particularly when it was approaching the 
monkey) with no reaction to visual stimuli anymore outside a certain boundary (ca 40 
cm, depending on visual stimulus velocity), rather than an all-or-nothing pattern. This 
resembles the gradual change in the effect of the distance of objects from the body for 
multimodal processing in chapter 6.
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In fact, much research has focussed on the supposed flexibility of a stricter boundary. It 
has been shown that the region in which peripersonal space effects such as crossmodal 
congruency effects are seen, can be altered using tools (see Holmes, 2012), mirrors (e.g. 
Sambo & Forster, 2011) and virtual reality (e.g. Kilteni, Normand, Sanchez-Vives, & Slater, 
2012; Newport & Preston, 2010). Thus it has been argued that a key characteristic of 
peripersonal space is its flexibility (Macaluso & Maravita, 2010). Studies on (flexibility of) 
the peripersonal space boundary rely on locating a non-linear change in reaction over a 
certain area of space. Typically, it has been coupled to a sigmoidal relationship between 
the distance of a visual or auditory stimulus to the skin, and reaction times to a tactile 
stimulus, with a sudden decrease in reaction times once the visual or auditory stimulus 
reaches the peripersonal space. As such, the inflection point of the sigmoidal curve has 
been interpreted as the boundary of peripersonal space (Canzoneri, Magosso, & Serino, 
2012). The study in chapter 6 did not show such as sigmoidal pattern in the data.

In fact, the fitted functions are often only slightly sigmoidal-ish (e.g. Canzoneri et al., 
2012; Ferri, Tajadura-Jiménez, Väljamäe, Vastano, & Costantini, 2015; Noel, Lukowska, 
Wallace, & Serino, 2016; Serino et al., 2016; Taffou & Viaud-Delmon, 2014). The comparison 
between fits of a sigmoidal and linear model in Canzoneri et al. (2012), which is often cited 
when fitting sigmoidal models, indicated only anecdotal evidence (from t(16)=22.43 a JZS 
Bayes factor can be computed of 2.36) in favour of sigmoidal fits. Even when sigmoidal 
functions provide a better fit, it remains uncertain whether this is due to the data in the 
centre of the range of tested values showing a rather sudden decrease in reaction times 
(which would resemble an inflection point, compatible with the boundary idea). Rather, 
it could be caused by capping of the beginning and end of the function, for instance 
because of ceiling or floor effects, or because participants are aware that the current 
visual (or auditory) stimulus distance or intensity is the largest (or smallest) available in 
the current setup, and this changes expectancy of the tactile stimulus. If you know the 
auditory stimulus is as loud as it is going to get, and you haven’t felt a tactile stimulus yet, 
you may assume that this trial there will be no tactile stimulus. In fact, in line with this 
speculation, whether the pattern in the data become sigmoidal at all seems to be mostly 
dependent on how predictable the tactile stimuli are (i.e. the percentage of catch trials 
with no tactile stimulation), but only when they are approaching you (Kandula, Van der 
Stoep, Hofman, & Dijkerman, 2017).  This suggests a dominant role for tactile expectation, 
in interaction with visuotactile prediction. Other studies using various methods have also 
found more gradual transitions rather than a clear boundary (Longo & Lourenco, 2006; 
Salomon et al., 2017; Stone, Kandula, Keizer, & Dijkerman, 2018; Varnava, McCarthy, & 
Beaumont, 2002).

I am therefore not a huge believer in the peripersonal space “bubble” idea, neither in a 
clear border of peripersonal space. While first proposed mainly as a spatial separation in 
representation from the rest of the space around us, we have come to use “peripersonal 
space processing” as a way of describing processes related to perceiving and acting with your 
body in your immediate surroundings, the increased understanding that our perception 
of the border between ourselves and the rest of the world can be somewhat fuzzy. As 
with more phenomena described in this thesis, the exact features of this peripersonal 
space processing seem to depend on the situation. Different tasks have yielded different 
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views of peripersonal space, and of the function of having such a representation separate 
from the extrapersonal space. Different methods have led to different estimations of the 
amount of space that is considered peripersonal. For instance, Serino et al. (2016) found 
an estimation of somewhere between 37-69 cm for the face using a tactile detection task 
with nearby task-irrelevant visual or auditory stimuli, while Sambo & Iannetti (2013) 
placed it between 20 and 40 cm when looking at the influence of the distance between 
the hand and the face on the hand blink reflex. Peripersonal space processing seems to be 
influenced by action-possibility related factors such as reachability (Longo & Lourenco, 
2006), movement restriction (Lourenco & Longo, 2009) and the use of tools (see Holmes, 
2012). But also by trait anxiety (Sambo & Iannetti, 2013), social factors (Teneggi, Canzoneri, 
Di Pellegrino, & Serino, 2013) and perceived threat (current chapter 6, Taffou & Viaud-
Delmon, 2014). 

I would argue that all this variance could map onto one aspect: relevance to visuotactile 
predictions within the context of the situation. I see peripersonal space more like a body-
surround relevance area than as a bubble of space. Or perhaps even several co-existing 
spatial relevance area representations related to your current tasks and intentions. It has 
been suggested that we hold two separate representations based on different relevancies 
of external stimuli for goal-directed action and defensive purposes (Vignemont & Iannetti, 
2014). But I am not sure which option would require less computational resources: one or 
two complicated representation(s) that integrate(s) all the things you are multitasking on, 
or multiple separate representations. This remains to be investigated. In any case, it seems 
to me that the bubble idea is too one-dimensional. In chapter 6, our main result is easy 
to misinterpret it as “you are faster in detecting tactile stimuli when a spider is near your 
hand than when a butterfly is near your hand”, which would call for an indication of what 
is “near” in this instance. However, the effects we found were not of distance directly (i.e. 
a closer spider leads to faster reaction times), but rather an interaction between stimulus 
identity, movement direction, location and time. It’s hard to make a bubble out of that. 

To summarize, I am not a peripersonal space purist, and I think the “space” part in the 
terminology is oversimplifying the situation. In line with the relatively recent idea that 
brain functioning is proactive and cognitive processes such as perception and action are 
based on a predictive coding framework (Clark, 2013; Friston, 2010), I would propose a 
central role for predicting the (very near) future in how we find our own place in the world 
and interact with it. The studies in this thesis provide a starting point to investigate this 
proposition. However, peripersonal space turned out to be a rather good concept from 
which to start new ideas, and a concept that makes it possible to connect different fields 
within experimental neuroscience and psychology. In that, I think peripersonal space has 
been a fruitful idea.
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Stel je de volgende situatie voor. Het is vroeg in de ochtend, en met moeite neem je 
afscheid van je kussen. Je blote voeten raken het koude zeil, maar dat is niet genoeg om 
je hoofd helder te krijgen. Waarschijnlijk een combinatie van slaap- en koffiegebrek. Je 
baby ligt -nu wel- heerlijk naast je te slapen, de onschuld zelve. Daarom besluit je het 
licht nog maar even uit te laten, anders bedenkt hij ook nog dat zijn gebrek aan melk veel 
dringender is dan jouw gebrek aan koffie. In het donker kleed je je aan, strik je je veters en 
sluip je naar de keuken. Maar hoe doe je dat eigenlijk? 

De mentale representatie van je lichaamsdelen is gebaseerd op een combinatie van 
visuele en proprioceptieve informatie (Graziano, 1999), en visuele informatie heeft 
daarbij een grotere invloed op bijvoorbeeld het voorbereiden van bewegingen (Touzalin-
Chretien, Ehrler, & Dufour, 2010) en op waar in de ruimte jij je eigen handen waarneemt 
(Mon-Williams, Wann, Jenkinson, & Rushton, 1997).  Sterker nog, als je bewegingen 
maakt zonder visuele feedback, verlijert de waargenomen positie van je lichaamsdelen 
(Brown, Rosenbaum, & Sainburg, 2003a, 2003b). We doen heel veel van onze dagelijkse 
coördinatie op basis van visuele informatie. Door die visuele informatie te manipuleren 
is het bijzonder eenvoudig om te beïnvloeden waar je denkt dat je handen zijn. Als je 
bijvoorbeeld je eigen hand niet kan zien, maar wel een rubberen nep-hand die op een plek 
ligt waar jouw hand had kunnen liggen, dan verschuift je inschatting van waar jouw echte 
hand ligt in de richting van de nep-hand. (Ferri, Ambrosini, Pinti, Merla, & Costantini, 
2017; Ferri, Chiarelli, Merla, Gallese, & Costantini, 2013; Rohde, Luca, & Ernst, 2011). 
Zo'n trucje werkt nog beter als je er meerdere modaliteiten bij betrekt, maar daar kom 
ik later in deze samenvatting nog op terug. Mijn punt is dat het verbazend gemakkelijk 
is om lichaamslocalisatie te beïnvloeden. Niet alleen kun je lichaamslocalisatie relatief 
eenvoudig verschuiven, met een beetje goochelwerk kun je hele handen  kwijtraken 
(Newport & Gilpin, 2011). Of tenminste, even niet meer weten waar ze uithangen, we 
zagen ze er hier bij experimentele psychologie niet daadwerkelijk af.

Dit zijn uiteraard situaties "uit het lab", in het echte leven kom je niet vaak losse nep-
handen tegen. Maar het illustreert wel dat je hersenen niet een directe feedback line 
hebben vanaf je handen, om bij te houden waar die uithangen in de ruimte. Maar waarom 
raak je je handen dan niet de hele tijd kwijt?

Ten eerste weet je dat je handen vastzitten aan je armen, en je armen zijn pak 'm beet 
1 armlengte lang. Je handen zullen dus ergens binnen die afstand zitten. Je hebt een 
perceptuele mentale representatie van je eigen lichaam, je weet ongeveer hoe het er uit 
ziet, hoe groot het is en waar verschillende onderdelen aan elkaar zitten. Dit is ongeveer 
wat we in de neurowetenschappen bedoelen met de term "body image".

Maar er komt meer bij kijken. Je kun je lichaamsdelen namelijk ook bewegen. Gelukkig 
krijgen je hersenen hierover meestal veel informatie van de verschillende modaliteiten. 
Als je je veters probeert te strikken in het donker mis je visuele feedback, maar je voelt de 
veters, je hoort je schoenen ritselen en je spierspoeltjes sturen informatie naar de hersenen 
over de houding en bewegingen van je lichaam. Die informatie wordt gecombineerd, en 
geïntegreerd met voorspellingen van waar je handen zich momenteel zouden kunnen 
bevinden gezien de bewegingen die je zojuist gemaakt hebt (Pitron & de Vignemont, 
2017).
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Tot slot heb je ook een representatie nodig van je lichaam in interactie met de omgeving. Op 
basis van de informatie die je binnenkrijgt uit verschillende zintuigen kun je voorspellingen 
doen over die interactie. Een netwerk van neuronen in de frontaal- en parietaalkwab lijkt 
hierin gespecialiseerd. Ze reageren op tactiele stimuli op een lichaamsdeel (vooral op de 
handen en het gezicht), maar ook op visuele en auditieve stimuli in de buurt van datzelfde 
lichaamsdeel (Rizzolatti, Scandolara, Matelli, & Gentilucci, 1981a, 1981b). Dit netwerk kan 
die multimodale informatie combineren en zo bijvoorbeeld de connectie leggen tussen 
iets dat je op je af ziet komen, en een daarop volgende aanraking op je huid. Het verwerken 
van deze link tussen zaken op, en in de buurt van je lichaam is het onderwerp van studies 
die zich richten op de peripersoonlijke ruimte (zie Brozzoli, Makin, Cardinali, Holmes, & 
Farnè, 2012). Ik denk dat de manier waarop we informatie in deze peripersoonlijke ruimte 
verwerken ervoor zorgt dat je de representaties van jezelf en die van je omgeving kunt 
combineren, om zo je plaats in deze wereld te vinden.

En om naar de keuken te kunnen sluipen in de vroege ochtend.

In dit proefschrift beschrijf ik de studies die ik heb gedaan naar de representaties die je 
hebt van jezelf in, en in interactie met, je omgeving. In dit hoofdstuk zal ik een korte 
Nederlandstalige samenvatting geven van wat ik in dit proefschrift in het Engels heb 
beschreven.

hoofdstuk 2

Laten we beginnen met de representatie van jezelf, of meer specifiek, die van je lichaam. De 
meeste mensen kennen de spiegelproef van Gallup (1970) wel: een dier krijgt ongemerkt 
een sticker of verf op zijn/haar huid geplakt en vervolgens wordt het gedrag van het dier 
voor een spiegel geobserveerd. Sommige dieren, zoals dolfijnen en veel primaten hebben 
door dat ze naar hun eigen spiegelbeeld kijken en proberen bijvoorbeeld de sticker aan 
te raken. Is dat het geval, dan wordt dat uitgelegd als aanwijzing voor zelfherkenning 
en lichaamsbewustzijn. Er is nogal wat aan te merken op de manier waarop het wel of 
niet slagen van een dier in de spiegelproef vaak uitgelegd wordt (Morin, 2011), maar de 
populariteit ervan geeft wel weer dat we lichaamsbewustzijn als belangrijk onderdeel 
zien van bewustzijn in het algemeen. Onderzoek naar somatosensorische waarneming 
(waarneming via sensoren op of in je lichaam, zoals bij tast, temperatuur, pijn etc.) wint 
de laatste jaren aan populariteit, al is het bij lange na nog niet zo populair als de visuele 
modaliteit. 

In Utrecht doen we veel onderzoek naar proprioceptie (waarneming van eigen 
lichaamshouding en beweging) en tactiele perceptie (tast), maar alle modaliteiten dragen 
bij aan de informatie die je hersenen krijgen over je eigen lichaam. Het waarnemen en 
ervaren van je eigen lichaam is het gevolg van een gewogen combinatie van informatie van 
al die modaliteiten (Azañón et al., 2016). Dat zorgt echter ook direct voor een probleem: 
input van verschillende modaliteiten staat niet in hetzelfde referentiekader en soms moet 
informatie dus omgerekend worden voor je er het kan gebruiken of integreren met andere 
informatie. Omdat tactiele receptoren zich op de huid bevinden, is de verwerking van 



132 | Chapter 8

8

deze signalen in eerste instantie somatotopisch georganiseerd (Yamamoto & Kitazawa, 
2001). Maar soms wil je reageren op een tactiele stimulus. Bijvoorbeeld: er landt een mug 
op je been en die wil je plat slaan. Dan moet je niet alleen weten waar die mug op je huid 
zit, maar ook waar je been zich in de ruimte bevindt: in een extern referentiekader. 

In hoofdstuk 2 beschrijf ik een studie waarin we gekeken hebben hoe deze omrekenslag 
van somatotopische naar externe coördinaten precies in elkaar zit. Een manier om 
dit te onderzoeken is mensen vragen een houding aan te nemen waarin verschillende 
referentiekaders niet meer congruent met elkaar zijn, meestal door lichaamsdelen over 
elkaar te kruisen. Wat dan "links" is in een somatotopisch referentiekader, is rechts in een 
extern referentiekader en vice versa. In hoofdstuk 2 vroegen we participanten om de wijs- 
en middelvinger van hun linkerhand te kruisen. Vervolgens gaven we -met verschillende 
tussenposen- eerst een tactiele stimulus op de ene, en dan op de andere vinger en vroegen 
participanten te rapporteren welke kant ze die stimuli op voelden gaan: naar links of naar 
rechts (in een extern referentiekader dus). Dit is een bekend experiment als je het met 
handen doet: als mensen hun handen over elkaar kruisen raken ze bij snel opeenvolgende 
tactiele stimuli in de war over welke kant ze op gingen, of draaien de richting zelfs om 
(Yamamoto & Kitazawa, 2001). Als er meer tijd is tussen de stimuli, is er tijd om de eerste 
stimulus om te rekenen naar externe coördinaten voordat de tweede binnenkomt, en neem 
je de richting van de stimuli weer correct waar. Wat we echter bij gekruiste vinger vonden, 
was dat ook bij meer tijd tussen de stimuli, veel van onze participanten de richting van de 
stimuli vaak bleven omdraaien. Dat betekent dat in het geval van een ongebruikelijkere 
houding zoals gekruiste vingers, de tactiele input in een somatotopisch referentiekader 
bleef staan. Het omzetten van tactiele informatie in een extern referentiekader lijkt dus 
afhankelijk van een aantal "scripts" die je hersenen hebben liggen voor veel gebruikte 
houdingen.

We vonden echter geen totale omdraaiing van de waargenomen richting: vaak werd 
de gekruiste houding niet geïntegreerd, maar soms ook wel. Dat wijst erop dat het 
verwerken van tactiele stimuli gebeurt met een gewogen integratie van verschillende 
referentiekaders. Het gewicht van verschillende kaders kan afhangen van bijvoorbeeld de 
specifieke taak die je uitvoertc (Roberts & Humphreys, 2008; Sekine & Mogi, 2009), of er 
ook visuele informatie beschikbaar is (Cadieux, Barnett-Cowan, & Shore, 2010), en zoals 
wij laten zien, de ervaring die je hebt opgebouwd met een bepaalde houding. Hoe je de 
wereld representeert lijkt dus een actief proces, en is sterk afhankelijk van je eigen acties 
en intenties.

Hoofdstuk 3

In hoofdstuk 3 zijn we gaan kijken naar mentale lichaamsrepresentaties. Als je je vingers 
kruist: hoe houden je hersenen dat dan in de gaten? Mentale lichaamsrepresentaties 
worden vaak onderverdeeld in twee categorieën: "body image" en "body schema" (zie 
bijvoorbeeld De Vignemont, 2010; Dijkerman et al., 2007; Gallagher, 2005; Paillard, 1999). 
Omdat die termen in het Engels al voor veel verwarring zorgen en verschillend worden 
toegepast in verschillende vakgebieden, zal ik deze niet vertalen. Body image omvat 
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alle niet-motorgerelateerde representaties (De Vignemont, 2010), inclusief  emotionele 
of taal-componenten. Vaak zijn dit wat stabielere, meer bewuste representaties. Body 
schema omvat actie-gerelateerde representaties en moet daarom constant geüpdate 
worden tijdens bewegingen. Dit gebeurt meestal niet heel bewust, en de representaties 
hebben een heel korte duur. In interactie met je omgeving zijn beide categorieën van 
belang. Wil je bijvoorbeeld onder een lage deurpost door lopen, dan is het handig om 
ongeveer te weten hoe lang je bent, en ook hoeveel je momenteel aan het bukken bent.

Volwassenen zijn hier bijzonder goed in en kunnen efficiënt hun bewegingen aanpassen 
aan de mogelijkheden die de buitenwereld geeft (zie bijv. Cole, Chan, Vereijken, & Adolph, 
2013; Day, Wagman, & Smith, 2015). Maar een volwassen lichaam is dan ook relatief 
onveranderlijk en body schema representaties kunnen rekenen op stabiele kennis die 
meer is gerelateerd aan body image (bijv. "ik ben ongeveer 1.72 m. lang). Wat gebeurt er 
als je lichaam verandert? Dat is niet helemaal duidelijk. Aan de ene kant kunnen mensen 
bijvoorbeeld heel snel wennen aan bijvoorbeeld het dragen van hoge hakken (Stefanucci & 
Geuss, 2010) of handschoenen (Ishak, Adolph, & Lin, 2008), en passen ze hun bewegingen 
aan de nieuwe mogelijkheden en beperkingen aan. Je zou ook verwachten dat een flexibel, 
snel updatend systeem als body schema niet veel last heeft van veranderingen. Aan de 
andere kant zie je in sommige klinische groepen tekenen van een "stug", te langzaam 
updatend lichaamsbeeld. Bijvoorbeeld mensen die succesvol hersteld zijn van anorexia 
nervosa en niet meer bewust het gevoel hebben dat ze veel te dik zouden zijn, laten nog 
steeds tekenen zien van een overschatting van hun lichaamsmaten (Engel & Keizer, 2017). 
Ook kan het gebeuren dat mensen bij wie een lichaamsdeel geamputeerd is, een fantoom-
lichaamsdeel waarnemen op de plek van hun missende lichaamsdeel (Mitchell, 1871; 
maar het was daarvoor al bekend, zie Wade, 2003). Het is wel de vraag of deze situaties 
dan meer met body image of body schema te maken hebben.
 
Een veel gehoord niet-klinisch voorbeeld van "stugheid" van body schema zijn tieners in 
de groeispurt, een periode waarin je lichaam enorm snel verandert. Tieners worden vaak 
omschreven als "klungelig" (zie bijv. Tanner, 1962) en dit wordt eraan toegeschreven dat 
de hersenen even tijd nodig zouden hebben om aan het gegroeide lichaam te wennen (zie 
bijvoorbeeld Stichting opvoeden.nl, n.d.; gezondheidsplein.nl, n.d.; in de media, en in 
wetenschappelijke literatuur: Longo, Azañón, & Haggard, 2010). Sommige studies laten 
inderdaad een correlatie zien tussen hoe snel kinderen groeien en hoe onhandig ze zijn in 
hun bewegingen (Hirtz & Starosta, 2002; Visser, Geuze, & Kalverboer, 1998; maar zie ook 
Bisi & Stagni, 2016) en die correlatie wordt vaak uitgelegd via lichaamsrepresentaties. Die 
link is echter hypothetisch, en dit is wat wij hebben onderzocht in hoofdstuk 3. 

We deden twee experimenten in Science museum NEMO Amsterdam, waarin zowel jonge 
bezoekers als hun ouders konden deelnemen. We vergeleken kinderen voor de groeispurt, 
in de leeftijdscategorie van de groeispurt en oudere participanten op zowel een body image 
als een body schema gerelateerde taak. In de body image taak moesten participanten de 
afstand inschatten tussen twee tactiele stimuli op hun onderarm, en als controletaak ook 
tussen twee zwarte stippen op een wit vel papier. Aangezien de dichtheid van tactiele 
receptoren op de huid niet overal hetzelfde is, en de grootte van hun receptieve veld ook 
niet (Johansson & Vallbo, 1979; Weinstein 1968), heb je aan alleen de directe informatie 
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van de receptoren niet genoeg om de afstand tussen twee tactiele stimuli te achterhalen. 
Je moet de informatie daarvoor combineren met een mentale representatie van de grootte 
van het lichaamsdeel (Serino & Haggard, 2010; Spitoni, Galati, Antonucci, Haggard, & 
Pizzamiglio, 2010). Als kinderen in de groeispurt inderdaad hun eigen lichaamsmaten 
onderschatten, zouden ze afstanden in de tactiele taak dus onderschatten ten opzichte 
van jongere en oudere participanten (respectievelijk voor en na de groeispurt), maar 
datzelfde effect zou je niet verwachten te zien in de visuele, niet lichaams-gerelateerde 
taak. 

In het body schema experiment vroegen we participanten (weer jonger dan, in, en ouder 
dan de leeftijd waarop de groeispurt plaatsvindt) om met hun hand door een smalle 
opening te reiken. We varieerden de breedte van de opening, en keken bij welke breedte 
participanten met hun hand begonnen te draaien, of hun duim onder hun handpalm 
hielden. Dan zouden ze namelijk bewegen alsof hun hand niet meer door die opening zou 
passen zonder hem smaller te maken. 
 
Waar de body image taak meer de (in dit geval onbewuste) perceptuele inschatting 
van eigen lichaamsgrootte onderzocht, keek de body schema taak naar of de kinderen 
in de groeispurt bewegen alsof ze kleiner zijn dan ze zijn. Beide experimenten lieten 
echter geen bewijs zien voor, of zelfs bewijs tegen, de hypothese dat het body image of 
body schema van kinderen in de groeispurt achterloopt op hun daadwerkelijke groei. 
Eventuele onhandigheid lijkt daar dus niet door te komen. Hoewel wij ook niet vonden 
dat kinderen in de leeftijdscategorie van de groeispurt onhandiger bewogen in ons body 
schema experiment dan jongere kinderen. Een kritische inspectie van de literatuur 
suggereert dat de veronderstelde onhandigheid inderdaad niet echt gegrond is op 
solide wetenschappelijk bewijs. Wellicht is het meer onze perceptie als volwassenen die 
verandert als kinderen de pubertijd bereiken, en gaan we ons dan in toenemende mate 
storen aan al bestaande onhandigheid. Het feit dat kinderen zo snel groter worden tijdens 
de groeispurt betekent natuurlijk ook dat er opeens een groter stuk ontbijttafel is waar 
dingen omgegooid kunnen worden.

Hoofdstuk 4

Tot nu toe hebben we gekeken naar het waarnemen van je eigen lichaam, maar nog 
niet naar dat woordje "eigen". De mentale lichaamsrepresentaties waar we naar 
gekeken hebben gaan niet zomaar over een lichaam, ze gaan over jouw lichaam. Wat 
heeft dat eigenlijk voor consequenties? Er zijn aanwijzingen dat het gebrek aan een 
gevoel van eigenaarschap over een lichaamsdeel directe consequenties heeft voor lokale 
fysiologische processen. Zo komt het bij verschillende klinische groepen (bijv. anorexia 
nervosa,  complex regionaal pijnsyndroom, CVA) voor dat gebrek aan een gevoel van 
eigenaarschap over een lichaamsdeel gepaard gaat met een afwijkende huidtemperatuur. 
(zie Moseley et al., 2008, tabel S1 voor een overzicht). Moseley en collega's (2008) vroegen 
zich af of dit een causaal verband kon zijn, en onderzochten huidtemperatuur tijden de 
rubberen hand illusie. In de rubber hand illusie wordt tegelijkertijd over een rubberen 
hand gewreven die in het zicht ligt, en over de echte hand die de proefpersoon niet kan 



Nederlandstalige Samenvatting | 135

8

zien. De hersenen linken de visuele informatie aan de tactiele informatie, en daardoor 
lijkt de tactiele waarneming van de rubberen hand te komen. Dat geeft het gevoel dat de 
rubberen hand bij je lichaam hoort. Mensen krijgen echter meestal niet het gevoel opeens 
drie handen te hebben (Tsakiris, & Haggard, 2008; Lewis & Lloyd, 2010), wat suggereert 
dat de hoeveelheid eigenaarschap over de echte, buiten beeld liggende hand minder 
wordt. Moseley en collega's vonden dat de rubberen hand illusie gepaard ging met een 
verlaging van de huidtemperatuur van de "genegeerde" hand. 

Dit effect wordt echter niet altijd betrouwbaar gerepliceerd. Van de 8 studies die uitkwamen 
tussen 2008 en 2017 en keken naar een huidtemperatuur-verlaging in de rubberen hand 
illusie, vonden slechts 3 studies dit inderdaad (David, Fiori, & Aglioti, 2014; Grynberg 
& Pollatos, 2015; Kammers, Rose, & Haggard, 2011; Paton, Hohwy, & Enticott, 2012; 
Rohde, Wold, Karnath, & Ernst, 2013; Thakkar, Nichols, McIntosh, & Park, 2011; Tsakiris, 
Tajadura-Jiménez, & Costantini, 2011; Van Stralen et al., 2014). Ook in ons lab namen we 
huidtemperatuur al een paar jaar mee in experimenten waarin we de rubberen hand illusie 
deden. Maar we konden het effect in 4 van de 5 gevallen niet repliceren. In hoofdstuk 4 
bespreken we daarom een "failure of replication" studie. We bundelden de resultaten uit 
de afgelopen 5 jaar, en deden een meta-analyse om te kijken of wij bewijs vonden voor 
een effect van (gebrek aan) eigenaarschap over een hand op de huidtemperatuur. Wij 
vonden bewijs tegen deze temperatuurdaling. Dat heeft methodische relevantie: helaas 
is huidtemperatuur geen geschikte afleesmaat voor gevoelens van eigenaarschap over een 
lichaamsdeel. Maar het heeft ook implicaties voor de centrale rol die soms toebedeeld 
wordt aan gevoelens van eigenaarschap over het eigen lichaam (in dit geval in letterlijke 
zin). 

Hoofdstuk 5

Ik begon deze samenvatting met een omschrijving van een interactie tussen mij en mijn 
omgeving in de vroege ochtend. In de afgelopen 3 hoofdstukken hebben we met name 
naar de lichaamskant van deze interactie gekeken, en nog niet naar de omgeving. Behalve 
dat je informatie van verschillende modaliteiten over je eigen lichaam moet integreren, 
wil je ook nog iets met die schoenveters en dat koffiezetapparaat. Of misschien nog 
belangrijker: je wilt niet op weg naar de keuken op een legoblokje gaan staan.

Een belangrijk aspect in de link tussen jou en je omgeving, is tijd: omdat je dingen kunt 
zien en horen voordat ze je aanraken, kun je visuele en auditieve informatie gebruiken om 
tactiele input in de toekomst te voorspellen. Vooral natuurlijk als iets op je af beweegt, 
of jij beweegt die kant op. Deze visuotactiele predicties lijken een belangrijk concept 
in de interactie tussen je lichaam en de omgeving. Dit is het onderwerp van de laatste 
twee studies in dit proefschrift.  Sommige neuronen in parietaal- en premotorgebieden 
reageren op tactiele stimuli op de huid, maar ook op visuele en auditieve stimuli in de 
buurt van het tactiele receptieve veld (Rizzolatti et al., 1981a, b). De reactie op een visuele 
en/of auditieve stimulus hangt daarbij af van de afstand tussen de stimulus en het tactiele 
receptieve veld en ze zijn in het bijzonder gevoelig voor stimuli die op je af bewegen. 
Deze neuronen lijken zich dus bezig te houden met visuotactiele voorspellingen, en de 
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ontdekking van de neuronen in de jaren '80 (Rizzolatti et al., 1981a, b) was de start van het 
onderzoek naar de peripersoonlijke ruimte en de multimodale interacties daarin.

Visuotactiele voorspellingen maken is uiteraard met name nuttig als je vervolgens iets 
met die voorspelling kunt doen, zoals een legoblokje ontwijken of een kopje koffie 
oppakken. Veel peripersoonlijke ruimte neuronen bevinden zich dan ook in (pre)motor-
gebieden of staan daarmee in verbinding (Brozzoli et al., 2012; Grivaz et al., 2017). Een 
goede reactie is vooral belangrijk als er sprake is van mogelijk gevaar: als iets (mogelijk) 
gevaarlijks op je af komt, of jij er op af beweegt. Als bij makaken peripersoonlijke ruimte-
neuronen elektrisch gestimuleerd worden, maken ze defensieve armbewegingen, zoals 
het afschermen van hun kop (Cooke, Taylor, Moore, & Graziano, 2003; Graziano & Cooke, 
2006). Een van de functies van een netwerk speciaal voor het representeren van de 
peripersoonlijke ruimte lijkt dus verdediging, of het behouden van een veiligheidsmarge 
rond je lichaam. Dit wordt verder bevestigd door de ontdekking dat angstigere mensen 
een grotere peripersoonlijke ruimte hebben (Sambo & Iannetti, 2013).

In hoofdstuk 5 hebben we daarom gekeken naar hoe de voorspelde consequenties 
van het aanraken van objecten in je omgeving je bewegingen beïnvloeden. Als je een 
reikbeweging maakt met je hand, en er staan objecten in de buurt, dan beïnvloeden die 
de beweging. Over het algemeen wijk je een beetje uit voor objecten die niet het doel zijn 
van je beweging, ook al staan ze niet daadwerkelijk in de weg (Tipper et al., 1997). In ons 
experiment vroegen we mensen naar de overkant van de tafel te reiken en daar op een 
knop te duwen, en we zetten longdrink-glazen op de tafel. Soms waren de glazen leeg, en 
in andere gevallen tot de rand toe gevuld met water. Dat ziet er bijna hetzelfde uit, maar 
de consequenties van het glas omstoten zijn heel verschillend. Uit het onderzoek bleek 
dat je hand inderdaad meer uitwijkt voor een vol glas dan voor een leeg glas, al heb je dat 
zelf niet zo in de gaten. 

Dat lijkt wellicht een beetje een schot voor open doel, maar uit eerder neuropsychologisch 
onderzoek was gebleken dat voor het automatisch ontwijken van zulke obstakels 
een werkende dorsale stroom nodig is, terwijl een werkende ventrale stroom niet 
noodzakelijk is (McIntosh, McClements, Dijkerman, Birchall, & Milner, 2004; Rice et 
al., 2006; Schindler et al., 2004). Volgens het model waar deze termen uit komen, wordt 
binnenkomende visuele informatie vanuit de primaire visuele cortex doorgegeven aan 
verschillende opeenvolgingen van hersengebieden. Een stroom van informatie neemt 
een dorsale route en houdt zich bezig met de verwerking van spatiële kenmerken zoals 
grootte, vorm en afstand tot je lichaam. Een meer ventraal lopende stroom houdt zich 
bezig met de identiteit en het herkennen van objecten, en ook kenmerken als fragiliteit. 
Ons resultaat is een voorbeeld van de interactie tussen die twee stromen van informatie, 
maar liet ook een specifiek effect zien van voorspelde consequenties van contact met een 
object. Dit sluit aan bij ons idee dat de het automatisch ontwijken van objecten in je 
omgeving een voorbeeld is van het effect van het representeren van de peripersoonlijke 
ruimte als veiligheidszone, en dat voorspellingen daarin een rol spelen. 
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Hoofdstuk 6

In hoofdstuk 6 draaiden we de zaken om: wat gebeurt er als jij niet degene bent die beweegt, 
maar als er iets op je af komt. Niet alles dat op je afkomt is lief, zacht en onschuldig. 
Dus ook in dit geval verwacht je dat de actie die je wilt ondernemen afhankelijk is van 
voorspellingen die je maakt over mogelijke aanraking. Daarom verwachtten we dat 
een op je af komende dreiging een effect zou hebben op visuotactiele interacties in de 
peripersoonlijke ruimte en dat dit effect toe zou nemen naarmate de dreiging dichterbij 
komt. Om dit te onderzoeken gebruikten we een tactiele detectietaak: participanten 
moesten zo snel mogelijk op een knop drukken zodra ze een tactiele stimulus op de 
hand voelden. Ondertussen keken ze naar animaties van spinnen en vlinders, die op een 
enorme monitor op ze af kropen of vlogen, of juist de andere kant op. Onze hypothese 
werd bevestigd: de invloed van de afstand tussen de op je afkomende animatie en de hand 
had meer invloed op de reactietijd van participanten als het een animatie van een spin was 
dan bij een vlinder, maar alleen bij mensen die bang zijn voor spinnen. 

Deze en andere studies in dit proefschrift laten het belang zien van visuotactiele 
voorspellingen in de context van de precieze situatie, in de verwerking van informatie uit 
de peripersoonlijke ruimte. Ik denk dat de peripersoonlijke ruimte daarbij meer gezien 
moet worden als een relevantieruimte dan als een bubbel om je lichaam heen, hoewel in 
sommige gevallen natuurlijk precies die ruimte dicht bij je huid het belangrijkst kan zijn. 
In de loop van de tijd zijn we de term "verwerking van de peripersoonlijke ruimte" ook 
breder gaan gebruiken dan alleen in spatiële zin. We gebruiken hem nu om processen te 
beschrijven die gerelateerd zijn aan het waarnemen en acties uitvoeren met je lichaam 
in je onmiddellijke omgeving. Het is daarin steeds duidelijker geworden dat de grens in 
onze verwerking van informatie over je eigen lichaam en over de omgeving niet een hele 
harde is. Op basis van de onderzoeken in dit proefschrift zou ik een centrale rol willen 
voorstellen voor het voorspellen van de (heel) nabije toekomst in het vinden van je plaats 
in de wereld.
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