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Chapter 1
General Introduction



“My leg feels disturbingly present, 
like an appendage that does not belong where it is.”

Anonymous participant (44-year-old male), 
who desired amputation of his left leg, August 2018
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1Introduction 

The relationship we have with our bodies is unique. The body, for most individuals, is 
intimately linked to one’s sense of self. As I type this, I am moving my fingers. I feel the 
pressure of the keys under their pads. I see the words appear on the screen in front of me, 
with view of my hands moving in my lower periphery. I hear the muffled chatter from the 
office nearby. I stop and reach out to grasp and take a sip of my coffee, enjoying the distinct 
taste. Thoughts arise about the upcoming deadlines, but even when my mind deviates from 
the present moment, I still remain anchored to this physical body. The sense of who I am 
resides here. I do not doubt that this body is my own. I am in unison with my body. And it 
is hard to imagine not being that way. The boundaries of where I begin and end seem to 
encompass at least this physical mass of flesh and bones (and even sometimes beyond it, like 
when someone is standing a little too close to me). I feel rooted to and at home in my body. 

This unified experience of the body can be disturbed following brain damage. For 
example, delusions of the bodily experience can occur, such that one can experience 
the feeling of having an extra limb (Supernumerary Limb Syndrome; e.g. Bourlon et al. 
2017), can deny ownership over part of their body and attribute that part to someone else 
(Somatoparaphrenia; e.g. Vallar and Ronchi 2009), or can experience that part of the body 
is much smaller or larger than it is in reality (Alice in Wonderland syndrome; e.g. Fine 
2013). The unified experience can also be disturbed following physical alterations to the 
body as well. For example, following amputation, amputees sometimes feel like the limb is 
still present (phantom limb syndrome; e.g. Ramachandran and Hirstein 1998), despite its 
physical absence. The experiences of such limbs are extremely visceral, often accompanied 
by pain and other disturbing sensations. These experiences highlight just how delicate the 
connection between the inner (mental) and outer (physical) experience of the body is, and 
how easily this connection can be disrupted. 

In these cases, there seems to be an obvious disconnection between 'how my body is and 
how my body should be', and the brain attempts to bridge this gap by creating delusions 
about the bodily self (e.g. Somatoparaphrenia) or disturbing sensations (phantom limb pain). 
Sometimes, in the absence of body or brain damage, thoughts about one’s body can also 
become delusional like that of the emaciated girl who believes she is too fat (e.g. anorexia 
nervosa) or the man who will not stop obsessing about the size of his (normally-sized) 
nose (e.g. body dysmorphic disorder). Granted, the discrepancy between how my body is 
and how it should be has been felt by almost all of us at some point in our lives. Thoughts 
like “if only my two front teeth weren’t so crooked…” or “I wish I was taller” entertain my 
mind at times. But these thoughts occur trivially for me. They are not ever-present and do 
not determine my behaviour or overall percept of my body and self. What if these thoughts 
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were not related, specifically, to a desire to change the way my body looks because it is, but 
rather to the innate function and structure of my body. For example, while I might wish I had 
straight teeth, I do not believe I was supposed to be born without teeth. While I can improve 
the structure and function of many parts of my body, e.g. by getting braces to straighten my 
teeth or by learning to play an instrument (improving hand-eye coordination), I do not have 
the desire to decrease any of its functions. My body is ‘complete’ the way that it is.

Now imagine being born in a body that feels overcomplete to you. You wake up every day to 
the dreaded feeling that your left leg should not be attached to your body. There is nothing 
wrong with your left leg, physically – you can feel and move it normally, and you can see it 
and know that it is attached to your body – but you have this longstanding and persistent 
feeling that it should not be there. There is also nothing wrong with its appearance – you 
do not think it is ugly or disgusting – rather you feel that it just never should have been 
there in the first place, as if you were supposed to be born without it. You do not tell any of 
your friends or family because you fear they will judge you. You spend your days with your 
leg bent backwards and bound up inside of a cast, as so to simulate the bodily state you 
desire – anything for a few moments of relief. You have felt this way since you were a child. 
You remember at around 6 years of age, you saw your neighbour who had lost a leg and had 
to wear a prosthetic, and you were reminded that is how your body was supposed to be 
(but somehow you were born with two legs). You love to ski, and although you know that 
removing your leg will stop you from being able to ski, you know that the mental anguish 
of having the legs overrides the benefits of function that come along with it. You know that 
you will only feel complete in your body once that leg has been removed. 

Body Integrity Identity Disorder
Individuals with a rare and peculiar condition called Body Integrity Identity Disorder 
(BIID) have a strong desire (some argue, need) to amputate or paralyze one or more healthy 
limbs, usually one or both of their legs (First 2005; Sedda 2011; Blom et al. 2012). This desire 
presumably arises from experiencing a mismatch between the internal mental image of 
the body and the actual physical and functional boundaries of the body itself (Blom et al. 
2012; Hilti et al. 2013). It not a product of any apparent brain damage and usually arises in 
childhood (First 2005; Blanke et al. 2009; Blom et al. 2012). 

Single case reports
The first scientific report about this condition was in 1977 by John Money and colleagues 
(Money et al. 1977). They described two homosexual men with longstanding and pervasive 
desires to amputate one of their legs. These individuals also described a strong, sexual 
attraction towards amputees. Specifically, this attraction was fueled by imagining oneself 
as an amputee. Moreover, both men were sexually attracted to a seemingly ‘non-erotic’ 
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1component of the amputees’ behavior – that is, seeing or imagining an amputee perform 
an action despite their handicap (e.g. such as water skiing). Given that both of these men 
displayed sexual preferences for amputees and that this seemed strongly linked to the 
desire to become an amputee, Money classified the desire as a paraphilia and called it 
‘Apotemnophilia’ (meaning “amputation love” in Greek; Money et al. 1977). Several other 
similar case reports of individuals with an amputation desire emerged in the following years 
(Parsons et al. 1981; Everaerd 1983; Bensler and Paauw 2003; Storm and Weiss 2003; Braam 
et al. 2005). For instance, in 1983, Walter Everaerd published a paper about a 65-year-old 
man (Mr. A) who desired amputation of one of his legs (Everaerd 1983). Mr. A had felt this 
way since he was a little boy and often spent time pretending to be an amputee, using a peg 
leg to walk. While he did have a sexual attraction to amputees, the desire to amputate the 
leg was not primarily sexual in nature – rather it seemed to be more rooted in his identity, 
and to feel “complete” in his own body.

“… the sensory experiences (seeing, feeling, hearing) of my own peg-leg could give me a 
feeling of physical and mental well-being; to walk in such a way gives me a feeling of intense 
happiness. A phenomenon would be so even though I cannot explain it, since I cannot speak 
from experience but rather from the inner certainty that it is so.” (The meaning of a peg-leg 
to Mr. A, page 289 in Everaerd (1983)).

Thus, Everaerd concluded that the desire to be an amputee might be tied to Mr. A’s identity, 
and not necessarily a paraphilia.

Questionnaire and interview-based reports
It was not until 2005 when the first large-sample report was published about this condition 
(First 2005). Interviews were conducted with 52 individuals who had the desire to amputate 
one of their healthy limbs. The results revealed that the majority of respondents were 
male (90%), middle-aged, and highly-educated. The onset of desire to be an amputee was 
before adolescence, with a preference for one side of the body (left (55%), right (27%)) 
over both sides (18%), with an overwhelming preference for legs over arms. For those 
desiring a leg amputation (73%), most (92%) desired above knee amputation. More than 
half (56%) recalled that the initial trigger for the desire came after seeing an amputee as a 
child (while the remaining individuals could not recall a trigger). Most individuals (92%) 
engaged in pretending behaviours to reduce the gap between the desired and the actual 
body (i.e. pretending to be in the body they desire by binding up the limb and simulating 
an amputation, for example). Most (63%) individuals stated their primary reason for 
wanting an amputation was to “restore their true identity as an amputee”. Importantly, 
only 15% reported that their primary reason for wanting an amputation was “feeling sexually 
aroused or excited”. However, over half (52%) reported that this was indeed a secondary 
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reason. Psychiatric profiles were overall normal in the majority (79%) of the sample, while 
the remaining individuals had mild symptoms of depression and anxiety. There did not 
seem to be a family history of the condition. Importantly, the desire to amputate the limb 
was not delusional; his participants had insight into and were aware of the abnormality 
of their requests to modify the body in this way. A large proportion of the sample (65%) 
had tried psychotherapy and some (40%) had tried medications (like anti-depressants, 
anti-psychotics) but claimed that neither had helped reduce the desire for amputation. 
Interestingly, 6 of the 52 individuals had already obtained the amputation and reported that 
the burning desire to amputate their limb had vanished. Moreover, they made it clear that 
“they felt better than they had ever felt”, were “at peace”, and the “the only regret was that 
[he] did not have [the amputation performed] earlier.” (page 926, First, 2005). Given that 
most participants wanted to amputate a body part, not because of sexual reasons, but rather 
to match their physical body structure with their internal identity, First proposed to rename 
the condition “Body Integrity Identity Disorder”, hereafter BIID. The name was derived from 
the similarities the desire for amputation shared with “Gender Identity Disorder” (now 
called “Gender Dysphoria”), a condition wherein individuals feel an incongruence between 
their gender identity and the sex of their body, and therefore experience significant distress 
from this mismatch (Case et al. 2017). First states: “Just as GID represents a dysfunction 
in the development of gender identity, this disorder can be thought of as representing a 
particular dysfunction of the development of one’s body identity” (page 927). 

Several questionnaire and interview studies have followed throughout the years (Blanke et 
al. 2009; Blom et al. 2012; Giummarra et al. 2012; Blom et al. 2017), revealing similar results 
as First (2005) – i.e. higher prevalence in males, onset before adolescence, preference for 
legs over arms, more often reported for the left side versus the right side, with the desire 
being non-delusional and not better explained by another psychiatric condition. However, 
it seemed that the disunity between one’s true body and their physical body did not always 
manifest as a desire to amputate the legs, but rather to paralyze them. In fact, First (2005) 
mentioned that two participants were excluded from his original analysis because they 
desired paralysis of their lower limbs rather than amputation. Giummarra et al. (2012) 
conducted a questionnaire-based study in 16 individuals with BIID who, instead, desired 
paralysis of their legs. The findings mimicked those who desired amputation: average 
age of onset before adolescence, desire to be in a body that they simply were meant to 
be in, sexual fantasies related to paraplegia, engagement in pretending behaviours (e.g. 
wheelchair use). The only difference was that there seemed to be a higher prevalence (9/16 
participants) of women, in stark contrast to those who desire amputation (where 47/52 in 
First’s study were men). In another questionnaire-based study, Blom and colleagues (Blom 
et al. 2012) revealed similar features in their sample of 54 participants (with 30 desiring 
amputation and 24 desiring paraplegia). The two conditions seemed to be “one in the same”, 
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1save for the specifics of the desired disability (Blom et al. 2012). To provide an example of a 
personal description of this variant, the following is a quote from one of the paralysis-variant 
participants we tested in the current thesis:

“I would describe my BIID as the BIID-Paraplegia variant. For me, BIID is best described as my 
body feeling like two distinct halves, one of which isn’t really on the right ‘wavelength’; legs are 
attached and fully functional, but for some inexplicable reason, I am aware they shouldn’t be. And 
this makes them distant. In fact, they are so distant, it’s often very troubling in a visceral way. The 
feeling is particularly unrelenting. I can attest that the disunity I feel is almost always on my mind. 
I can’t remember a day it hasn’t poked through one way or another. I’ve been told one aspect of 
my description as it affects my daily life that differs from others, is that I do have a persistent state 
of unease when walking. I get clenched up with anxiety. Something just always feels off - as if I’m 
not really in sync with my lower body. Ultimately it leads to the desire of wanting the lower part 
of my body ‘turned off ’ as to not be plagued with that uncomfortable feeling. So, for that reason, 
I’d consider myself having the BIID-paraplegia variant of the condition. It really is no fun, but 
definitely not the end of the world! I have never had the desire to hurt myself, as I’ve heard others 
have - it’s just one of those things I assume will always be a part of my life experience.”

- Anonymous participant (37 year-old-male), who desired paralysis of his legs, June 2017

Hereafter, I refer to two variants of BIID: paralysis-variant and amputation-variant. Very few 
studies, to date, have included the paralysis-variant of BIID in their investigations of BIID 
(c.f. Blom, et al. 2016; Blom et al. 2012, 2017; Giummarra et al. 2012). Thus, the bulk of the 
following section will focus on studies about individuals with amputation-variant of BIID. 

Behavioural investigations
In the few years following the report by M. First, researchers started to take note that the 
features of BIID share a lot of similarities with conditions that arise after damage to the 
right hemisphere, often parietal areas (Ramachandran and McGeoch 2007; Brang et al. 
2008; Blanke et al. 2009). For example, following stroke, individuals with Asomatognosia 
experience part of their body missing from their awareness (Arzy et al. 2006). In a subtype 
of this, Somatoparaphrenia, people experience the delusion that part of their body does 
not belong to them and often attribute that part to someone else (Vallar and Ronchi 2009). 
Similarly, people with BIID often report that the limb(s) does not belong to them and do 
seem to ‘disidentify’ from that part, but in contrast to those with Somatoparaphrenia, this 
feeling is not delusional. Moreover, the logic that BIID individuals can indicate from exactly 
where they want their leg amputated (e.g. 10cm above the knee) and that the desire is most 
often (at least for amputation-variant) lateralized to one side of the lower body strengthened 
the possibility that BIID might be more neurological, as opposed to psychological, in nature 
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(Brang et al. 2008; Blanke et al. 2009). In 2008, Brang and colleagues explored this query in 
two men who desired unilateral and bilateral amputation of their legs, respectively (Brang 
et al. 2008). Skin conductance responses (SCR) were recorded in response to pinpricks 
applied to the legs above and below the line of demarcation for amputation. Strikingly, SCRs 
below the line of demarcation (affected part of limb) in both participants were significantly 
higher than above the line (unaffected part of limb) compared to the other healthy limb 
(in the individual who desired unilateral amputation) and also in comparison to control 
participants. These results were the “first [piece of] psychophysiological evidence” that BIID 
might arise from congenital neurological dysfunction (Brang et al. 2008). Interestingly, this 
result was replicated by Romano and colleagues (Romano et al. 2015) in a larger sample 
of 10 individual with an amputation desire. However, they included SCR recordings to the 
stimulus (pin or cotton swab) just touching the limb (as in Brang et al. 2008) and to simply 
approaching (but not touching) the affected (i.e. the one to-be-removed) limb. SCRs to 
stimuli touching the affected limb elicited higher SCRs than touching the unaffected limb. 
What was novel, however, was that participants with BIID showed a reduced SCR to stimuli 
approaching the affected limb compared to the unaffected limb. These results suggested 
not only an abnormal psychophysiological response to stimuli touching the to-be-removed 
limb but also disturbed anticipatory responses to stimuli approaching that limb. The authors 
suggest that this could be indicative of an under-representation of the limb in the brain, 
such that it “is not properly inscribed into the central representation of the body as a 
whole” (page 146, Romano et al. 2015), thereby leading to reduced (implicit) attention to 
stimuli coming towards the affected limb. Similarly, Aoyama and colleagues (Aoyama et al. 
2012) found, in a small group (n = 5) of individuals with amputation-variant BIID, impaired 
spatio-temporal integration of touch on the rejected part of the rejected limb (e.g. below 
demarcation line). In a task where participants had to indicate which of two tactile stimuli 
came first, applied above and below their demarcation lines, participants tended to more 
often say that the tap on the rejected part came first. Thus, in order for the two stimuli to 
be perceived as simultaneous, the accepted part of the rejected limb had to be stimulated 
before the rejected part of the rejected limb. What is more, the magnitude of this point of 
subjective simultaneity positively correlated with one’s desire for amputation (measured by 
a questionnaire). Given that participants had no primary sensory or motor impairments 
(typically the case in individuals with BIID), the authors suggest that people with BIID have 
issues with properly integrating the touch information into a higher-order image of the 
body. Moreover, it was also shown that individuals with BIID experience a more vivid rubber 
foot illusion (i.e. an illusion of ownership over a rubber foot when one’s own (unseen) foot 
is stroked simultaneously with a (visible) rubber foot located near the body, in a congruent 
position to one’s own foot; Lenggenhager et al. 2015). Again, these results reiterate that 
primary sensory processing is intact, but that the higher-order central representation of 
that part is, perhaps, weakened (Lenggenhager et al. 2015).
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1Neuroimaging studies
These studies do suggest that the unwanted limb itself (or the critical connections to it) is 
mis-represented in the brain of people with BIID. Neuroimaging evidence, to date, seems 
to corroborate this account. In 2011, McGeoch and colleagues sought to explore the neural 
correlates associated with BIID, hypothesizing that the desire to amputate the body part 
was due to dysfunction of the right parietal lobule (McGeoch et al. 2011). The superior 
parietal lobule (SPL) plays a critical role in integrating visual and somatosensory signals 
about the body (e.g. Sereno and Huang 2014) thereby maintaining internal representations 
of the body (Wolpert et al. 1998). Three males with a desire for unilateral lower-limb 
amputations and one male with a desire for bilateral lower-limb amputation took part in a 
magnetoencephalography (MEG) study. Participants received tactile stimulation (taps) on 
their affected and unaffected legs. Interestingly, while the participants could feel the taps 
on their body, brain activity revealed that this information failed to incorporate into the 
body image as a whole. That is, activation of the right SPL was reduced for affected parts 
of the body (even if the affected part was on the ipsilateral (right) side) compared to the 
unaffected parts and the same legs of controls. This was the first piece of neuroimaging 
work to uncover a neural component to BIID, implicating that it is related to dysfunction 
of the right SPL. In light of this, the authors suggested yet another shift in terminology 
for the condition from Body Integrity Identity Disorder to xenomelia (meaning ‘foreign 
limb’ in Greek). Here I continue to use the term Body Integrity Identity Disorder as the 
samples described in this thesis include not only individuals who desire amputation, but 
also paralysis. 

In 2013, van Dijk and colleagues (van Dijk et al. 2013) recorded brain activation in response 
to touch on the affected and unaffected legs of five individuals with unilateral amputation-
variant BIID using functional magnetic resonance imaging ( fMRI). Participants were 
stroked with a brush on their lower legs (below demarcation). In addition, a separate 
motor execution task, where participants had to flex and point their toes, was employed. 
They found that 1) BIID participants showed a fronto-parietal network (specifically for 
areas involved in feelings of ownership over the body: e.g. premotor cortex, primary 
somatosensory cortex, superior parietal lobule, insula) that was more sensitive to 
tactile stimulation than controls, regardless of which leg was stimulated; and 2) BIID 
participants showed a significant reduction in dorsal and ventral premotor cortex (PMC) 
activity in response to touch on the affected leg versus the unaffected legs and the same 
legs of controls. The premotor cortex plays an important role in body ownership and 
integrating bodily signals (Ehrsson 2004; Tsakiris 2010; Limanowski and Blankenburg 
2016). However, they found no differences in the motor network in response to actually 
executing movements with that part of the body, suggesting that these disturbances 
might be specifically related to the somatosensory system rather than the motor system. 
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These findings further suggest that people with BIID (at least those desiring amputation) 
exhibit a dysfunctional integration of sensory inputs (tactile, proprioceptive) into a higher 
order model of the body (van Dijk et al. 2013). 

Neuroimaging studies have also revealed structural alterations in areas mediating 
body representation in people with BIID. For instance, Hilti et al. (2013) showed that, 
in a group of 13 individuals desiring leg amputation, reduced cortical thickness of the 
right SPL and reduced cortical surface area in right primary somatosensory (SI) and 
secondary somatosensory (SII) cortex, inferior parietal lobule (IPL), and anterior insula. 
The left hemisphere, on the other hand, showed increased surface area in the IPL and 
SII. Structural alterations of the basal ganglia and thalamus were also revealed in these 
subjects, whereby the authors suggest that “the target leg is misrepresented in subcortical 
structures, especially in locations with a somatotopic representation” (Hänggi et al. 2016). 
Furthermore, these individuals also showed structural and functional hyperconnectivity 
of the sensorimotor network, specific in people with amputation desire to the SPL, SI, 
SII, PMC, basal ganglia, and thalamus, corroborating all of the previous findings (Hänggi 
et al. 2017). In addition, Blom and colleagues found, in a sample of 6 individuals with 
amputation-variant BIID and 2 individuals with paralysis-variant BIID, reduced grey 
matter volume of the premotor cortex and increased grey matter volume of the posterior 
cerebellum, which could be related to dysfunctional multisensory integration of inputs 
pertaining to the body (Blom et al. 2016b). It is worth noting, however, that the structural 
changes uncovered in these studies could be related to long-term pretending to be in the 
body they desire (e.g. using crutches, binding up their legs), and thereby could reflect a 
consequence of these behaviours, rather than a cause of BIID (Hilti et al. 2013). In any 
case, there seems to be a disturbed network that is important for constructing a coherent 
representation of the body in people with BIID (Hänggi et al. 2017; Oddo-Sommerfeld 
et al. 2018). This incongruence between the internal mental image (mediated by these 
‘disturbed cortical networks’) and the external physical structure of the body ( further 
perpetuated by normal sensory and motor function) could lead to the desire to amputate 
or paralyze the legs.

These studies suggest that people with (lower-limb) BIID have a disturbed cortical 
representation of their legs. What is more, it seems that they have issues integrating lower-
level sensory signals into a higher-order representation of the body in the brain. However, 
this disturbed representation has been seldom explored behaviourally in people with 
BIID. Such investigations could help to understand the underlying mechanisms involved 
in BIID, how it affects behaviour, but also aid in the development of clinical tests that 
could aid in diagnosing and classifying BIID (as it is still not included in the Diagnostic 
and Statistical Manual for Mental Disorders (American Psychiatric Association 2013), for 
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1instance). If individuals with BIID have issues integrating sensory input (like visual, tactile, 
and proprioceptive signals) about the affected limbs into a higher order model of the body, 
we should be able to capture that in a range of experimental behavioural tasks. 

An exploration of lower limb bodily experiences
In this thesis, I will explore the multisensory factors that contribute to the representation 
of the lower body in healthy participants and in individuals with BIID. Although we 
are not constantly aware of it, there are many different types of bodily experiences that 
lend, differentially, to our daily activities. I explore three main aspects of the lower limb 
bodily experience: 1) the configuration of the body: specifically, the integrity/shape of 
the underlying representation, 2) peripersonal space: i.e. the integration of visuo-tactile 
information in the space immediately surrounding the body, and 3) feelings of embodiment: 
i.e. how manipulating sensory signals about the body can temporarily ‘remove’ a body 
part from the bodily experience. In other words, representations of the lower body will be 
explored in terms of their metrics, how they lend to the feeling of ownership over the body, 
and how the extend into the space immediately surrounding the physical boundaries of 
the body (i.e. peripersonal space). A discussion of body representation, peripersonal space, 
and embodiment follow.

Body representations: the integral role of vision, touch, and proprioception 
Body representations are internal (cognitive) structures that function to encode and track 
the state of the body (de Vignemont 2018). They arise from the integration of interoceptive 
(coming from the inside, the internal) and exteroceptive (coming from the outside, the 
external) sources of information. This information tells an individual about the physical 
and functional boundaries of the body. 

If I use the representation of my foot as an example (as lower limb representations are the 
main theme of this thesis), I can feel touch (tactile) sensations on my foot that give me a 
clue about the boundaries of it. When walking, I can feel the heel contact the ground, from 
the pressure of the sole pressing up followed by contact of my sole of my foot then the 
bottoms of my toes. The angle of the joints in my ankle and the stretch of the tendons give 
me an idea about the position of my foot in space (proprioception). I am also made aware 
of my feet when the tips of my toes are freezing in my boots during the Canadian winters 
or when I feel the rain water soak through my shoes and my socks during a Dutch spring, 
encompassing the boundaries of my whole foot. I also have ample visual experience of my 
foot. I see it as a roughly rectangular-shaped attachment to my ankle. It spans about the 
width of my hand and the length of my forearm. The skin is light in colour and smooth in 
texture on the top. I have seen my foot in the light, the dark, under water, inside of a sandal, 
at the edge of bed, upside down during yoga, thus having enjoyed a rich visual experience 
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of it. These visual experiences have shaped the representation of my foot in the brain, lying 
dormant during my conscious experience but accessible when I need it. Taken together, this 
bottom-up sensory information combines with higher-order internal models of my body. If 
either of these sources are disturbed (e.g. through peripheral or central damage, or even via 
an induced bodily illusion), the perception of my body can change.

We can tap into these representations of the body by asking people to make sensory-guided 
judgements about the size and shape of their bodies. This can be done using implicit 
(somatosensory-guided metric) or more explicit (visually-guided depictive) approaches. 
An understanding of the underlying configuration of the affected limbs in people with BIID 
could tell us about whether the incongruence felt between the actual and internal body type 
is related to body representation disturbances (like the imaging studies suggest). 

An implicit approach: judgements of tactile distance and proprioceptive localization
Given the ease with which we move through the world, and the innate drive to protect 
and maintain the integrity of our bodies, one would expect that we have an accurate 
representation of it. Surprisingly, the representations of the body, at least those underlying 
tactile and proprioceptive input, seem to be highly distorted in healthy individuals. Longo 
and colleagues have argued that raw sensory input about the body (like the angle of the 
joints of the wrist or the sensation of touch on the skin) does not inform us about the 
metrics (size and shape) of that body part (e.g. how long the arm is), and therefore must 
cross-reference this input with a higher-order body model (presumably housed in the 
posterior parietal cortex; Longo et al. 2010). In 2010, Longo and Haggard developed an 
elegant method for investigating the internal configuration of the hand, to try to tap 
into and uncover this body model (Longo and Haggard 2010). Participants were asked 
to localize landmarks (e.g. tip of the index finger) on their unseen hand using a baton in 
the other hand. In order to localize these points, afferent signals about the unseen hand 
in space have to, presumably, make reference to an internal model of the body. That is, 
the raw sensory input of the joint angles signaling the position of the hand in space (and 
inarguably, the addition of tactile feedback of the hand on the table) integrates with 
a stored body model of the hand’s size and shape. In turn, Longo and Haggard could 
construct perceptual maps of hand size, offline, by comparing the average position of 
each judged landmark of the internal configuration of the hand. What they found is that 
people systematically underestimate the length of their fingers and overestimate the 
width of their hands, suggesting the body model of the hand underlying position sense is 
short and fat. This has been replicated numerous times since the original report (Longo 
et al. 2012; Longo and Haggard 2012; Longo 2015a; Longo et al. 2015; Saulton et al. 2015; 
Coelho et al. 2016; Saulton et al. 2016). 
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1But what underlies these distortions? An investigation of tactile perception seems to be 
paramount in our understanding of this. In the 19th century, Weber (1834/1978) showed 
that the distance between two tactile points on a highly sensitive part of the body (e.g. 
hand) feels much larger than the distance between two points on a less-sensitive part of 
the body (e.g. forearm) – an illusion known as Weber’s illusion. This illusion partially arises 
from distortions in the representation of the body in the primary somatosensory cortex 
(SI), which holds a blueprint of the body. This blueprint (known as a Homunculus (Penfield 
and Boldrey 1937)) is reflective of the tactile receptive field density on different parts of 
the body. Therefore, very sensitive body parts (e.g. hands) are represented as larger (i.e. 
take up more cortical space) than less-sensitive body parts (e.g. shin), thereby distances 
between two unseen tactile stimuli feel larger on the hand than the shin, for example. What 
is more, the distances between two tactile stimuli applied along the length of a body part are 
underestimated more than distances applied across the width of the same part (Longo and 
Haggard 2011). In 2011, Longo and Haggard proposed that the tactile receptive fields can 
be thought of as ‘pixels’ representing the skin space (Longo and Haggard 2011). In order to 
judge the distance between two points, the brain must ‘count’ these pixels – the higher the 
number of pixels, the larger the distance between the two points. Given the high sensitivity 
of the hand, their pixels are therefore much smaller than pixels on the shin, for example, 
and thus more pixels span the width of the hand than the shin. Moreover, the shape of these 
pixels also influences these distance judgements – such that receptive fields (pixels) on 
hairy skin are thought to be more oval-shaped (Brown et al. 1975; Treede et al. 1990; Fiori 
and Longo 2018), and so due to this orientation, more pixels are situated width-wise than 
length-wise, leading to an underestimation of distances applied length-wise compared to 
width-wise. 

However, studies have shown that estimates of tactile distances are not mainly a product 
of primary somatosensory processing. To make a judgement about the distance between 
two tactile points on the body, just like with position sense, one must refer the touches to 
a stored model of body size and shape (Longo and Haggard 2010). The touches on the skin 
themselves tell us where we have been touched but need to be integrated with a metric 
model of the body to make the distance judgement. Studies in individuals with anorexia 
nervosa (AN) have shown that tactile distance estimates are influenced by these higher-
order mental representations of the body, such that distances are overestimated more in 
AN patients than in controls (Keizer et al. 2011; Keizer et al. 2012; Spitoni et al. 2015), who 
experience their body as bigger than it really is. Moreover, the distortions that are seen in 
tactile distance judgements are much less than would be expected if people were relying 
on the primary somatosensory maps of the body alone (Green 1982; Longo and Haggard 
2011; Longo and Golubova 2017). Therefore, a correction factor, probably from these higher-
order body models with more proportional representations of the body size and shape, 
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could account for this (e.g. see Linkenauger et al. (2015) for an interesting exploration of 
this). A neuroimaging study (Spitoni et al. 2010) showed that tactile distance judgements 
(in contrast to tactile detection only) reveal increased activation of the intraparietal sulcus, 
the inferior parietal lobule, the superior parietal lobule, and superior postcentral gyrus. 
Additionally, the right parieto-occipito-temporal junction (POTJ) seemed to show activation 
that specific to distance judgements only. These results further reiterate that reference to 
an intact model of the body size and shape, probably housed in these areas, is needed in 
order to make these judgements. Given that the body representation distortions underlying 
proprioception are similar to those underlying tactile distance perception, it is possible that 
these processes rely on a common body model (Longo et al. 2010).

An explicit approach: Judgements of body size and shape with visual feedback
Our experience of the body does not happen in sensory isolation though. Although the 
body representations underlying tactile perception and proprioception are distorted, we 
do not consciously experience our bodies as so. For instance, when I go to pick up the 
phone, I do not overshoot my reach because my fingers are ‘too short’. Longo (Longo 
2015b; Longo 2017a) suggests that body representations exist on a continuum such that: 
“on one extreme of the continuum are primary somatotopic maps of the body surface, 
such as those in somatosensory; at the other extreme is our conscious experience of 
our body as a coherent volumetric object in the world. On this interpretation, body 
representations along the continuum will be characterized by different weightings of 
(distorted) somatosensory representations and (largely veridical) visual representation” 
(page 386, Longo, 2017).

These largely veridical visual representations are apparent when we ask people to make 
judgements about body shape and size by comparing their own body parts to (distorted) 
pictures of a body part. In this way, we can tap into how people more consciously perceive 
their bodies, when visual input is available. In this task, called the Template Matching 
Task (Gandevia and Phegan 1999; Longo and Haggard 2012), participants are presented 
with pictures of body parts that are distorted in shape. In different variants of the task, 
participants must either select from a panel of images which best aligns with their body 
part shape or indicate whether the image shown is wider or slender than the shape of 
their own body. In general, healthy participants are accurate at making these judgements. 
However, while veridical, these representations seem to communicate with those underlying 
somatosensory perception as well. For example, anaesthetizing the thumb leads to the 
perception that the thumb is visually larger than it is, and conversely, modulating visual 
input about the body influences tactile acuity (Kennett et al. 2002; Taylor-Clarke et al. 2002; 
Press et al. 2004). 



General introduction   |   23

1An implicit and explicit approach: Combining visual and somatosensory representations
We can also examine the integrity of a body representation in other ways beyond asking 
participants to localize points, judge distances, or estimate size and shape of the body. The 
interplay between somatosensory and visual information in body representations can be 
explored using mental rotation tasks involving body parts. In such a task, participants are 
asked to make judgements about the laterality of a pictured body part (Parsons, 1987). The left 
or right body part can be displayed in different orientations ( from first-person perspective to 
third person perspective) and from different views (top or bottom of the body part). In order 
to successfully make a judgement about the body part’s laterality, participants will internally 
compare the displayed image to their own body part, and then mentally rotate their body part 
until it matches the posture of pictured part, making an imagined spatial transformation of 
the limb (Parsons, 1987). Several studies have shown that central representations of the body, 
as well as peripheral feedback about the limb, play an important role in accurately completing 
this task (Nico et al. 2004; Fiorio et al. 2007; Katschnig et al. 2010; Azin et al. 2016; Ionta et 
al. 2016; van Stralen et al. 2017). For instance, people who have lost their dominant hand are 
slower at mentally rotating images of the hand (Nico et al. 2004). People who have had a stroke 
and suffer from body ownership complaints (i.e. the feeling that my body does not belong to 
me), show impairments in laterality judgements about pictured bodies as well (van Stralen 
et al. 2017). Examining mental rotation of feet in people with BIID would reveal the interplay 
between afferent (incoming somatosensory input about the body) and efferent (internal 
representation of body part, or a body model) information about the affected and unaffected 
body parts. If the internal integrity of the body really does match that of a ‘congenital amputee’, 
for explicit, deficits in performance of this kind of task might highlight this. 

The missing piece: An exploration of lower limb body representations
Taken together representations underlying position sense seems to share a representation 
with that underlying tactile representations (Longo 2015b). This body model preserves the 
homuncular distortions, to some extent, manifesting a disturbed, unconscious, perception 
of body size and shape. However, on the other end of continuum, where visually-guided 
(more conscious) representations of the body are concerned, body perception seems to be 
veridical. The integrity of the representation of the body is also important in sensorimotor 
imagined transformations of the body as well. In people with BIID, primary somatosensory 
feedback is not impaired, but it is quite possible that these higher order models of the body 
are. Moreover, people with BIID know what their legs look like; they have a lot of visual 
experience about them and their representational disturbances do not seem to concern 
the visual appearance of the limbs. However, an investigation of the metric, depictive, and 
sensorimotor representations of the affected limbs (legs) BIID is lacking. An exploration 
of leg representations in people with lower-limb BIID might prove beneficial in our 
understanding of the condition.
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Yet, the majority of studies looking at body representation in healthy individuals have focused 
on the upper limbs or the full body. Indeed, investigations of full body representations 
invariably included the legs and have shown that people tend to underestimate the lengths 
of their legs (e.g. Fuentes et al. 2013; Linkenauger et al. 2015). In these studies, however, 
a systematic investigation including tactile or proprioceptive perception of the lower 
limbs was not conducted. Therefore, in order to explore lower limb representation in BIID 
participants, a systematic investigation of the underlying visual, tactile, and proprioceptive 
representations of the lower body are needed in healthy participants first. Such an 
investigation could include the tasks described in this section, and then be employed in 
people with BIID too. 

Beyond the physical body: peripersonal space 
The boundaries of where my body begins and where it ends seem to extend beyond the 
physical structure of the body itself. That is, the brain maintains a special system that 
monitors the space immediately surrounding the body as well. Early evidence for this comes 
from neurophysiological studies in non-human primates (Graziano et al. 1994; Fogassi et 
al. 1996; Graziano et al. 1997; Graziano and Cooke 2006). Single cell recordings showed 
that there were special neurons in the frontal and parietal areas of the monkey brain that 
responded not only to touch on the monkey’s hand (or head, or torso), but also to the 
presence of an object near that same body part. Essentially, these investigations showed that 
there were neurons that were bi- and tri-modal, responding to both visual and tactile stimuli 
(and sometimes also auditory) near and on the body. In other words, the monkeys had 
tactile receptive fields with overlapping visual (or auditory) receptive fields that extended 
into space around the body part. The neuronal activity quantified this space: the spike rate of 
the ‘tactile’ neurons showed a sudden increase in firing as the ‘visual’ stimulus approached 
(and reached a certain distance from) the monkey’s body (Colby et al. 1993). The product 
of this activity is known as peripersonal space (PPS): a multisensory interaction zone in 
the immediate area around the body (Rizzolatti et al. 1981b; Cardinali et al. 2009). PPS acts 
as a probabilistic action space that predicts the probability of things coming into contact 
with the body (Bufacchi and Iannetti 2018). PPS is thought to play an important role not 
only in protecting the body (i.e. preparing a movement to defend the body part) but also 
for sensorimotor interactions (e.g. reaching-to-grasp a nearby object; de Vignemont and 
Iannetti, 2015). 

Evidence of PPS in humans
Neuroimaging (Bremmer et al. 2001; Makin et al. 2007; Brozzoli et al. 2011; Serino et al. 2011; 
Gentile et al. 2011; Brozzoli et al. 2012a; Brozzoli et al. 2013; Cléry et al. 2015; Grivaz et al. 
2017) and behavioural studies in healthy (Canzoneri et al. 2012; Galli et al. 2015; Kandula 
et al. 2015; de Haan et al. 2016; Serino et al. 2016) and neuropsychological (Làdavas et al. 
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11998; Làdavas et al. 2001) populations have suggested that humans have a similar system 
governing the space surrounding the body. Specifically, superior parietal, temporo-parietal 
and ventral premotor areas seem to be implicated in PPS processing in humans (Grivaz 
et al. 2017), similar to what has been found in monkeys. Moreover, Brozzoli et al. (2012a) 
investigated the role of limb ownership (or attributing a limb to oneself ) in PPS processing 
using an fMRI adaptation paradigm. Following synchronized stroking of a fake hand with the 
participant’s real hand, remapping of PPS to the fake hand involved activation of premotor, 
posterior parietal areas and also the putamen, but critically, activation of the premotor 
cortex positive correlated with feelings of ownership over the fake hand. The authors suggest 
that encoding of PPS “is directly related to changes in body perception” (page 14581; Brozzoli 
et al. 2012a). One might wonder how the lack of ownership over the limbs in BIID might be 
related to PPS around the affected limb(s). 

Measuring the size of PPS
We can measure the boundaries (or the size) of PPS behaviourally by using multisensory 
interaction tasks (Canzoneri et al. 2012; Kandula et al. 2017). In these tasks, participants 
are asked to respond to tactile stimuli on a body part while irrelevant visual (or auditory) 
stimuli loom towards that same body part. Tactile reaction times are dependent on the 
proximity of the visual stimulus to the body. The distance at which tactile reaction times 
start to become suddenly faster indicate a probable ‘boundary’ of PPS. These boundaries 
are body-part centered – revealing different distances for different parts, like the hand (~30-
60cm), face (60cm), and trunk (~70cm; see Serino et al. 2015 for extensive examination of 
these spaces). Importantly, PPS is flexible, such that it extends after tool use (Bassolino et al. 
2010; Canzoneri et al. 2013b; Galli et al. 2015) and detracts after amputation (Canzoneri et 
al. 2013a) or underuse of a limb (Bassolino et al. 2014). Thus, body representations, perhaps 
those more specific to action, seem to be linked to PPS around the body part.

The missing piece: PPS around the legs and feet
However, no study, to my knowledge, has assessed the size of PPS around the legs/feet. This 
is surprising, given that movement of the lower body mediates movements of the whole 
body. For example, if a threatening animal was approaching my body in the lower visual field, 
I would likely use my legs to move away from the object. A couple of studies have shown 
that PPS around the lower limbs exists (Schicke et al. 2009; van Elk et al. 2013). For instance, 
Schicke et al. (2009) showed that reaction times to tactile stimuli presented simultaneously 
with visual stimuli near the feet were facilitated to the same extent as near the hands 
(suggesting the presence of a PPS). However, the size of the PPS around the feet has not been 
examined. Therefore, this gap in the literature provides an interesting avenue for further 
exploring and understanding lower limb representations in healthy people. Moreover, there 
is some evidence that individuals with BIID show a disrupted anticipatory response to 
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stimuli approaching the affected, but not the unaffected, limb (Romano et al. 2015), and 
that the network mediating higher-order representations (similar to the PPS network) of 
the body might be altered in BIID (McGeoch et al. 2011; van Dijk et al. 2013). Therefore, it is 
possible that people with BIID show a compromised (i.e. reduced) PPS around the affected 
limb. Behavioural investigations (using a multisensory interaction task) of lower limb PPS 
in healthy and BIID individuals could inform these queries. Such an exploration might tell 
us more about the mechanisms of multisensory integration in BIID, as mis-integration of 
this information might be a central factor in BIID (e.g. Blom 2017).

(Dis)embodiment: Dis-integrating visual, tactile, and proprioceptive signals in bodily 
illusions to modulate bodily experiences 
The feeling that my body, and all of its parts, belong to me is a given for most people. In 
fact, these sensory signals that integrate to tell me about the physical and functional 
boundaries of my body (and even beyond the body, like in PPS) also inform me that 
these parts are my own. We know from research using bodily illusions that the state of 
the body can be easily perturbed. For example, dis-integrating exteroceptive information 
about the body, e.g. vision, touch, and proprioception, can lead to temporary changes/
shifts in ownership over a body part. In the rubber hand illusion (RHI; Botvinick and 
Cohen 1998), participants experience the inclusion of a rubber hand as their own when 
it is seen being stroked synchronously with their own (unseen) hand. To reduce this 
multisensory conflict between felt touch (on real hand) and vision (of rubber hand), the 
brain integrates the hand into the self (as a part that is ‘mine’), usually accompanied by 
a drift in perceived proprioceptive position of the real hand towards the rubber hand. 
Lenggenhager et al. (2015) applied this paradigm to the feet (i.e. a rubber foot illusion) 
in people with unilateral amputation-variant BIID and showed that they experience 
a more vivid subjective experience of owning a fake foot in place of their affected leg 
compared to (the corresponding leg of ) healthy controls. The authors suggest that people 
with BIID might therefore have a “weakened central representation” of the affected leg. If 
this representation is vulnerable to changes in sensory feedback, perhaps we could also 
manipulate vision, touch, and proprioception to make the affected part disappear (in line 
with what people with BIID desire, at least those with the amputation-variant). 

Bodily illusions involving ‘loss of limb’: The Disappearing Hand Trick
One powerful example of an illusion that involves losing a limb is the disappearing hand 
trick (Newport and Gilpin 2011). In this illusion, participants enjoy a real-time video of 
their hands, in which the hands are hovered above a tabletop while the visual image of 
the hands slowly moves inwards, and individuals moves their hands outwards. Thus, there 
is a discrepancy between the seen and felt position of the limb. The experimenter can 
manipulate the visual input so that the hand ‘disappears’, and this is promptly discovered 
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1by the participant when he reaches for it (and it is not there). This leads to a feeling of loss 
of one’s own hand, in terms of its physical presence and also its location in space. However, 
could such an illusion also be applied to the feet? People with BIID spend a lot of their 
time pretending to be in the body they desire, but the consequences of such behaviour can 
be detrimental to the body (e.g. see Bensler and Paauw 2003; Storm and Weiss 2003). And 
given the ethical discussion surrounding elective limb amputation (or paralysis) in people 
with BIID (Bayne and Levy 2005; Muller 2009; Blom et al. 2016a), bodily illusions involving 
transient loss of a limb might be a more beneficial (and non-invasive) way to stimulate 
pretending in BIID, maybe temporarily alleviating distress related to the condition. 

The missing piece: Bodily illusions involving the lower limbs 
Just as with assessing metric and depictive aspects of body representation, and in 
explorations of PPS around the body, few investigations have included bodily illusions 
involving the lower limbs (Crea et al. 2015; Flögel et al. 2015; Lenggenhager et al. 2015; 
Pozeg et al. 2015). However, the results of the few that have explored this have suggested 
that, for the most part, bodily illusions for the legs/feet are just as vivid and convincing as 
for the hands/arms (Flögel et al. 2015). However, these studies have looked at how people 
embody foreign lower limbs. No study, to our knowledge has looked at the processes of dis-
embodying the lower limbs (e.g. such as applying the disappearing hand trick to the feet). 
Such an exploration would be an exciting avenue for further understanding the sensory 
contributions to lower limb representations in healthy people and might also be useful for 
those desperately wanting relief from their BIID feelings. 

Bodily illusions and sensory suggestibility 
Interestingly, many factors play a role in how susceptible people are to changes in bodily 
awareness during illusions, such as level of interoceptive accuracy (Tsakiris et al. 2011), 
age (Nava et al. 2017), mental illness and developmental disorders (like Schizophrenia; 
Klaver and Dijkerman (2016) or Autism; Cascio et al. (2012)), hormone levels (Ide and 
Wada 2017), temperament (Kállai et al. 2015), one’s level of empathy (Asai et al. 2011), 
even one’s immune system function (Finotti and Costantini 2016). Another obvious 
candidate would also be one’s level of sensory suggestibility, which is a personality trait 
related to how a person reacts to (the suggestion of ) sensory information (Marotta et 
al. 2016). This can be measured using the sensory suggestibility scale (Gheorghiu et 
al. 1995), a scale that measures the effects of indirect suggestion on one’s (sensory) 
perception (Gheorghiu et al. 1975). For example, following suggestions made by the 
experimenter, participants are asked to rate the vividness of sensory experiences (like 
how much warmth is experienced from holding a flashlight against the cheek, or hearing 
one’s pulse through their finger tip). Marotta and colleagues showed that people who 
are highly suggestible to sensory information are more likely to (subjectively) embody 
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a rubber hand in the RHI (Marotta et al. 2016). However, do this also hold true for 
dis-embodiment of a limb? Are people with higher levels of sensory suggestibility also 
more likely to forego their limb after manipulations of sensory input? And could this 
be important in the context of BIID?

A report by Blanke and colleagues in 2009 (Blanke et al. 2009) revealed that a large majority 
of individuals with BIID (65% of their sample) reported that they experience ‘abnormal’ 
sensations in the affected limb. For example, some reported, in a non-delusional fashion, 
that the limb felt like it belonged to another person or that it had already been amputated. 
Other sensations also were reported, specific to the to-be-removed limb, like hypoesthesia, 
paraesthesia, and that the limb itself was “perceptually different from other parts of the 
body” (page 187, Blanke et al. 2009). The link between the latter statement and illusory 
experiences of body ownership was made by Giummarra and colleagues (Giummarra et al. 
2011). Shifts of ownership towards the fake hand in the RHI are often accompanied by the 
feeling that the real hand feels and looks strange (Lewis and Lloyd 2010). The overload of 
sensory input that fails to incorporate with a higher-order image of the body, making people 
with BIID feel ‘overcomplete’ in the current bodies (Ramachandran et al. 2009), could lead 
to illusory (abnormal) sensory experiences of the limb. Relatedly, suggestibility to sensory 
experiences might be linked to a more flexible representation of the body. 

The relationship between sensory suggestibility and bodily illusions (which inevitably 
involve illusory sensory signals) has been seldom explored (Marotta et al. 2016). Are people 
who are more suggestible to feeling sensations more likely to dis-embody a body part during 
a bodily illusion? An exploration of this, in terms of lower limb illusions in healthy people, 
might inform us about what mechanisms might be disrupted in BIID (and what factors 
might make people more susceptible to experiencing body ownership related disorders). 

Outline of this thesis 
In light of these topics, the aim of this thesis is to explore the underlying representations 
of the (lower) body in healthy individuals and in individuals with BIID. If, in BIID, there is 
a mis-integration of exteroceptive signals (vision, touch, and proprioception) with higher-
order models of the body, then this might be evident in behavioural assessments of lower 
limb representations. Thus, in the current thesis I examined lower limb representations in 
healthy (chapters 2 – 4) and BIID (chapters 5 - 7) participants. In chapter 2, we explored the 
influence that vision, touch, and proprioception have on perceptions of the legs. Participants 
were asked to make sensory-guided judgements about the size and shape of their legs in a 
series of behavioural tasks. Specifically, they were asked to localize unseen points on the legs 
while relying on proprioceptive input of where their legs were in space. They were also asked 
to make judgements about the distance between two unseen tactile points applied to their 
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1thighs and shins. In addition, they judged the size of their own legs by looking at (distorted) 
images of them. These tasks presumably relied not only on processing external sensory input 
but also the reference to higher-order models of the body (Longo et al. 2010). This study 
provided a baseline for understanding what leg representations underlying different sources 
of sensory feedback look like in healthy participants. In chapter 3, we examined the size 
of peripersonal space around the legs/feet in sample of healthy participants using a visuo-
tactile interaction. Participants were asked to respond to a vibrotactile stimulus applied to 
their toes while a task-irrelevant (neutral) visual stimulus approached the toes too. We could 
therefore examine the relationship between tactile reaction times and the proximity of the 
visual stimulus, delineating a boundary between peripersonal and extrapersonal (beyond 
peripersonal) space for the lower limbs. In chapter 4, we applied the disappearing hand 
trick (Newport and Gilpin 2011) to the hands and feet in two groups of healthy participants 
(and a few participants with BIID in a supplementary analysis). We also looked at whether 
sensory suggestibility in our healthy participants was related to the experience of the illusion 
(hereafter “the disappearing limb trick”). In chapter 5, we examined leg representations in 
a small group of people with BIID (including both the amputation- and paralysis-variants) 
and age-and sex-matched controls. Methods were the same as in chapter 2. In chapter 6, 
we examined the size of peripersonal space around the affected limbs in a small group 
of amputation-variant BIID participants and a group of age- and sex-matched controls. 
Methods were the same as chapter 3, such that we used a visuo-tactile interaction task to 
explore individual peripersonal space. In chapter 7, we explored the integrity of the foot 
representation in people with amputation-variant BIID using an online mental rotation task 
involving feet as stimuli. Participants were asked to judge the laterality of pictured feet, a 
task that involves reference to one’s own mental representation of that body part (which 
might be congenitally missing/altered in people with BIID). We compare the performance 
to a group of unilateral lower-limb amputees and age- and sex-matched intact controls 
(both of whom possess an innate representation of the body, but in the former the physical 
limb is no longer intact). Chapter 8 includes a general discussion of the findings, including 
implications, limitations, and future directions. 
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The influence of vision, touch, 
and proprioception on body 
representation of the lower limbs



Abstract 

Numerous studies have shown that the representation of the hand is distorted. When 
participants are asked to localize unseen points on the hand (e.g. the knuckle), it is perceived 
to be wider and shorter than its physical dimensions. Similar distortions occur when people 
are asked to judge the distance between two tactile points on the hand; estimates made 
in the longitudinal direction are perceived as significantly shorter than those made in the 
transverse direction. Yet, when asked to visually compare the shape and size of one’s own 
hand to a template hand, individuals are accurate at estimating the size of their own hands. 
Thus, it seems that body representations are, at least in part, a function of the most prominent 
underlying sensory modality used to perceive the body part. Yet, it remains unknown if the 
representations of other body parts are similarly distorted. The lower limbs, for example, 
are structurally and functionally very different from the hands, yet their representation(s) 
are seldom studied. What does the body representation for the leg look like? And is leg 
representation dependent on which sense is probed when making judgements about its 
shape and size? In the current study, we investigated what the representation of the leg 
looks like in visually-, tactually-, and proprioceptively-guided tasks. Results revealed that 
the leg, like the hand, is distorted in a highly systematic manner. Distortions seem to rely, 
at least partly, on sensory input. This is the first study, to our knowledge, to systematically 
investigate leg representation in healthy individuals. 
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2

1. Introduction 

Numerous investigations have revealed that the way in which we perceive the size and 
shape of our bodies is highly distorted. The magnitude and direction of these distortions are 
dependent (at least partly) on the most reliable and dominant source of sensory information 
available when making judgements about that body part. For example, in a task where 
individuals must rely mainly on proprioception (i.e. the position of the body in space) to 
localize unseen landmarks (e.g. tip of the finger) on the hand, the hand is perceived to be 
wider (~20 - 80%) and the fingers to be shorter (~20 - 40%) than they actually are (Longo 
and Haggard 2010; Longo et al. 2012; Longo et al. 2015; Saulton et al. 2015; Coelho et al. 2016; 
Saulton et al. 2016). Similar distortions are found when participants are asked to rely mainly 
on tactile information, and make judgements about the distance between two unseen tactile 
points applied to the hand: distance estimates made in the transverse (width) direction are 
overestimated compared to estimates made in the longitudinal (length) direction (Longo 
and Haggard 2011). This is consistent with the size and shape of tactile receptive fields on 
this part of the skin. However, when asked to rely mainly on vision, and compare images of 
a template hand to the size and shape of their own hand, participants show near veridical 
performance (Longo and Haggard 2012; Saulton et al. 2015; Saulton et al. 2016). These results 
suggest that the representation of our bodies arise from multimodal sources of information 
and that these representations are shaped differently depending on the sense that is probed 
and/or most dominant when perceiving that part (see Longo et al. 2016 for an insightful 
review on this matter). Further support for this comes from studies that have shown that 
manipulating (the presence of) one aspect of sensory input to a body part (e.g. vision) can 
alter other aspects of perceived sensory information about that body part (e.g. touch). That 
is, vision directed at a body part (even if it is noninformative) can enhance spatial tactile 
acuity on that part when external stimuli are applied (a phenomenon known as visual 
enhancements of touch, Kennett et al. 2011; Press et al. 2004; Taylor-Clarke et al. 2002). Also, 
depriving a body part of tactile and proprioceptive input (e.g. via anesthesia) influences one’s 
(visually-guided) estimates of the body part’s size (Gandevia and Phegan 1999). Gandevia 
and Phegan (1999) showed that following thumb anesthetization, participants consistently 
matched the perceived size of their thumbs to images of thumbs that were significantly 
larger than their own (though this was not the case for controls). So ultimately, body 
representations are not fixed, and sensory input plays a critical role in shaping the way in 
which a body part is represented.

In daily life, our hands play a crucial role in the way that we experience the environment. 
We regularly see the hands in our field of view, we use them for communication 
(e.g. gesturing), for reaching and grasping, and for touching/manipulating objects. 
Consequently, the majority of investigations that have systematically looked at how vision, 
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touch, and proprioception influence body representations have focused mainly on the 
upper limbs (primarily, the hands). Yet, are the representations of all body parts distorted? 
And if so, do they show similar stereotypical distortions as the hands do? Remarkably, 
little attention has been given to, for instance, the lower body when examining body 
representations. The lower limbs are structurally and functionally very different from 
the upper limbs (and particularly, from the hands), and their body representations 
might be reflective of these differences (van Elk et al. 2013; Pozeg et al. 2015). When 
compared to the hands, for example, the legs are larger, have reduced tactile sensitivity 
(Weinstein 1968), have fewer degrees of freedom for movement, and they play different 
roles in action production and execution (e.g. walk versus grasp). Some investigations 
have focused on how the immediate space surrounding the legs (i.e. peripersonal space) 
is represented (Schicke and Röder 2006; Schicke et al. 2009; van Elk et al. 2013; Pozeg et al. 
2015; Scandola et al. 2016). For instance, van Elk et al. (2013) showed that the integration 
of visual information presented near the hands with tactile stimulation on the hands is 
more readily facilitated than for the feet. The authors suggest that this may be partly due 
to differences in the way we integrate sensory information for these body parts on a daily 
basis. That is, generally we spend more time visually observing our hands than we do our 
legs or feet (van Elk et al. 2013). If the space around the legs is represented differently 
from the upper body, then it is likely that the representation of the legs themselves are 
also represented differently. Certainly, some investigations that have assessed full body 
representation have also included leg perception (albeit it was not the main focus of 
the investigations). For example, in visually-guided tasks, such as localizing points with 
respect to one’s own body (e.g. left hip) relative to the outline of a head on a computer 
screen (the Body Image Task; Fuentes et al. 2013) or quantifying one’s own leg length 
using a wooden dowel (Linkenauger et al. 2015), individuals perceive their legs to be 
shorter than their actual lengths (perceived leg width was not measured). In these studies, 
however, tactile or proprioceptive perception of the lower limbs was not assessed. 

No study, to our knowledge, has systematically investigated how vision, touch, and 
proprioception differentially contribute to a representation of the size and shape of the 
lower limbs. Understanding how the legs are represented might provide insight into 
populations that have an altered experience of their lower bodies (e.g. individuals with 
Body Integrity Identity Disorder, individuals with lower-limb amputations, individuals 
with paraplegia). Thus, we ask the question: What does the body representation for the leg 
look like? And is leg representation dependent on how it is probed (e.g. visually, tactually, 
proprioceptively)? In the current study, participants completed three tasks wherein leg 
representation (perception of width and length) was measured under different sensory-
guided conditions. In the template matching task (visual body perception), participants 
were asked to indicate whether distorted images shown of their own legs were more 



Leg representations in healthy participants   |   35

2

slender or wider than the actual size of their legs. In the tactile estimation task (tactile 
body perception), participants were asked to judge the distance between two tactile points 
applied to the thigh and shin, while blindfolded. In the localization task (proprioceptive 
body perception; Longo and Haggard 2010) participants were asked to localize unseen 
landmarks on their own leg (relying on the position of the leg in space). As previous 
studies have shown that stereotypical distortions also emerge when judging hand-shaped 
objects (e.g. a rubber hand, a rake) and even partly for non-corporeal based objects (e.g. 
a box or post-it note), we wanted to include similar conditions in our investigations. 
Thus, participants also localized unseen landmarks of 1) their own body but without 
proprioceptive information, 2) a corporeal-related object (i.e. mannequin leg) and 3) a 
non-corporeal object (i.e. a wooden board). 
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2. Methods 

2.1. Participants: Twenty-four individuals (15 females) between the ages of 18 and 42 years 
(mean = 25.0 ± 4.9 SD) participated in the current study. All participants were right-handed 
by self-report and had normal or corrected-to-normal vision. Mean height of participants 
was 174.6 (± 9.5 SD, range 159 - 193) cm. All participants gave written informed consent in 
accordance with the Declaration of Helsinki and the approval of the local ethics committee 
before participating in the study. Participants were naïve to the purposes of the study.

2.2. Materials and Procedures:
2.2.1. Footedness Questionnaire: Participants completed the Waterloo Footedness 
Questionnaire – Revised (WFQ – R; Elias et al. 1998) after signing the informed consent 
form. The questionnaire included 13 questions which assessed foot preference for different 
scenarios (e.g. when kicking a ball, hopping on one foot, etc.). Participants were asked to 
indicate which foot they preferred for each task, with responses of -2 (left always), -1 (left 
usually), 0 (equal), +1 (right usually), or +2 (right always). Responses for all questions were 
summed, and total scores could range from a minimum of -20 (indicating an exclusive left 
foot preference) to a maximum of +20 (indicating an exclusive right foot preference). 

Template Matching Task: Visual perception of leg size was assessed using a Template Matching 
Task (Longo and Haggard 2012; Saulton et al. 2015). Prior to task initiation, the participant 
stood in front of a large sheet of green paper board (140 L x 50 W cm) wherein a photograph 
of the participant’s right leg was taken using a Samsung DV150F HD camera. The camera was 
positioned approximately 70cm vertically from the floor and 150cm horizontally from the 
participant. Participants wore a pair of shorts during the experiment so that bare skin from 
the mid-thigh to ankle was visible in the photograph. The photograph was then loaded into a 
custom MATLAB script which stretched or compressed the image of the leg horizontally by 
± 5 - 35% (step size of 5%), generating an array of 15 images. Each image had a value between 
0.65 (i.e. 65% of actual leg width) to 1.35 (135%), wherein images with a value of 1 (100%) were 
the participant’s actual leg size. Participants sat in front of a computer monitor (approximately 
42cm from the screen, screen dimensions: 27 L x 34 W; resolution: 1280 x 1024) and were 
asked to click-to-indicate whether the image of the leg shown onscreen was wider or more 
slender than he/she felt the shape of his/her own leg was. See figure 1A. The program used 
two staircase procedures; one in which the starting image shown was 125% of the width of 
the photographed leg, and one in which it was 75% (using a one-up-one-down procedure, see 
Saulton et al. 2015 and Levitt 1971). Initial step size was 5 (i.e. 25%), and decreased after each 
reversal (to 3, to 2, and 1). The program stopped after 13 reversals. Participants completed the 
task twice; once for the 125% staircase, and once for the 75% staircase. The average of the last 
5 reversals (across both staircases) was taken as the perceived leg-width threshold. Possible 
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averages could range from 0.65 to 1.35, where 1 is veridical. Therefore, a value greater than one 
indicated an overestimation of leg width, and a value less than 1 indicated an underestimation 
of leg width. The number of trials ranged from thirteen to eighty. Starting condition (75% or 
125% staircase) was counterbalanced between participants. 

Figure 1. (A) Image showing an example trial from the Template Matching Task. Participants must click “wider” 
or “slender” as a response to the leg photograph (B) Image showing an example trial from the Tactile Estimation 
Task; in this case, the stimulus is applied to the thigh in the longitudinal direction C) Image showing an example 
response during the Tactile Estimation Task. Participants estimated the distance applied to the leg using their 
thumb and index fingers and touching the screen of a tablet. 

Tactile Estimation Task: Tactile perception of leg size was assessed using a tactile distance 
estimation task (Keizer et al. 2012). The experimenter applied two simultaneous tactile 
stimuli (i.e. the points on a digital caliper, approximately 1 second duration) to the thigh 
(approximately 10 cm above the knee) or to the shin (approximately 15 cm below the knee, 
on the right side in order to prevent undue pressure on the shin bone) of the blindfolded 
participant. The possible distances between the two points on the caliper were 50, 60, and 
70 mm, which were applied in both transverse and longitudinal directions. Participants 
estimated the distance between the two applied points by using the thumb and index finger 
of the right hand. They placed their fingers on the screen of an ACER Aspire 10-inch tablet, 
which measured the distance between the two fingers in a custom-made program called 
TouchTest (programmed in MATLAB). Each distance was applied 3 times per location (shin, 
thigh) and per direction (transverse, longitudinal). The average of these 3 trials was taken as 
a measure of perceived distance estimation. We used a blocked design, wherein participants 
completed four blocks (i.e. Thigh Transverse, Thigh Longitudinal, Shin Transverse, Shin 
Longitudinal). Trial order of each applied distance was randomized within each block. 
Starting block was counterbalanced between participants. See figure 1B-C for task set-up.

Localization Task: Proprioceptive and visual memory perception of leg size and shape were 
measured using a modified version of the Localization Task (Longo and Haggard 2010; 
Saulton et al. 2015). Prior to task initiation, measurements of the participant’s right leg were 
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taken by the experimenter using a tape measure and an MIB Vernier caliper (300mm). The 
following measurements were taken: width of knee, width of ankle, width of mid-thigh (mid-
thigh was classified as the mid-point between the inner groin and knee), length of upper 
leg ( from mid-thigh to knee), length of lower leg ( from knee to ankle). Thus, the landmarks 
that participants were asked to indicate during the task were: inner mid-thigh, outer mid-
thigh, inner knee, outer knee, inner ankle, outer ankle. Small stickers (1cm in diameter) 
were placed on each landmark (e.g. inner knee) to facilitate the measuring process, and to 
familiarize the participant with the location of each landmark before starting the task. These 
stickers remained on the participants’ legs for the duration of the experiment.

In a dark room, participants were seated in front of a 55-inch SONY KDL-55W805C television 
(screen dimensions: 68.5cm W (short edge) x 121.5cm L (long edge); resolution: 1920 x 1080) 
which lay horizontally on top of a table (120 L x 80 W x 70 H cm). Specifically, participants 
sat with their torso centrally aligned with the short edge of the television screen, with a 
computer mouse in the right hand (which was positioned on top of a platform 23 L x 21 W 
x 65 H cm). There were four conditions in which participants were asked to click-to-indicate 
the location of specific landmarks (e.g. inner ankle). At the start of each trial, the cursor 
was presented at a random y-axis location on the right long edge of the screen (similar to 
Saulton et al. 2016, 2015). No feedback was given at the end of each trial. The conditions 
were as follows: a) Real: participants placed their right leg on top of a tabletop (100 L x 60 
W x 44.5 H cm) located 30cm below the television. The heel of the foot rested on a small 
foam pad (30 L x 25 W x 3 H cm) to prevent movement of the leg during the experiment. 
During each trial, white text appeared opposite to the participant, at the top and center 
of the other short edge of the television screen. Each set of text indicated a landmark (e.g. 
inner knee) and participants were asked to indicate the felt position of that landmark by 
left-clicking directly above where they perceived that part of their leg to be. The program 
was presented and data was recorded using a custom-made MATLAB program. A practice 
block (12 trials) was completed prior to task initiation. Performance on the practice block 
was not included in the analysis. For the experimental block, participants completed 60 
trials (10 trials per landmark), which were randomized between participants. See figure 2 for 
an example of the set-up and condition. b) Imagine: procedures were the same as the Real 
condition, except participants did not place their legs underneath of the TV screen. Instead 
they sat with their legs comfortably bent in front of them and were asked to “imagine as 
though your leg was extended under the table (as in the Real condition).” Here, participants 
could not rely on their position sense to complete the task but instead needed to rely on an 
internal mental representation of their leg. The same landmarks were used as in the Real 
condition. Participants completed 60 trials (10 trials per landmark), which were randomized 
between participants. c) Mannequin: a mannequin leg was placed on the tabletop below the 
television (in a similar orientation and position to the way participants placed their legs 
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in the Real condition). The tabletop was slid out from underneath the television screen, 
and participants were given 30 seconds to memorize the mannequin leg’s size and shape. 
The tabletop (with the mannequin leg positioned centrally on top) was then slid back 
underneath of the television. As in the Imagine condition, participants sat comfortably 
at the chair with their legs bent in front of them. The same landmarks were used as in the 
Real condition. The mannequin’s dimensions were as follows: width of mid-thigh (10.5 cm), 
width of knee (9.3 cm), width of ankle (4 cm), length of upper leg (mid-thigh to knee: 16 cm), 
length of lower leg (42.5 cm). Participants completed 60 trials (10 trials per landmark), which 
were randomized between participants. d) Object: similar to the Mannequin condition, the 
tabletop was slid out from under the television but in this case, participants were given 
30 seconds to memorize the size and shape of a wooden rectangular board (which was 
positioned in the center of the lower tabletop). Subsequently, the tabletop was slid back 
underneath the television and participants were asked to click-to-indicate the location of 
the following landmarks: upper left corner, upper right corner, lower left corner, lower right 
corner. The object’s dimensions were 15 W x 40 L x 2 H cm. Participants completed 40 trials 
(10x per landmark), which were randomized between participants. 

Starting condition (Real, Imagine, Mannequin, Object) was counterbalanced between 
participants. On-screen coordinates were compared to the actual dimensions of the leg. 
Each pixel on screen represented 0.63 millimetres (mm). For each landmark, we took the 
average clicked x and y screen coordinates of the ten trials. In order to obtain estimated 
width or length of part of the leg, the distance between the two points (e.g. inner knee and 
outer knee) on the television screen were calculated using the equation: 

𝑑𝑑𝑑𝑑 =  �(x2 – 𝑥𝑥𝑥𝑥1)2  +  (𝑦𝑦𝑦𝑦2 – 𝑦𝑦𝑦𝑦1)2 

 

 

 

  

The value ‘d’ was then multiplied by 0.63 in order to convert the distance between the pixels 
to mm. The following perceived values were obtained: width of knee, width of ankle, width of 
mid-thigh, length of upper leg (average from mid-thigh to knee), length of lower leg (average 
from knee to ankle). 

In line with previous studies (Longo and Haggard 2010; Longo and Haggard 2012; Saulton 
et al. 2015), the output of the localization task offered two outcomes of perceived body 
representation. The first outcome was the perceived size of the leg (as measured by the %mis-
estimation of the width and length of the various parts of the leg). Specifically, the clicked 
coordinate values from the MATLAB program were compared to the actual dimensions of 
the participants’ legs and percentage of perceived mis-estimation was calculated using the 
following equation:
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% mis − estimation =
perceived distance − actual distance

actual distance
∗ 100 

 
The second outcome was the perceived shape of the leg (as measured by the Shape Index). 
The shape index is a measure of the overall aspect ratio of an object (Napier 1980; Longo and 
Haggard 2010). We calculated the Shape Index (SI) for the upper (thigh) and lower (shin) 
parts of the leg using the following equation: 

SI = 100 ∗
width
length

 

where width was calculated as the average of the width of the mid-thigh and knee ( for upper 
leg SI) and average of the width of the ankle and knee ( for lower leg SI), and length was 
calculated as the length of the upper leg (knee to mid-thigh for the upper leg SI) and the length 
of the lower leg (ankle to knee for the lower leg SI). We calculated the SI separately for the 
upper and lower parts of the leg so that we could more reliably compare shapes between the 
corporeal conditions and the object condition, as participants had to estimate only 4 points 
for the upper/lower legs, respectively, and 4 points on the object. The upper and lower SIs were 
calculated for both the actual and perceived measurements for the Real, Imagine, Mannequin, 
and Object conditions. In order to compare the corporeal objects to the non-corporeal object, 
we calculated a normalized shape index (NSI) by dividing the perceived SI by the actual SI (i.e. 
NSI = perceived SI/actual SI; mimicking Saulton et al. 2015) . A value of 1 indicates veridical 
shape perception, whereas a value greater than 1 indicates that the participant perceived 
the object to be wider than it is long, and a value less than 1 indicates that the participant 
perceived the object to be more slender than it is wide. Also, the NSI was used in order to 
compare estimates for the wooden rectangular board to the participant’s own leg estimates 
and the mannequin leg estimates (as the Object had different landmarks than the legs). 

The third outcome was the Tapering Index (TI), motivated by an insightful request from one 
of the reviewers. The SI (above) takes into account the overall shape of the object, but the 
leg is a ‘special’ shape that naturally tapers in width from thigh to ankle. To take this into 
consideration, we calculated a Tapering Index using the following equation:

TI = 100 ∗
width of bottom

width of top
 

where width of bottom refers to the width of the ankle (corporeal-based condition) or 
width of the bottom of the object (non-corporeal based condition), and width of top refers 
to the width of the thigh (corporeal-based conditions) and width of top of the object 
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(non-corporeal-based condition). TIs were calculated for both the actual and perceived 
measurements for all conditions. It is critical to note the rectangular board did not actually 
taper. In order to compare across conditions, we calculated a normalized tapering index 
(NTI by dividing the perceived TI by the actual TI (i.e. NTI = perceived TI/actual TI). A value 
of 1 indicates veridical shape perception, whereas a value greater than 1 indicates that the 
participant perceived less taper from mid-thigh (or top) to ankle (bottom) than the leg (or 
object’s) actual taper (i.e. they underestimated the taper), and a value less than 1 indicates 
that the participant perceived more taper from mid-thigh (or top) to ankle (bottom) than 
the leg (or object’s) actual taper (i.e. they overestimated the taper).

Figure 2. (A) Image showing set-up for the localization task. In this case, the participant is completing the 
Real condition. Note that the leg is placed under the table top. (B) Bird’s eye view during the Localization task.

2.3. Statistical Analyses: Data were analyzed using IBM SPSS Statistics 23.0 for Windows 
(IBM Corp., Armonk, N.Y., USA). Normality of the data was assessed using Shapiro-Wilk 
tests and by calculating the z-scores of the skewness and kurtosis of each data set. In the 
event that data showed deviation from normality, non-parametric tests were conducted. 
Partial Eta Squared values were used to show effect size (η2). All pairwise comparisons were 
Bonferroni corrected. For the localization task, values >2 standard deviations from the mean 
of the tested landmark were removed prior to analysis. On average, 6.3% of all localization 
task trials were removed from the analysis. Only two trials were removed from the entire 
tactile estimation dataset (1 trial from 2 participants, respectively, due to technical issues) 
and no trials were removed from the template matching task dataset. 



42   |   Chapter 2

3. Results

3.1. Footedness Questionnaire: The mean score was +10.8 (± 1.1 SE; range -4 to +20) out of a 
total possible score of -22/+22. All participants were right-footed, save for one participant 
who had a score of -4 (left-footed). 

3.2. Template Matching Task: As noted above, the width of legs in the images shown to the 
participants ranged from 65% (0.65) to 135% (1.35) of the actual leg width (100%; value of 
1). Thus, the average value (i.e. the average across the 125% and 75% staircases) obtained for 
each participant on this task could range from 0.65 to 1.35. A one-sample t-test comparing 
the average scores (M = 1.10 ± 0.03 SE) to a value of 1 (i.e. veridical performance) revealed 
a significant difference (t(23) = 3.22, p = 0.004). Thus, performance on this task was not 
veridical. Specifically, participants showed overestimation of leg width on this task. 

3.3. Tactile Estimation Task: Estimated values were converted to percent mis-estimation for 
each distance (using the equation described in the Localization Task description). A 3 (distance) 
x 2 (location) x 2 (direction) repeated measures ANOVA on the percent mis-estimation values 
revealed a main effect of distance, indicating that participants estimated larger widths (i.e. 
opened their hands wider) for estimating 70mm vs. 60mm vs. 50mm distances (F (2,46) = 8.646; 
p < 0.001, η2 = 0.27). However, there was no main effect of Location (F (1,23) = 0.08; p = 0.77, η2 

= 0.004), indicating that estimates made on the thigh and shin were similar. There was also 
a main effect of Direction (F (1,23) = 27.1; p < 0.0001, η2 = 0.54), indicating that participants 
estimated smaller distances for stimuli applied in the longitudinal direction when compared 
to the transverse direction. The interaction between Distance and Location was not significant 
(F (2,46) = 0.001; p = 0.99, η2 < 0.0001), nor was the interaction between Distance and Direction 
(F (2,46) = 1.0; p = 0.34, η2 = 0.04). There was, however, an interaction between Location and 
Direction (F (1,23) = 6.6; p = 0.01, η2 = 0.22). Follow up Bonferroni-corrected paired-samples 
t-tests revealed that the distances applied to the shin in the longitudinal direction were 
estimated to be smaller than those applied in the transverse direction (t(23) = -6.8; p < 0.0001). 
See figure 3. However, there was no difference between transverse and longitudinal estimates 
for the thigh (t(23) = -1.5; p = 0.13). Moreover, there was no difference between legs parts for 
estimates made in neither the transverse nor the longitudinal directions (p > 0.07 for both 
comparisons). The interaction between Distance, Location, and Direction was not significant 
(F (2,46) = 0.7; p = 0.49, η2 = 0.03). 

Comparison to actual applied distances
Bonferroni-corrected one-sample t-tests for each leg part and direction were conducted to 
examine if participants misestimated the distances applied per direction and per location.
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Thigh (upper leg): Estimates made in the transverse direction did not differ from baseline 
(i.e. 0, t(23) = -1.1, p = 0.28). That is, participants accurately estimated the distance between 
two points applied to the thigh in the transverse direction. In contrast, estimates made in 
the longitudinal direction were significantly different from baseline (t(23) = -3.7, p = 0.001). 
That is, participants significantly underestimated the distance between two points when 
they were applied to the thigh in the longitudinal direction. See figure 3. 

Shin (lower leg): Estimates made in the transverse direction did not differ from baseline 
(i.e. 0, t(23) = 0.1, p = 0.89). That is, participants accurately estimated the distance between 
two points applied to the shin in the transverse direction. In contrast, estimates made in 
the longitudinal direction were significantly different from baseline (t(23) = -5.8, p < 0.0001). 
That is, participants significantly underestimated the distance between two points when 
they were applied to the shin in the longitudinal direction. See figure 3.

Figure 3. Bar graph showing percent mis-estimation of transverse and longitudinal stimuli applied to the thigh and 
shin during the tactile estimation task. The black bars represent percent mis-estimation in the transverse directions 
and the white bars represent percent mis-estimation in the longitudinal direction. The single asterisk above the 
longitudinal bars denotes a significant difference from actual applied measurements (i.e. 0%). Note the significant 
difference between transverse and longitudinal estimates for the shin. Error bars represent standard error of the mean. 

3.4. Localization Task:
To investigate if the perceived size (width and length) of different parts of the leg are 
distorted (under different conditions), we first report the comparisons to the actual leg 
width and length (i.e. a value of 0) for all corporeal-related conditions (Real, Imagine, 
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Mannequin). Second, and in line with previous reports (Longo and Haggard 2010; Saulton 
et al. 2015), separate repeated-measures ANOVAs were conducted for the width estimates 
and for the length estimates in the corporeal-based conditions (Real, Imagine, Mannequin). 
Negative values indicate an underestimation of width/length and positive values indicate 
an overestimation of width/length of the specified leg part. 

3.4.1. Leg Width
Comparisons to actual leg width: Bonferroni-corrected (critical p = 0.005) one-sample t-tests 
revealed that the conditions/leg parts that did not differ from zero (i.e. veridical estimate) 
were the Mannequin thigh (t(23) = 1.5, p = 0.13), Mannequin knee (t(23) = -2.4, p = 0.02), and 
Real thigh (t(23) = -2.6, p = 0.01) conditions, suggesting accurate perception of the width of 
these parts. All other width estimates were different from zero (p < 0.0005). 

Differences in width perception as a function of condition and leg part: A 3 (condition) x 3 
(leg part) repeated measures ANOVA was conducted on the percentage of mis-estimation 
for width. Condition (Real, Imagine, Mannequin) and Leg part (thigh, knee, ankle) were 
within subject factors. There was a main effect of condition (F (2, 46) = 14.0; p < 0.0001, η2 = 
0.38), indicating that participants overestimated the width of the leg more in the Mannequin 
condition (M = 24.7% ± 6.7 SE) compared to both the Real (p < 0.0001; M = 3.9% ± 4.4 SE) and 
the Imagine (p = 0.001; M = 3.2% ± 5.0 SE) conditions. Intriguingly, estimates made in the 
Real and Imagine conditions did not differ (p = 1.0). There was also a main effect of leg part 
(F (2, 46) = 81.7; p < 0.0001, η2 = 0.78), indicating that that the knee (M = -13.6% ± 3.5 SE) was 
underestimated significantly more than both the thigh (M = -4.7% ± 3.7 SE) and the ankle 
(M = 50.3% ± 8.5 SE). Estimates for the thigh and ankle were also significantly different (p < 
0.0001). Comparisons to baseline (one-sample t-test) revealed that the ankle was significantly 
overestimated (t(23) = 5.9, p < 0.0001), the knee was significantly underestimated (t(23) = 
-3.8, p < 0.001), while the thigh was perceived as veridical (t(23) = -1.2, p = 0.22). Moreover, 
the interaction between condition and leg part was significant (F (4, 92) = 12.3; p < 0.0001, η2 

= 0.34). Follow-up Bonferroni-corrected paired-samples t-tests revealed that thigh estimates 
for the Mannequin leg were significantly overestimated compared to the Real (t(23) = -4.5, 
p < 0.0001) and Imagine (t(23) = 5.8, p < 0.0001) conditions. Real and Imagine conditions 
showed no difference in estimates for thigh width (t(23) = 1.0, p = 0.3). Ankle estimations for 
the Mannequin leg were also significantly overestimated compared to the Real (t(23) = -4.5, 
p < 0.0001) and Imagine (t(23) = 4.3, p < 0.0001) conditions. Once again, Real and Imagine 
did not differ for ankle estimations (t(23) = -0.03, p = 0.97). There were no differences in 
estimates for knee width between the Real and Imagine (t(23) = -0.1, p = 0.88), the Real and 
Mannequin (t(23) = -1.2, p = 0.22), nor between the Imagine and Mannequin (t(23) = 0.7, 
p = 0.44) conditions. However, when considering within condition, there was a significant 
difference between the knee and thigh estimates in the Mannequin condition (t(23) = 5.5, p < 
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0.0001), while differences did not emerge between the knee and thigh estimates for the Real 
(t(23) = 1.9, p = 0.07) nor for the Imagine (t(23) =0.6, p = 0.54) conditions. The knee estimates 
differed from the ankle estimates, however, within all three conditions (p < 0.0001 for each 
comparison). Similarly, the thigh estimates differed from the ankle estimates within all three 
conditions as well (p < 0.0001 for each comparison). See figure 4A. 

Figure 4. (A) Bar graph demonstrating percent mis-estimation for width estimates of thigh, knee, and ankle. 
Light grey bars represent the Real condition, medium grey bars represent the Imagine condition, and dark grey 
bars represent the Mannequin condition. Values greater than 0 denote overestimation of the width of the body 
part, while values less than 0 denote underestimation of the width of the leg part. Note the significant differences 
within the thigh and ankle conditions. Also note the significant difference between the Mannequin knee and 
thigh. Error bars represent standard error of the mean. (B) Bar graph demonstrating percent mis-estimation for 
length estimates of lower leg and upper leg. Note that the Real condition differs significantly from at least one 
other condition for both parts of the leg. Error bars represent standard error of the mean.

3.4.2. Leg length
Comparisons to actual leg lengths: Bonferroni-corrected (critical p = 0.008) one-sample 
t-tests revealed that all length estimates differed significantly from zero (p < 0.0001 for all 
comparisons), suggesting a distorted representation of leg length, regardless of condition. 

Differences in length perception as a function of condition and leg part: A 3 (condition) x 2 
(leg part) repeated measures ANOVA was conducted on the percentage of mis-estimation 
for length. Condition (Real, Imagine, Mannequin) and Leg part (upper leg, lower leg) were 
within subject factors. There was a main effect of condition (F (2, 46) = 15.9; p < 0.0001, 
η2 = 0.4), indicating that participants overestimated the average leg lengths significantly 
more in the Mannequin condition (M = 30.1% ± 6.9 SE) than in the Imagine (M = 17.4% 
± 6.1 SE) and Real (M = 1.2% ± 3.8 SE) conditions. The Imagine and Real conditions also 
differed significantly (p = 0.005). There was also a main effect of leg part (F (1, 23) = 125.1; p 
< 0.0001, η2 = 0.84), indicating that participants significantly overestimated the length of the 
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upper leg (M = 62.1% ± 8.6 SE) when compared to the lower leg (M = -29.5% ± 2.9 SE). The 
interaction between condition and leg part was also significant (F (2, 46) = 4.8; p = 0.01, η2 = 
0.17). Follow-up Bonferroni-corrected (critical p = 0.008) paired-samples t-tests revealed that 
this interaction was driven by the finding that estimates in the Imagine condition differed 
significantly from the Real condition for length estimates made for the upper leg (t(23) = 
3.6, p = 0.001) but not for estimates made for the lower leg (t(23) = 1.7, p = 0.09).There were 
no differences between the Imagine and Mannequin conditions for either upper (t(23) = 1.9, 
p = 0.06) or lower (t(23) = 2.2, p = 0.03) leg estimates. Estimates made in the Real condition 
differed from the Mannequin condition for both upper (t(23) = -3.9, p = 0.001) and lower leg 
(t(23) = -3.2, p = 0.003). See figure 4B.

3.4.3. Normalized Shape Indices
Shapiro-Wilk tests (and examination of the skewness and kurtosis) revealed that the 
Object condition was not normally distributed (p = 0.001). Therefore, the appropriate non-
parametric tests were conducted for each set of comparisons. Thus, the median is reported, 
and variability is expressed as the interquartile range (IQR).

3.4.3.1. Upper Leg Shape Indices: 
Comparisons to actual shape: Bonferroni corrected (critical p = 0.012) Wilcoxon Signed 
Rank Tests revealed that the NSIs for all conditions differed from 1 (i.e. veridical perception; 
p < 0.001 for all comparisons). For the corporeal-based conditions, participants perceived 
the upper legs to be, on average, longer and/or thinner than the actual shape of the upper 
leg(s). For the non-corporeal condition, participants perceived the object to wider and/or 
shorter than the actual shape of the object. See figure 5A.

Comparisons between conditions: Friedman’s test was conducted to examine differences 
between the perceived upper leg NSIs across all conditions. The Friedman test was significant 
(X2(3) = 51.0, p < 0.0001). Follow-up Bonferroni-corrected (critical p = 0.008) Wilcoxon-
Signed Ranked tests revealed that the Real (Med = 0.62, IQR = 0.54 – 0.80), Imagine (Med = 
0.54, IQR = 0.44 – 0.62), and Mannequin (Med = 0.53, IQR = 0.43 – 0.73) conditions differed 
from the Object (Med = 1.14, IQR = 1.0 – 1.36) condition (p < 0.0001 for each comparison). 
The Real condition differed from the Imagine condition (Z = -3.3, p = 0.001), but not from 
the Mannequin condition (Z = -2.1, p = 0.03). The Imagine and Mannequin conditions did 
not differ (Z = -0.9, p = 0.33). See figure 5A.
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Figure 5. (A) Box plots demonstrating upper leg shape indices for all conditions. The medians are represented 
as the centered thick lines. Above the medians represent the third quartiles, and below the medians represent 
the first quartile. The whiskers represent maximum (above box) and minimum (below box) values. The opaque 
circles above Mannequin and Object conditions represent the outliers. The dotted horizontal line adjacent to 
x-value ‘1’ represents veridical shape perception. All conditions significantly differed from 1. Asterisks denote 
significant differences at p < 0.008. Note the significant difference between the Real and Imagine condition. 
Also note the significant difference between the Object conditions and all other conditions. (B) Box plots 
demonstrating lower leg shape indices for all conditions. Again, note the significant difference between the 
Object conditions and all other conditions.
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3.4.3.2. Lower Leg Shape Indices: 
Comparisons to actual shape: Bonferroni-corrected (critical p = 0.012) Wilcoxon Signed 
Rank Tests revealed that the NSIs for all conditions differed from 1 (i.e. veridical perception; 
p < 0.001 for all comparisons). For the corporeal-based conditions, participants perceived 
their lower legs to be, on average, shorter and/or wider than the actual shape of the lower 
legs. To reiterate, for the non-corporeal condition, participants perceived the object to wider 
and/or shorter than the actual shape of the object. See figure 5B

Comparisons between conditions: Friedman’s test was conducted to examine differences 
between the perceived lower leg NSIs across all conditions. The Friedman test was significant 
(X2(3) = 19.0, p < 0.0001). Follow-up Bonferroni-corrected (critical p = 0.008) Wilcoxon-
Signed Ranked tests revealed that the Real (Med = 1.62, IQR = 1.41 - 1.92), Imagine (Med = 
1.59, IQR = 1.06 – 1.83), and Mannequin (Med = 1.45, IQR = 1.24 – 1.83) conditions differed 
from the Object (Med = 1.14, IQR = 1.0 – 1.36) condition (p < 0.005 for each comparison). 
The Real condition did not differ from the Imagine (Z = -1.4 , p = 0.14) condition nor from 
the Mannequin condition (Z = -1.5, p = 0.11). Also, the Imagine and Mannequin conditions 
did not differ (Z = -0.17, p = 0.86). See figure 5B.

3.4.4. Normalized Tapering Indices:
Comparisons to actual taper: Bonferroni-corrected (critical p = 0.012) one-sample t-tests 
revealed that TIs for the Real, Imagine, and Mannequin conditions were significantly 
different from 1 (i.e. baseline; p < 0.0001 for all comparisons). Participants significantly 
underestimated the taper from the thigh to the ankle. However, the NTI for the Object 
condition did not different from baseline (t(23) = -0.7, p = 0.44). Participants accurately 
estimated the ‘taper’ of the Object. However, it is critical to emphasize here that the actual 
shape of the Object did not taper from the top to the bottom (given its rectangular shape). 
See figure 6.

Comparisons between conditions: A repeated measures ANOVA with condition (Real, 
Imagine, Mannequin, Object) as the within-subject factor conducted on the NTIs revealed 
a main effect of Condition (F(3, 69) = 24.5, p < 0.0001). Bonferroni-corrected Pairwise 
comparisons revealed a significant difference between the Object condition and all other 
conditions (p < 0.0001). The Real, Imagine, and Mannequin conditions did not differ from 
one another (p > 0.7 for all comparisons). See figure 6.
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Figure 6. Bar graph demonstrating normalized tapering indices for all conditions. The single asterisk directly 
above a bar denotes a significant difference from actual taper (i.e. a value of 1, dotted horizontal line). Also 
note the significant difference between the Object condition and all other conditions. Values significantly 
greater than 1 indicate an underestimation of perceived taper, while values significantly less than 1 indicate an 
overestimation of taper. The dashed arrows on the left side of the figure indicate the direction of mis-estimated 
taper. The upward-facing arrow indicates that the taper was underestimated more with higher Tapering Index 
values, and the downward-facing arrow indicates that the taper was overestimated more with lower Tapering 
Index values. Please also note that the Object did not actually taper from the top to the bottom. 
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4.  Discussion

The aim of the current study was to reveal what the body representation of the leg looks like. 
Moreover, we wanted to investigate if body representation of the leg relies on the sensory 
modality (vision, touch, or proprioception) that is probed when making a judgement 
about the size and shape of one’s own leg. Participants were asked to make judgements 
about the length and/or width of their legs in three different tasks. Results showed that 
the representation of the leg, like the hand (Longo and Haggard 2010; Coelho et al. 2016; 
Saulton et al. 2016), is distorted with respect to its physical dimensions. The direction and 
magnitude of these distortions depend (at least partly) on the sensory demands of the task. 
This is the first study, to our knowledge, to systematically examine leg representation in 
healthy participants. As the representation of the lower body is seldom studied, these results 
might provide insight into populations in which the experience of the body is altered (e.g. 
individuals with lower-limb amputations, Anorexia, Somatoparaphrenia, Body Integrity 
Identity Disorder). 

Visual perception of the leg was measured using the Template Matching Task (TMT). 
Participants were shown distorted images of their own legs and were asked to indicate 
whether the leg shown was wider or more slender than their actual leg. Results showed that 
participants overestimated the widths of their legs by approximately 10%. This is interesting, 
as previous studies have reported veridical performance on such a task (Longo and Haggard 
2010; Longo and Haggard 2012; Longo 2015c; Saulton et al. 2015; Saulton et al. 2016). There 
are at least two possible reasons for the discrepancy between the current and previous 
studies. Most of the previous reports using the TMT have focused on the representation 
of the hand. And in these reports, participants were asked to compare the shapes of their 
hands to template (or average-looking) hands, rather than to a distorted image of their 
own hand. Also, hand width and length were simultaneously manipulated. In the current 
study however, we used photographs of the participants’ own legs (and only width was 
manipulated). Although we were interested in the role that vision plays when making 
judgements about the body, it is possible that attitudes about one’s own body influenced the 
results as well. Glucksman and Hirsch (1969), for example, conducted a similar experiment 
with obese and non-obese participants. A photograph was taken of the participant’s full 
body, and it was distorted to be wider or more slender than the participant’s actual body 
(similar to what we employed in the current study with the images of the leg). Interestingly, 
obese participants tended to overestimate the width of their bodies, whereas non-obese 
participants tended to (slightly) underestimate the width of their bodies. Noteworthy, obese 
participants continued to overestimate the width of their bodies to the same extent, even 
after losing weight. And moreover, when making estimates about someone else’s body, the 
magnitude of the mis-estimations was significantly reduced. These results suggest that 
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visual information about one’s body, combined with attitudes about the body, can influence 
one’s perception of its width. Although attitudes about one’s own body were not explicitly 
assessed in the current sample, perhaps the overestimation of leg width would be attenuated 
when making judgements about a template leg instead.

A second possible reason that participants tended to overestimate the width of their 
legs may be due to the visual information we receive about our legs on a daily basis. For 
example, we see our hands from many viewpoints, and they are almost always in our field 
of view. Conversely, we mainly see our legs from a top-down view (i.e. looking down when 
we are standing or sitting). Focal attention to the upper and lower body is therefore likely 
to be different (Fuentes et al. 2013). For example, when we sit, our thighs become wider 
from the pressure against the chair. It is possible that visual experiences like this influence 
the perception of the body. For example, simply visually perceiving your hand as larger 
can change tactile perception on that body part (Bruno and Bertamini 2010). Also, the 
photographs used in the current paradigm were displayed to the participant from a third 
person perspective. Normally, one does not see his/her legs from a third person perspective 
(unless standing before a full-length mirror), which might lead to mis-estimations (as 
reported here) when making visually-guided judgements about one’s own leg width. It would 
be interesting to investigate if the visual representation of the leg would still be distorted if 
the photograph were taken from a first-person perspective. In any case, it seems that visual 
information about the body (or leg, in this case), although informative, does not provide an 
accurate representation of the leg.

Tactile perception of the leg was measured using a tactile estimation task (TET). Participants 
underestimated the distance between two unseen points applied to the leg in the 
longitudinal (length-wise) direction, while they accurately estimated the distance between 
points applied in the transverse (width-wise) direction, suggesting that the leg is perceived 
as shorter than it really is when relying on tactile input. Moreover, the length-wise estimates 
were significantly underestimated compared to width-wise estimates, but only for the lower 
leg (shin). The few studies that have investigated lower limb tactile distance perception have 
focused only on the thigh. For instance, Cholewiak (1999) showed no effect of direction 
when making judgements about two unseen tactile stimuli applied to the thigh (as we 
show here), whereas Green (1982) showed that participants significantly underestimated 
distances applied to the thigh in the longitudinal direction compared to the transverse 
direction. Similar findings have been replicated for estimates made about the hand (Longo 
and Haggard 2011) and arms (Wong et al. 1974; Green 1982; Le Cornu Knight et al. 2014) as 
well. With respect to the shin, investigations on tactile distance perception for the lower 
leg are lacking in the literature. Our finding that participants significantly underestimated 
stimuli applied in the longitudinal direction when compared to the transverse direction 
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might relate to one study that investigated tactile direction (but not distance) perception on 
the shin. Ackerley et al. (2014) showed that participants were significantly worse at judging 
the direction of moving stimuli on the shin (in the longitudinal direction) than for other 
body surfaces including the thigh, arm, palm, and forehead. However, more investigations 
on lower leg tactile distance perception are needed. Noteworthy, the tactile receptors 
themselves do not provide shape and size information about metrics of the leg (or any body 
part, for that matter; Longo 2015b). Thus, in order to make a judgement about the distance 
between two unseen applied points to the skin, one must refer to a stored representation of 
the body metrics (i.e. a body model; Longo 2015b; Longo and Haggard, 2012, 2010). Previous 
studies have shown that the body model underlying tactile and proprioceptive information 
about the body is highly distorted; that is, estimates made (on hairy skin) in the longitudinal 
direction are underestimated more than estimates made in the transverse direction, due 
to the size and shape of the tactile receptive fields on the hairy skin (i.e. oval-shaped; e.g. 
see Brown et al. (1975), Treede et al. (1990) and figure 4 of Longo and Haggard (2011)). 
The current findings align with this suggestion (at least for the shin). But regardless of leg 
part, participants showed a significant underestimation when making judgements in the 
longitudinal direction. Thus, the perception of the leg based on tactile input is also distorted 
with respect to the leg’s physical dimensions. 

Proprioceptive perception of the leg was measured using the localization task. The goal 
of the localization task was two-fold: it was used to assess 1) proprioceptive perception of 
the leg representation, and 2) shape perception of corporeal and non-corporeal objects. In 
general, participants showed similar mis-estimations (e.g. underestimation of thigh width, 
underestimation of lower leg length, overestimation of ankle width), regardless of corporeal-
based condition (Real, Imagine, Mannequin; see figure 4). This suggests that participants 
used the same internal reference (or body model) to make judgements about the length 
and width of a leg. Perhaps most surprising is the lack of a difference between the Real and 
Imagine condition for width estimates. That is, participants judged the width of different 
parts of the leg to be the same regardless if the participant was relying on proprioception 
(i.e. Real, leg under TV screen) or simply relying on an internal mental model of the leg 
(Imagine, leg not under the TV screen). This suggests that proprioception is not playing a 
critical role when making estimates about the width of the leg, at least using the current 
paradigm. In line with this, Longo et al. (2012) asked an individual with phantom limb 
(hand) syndrome to localize points on her (unseen) intact hand and on her phantom 
hand. Intriguingly, there was no difference between the estimated metrics between the 
two hands (as shown in the current experiment with the Real vs. Imagine conditions). The 
authors suggest proprioception is not always necessary to make judgements about the body 
structure, and in the absence of it, one can rely on other sources of information (such as a 
“body in the brain”) to make these judgements (Longo et al. 2012). More recently, a study by 
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Ganea and Longo (2017) revealed highly similar distortions for Real and Imagined estimates 
on the hand in the general population too, reinforcing the previous claim. Therefore, how 
much of a role does proprioceptive actually play when making estimating about the body’s 
metrics? In the current study, proprioception appeared to play a role when making estimates 
about the overall length (average of upper and lower leg proportion mis-estimates) of the 
leg. That is, average estimates of overall length proportions were most accurate when the 
participant was instructed to rely on proprioception to make the estimates (i.e. the leg 
was laying beneath the screen) compared to simply imagining its presence or making 
judgements about a fake leg. Particularly, participants overestimated their upper legs to 
the same proportion as they underestimated their lower legs in the Real condition only. 
Perhaps proprioceptive feedback about leg length is more informative than feedback about 
leg width. For example, leg width can change over the life span based on one’s weight. 
Leg length, on the other hand, is usually unchanged once one reaches adulthood. During 
locomotion, one is constantly confronted with feedback about the length of the leg when 
the foot sole contacts the ground. What is more, manipulating proprioceptive feedback by 
applying vibrations to the tendons of a limb can induce a feeling that the limb is becoming 
longer or shorter (but not necessarily wider or more slender; Kammers et al. 2006; Lackner 
1988). This highlights the important role that proprioception plays in length perception. 
Future studies should investigate this further by manipulating proprioceptive feedback 
during the localization task (e.g. moving the position of the leg during the task, changing 
the pressure on the joints, vibrating the tendons, etc.). 

Slight differences emerged when participants made localization estimates about their own 
leg compared to a fake leg (Mannequin condition). That is, participants overestimated the 
average width and length of the mannequin leg more than their own legs in the localization 
task. Specifically, participants overestimated the width of the thigh and ankle more for 
the Mannequin condition compared to the Real and Imagine conditions. Here it should 
be noted that the mannequin leg used in the current study was not matched to the size 
of each participants’ leg, and that participants have inarguably more sensory and learning 
experience about their own legs. Indeed, participants only viewed the mannequin leg briefly 
prior to task initiation. However, the direction of these mis-estimations was similar across 
all three conditions, suggesting that participants were relying (at least partly) on a similar 
internal model of a ‘leg’ to make their judgements. Previous studies have investigated how 
individuals localize points on an unseen hand-like object (e.g. a rubber hand, rake), and 
have shown similar results (Longo et al. 2015; Saulton et al. 2016). Individuals tend to make 
judgements about the hand-like objects in the same stereotypical manner as they do for 
their own hands (i.e. perceive them to be wider and shorter than they really are), albeit 
the magnitude of the distortions are generally larger for one’s own hand. These findings 
have been attributed to the additional information provided by somatosensation when 
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estimating one’s own hand. Yet the hand is much more tactually sensitive than the leg 
(Weinstein 1968), and therefore, somatosensory factors might have a lesser influence on 
estimating points on the leg than on the hand. Future studies could investigate this query 
by constraining somatosensory feedback during the task, for example, by reducing tactile 
feedback (through locally numbing or cooling) the body part under investigation. 

With respect to the overall width estimations of different leg parts, participants 
overestimated the width of the ankles significantly more than the knees and the thighs, 
as made evident from the main effect of leg part. In fact, when compared to actual widths, 
ankle width was significantly overestimated, knee width was significantly underestimated, 
and the thigh width was veridical. The finding that participants were significantly distorted 
(on average) in making judgements about the width of major ‘joint’ locations (knee, ankle) 
but not for ‘non-joint’ locations (mid-thigh) is intriguing. Perhaps it is a reflection of the 
directional capability of the joint and/or tendon governing movement of the leg part. For 
example, the joints in the knee easily allow for movement of the lower leg in the vertical (but 
not much in the horizontal) direction, which might lead to a compressed proprioceptive 
representation of knee width. Yet, the joints of the ankle allow for movement of the foot 
in the horizontal and vertical directions (e.g. imagine drawing a circle in the air with your 
toes), and this type of motor capability might lend to a proprioceptive representation 
of width that is exaggerated. Indeed, the perceived width of the wrist (which allows for 
multidirectional movement of the hand) is also overexaggerated in healthy participants 
(Longo 2017b). However, as this idea is speculative, an investigation examining perceived 
locations of joint and non-joint parts of the body would make for an informative study. With 
respect to perceived length of the different leg parts, participants overestimated the length 
of the upper legs, but underestimated the length of the lower legs. This suggests a perceived 
distal shift of the knee’s position towards the foot. This finding aligns with previous reports 
(Longo et al. 2015; Longo 2015d; Margolis and Longo 2015), which revealed that participants 
consistently perceive the knuckles to be farther forward on the hand than they are in reality 
(but see Gross et al. (1974) for the opposite pattern for arms). Although the reason for this 
mis-estimation of joint location remains unknown, Longo et al. (2015) speculate that it 
might be due to a conceptual misunderstanding of body part organization. 

Analyses of the normalized shape indices revealed that participants also mis-estimated 
the width and length of the rectangular wooden board (Object condition). Previous studies 
have shown similar results regarding shape perception of non-corporeal related objects 
(Glucksman and Hirsch 1969; Sposito et al. 2010; Saulton et al. 2015). For example, Saulton 
et al. (2015) asked participants to localize points on an unseen rectangular post-it note. 
Interestingly, the perceived shape of the rectangular post-it note was strikingly similar to 
the perceived shape of the rectangular board in the current study (i.e. NSI = ~1.2). Thus, 
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individuals also misperceive the metrics of objects that are not related to the body. However, 
when comparing the Object condition to the perceived shapes of the lower and upper parts 
of the legs respectively, we found that participants’ perceptions of legs (be it their own or 
of a mannequin leg) are significantly more distorted than their perceptions of the overall 
shape of the object. That is, participants perceived their upper legs to be thinner and/or 
longer than they actually are, while participants perceived their lower legs to be fatter and/
or shorter than they are in reality. The finding that participants were significantly more 
distorted in making judgements about a corporeal-based objects (at least for the lower 
leg) compared to a non-corporeal based object is in line with the findings of Saulton et al. 
(2015). Borrowing the same logic as Saulton and colleagues, these distortions might be a 
product of an underlying distorted somatosensory model of the body (parts). However, the 
observation that the perception of legs and the object were distorted with respect to their 
physical dimensions reveal that non-somatosensory factors could also be playing a role (as 
also noted by Saulton et al. 2015), such as the reliance on a shared representation in the 
brain for objects and body parts. For instance, similar (and neighbouring) regions of the 
occipitotemporal cortex (OTC) process both body part and shape perception (Bracci and 
Peelen 2013; Bracci et al. 2015). One study showed that areas of the lateral OTC preferentially 
responds to not only body effectors (including the lower limbs) but also to the presentation 
of certain types of objects (Bracci and Peelen 2013), making it plausible that perceived 
metric distortions with respect to actual shape occur to both categories. After all, our body 
parts are also shapes - shapes that can utilize sensory input to relay information about 
their structure.

Finally, we also analyzed the tapering indices for all conditions. As the leg naturally tapers 
from mid-thigh to knee, another way to investigate its perceived shape is to look at perceived 
taper. Participants significantly underestimated the taper of the legs, but accurately 
estimated the taper of the object (which, indeed had 0% taper). This is reflective of the 
large overestimation of the ankle width found in the localization task (across all conditions). 
Moreover, it suggests that participants are capable of making accurate metric judgements 
for (some aspects of ) common shapes and reinforces the possibility that systematic 
distortions found in the corporeal-based conditions might be a product of an underlying 
(distorted) body model.

In conclusion, the representation of the leg is distorted. Participants tended to mis-estimate 
the width and length of the leg differently based on sensory demands. Certainly, it is probable 
that the judgements were not made in sensory isolation. In reality, our brains rely on the 
combination and integration of these senses and other forms of multimodal information 
(e.g. spatial cues) to give rise to body representations (Longo et al. 2016). Nevertheless, the 
current study does provide insight into the distortions and flexibility in perception of the 
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lower limbs. And although the distortions observed in the current study were not the same 
as what is reported for the hands, it is possible that each body part elicits its own repertoire 
of multimodal-based distortions. Similar systematic investigations should be employed for 
other body parts as well (e.g. foot, arm, torso, face). 
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Peripersonal space boundaries
around the lower limbs

Chapter 3



Abstract

Neurophysiological investigations in non-human primates have shown that bi- and tri-
modal fronto-parietal neurons exist that respond to touch on the body and visual (and/
or auditory) stimuli near the body. The receptive fields of these neurons extend into space 
around the body, producing a zone wherein multisensory information is readily integrated. 
This space around the body, known as peripersonal space (PPS), has also been investigated 
behaviourally in humans. Some studies have focused on how far into depth the spatial 
boundaries of PPS extend. Most of these investigations have focused on the upper body (e.g. 
hands, face, trunk), while little is known about the size of PPS for the lower body (i.e. legs 
and feet). Thus, the aim of the current study was to delineate a PPS boundary around the 
lower limbs in healthy participants using a multisensory interaction task. Participants made 
speeded responses to the presence of vibrations applied to the toes while a task-irrelevant 
visual stimulus approached towards (Experiment One) or receded from (Experiment 
Two) the feet. Participants responded significantly faster to tactile stimuli when the visual 
stimulus was within approximately 73cm from the feet, but only when it is approached (and 
not receded from) the legs. This is the first study, to our knowledge, to outline the size of PPS 
for the lower limbs. These findings could provide insight into the mechanisms underlying 
multisensory integration in the lower limbs and add to the current body of knowledge on 
PPS representations. 
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1. Introduction

In daily life, we encounter many instances where we must interact with objects in the 
space near our bodies. For instance, one might swat an approaching (buzzing) fly away 
from his face, or retract the foot from an oncoming wave on the beach shore. Intriguingly, 
early neurophysiological studies in non-human primates have shown that there are special 
fronto-parietal neurons that respond not only to an object touching a body part, but also 
the presence of an object near that same body part (Graziano et al. 1994; Fogassi et al. 1996; 
Graziano et al. 1997; Graziano and Cooke 2006). These neurons are bi- and tri-modal in 
nature; their tactile receptive fields overlap with visual and/or auditory receptive fields that 
extend into space around the body. The product of these extended receptive fields is known 
as peripersonal space (PPS; Rizzolatti et al. 1981), a predictive multisensory integration zone 
around the body (Kandula et al. 2015). Noteworthy, this system is particularly sensitive 
to dynamic, compared to static, stimuli (Fogassi et al. 1996). And specifically, it is more 
responsive to stimuli approaching the body than to stimuli receding away from the body 
(Colby et al. 1993; Graziano and Gross 1995; Fogassi et al. 1996; Graziano et al. 1997; Duhamel 
et al. 1998). This space ultimately serves as a defense network (Cooke and Graziano 2003; 
Cooke and Graziano 2004; Graziano and Cooke 2006) and sensorimotor interaction area 
for the body (Rizzolatti et al. 1997; Makin et al. 2008; Brozzoli et al. 2010). Thus, in the PPS 
network, the same neuron that responds to the buzzing fly touching your face also responds 
to the buzzing fly approaching your face. How far the receptive fields of these neurons extend 
into depth provides insight into the size of the PPS representation for different body parts. 
The edge of this representation is where the boundary between PPS and extrapersonal 
space (EPS: outside of PPS) lies. In monkeys, PPS extends (usually) to approximately 30cm 
for the upper (head, hands, arms, upper torso) body, but can range between 5 and 100cm 
(Colby et al. 1993; Graziano et al. 1994; Graziano and Gross 1995; Graziano et al. 1999). In 
other words, once an approaching object arrives within 30cm of the body, the discharge rate 
of these bimodal neurons is enhanced (Graziano et al. 1997). In turn, the size of the PPS 
representation for a body part can be defined by the activity of these neurons. However, the 
PPS representation can also be defined using behavioural paradigms.

For example, behavioural and imaging studies have suggested a similar fronto-parietal PPS 
network in humans, consisting mostly of the superior parietal, temporo-parietal and ventral 
premotor areas (Bremmer et al. 2001; Makin et al. 2007; Serino et al. 2011; Gentile et al. 2011; 
Brozzoli et al. 2012a; Brozzoli et al. 2013; Cléry et al. 2015; Grivaz et al. 2017). We can examine 
the PPS representation behaviourally in humans by using multisensory interaction paradigms. 
Using these types of paradigms, it has been shown that tactile detection (in terms of sensitivity, 
accuracy, and speed) on a body part is enhanced when a visual (or auditory) stimulus is 
presented near, as opposed to far from, the body. Evidence for this arises from studies 
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involving stroke patients with tactile extinction (i.e. the inability to detect tactile stimuli on 
the contralesional side of the body when another stimulus is presented simultaneously on the 
ipsilesional side). Ladavas and colleagues have shown that extinction of a tactile stimulus on 
the contralesional side can be diminished (i.e. participants are more accurate at detecting 
the tactile stimulus) when a visual stimulus is also presented near that same side, but only 
when it is presented near, and not far from, the body (Làdavas et al. 1998, but see Làdavas et 
al. (2001) for a case with auditory information). Similarly, in the healthy participants, Salomon 
et al. (2017) recently showed that the presence of irrelevant (and even “invisible”) visual stimuli 
within, but not outside of, one’s PPS can enhance sensitivity to noisy, near-threshold, tactile 
stimulation on the body. Again, this highlights how tactile detection is enhanced within PPS.

One’s boundary between peri- and extra-personal space can be approximated by asking 
participants to respond to tactile input while in the presence of irrelevant looming auditory 
or visual information (Canzoneri et al. 2012; Canzoneri et al. 2013b; Noel et al. 2015a; de 
Haan et al. 2016; Serino et al. 2016; Kandula et al. 2017), as the PPS network is particularly 
sensitive to dynamic (especially approaching) sensory information. In such a paradigm, 
a tactile stimulus (vibration) is applied to the participants’ limbs at different timepoints 
along the trajectory of a looming auditory or visual stimulus, and participants are asked 
to respond (as quickly as possible) to the tactile stimulus only. Many studies have shown 
that tactile detection (in terms of speed and sometimes sensitivity) is modulated by the 
proximity of the approaching (albeit irrelevant) visual (or auditory) stimulus to the body 
(even though the participant is asked to ignore the visual (auditory) information). In these 
tasks, the relationship between the location of the visual stimulus and the tactile reaction 
times is usually sigmoidal in nature. That is, there is a point in space (i.e. the central point 
of the sigmoid) wherein tactile reaction times are suddenly reduced during the approaching 
trajectory of a visual or auditory stimulus. This ‘spatial limit’ where tactile reaction times 
are sped up is defined as the PPS boundary (Canzoneri et al. 2012). Critically, these reaction 
times within the approximated PPS are significantly faster than reaction times to unimodal 
tactile stimulation (i.e. when no visual stimulus is presented in conjunction with the 
tactile stimulus). Notably, when the stimulus instead recedes from the body, this sigmoidal 
relationship (usually) disappears (Canzoneri et al. 2012; Teneggi et al. 2013; Noel et al. 2015a; 
Serino et al. 2016).This aligns with the aforementioned neurophysiological studies that have 
shown that neurons in the PPS network preferentially respond to stimuli approaching (in 
contrast to receding from) the body (Colby et al. 1993; Graziano and Gross 1995; Fogassi et 
al. 1996; Graziano et al. 1997; Duhamel et al. 1998).

Most investigations concerning the size of the PPS representation in humans have focused 
on the upper body (hands, head, trunk). The boundary between PPS and extrapersonal 
space for these body parts has been approximated to be around 30-50cm for the hands 
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and 60cm for the head using the paradigm described above (see Serino et al. (2015) for a 
comprehensive examination of body-part centered PPSs). With respect to the trunk (i.e. 
upper back/chest), its PPS representation tends to extend much further into space when 
compared to the hands or head, ranging from 65 to 100cm. The representation extends 
even further (up to 166cm from the body) when participants walk on a treadmill during 
the task (thus, also engaging their lower limbs (Noel et al. 2015a)). This not only suggests 
an intimate relationship between the representation of peri-trunk and peri-leg/foot space, 
but also reminds us that movement (or use) of the legs is almost always associated with a 
visually ‘looming’ environment, which is particularly relevant for the PPS network. It is not 
surprising, however, that the trunk PPS is modulated also by movement of the legs, as both 
body parts are involved in full-body actions. Serino and colleagues (2015) speculate that 
body parts responsible for “whole-body actions” might have tactile receptive fields with 
size-appropriate overlapping visual (or auditory) receptive fields that extend even further 
into space than body parts whose action space is more confined (e.g. hands are confined 
to arm space). In other words, it seems that the size of the PPS around a body part is (at 
least partly) related to the action produced by the specific body part, rendering PPS not 
only a defensive space, but also an action space (see de Vignemont and Iannetti (2015) for 
a stimulating discussion on the matter). But what remains unknown, however, is precisely 
how far the PPS extends into space for the lower limbs.

No study, to our knowledge has investigated the boundary between PPS and EPS for the 
lower limbs (i.e. legs/feet) specifically. However, recently, Stettler and Thomas (2016) 
showed that participants responded significantly faster to visual stimuli that were 
near (within stepping distance) as opposed to far (outside stepping distance) from 
the feet, alluding to the presence of a boundary between PPS and EPS for the feet. Yet, 
as only static visual stimuli were used, and tactile detection was not assessed, it was 
not specified at what point in space multisensory integration (i.e. the boundaries of 
PPS) might occur around the feet. Certainly, some investigations have focused on the 
integration of visual and tactile information within PPS around the feet (Schicke and 
Röder 2006; Schicke et al. 2009; van Elk et al. 2013; Scandola et al. 2016). For example, 
Schicke et al. (2009) were one of the first groups to show (behaviourally) that a PPS 
representation around the feet exists using a crossmodal congruency task. In this 
paradigm, participants are asked to make judgements about the elevation of tactile 
input on two points of one body part, while ignoring stationary visual stimuli that 
simultaneously appear in the same or different location (albeit still near the body’s 
surface) as the tactile input. Tactile processing, measured via reaction times, is boosted 
when the visual and tactile information appear at the same location, at the same time 
(suggesting that the brain, indeed, cannot simply ignore the visual information), known 
as the crossmodal congruency effect (CCE). When the visual stimulus is spatially 
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incongruent with the tactile stimulus, then tactile reaction times are significantly 
slowed. The results of Schicke and colleagues revealed that the feet exhibit a CCE that 
is of similar magnitude to that of the hands, suggesting that PPS around the feet indeed 
exists. Further evidence for a lower limb PPS representation comes from the work of 
Noel and Wallace (2016). Participants were asked to judge the order of stimulation 
for vibrations applied to both ankles (while they were crossed or uncrossed) under 
normal and sensory-deprived (i.e. no vision, no auditory, or no vision and auditory) 
conditions. They showed that depriving participants of audio and visual information 
(albeit irrelevant to the task) impaired spatial localization of tactile information on 
the feet, particularly when the legs were crossed, suggesting that spatial localization of 
the lower body critically depends on multisensory integration. These findings provide 
compelling evidence that a peri-foot representation exists, and thus suggest that 
mapping its size is a feasible aim.

It is surprising that very few investigations have focused on the size of the PPS 
representation for the lower limbs. For instance, one of the main proposed functions 
of PPS is to ‘provide a margin of safety’ around the body (Graziano and Cooke 2006). 
If someone intrudes this margin of safety (i.e. comes too close to us), we will usually 
step away from the individual to re-establish this boundary (Graziano and Cooke 2006). 
The stepping action is directly guided by the lower limbs, and perhaps it is modulated 
by their (or the whole body’s) PPS representation. But while Graziano et al. (1997) 
suggested that ‘foot-centered’ PPS neurons likely exist, PPS boundaries around the 
lower limbs were never (neurophysiologically) investigated. One possibility (as alluded 
to) is that the lower limb PPS representation aligns with the trunk’s PPS representation, 
as both the trunk and the feet are intimately linked to full body actions (such as walking 
or balance). Still, the lower limbs, although anatomically connected to, are physically 
distinct from the trunk. Furthermore, they have a larger, more flexible action space 
when compared to the trunk, and this might be reflected in the size of their PPS 
representation. In any case, an investigation of the size of PPS around the lower limbs 
is lacking in current literature. 

Therefore, the goal of the current study was to investigate the size of the PPS 
representation for the lower limbs. Specifically, we aimed to delineate a boundary 
between peri- and extra-personal space for the lower limbs using a multisensory 
(visuo-tactile) interaction paradigm. To investigate the role of (stationary) tactile and 
(dynamic) visual information in outlining the PPS representation, we conducted two 
experiments. In Experiment One, participants made judgements about the presence 
of a tactile stimulus while irrelevant visual stimuli approached the lower limbs (i.e. 
the feet). In Experiment Two, participants made judgements about the presence of a 
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tactile stimulus while an irrelevant visual stimulus receded away from the lower limbs. 
We expected that the size of the PPS representation for the lower limbs would be larger 
than for the upper body (as reported in previous studies), as the lower limbs are directly 
involved in moving the whole body. Moreover, we expected to find a boundary (i.e. 
sigmoidal relationship between reaction times and the location of the visual stimulus) 
for approaching, but not receding, visual stimuli as neurophysiological and behavioural 
studies have shown that the PPS network is particularly sensitive to looming stimuli. 
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2. Methods: Experiment One and Experiment Two 

Note that methods for Experiment One and Experiment Two are presented together.

2.1. Materials and Procedures
2.1.1. Participants
Experiment One
Eighteen participants (16 female) between the ages of 19 and 33 (M = 23.3 years, SD = 3.7) 
took part. The average height of participants was 170cm (SD = 7.1) with an average foot 
length of 23.9cm (SD = 1.4). All participants had normal or corrected-to-normal vision and 
reported having normal tactile sensitivity. Tactile sensitivity was assessed by asking the 
participant if he/she felt the vibrations during the practice trials. One additional participant 
was tested but was removed from the dataset as he had an injured foot and failed to respond 
to the tactile stimulus in >10% of the trials. 

Experiment Two
Nineteen participants (16 female) between the ages of 19 and 34 (M = 25.0 years, SD = 4.3) 
took part. The average height of participants was 170.5cm (SD = 5.8) with an average foot 
length of 24.5cm (SD = 1.1). All participants had normal or corrected-to-normal vision and 
reported having normal tactile sensitivity. One additional participant was tested, but 35% 
of his responses were beyond 2 standard deviations for each tactile time point, and thus 
the data were not included in the analyses.

2.1.2. Visuo-tactile interaction task
Experiment One 
To measure PPS boundaries, we used a visuo-tactile interaction task using dynamic visual 
stimuli (similar to the audio-visual interaction tasks in Canzoneri et al. (2012) and Serino et 
al. (2015) and to investigations in our lab: Kandula et al. (2017); de Haan et al. (2016)). The 
task and stimuli were designed and controlled by a custom MATLAB script. Tactile stimuli 
consisted of a 100Hz vibration (duration of 100ms) produced by an 8 mm vibro-tactile motor 
(Precision Microdrives, Model: 308-100). Visual stimuli consisted of a 5 cm (diameter) red 
opaque circle that was projected onto the floor in front of the participant. Participants were 
instructed to respond (as quickly as possible) to tactile stimuli on their toes while the visual 
stimulus approached the toes. 

Prior to task initiation, participants removed their shoes and socks. They were then seated 
comfortably at a chair with their knees bent at a 90° angle and with their feet resting on 
a piece of black cloth (to provide comfort, ~1cm off of the floor). In front of the feet laid a 
rectangular board covered with a large opaque black cloth. A large mirror (100 cm L x 150 
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cm W, attached to 80 cm H legs), bent towards the floor at a 40° angle, stood perpendicular 
(on the left side of the participant) to the rectangular board. Across from the mirror (165cm 
away) stood a projector (model: SANYO ProXtraX, positioned on a stand, 110 cm H from 
the floor) which was responsible for stimulus projection (projection site: 60cm W x 143.5cm 
L). The stimuli were projected directly ahead into the bent mirror, and the mirror reflected 
the stimuli onto the cloth-covered rectangular board on the floor, directly in front of the 
participant. Therefore, we could create the illusion that visual stimuli were approaching 
towards (Experiment One) or receding away (Experiment Two) from the feet. In order to 
reduce the possibility that participants might react to the sound, instead of the feeling, of 
the vibrating motors, participants listened to white noise via headphones for the duration 
of both experiments. 

After the participant was seated, the experimenter attached two vibro-tactile motors to the 
surface of the participants’ right and left big toes, respectively, on the skin directly below 
the toenails. The big toes were positioned 30 cm apart, as specified by two indicator dots 
projected onto the floor on the edge of the board on the floor. The motors were attached to a 
motor response box, positioned on a platform on the right side of the participant (60 cm H). 
Participants rested their right hands on the box during the experiment and were instructed 
to press a button on the box (as quickly as possible) using the index finger whenever they 
felt a vibration on either toe. The total duration of each trial was 8000 ms. Before each 
trial began, participants were instructed to fixate on a cross presented in the center of the 
projection site (67 cm from the toes), which was present for 700 – 1000 ms. The fixation cross 
subsequently disappeared, and the projection remained blank for 2000 ms. Then, a red circle 
started moving (at 33.5 cm/second) from the far edge of the display (i.e. 138.5 cm from the 
toe). Once the center of the circle reached within 5 cm of the tip of the toe (i.e. after 4000 
ms of travel), it disappeared. This was followed again by 2000 ms of a blank projection. In 
50% of the trials, there was the possibility that the participant could receive one vibration 
(per trial) at 1 of 7 different time points. The first possible vibration could occur after the 
first 1000ms (before the visual stimulus appeared on the screen). This vibration was coded 
as a unimodal tactile stimulus (because the stimulus occurred in absence of the visual 
stimulus). Thereafter, once the visual stimulus started moving, a single vibration could occur 
during one of the following timepoints: 2666.67, 3333.33, 4000, 4666.67 and 5333.33 ms (or, 
in distance, corresponding to every 22.23 cm of approaching movement). Thereafter, the 
final possible vibration could occur 1000ms (at timepoint 7000ms) after the disappearance 
of the visual stimulus. This vibration was also coded as a unimodal tactile stimulus. Thus, a 
tactile stimulus could be administered in the presence of the moving visual stimulus at 1 of 
5 possible locations (timepoints) from the feet (i.e. D5: 111.15 cm, D4: 88.92 cm, D3: 66.69 cm, 
D2: 44.46 cm, or D1: 22.23 cm) or in the absence of the visual stimulus (unimodal trials) at 1 
of 2 possible timepoints (i.e. at the beginning or end of the trial). The unimodal trials were 
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used to calculate a baseline for tactile reaction times. This baseline was used to investigate 
if tactile reaction times were facilitated by the visual stimulus in the visual-tactile trials. 
In the remaining 50% of the trials, no tactile stimulus was given (catch trials). The reason 
for this manipulation was to control for the effects of expectancy during the task, which 
has been shown to modulate the activity of cortical sensorimotor areas (thereby affecting 
response times; e.g. Haegens et al. (2011)). Moreover, recent investigations in our lab have 
revealed that the optimal ratio of real to catch trials in this paradigm is 1:1 (Kandula et al. 
2017). The real and catch trials were intermixed throughout the experiment and randomized 
between participants. Participants completed 168 (84 trials per foot) trials, separated into 
3 separate blocks (56 trials/block). Additionally, participants completed 10 practice trials 
(not included in the analysis) before the initiation of the experiment to become familiarized 
with the task. Therefore, participants received 6 tactile stimuli per time point, per foot. See 
figure 1 for visualization of the procedures. As we were interested in PPS around the lower 
limbs in general, the reaction times were collapsed across foot. Analyses comparing reaction 
times per foot are included in the supplementary material.

Experiment Two
Materials and procedures were the same as Experiment One, except that the visual stimulus 
instead receded away from the toes rather than approached the toes.

2.2. Data Analysis
Experiment One
Data were analyzed using MATLAB (version R2015b) and SPSS (version 23). Normality 
was assessed by conducting Shapiro-Wilk tests, and by examining the skewness and 
kurtosis of each set. For normally distributed data, the mean is reported and variability 
is expressed as standard error of the mean (SE). For non-normally distributed data, the 
median is reported and variability is expressed as the interquartile range (IQR). Partial eta-
squared values were used to show effect sizes (η2). When the assumption of sphericity was 
violated, the Greenhouse-Geisser correction was applied. Reaction times greater than two 
standard deviations from the individuals’ mean reaction time for each tactile location were 
removed from the analysis. Moreover, trials wherein participants failed to respond to the 
tactile stimulus were not included in the analyses. Approximately 6.8% of trials (wherein a 
response was required) were removed from the analyses. Moreover, a Pearson’s correlation 
was run to assess the relationship between foot size and PPS size (i.e. the central point of 
each fitted sigmoid), given that PPS is body-part centered and could be related to limb 
size. Mean reaction times were fitted to two mathematical functions (sigmoidal and linear, 
equations described in next section) to examine which function described the data better 
using the Curve Fitting Toolbox in MATLAB. Furthermore, repeated measures ANOVAs 
were conducted on the baseline-corrected reaction times for both experiments. To apply 
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the baseline correction, we subtracted the tactile reaction time at each visual location from 
the individuals’ fastest unimodal reaction time (as in Noel et al. (2015) and Serino et al. 
(2015)), to take the most conservative approach in comparing the reaction times to baseline. 
These comparisons to baseline allowed for an investigation of multisensory facilitation, a 
phenomenon where tactile reaction times are (significantly) sped up by the presence of 
visual information at different distances when compared to baseline. That is, the visual 
information facilitates the reaction times, depending on its proximity to the body.

Experiment Two
Analyses were the same as in Experiment One. Similar to Experiment One, approximately 
6.2% of trials were removed the analyses due to outliers and failed button presses.

Figure 1. Bird’s eye view of stimulus set up. The large grey rectangle represents the stimulus projection site. 
The horizontal grey-dashed arrow indicates the visual stimulus (red circle) trajectory for Experiment One 
(approaching) and Experiment Two (receding). The vertical white-dashed lines enclose the area in which the 
visual stimulus was on screen. The stars represent possible points in which a tactile stimulation to the toe 
could be given. D represents visual stimulus distance from the toe and T represents time in milliseconds from 
the start of the trial. For Experiment Two, the T’s are reversed. Please note that D’s and T’s have been rounded 
to the nearest whole number.
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3. Results

Note that results for Experiment One and Experiment Two are presented together.

3.1. Visuo-tactile interaction Task
3.1.1. Curve Fitting 
To examine the relationship between tactile response times and visual stimulus location, 
we fitted the mean reaction times to both linear and sigmoidal functions (mimicking 
the analyses of Canzoneri et al. (2012), Ferri et al. (2015), Serino et al. (2015), Kandula et 
al. (2017), and Taffou and Viaud-Delmon (2014)). The fits of these functions were then 
compared to evaluate which function better described the data. If the data were better 
described by a linear function, with the x-axis representing the visual stimulus distance 
for the feet and the y-axis representing tactile reaction times, then this suggests that 
participants (consistently) responded faster to the tactile stimulus as the visual stimulus 
got closer (producing a diagonal line) or it suggests that participants consistently responded 
to the tactile stimulus at the same rate (regardless of the location of the visual stimulus), 
producing a horizontal line. In either case, no clear boundary between peri- and extra-
personal space can be extracted. Alternatively, if the data is better described by a sigmoidal 
function, then this suggests that there was a point in space along the visual stimulus’ 
approaching trajectory wherein reaction times to tactile stimulus are not consistently but 
instead suddenly enhanced, creating an s-shaped curve. This point in space (i.e. the central 
point of the sigmoid, or the ‘switch point’) is the location where the boundary between 
peri- and extra-personal space presumably lies. 

The equation for the linear function was as follows:

𝑦𝑦𝑦𝑦(𝑥𝑥𝑥𝑥) = 𝑎𝑎𝑎𝑎 ∗ 𝑥𝑥𝑥𝑥 + 𝑏𝑏𝑏𝑏 

where y represents the reaction time to the tactile stimulus (in ms), a represents the slope, 
x represents the location of the visual stimulus, and b represents the y-intercept. 

The equation for the sigmoidal function was as follows:

𝑦𝑦𝑦𝑦(𝑥𝑥𝑥𝑥) = 𝑦𝑦𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + �
(𝑦𝑦𝑦𝑦max− 𝑦𝑦𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)

(1 + 𝑒𝑒𝑒𝑒((𝑎𝑎𝑎𝑎−𝑥𝑥𝑥𝑥)∗𝑏𝑏𝑏𝑏))
� 

where y represents the reaction time to the tactile stimulus (in ms), b represents the slope, 
x represents the location of the visual stimulus, and a represents the central point of the 
sigmoid. 
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In both models, we constrained the parameters so that there were only two that were free 
to vary: that is, slope and intercept. This allowed for direct (and fair) comparison between 
the two mathematical models. Goodness of fit was evaluated by comparing the Root Mean 
Squared Errors (RMSEs) and R2 values between both fitted functions. As these data were 
not normally distributed in both experiments, Wilcoxon-signed rank tests were conducted.

3.1.1.1. Experiment One (Approaching stimuli)
Wilcoxon-signed rank tests revealed that the RMSEs for the sigmoidal fits (Medsig = 10.95 ± 
7.4 – 21.2 IQR) were significantly lower than for the linear fits (Medlin = 11.98 ± 9.7 – 25.5 IQR; 
z = -2.1, p = 0.03), suggesting that the data were better described by the sigmoid function. 
Moreover, R2 values were significantly higher for the sigmoidal (Medsig = 0.55 ± 0.05 – 0.94 
IQR) when compared to the linear fits (Medlin = 0.45 ± 0.05 – 0.77 IQR; z = -1.9, p = 0.04), 
again, suggesting that the data were better explained by the sigmoid function. The mean of 
the central points of the individually fitted sigmoids was therefore used to determine the 
approximate boundary between PPS and EPS. The estimated boundary lies around 73.14 
cm ± 5.6 SE from the feet (i.e. between distance 3 and distance 4). See table 1 for values. See 
figure 2 for depiction of best fitting sigmoid at the group level. 

Table 1. Top: Medians of RMSE, R2, and slope values for sigmoidal and linear fits in Experiment One. Asterisks 
denote significant differences between sigmoidal and linear fits (i.e. for RMSE, R2 values). Bottom: Medians of RMSE, 
R2, and slope values for sigmoidal and linear fits in Experiment Two. No significant differences were found between 
the two fits. Note the significant differences (*) between Experiment One and Experiment Two on all parameters. 

Experiment One

Approaching Sigmoid Linear

RMSE 10.95* 11.98

R2 0.55* 0.45

Slope 1.19 5.65

Experiment Two

Receding Sigmoid (*) Linear (*)

RMSE 19.94 22.22

R2 0.11 0.12

Slope 0.18 1.77

*p < 0.05, denotes significant differences between sigmoid and linear fits (RMSE and R2 values), within 
Experiments
(*)p < 0.05, denotes significant differences between RMSE, R2, and slope values between Experiment One and 
Experiment Two.
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Figure 2. Best fitting sigmoid at the group level for Experiment One (Approaching data). The plot represents 
group mean tactile reaction times for each visual stimulus location with respect to the toes (RMSE = 1.0, R2 = 
0.99). Error bars represent standard error of the mean

3.1.1.2. Experiment Two (Receding stimuli)
Wilcoxon-signed rank tests revealed no difference between the RMSEs for the sigmoidal 
(Medsig = 19.94 ± 14.6 – 28.6 IQR) and linear (Medlin = 22.22 ± 14.8 – 27.9 IQR) fits (z = 
-0.6, p = 0.52). There was no difference between the R2 values for the sigmoidal (Msig = 
0.11 ± 0.03 – 0.23 IQR) and linear (Medlin = 0.12 ± 0.03 – 0.25 IQR) fits (z = -0.6, p = 0.54). 
See table 1. 

3.1.2. Multisensory Facilitation 
To complement the curve-fitting analyses, we also analyzed the baseline-corrected reaction 
times to allow for an investigation of multisensory facilitation between tactile reaction times 
and the different locations of the visual stimulus. Multisensory facilitation occurs when the 
tactile reaction times are significantly faster than baseline (e.g. Serino et al. 2015, Noel et al. 
2015a), suggesting that the tactile reaction times are facilitated by the visual information. 
This can be assessed for each distance ( from near to far), and the distance wherein the 
corrected reaction times are no longer significantly different from baseline suggest that the 
PPS boundary lies somewhere between the previous (significantly different) distance and 
the distance that is not different from baseline. To reiterate, to apply the baseline correction, 
we subtracted the individuals’ fastest unimodal reaction time from the tactile reaction time 
at each visual location (mimicking Noel et al. 2015a, Serino et al. 2016).

3.1.2.1. Experiment One (Approaching stimuli)
Baseline-corrected reaction times were subject to a repeated measures ANOVA, with 
distance (D1 – D5) as the within-subjects factor. There was, indeed, a main effect of distance 
(F(4,68) = 5.0; p = 0.007, η2 = 0.228), indicating that tactile reaction times decreased as the 
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visual stimulus got closer to the feet. To further investigate at which of these distances 
multisensory facilitation occurred, Bonferroni-corrected one-sample t-tests (critical p = 
0.01) comparing the reaction times to baseline (i.e. 0 ms) revealed that reaction times to 
the tactile stimulus were significantly faster than unimodal baseline at D1 (22cm, p = 0.001), 
D2 (44cm, p = 0.001), and D3 (67cm, p = 0.006), but not at D4 or D5 (p > 0.09). Thus, this 
suggests that the boundary between peri- and extra-personal space for the lower body lies 
between D3 (67 cm) and D4 (89cm). These results indeed complement the results of the 
curve fitting. See figure 3.

Figure 3. Multisensory facilitation (in ms) for the Approaching group (Experiment One, in red), and for the 
Receding group (Experiment Two, in blue). Negative values indicate that reaction time for the visuo-tactile 
trials were faster than reaction times for the participants’ fastest tactile only trials. Asterisks indicate significant 
differences from baseline (dashed line, 0ms). D1-D5 denote the proximity of the visual stimulus to the foot. 
For sake of clarity, distances are rounded to the nearest whole number. Note the significant difference for the 
Approaching group at D1, D2, and D3 (but not at D4 or D5) suggesting that the PPS boundary lay between D3 
and D4. Moreover, this demonstrates a relationship between the proximity of the visual stimulus and the tactile 
reaction times. Note also the significant difference for the Receding group at D4. However, there is no clear 
relationship between the proximity of the visual stimulus and the tactile reaction times. Error bars represent 
standard error of the mean.
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3.1.2.2. Experiment Two (Receding stimuli)
Baseline-corrected reaction times were subjected to a repeated measures ANOVA, with 
distance (D1 – D5) as the within-subjects factor. There was no main effect of distance 
(F (4,72) = 2.3; p = 0.058, η2 = 0.117), however the data revealed a reliable trend towards 
significance. To further investigate if there was multisensory facilitation at any of the 
distances, Bonferroni-corrected (critical p = 0.01) one-sample t-tests comparing the reaction 
times to baseline (i.e. 0 ms) suggested multisensory facilitation at D1 (22cm, p = 0.03, 
however note that this did not survive the correction), but not at D2 (p = 0.1), nor at D3 or 
D5 (p > 0.19). Interestingly, however, there was facilitation at D4 (89cm, p = 0.005). No clear 
estimated boundary, therefore, was found for receding stimuli. See figure 3.

3.1.3. Correlation between foot size and PPS size
There was no correlation between foot size and PPS size for participants in Experiment One 
(r(18) = 0.38, p = 0.11), nor between foot size and PPS size for participants in Experiment 
Two (r(19) = 0.36, p = 0.13).

3.2. Visuo-tactile interaction task: Comparison between Experiment One and 
Experiment Two
To investigate whether stimulus direction influenced tactile reaction times as a function 
of visual location, we ran two additional analyses comparing Experiment One and 
Experiment Two. 

3.2.1. Curve fitting
We conducted separate Mann-Whitney U tests comparing the RMSE, R2, and slope values 
between the Approaching (Experiment One) and Receding (Experiment Two) groups for 
both Sigmoidal and Linear fits. The analysis revealed that RMSEs for the sigmoidal fit were 
significantly lower for the Approaching group compared to the Receding group (U = 94.0, p = 
0.01). Moreover, R2 values for the sigmoidal fit were significantly higher for the Approaching 
compared to the Receding group (U = 96.0, p = 0.02). Also, the slopes for the sigmoidal fit 
were significantly steeper for the Approaching compared to the Receding group (U = 93.0, 
p = 0.01). RMSEs for the linear fit were also significantly lower for the Approaching group 
compared to the Receding group (U = 106.0, p = 0.04). Moreover, R2 values for the linear fit 
were also significantly higher for the Approaching compared to the Receding group (U = 
98.0, p = 0.02). Also, the slopes of the linear fit were significantly steeper for the Approaching 
group compared to the Receding group (U = 99.0, p = 0.03). See table 1. 
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3.2.2. Multisensory Facilitation 
Baseline-corrected reaction times were subject to a 5 x 2 repeated measures ANOVA with 
Distance (D1 – D5) as the within-subjects factor and Direction (Approaching, Receding) as 
the between-subjects factor. It should be noted that there were no significant differences in 
unimodal reaction times between Experiment One and Experiment Two (p > 0.1 for both 
near and far administered tactile stimuli). 

Results revealed a main effect of distance (F (4,140) = 4.3; p = 0.002, η2 = 0.111), indicating 
that participants responded faster to the tactile stimulus when the visual stimulus was 
closer (rather than farther) from the feet. There was no main effect of Direction (F (1,35) = 
1.3; p = 0.24, η2 = 0.038), indicating that overall, reaction times were not significantly different 
between the two experiments. However, the interaction between Distance and Direction 
was significant (F (4,140) = 3.7; p = 0.006, η2 = 0.097). Follow up Bonferroni-corrected paired-
samples t-tests (critical p = 0.0125) revealed that the nature of this interaction likely arose 
from the differences observed between D4 and D5 for the receding group (t(18) = -3.1, p = 
0.005; Mean difference = -20.8ms), but not for the approaching group (t(17) = -0.4, p = 0.66; 
Mean difference = -3.8ms). This curious decrease in reaction times at D4 in the Receding 
group is visualized in figure 3. 
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4. Discussion

In the current study, we sought to uncover (and outline the size of) the peripersonal space 
representation for the lower body (legs and feet). Participants were asked to respond to a 
vibro-tactile stimulus on the toes which was administered at different time points during 
the trajectory of an approaching (Experiment One) or receding (Experiment Two) visual 
stimulus. We found that reaction times to the tactile stimulus, for approaching visual stimuli 
only, showed a systematic decrease that was related to visual stimulus location. That is, 
the presence of the approaching visual stimulus boosted tactile processing within 73cm 
(but multisensory facilitation remained present in the range of 67 – 89cm) from the toes. 
Thus, we were able to uncover a boundary between PPS and extrapersonal space (EPS). 
These findings extend our knowledge about PPS representations, and provide insight into 
multisensory integration around the feet. 

Many studies that have examined PPS in humans have focused on the upper body 
(Canzoneri et al. 2012; Teneggi et al. 2013; Ferri et al. 2015a; Ferri et al. 2015b; Kandula et al. 
2015; de Haan et al. 2016; Serino et al. 2016; Kandula et al. 2017). This is logical as the early 
neurophysiological investigations in monkeys mainly focused on the PPS network governing 
the upper body (e.g. Cooke and Graziano, 2003, 2004; Fogassi et al. 1996; Graziano, 1999; 
Graziano et al. 1997, 1999; Rizzolatti et al. 1981). However, neurons with receptive fields that 
extend into space for the whole body have also been identified (Hyvärinen 1981; Duhamel et 
al. 1998; Jiang et al. 2013). Further, some neurophysiological evidence in monkeys suggests 
that the dorsal areas of the ventral premotor cortex (Muakkassa and Strick 1979; Kurata et 
al. 1985; Kurata 1989) and medial regions of area 7 (Hyvärinen 1981) might be responsible 
for a ‘foot-centered’ PPS network, though an investigation using dynamic sensory stimuli 
was never formally reported. Thus, behavioural studies have uncovered the presence of PPS 
around the legs and feet (Schicke and Röder 2006; Schicke et al. 2009; van Elk et al. 2013; 
Pozeg et al. 2015; Scandola et al. 2016; Stettler and Thomas 2016), but no study, to the best 
of our knowledge, has specifically examined how far PPS extends for the lower body.

There is indeed one recent study that looked at the influence of visual stimulus location 
on the spatial extent of foot PPS, though a metrically-defined boundary between PPS and 
EPS was not delineated (Stettler and Thomas 2016). In this study, participants were asked 
to make speeded responses to the presence of a stationary visual stimulus (i.e. a square) 
which was positioned near (directly adjacent to the inner edge of the foot) or far (displaced 
approximately 20cm laterally from the inner edge of the foot) from the foot. Participants 
responded significantly faster when the visual stimulus was near the foot, compared to 
when it was located at the ‘far’ adjacent side of the computer screen. Stettler and Thomas’s 
study provides evidence for a lower limb PPS that is sensitive to visual stimulus location, a 
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finding that was further reinforced in our current study. However, and in critical comparison 
to the current study, the direction (lateral to the feet vs. anterior to the feet), motion-
related properties (stationary vs. dynamic) and number of investigated locations (2 vs. 6) 
of the visual stimulus differed. It is worth noting that PPS in the lateral direction is much 
less studied and might be a fruitful avenue for upcoming research. Stettler and Thomas 
conclude that stimuli within ‘stepping/kicking distance’, although not explicitly measured 
or metrically defined in their report, are processed differently than those beyond this space. 
While we probably more often step forward, rather than in the lateral direction, the idea that 
stepping distance is relevant in delineating the size of PPS is an interesting proposal to also 
entertain in our current study. While we did not measure stepping distance in our sample, 
observations in adults of average weight and height have revealed that a typical step length 
is around 75cm (Sekiya et al. 1997; Terrier and Schutz 2003; Terrier et al. 2005; Shorter et 
al. 2017). Remarkably, this distance aligns with the size of the PPS representation revealed 
in our study. While this idea requires a more thorough investigation, it lends strength to 
the proposal that PPS is, at least partly, a “multisensory motor-interface for body-object 
interaction” and is dependent upon a body part’s ‘action space’ (Serino et al. 2009; Brozzoli 
et al. 2012b; Serino et al. 2016). There is at least one investigation that has focused on how 
the legs’ ‘potential for action’ modulates their PPS representation. In this study, participants 
with spinal cord injury (SCI), who could not feel or move their legs, completed a crossmodal 
congruency task wherein vibrations were administered to the hands, and light flashes 
appeared near the feet (Scandola et al. 2016). To obtain a crossmodal congruency effect 
(CCE) in this case, the expectation is that tactile reaction times are facilitated when the 
visual stimulus is ipsilateral (congruent) to the tactile location, and conversely, hindered 
when the visual stimulus occurs contralateral (incongruent) to the tactile stimulus. Results 
revealed that individuals with SCI failed to show a CCE for the feet, but showed a normal 
CCE (and therefore PPS representation) for the hands. This finding suggests a retracted 
and/or absent PPS representation for their lower limbs. What is more, passively moving 
the participants’ legs back and forth for only fifteen minutes was enough to “reactivate” the 
PPS representation – as measured by the CCE – around their lower limbs. This remarkable 
finding highlights the role of the motor-related aspects in shaping PPS and also emphasizes 
the importance of studying the intricate mechanisms involved in how the brain represents 
the lower body. Although we cannot conclude that our current study supports, nor opposes, 
the proposal that lower limb PPS functions as a sensorimotor interaction zone, we hope 
that it, at least, adds further merit to this growing literature on lower limb representations 
and their PPS networks. 

How does the size of the lower limb PPS representation revealed in the current study 
compare to the size of other body-part centered PPS representations? We found that the 
approximate boundary between PPS and EPS was located around 73cm from the feet. As 
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mentioned, most previous reports on PPS using behavioural paradigms have focused on the 
size of the peri-hand representation. This usually ranges between 30 – 50 cm from the hand 
(Canzoneri et al. 2013a; Serino et al. 2016; Kandula et al. 2017), but can be extended by using 
a tool (Cardinali et al. 2009; Bassolino et al. 2010; Canzoneri et al. 2013b) or retracted after 
immobilizing the body part (Bassolino et al. 2014) or following an amputation (Canzoneri 
et al. 2013a). Therefore, how does the hand PPS representation compare to the lower 
body PPS representation? In one study, van Elk et al. (2013) showed that the foot PPS (as 
measured by a visuo-tactile crossmodal congruency task) is mostly unaffected by factors 
such as limb posture and the congruency of a fake limb placed nearby, whereas the hand 
PPS is sensitive to these factors. Also, other studies suggest that the lower limbs are slower 
(when compared to the hands) at remapping tactile information (e.g. Schicke and Röder 
(2006)). So, it might not be surprising that the lower limb PPS size differs from the upper 
limb PPS size. One possibility is that these subtle differences between upper and lower 
body multisensory integration are related to the type of sensory-guided actions carried 
out by these limbs. As PPS is an action space, it is plausible that the body part’s main 
action repertoire influences its PPS representation. For example, as acknowledged by van 
Elk and colleagues (2013), visual information is, on a daily basis, more often coupled with 
proprioceptive information for the hands than for the legs (e.g. reaching-to-grasp a cup vs. 
walking). Reaching to grasp a cup requires vision (towards the hand and cup), touch, and 
proprioception, whereas walking does not require vision of the legs, but rather relies mainly 
on lower limb touch and proprioceptive feedback. Also, many directed movements of the 
hands require precise attention and fine motor skills, whereas locomotion is guided by more 
gross, automatic movements, sometimes done in tandem with other body parts making 
goal-directed movements. For example, using the same paradigm as in the current study, 
Kandula et al. (2017) displayed a PPS boundary around the hands that was approximately 
41 (± ~7 SD) cm. As we observe a larger (but more variable) PPS representation for the lower 
body 73 (± ~24 SD) cm, we might speculate that these differences are partly reflective of the 
properties of the actions (e.g. precise vs. gross) conducted in these spaces. 

In addition to peri-hand space, a few behavioural investigations have also focused on the 
size of peri-trunk space. The size of the peri-leg/foot space representation reported in the 
current study appears to be similar to that of the peri-trunk space (~72cm, but ranging 65 – 
100cm), as reported in previous studies (Noel et al. 2015a; Serino et al. 2016). This is perhaps 
not surprising as the legs are physically connected to and in direct line with the trunk. 
Movement of the legs, for example during locomotion, simultaneously produces movement 
of the trunk whereas movement of the hands can occur independently from the rest of the 
body. Moreover, both the trunk and the legs are implicated in full-body object-interactions 
(Noel et al. 2015a; Serino et al. 2016). At first glance of our findings, it might appear that the 
trunk and lower limbs have a shared PPS. Serino and colleagues (2015) showed that body-
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part centered PPS depends on the body part’s distance from the trunk. Utilizing a similar 
paradigm employed in our study, when the hand was positioned in the front and center of 
the trunk, the hand PPS was encapsulated by the trunk PPS. However, as the hand moved 
laterally away from the body, the hand PPS became smaller (and independent of the trunk’s 
PPS), while the trunk PPS remained unchanged. It is possible that we captured both the 
trunk PPS and the lower limb PPS in the current study. It is noteworthy that in the current 
study the lower limbs were not displaced laterally from the trunk but were indeed displaced 
in the anterior direction. The paradigm was designed so that the first point of possible 
collision of the visual stimulus with the body (and the site of vibro-tactile stimulation) 
was the toes. Because participants were sitting at a chair, with the feet slightly extended 
forward, the approximate anterior distance between the average participants’ trunk and 
the tip of his/her toes was 75cm. Therefore, it is possible that the lower limb and trunk PPS 
(which has been measured while participants are standing) have similar metric distances, 
but separate PPS representations. What is more, locomotive movement of the legs has been 
shown to increase the size of the PPS (up to 1.66 meters) for the trunk (Noel et al. 2015a). 
And although the authors mainly discuss these findings in terms of PPS plasticity, one might 
also entertain the possibility that the lower limb PPS network was also engaged during their 
task and contributed to the noted PPS expansion. The activation of a PPS for paralyzed limbs 
following passive movement of only the legs in the report by Scandola and colleagues (2016) 
also suggests a lower limb PPS that is distinct from that of the trunk. However, as lower 
limb PPS has been seldom investigated, these claims are merely speculative. In any case, 
we have shown that there is special space around the toes wherein visuo-tactile processing 
is facilitated. Future investigations could focus on further disentangling these body-part 
centered PPS representations (e.g. hand versus foot, or trunk versus foot). 

We showed that visual stimulus direction seemed to play a critical role in defining the PPS 
boundaries for the lower limbs. In Experiment One (approaching visual stimuli), we found 
that the relationship between tactile reaction times and visual stimulus distance was better 
explained by a sigmoidal (s-shaped) function when compared to a linear function. This 
relationship was further confirmed by looking at the critical spatial distances from the feet 
where multisensory facilitation occurred, which allowed us to identify an approximate 
boundary between PPS and EPS. In general, the pattern of our data aligns with several 
previous reports that have identified a boundary between PPS and EPS for the hands 
(Canzoneri et al. 2012; Ferri et al. 2015a; Ferri et al. 2015b; Serino et al. 2016; Kandula et 
al. 2017), face (Sambo and Iannetti 2013; Teneggi et al. 2013; Serino et al. 2016), or the 
trunk (Galli et al. 2015; Noel et al. 2015a; Serino et al. 2016). In contrast to Experiment 
One, in Experiment Two (receding visual stimuli), we found that neither the sigmoidal 
nor the linear function better described the relationship between tactile reaction times 
and visual stimulus distance. We were unable to identify a clear division between PPS 
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and EPS when the visual stimulus receded away from the body. These findings not only 
match those of previous behavioural investigations on PPS size, but they also correspond 
with the neurophysiological studies that show that PPS neurons prefer to respond to 
approaching, over receding, stimuli (Colby et al. 1993; Graziano and Gross 1995; Fogassi 
et al. 1996; Graziano et al. 1997; Duhamel et al. 1998). And while some behavioural studies 
show that the peri-hand space is sensitive to stimuli approaching and receding from the 
hand (Canzoneri et al. 2012), PPS representations for other parts of the body, such as the 
face (Teneggi et al. 2013; Serino et al. 2016) or trunk (Serino et al. 2016) are diminished (or 
sometimes abolished) when stimuli recede away from the body part. However, and to our 
surprise, we did observe multisensory facilitation (i.e. significantly faster tactile reaction 
times compared to baseline) when the receding visual stimulus was located around 89cm 
from the toes. Figure 3 (blue line) provides a visualization of this u-shaped dip, wherein 
reaction times significantly decreased from 67 to 89cm from the body and increased back 
to baseline from 89 and 111cm. This curious decrease in reaction times from 67 and 89cm is 
strikingly reminiscent of the boundary between PPS and EPS that we found in Experiment 
One. One might argue that, even when a stimulus is moving away from the body, it is still 
relevant to monitor its location with respect to the body (see Serino et al. (2015) for a brief 
point on this matter regarding interactions with the upper body). After all, like the arms, 
the legs are also important effectors for action. Not only do we interact with objects with 
the intent to move them away from our legs (e.g. kicking a ball) but, and maybe more rarely, 
we also make retracting movements with our legs (think of pulling the ball towards you 
in a game of soccer or withdrawing the foot from an approaching spider). Perhaps the 
influence of receding stimuli on PPS representations is partly dependent on the level of 
bi-directionality of that body part (i.e. as we observed a limited effect of receding stimuli 
on the peri-leg space, which also has limited bi-directionality). Thus, it is plausible that the 
PPS network can be reactive to sensory information near, or on the cusp of, the boundary 
between PPS and EPS, regardless of stimulus direction. Of course, the brain must be able 
to distinguish between PPS and EPS in order to even formulate a boundary. Neuroimaging 
data shows that individual PPS boundaries can be predicted from intertrial variability in the 
BOLD signal for the premotor cortex when auditory stimuli are looming towards the hand, 
but only when the sounds are still located EPS (Ferri et al. 2015a). In other words, the PPS 
network is attentive to stimuli far from the body, before it even reaches PPS. So, it is possible 
that reaction times to tactile stimuli are particularly sensitive around the PPS/EPS border, 
as the brain must maintain a representation of both spatial zones. Such a speculation could 
be challenged in future imaging studies, with the use of looming and receding stimuli. 

Finally, it is worth acknowledging that we found a large spatial range that defined the 
boundary between PPS and EPS for approaching stimuli. The average slope from PPS to 
EPS was not sharp per se, but gradual. In other words, the switch from slower to faster 
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reaction times, as the visual stimulus got closer, was elongated. This reflects the variability 
in PPS boundaries (or switch points) within the current sample. Studies have shown that 
individual differences in brain activity (Ferri et al. 2015a) and emotional states like anxiety 
(Sambo and Iannetti 2013) or fear (Taffou and Viaud-Delmon 2014; Ferri et al. 2015b; de 
Haan et al. 2016), and also anxiety disorders such as claustrophobia (Hunley et al. 2017) can 
contribute to the variability observed in PPS boundaries. Although we did not specifically 
investigate this, it is possible that individual traits contributed to the large variability in 
our sample. But it is equally likely that the fluidity of the lower limb PPS boundary is also 
reflective of the frequency in which visual and tactile information are coupled for the lower 
body (van Elk et al. 2013). Rarely do we need to look at our feet while walking, whereas we 
quite often look at our hand while making a grasp. Noel et al. (2016) showed that the window 
of time between two consecutive sensory stimuli that people judge them as occurring 
simultaneous is larger within PPS than outside of PPS. It would be interesting to compare 
these simultaneity judgements across body parts, particularly for the legs, to see if visual 
and tactile information are indeed integrated at a different rate. If so, this might affect the 
extent and precision of the PPS boundary around the lower body. 

To conclude, we believe we have uncovered a boundary between peri- and extra-personal 
space for the lower limbs using dynamic sensory stimuli. We hope that these findings 
lend insight into lower body multisensory processes and stimulate a plethora of new 
investigations involving the legs and feet. For instance, it would be interesting to compare 
these processes in individuals who experience the lower body differently from the general 
population (e.g. lower limb amputees, individuals with spinal cord injury, individuals with 
Body Integrity Identity Disorder).
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Supplementary Material (Chapter 3)

Results: Comparison between left and right feet
Because the experiments were designed to assess peripersonal space boundaries around 
the lower body in general, and not to look at laterality effects, the data were collapsed 
across feet in the main manuscript. Although there were only 6 trials per location per foot, 
we decided to include a supplementary analysis comparing the left and right feet for sake 
of transparency. Analyses were the same as in the main manuscript.

Reaction times greater than two standard deviations from the individuals’ mean reaction 
time for each tactile location per foot were removed from the analysis. Moreover, trials 
wherein participants failed to respond to the tactile stimulus were not included in the 
analyses. In Experiment One, approximately 2.3% of total trials (which required a response) 
were removed for left foot trials and 2.3% for the right foot. In Experiment Two, approximately 
1.7% of total trials (which required a response) were removed from the left foot trials and 
1.5% for the right foot. 

1. Curve fitting 
Mean reaction times for each location were fitted to sigmoidal and linear functions using 
the same methods and equations as in the main manuscript. Shapiro-Wilk tests revealed 
that some of the data for both experiments was not normally distributed, thus Wilcoxon-
Signed rank tests were conducted to assess differences between RMSEs, R2, and slope values 
between the left and the right feet for both functions. 

1.1. Experiment One (approaching visual stimuli) 
For sigmoidal fits, no differences between RMSEs (z = -0.4, p = 0.67), R2 (z = -1.1, p = 0.84, or 
slope values (z = -1.1, p = 0.24) between the left and the right feet. Critically, there was also 
no difference between the central point of the sigmoid (z = -0.2, p = 0.84). In other words, the 
PPS boundary between the left and the right feet did not differ. Similarly, for linear fits, no 
differences emerged for the RMSEs (z = -0.02, p = 0.9), R2 (z = -1.1, p = 0.23), or slope values 
(z = -0.5, p = 0.55) between the left and the right feet.

1.2. Experiment Two (receding visual stimuli)
For sigmoidal fits, no differences between RMSEs (z = -0.6, p = 0.52), R2 (z = -0.9, p = 0.33, or 
slope values (z = -0.2, p = 0.77) between the left and the right feet emerged. There was also no 
difference between the feet for the central point of the sigmoid (z = -1.3, p = 0.17). Similarly, 
for linear fits, no differences emerged RMSEs (z = -0.9, p = 0.35), R2 (z = -1.0, p = 0.27), or slope 
values (z = -1.0, p = 0.29) between the left and the right feet.
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2. Multisensory Facilitation
Using the same procedures as the main manuscript, we subtracted the individuals’ fastest 
unimodal reaction time from the mean tactile reaction time at each visual location. It should 
be noted that there were no differences between unimodal tactile reaction times between the 
left and the right feet in Experiment One (p > 0.09 for all comparisons). However, in Experiment 
Two, there was a difference between the left and right foot for reaction times to the ‘far’ 
unimodal tactile stimulus (p = 0.03). Participants were faster to respond to tactile stimuli 
applied to the right foot then to tactile stimuli applied to the left foot, for this condition only. 
To recap, the ‘far’ unimodal tactile trials in Experiment Two (receding) occurred after the 
visual stimulus had finished its receding trajectory and then subsequently disappeared (i.e. at 
the end of the trial). While it remains unknown why this difference emerged, it is improbable 
that is attributed to more sensitivity in the right foot, as no differences emerged between the 
left and the right feet for reaction times to unimodal tactile ‘near’ trials (p = 0.4). 

2.1. Experiment One
Baseline-corrected reaction times were subjected to a repeated measures ANOVA, with 
distance (D1 – D5) and foot (left, right) as within-subjects factors. There was (as in the main 
manuscript), a main effect of distance (F (4,68) = 5.5; p = 0.001, η2 = 0.24), indicating that 
participants responded faster as the visual stimulus got closer to the toes. In contrast, there 
was no main effect of foot (F (1,17) = 0.24; p = 0.62, η2 = 0.01). And critically, the interaction 
between foot and distance was not significant (F (4,68) = 0.45; p = 0.76, η2 = 0.02).

However, Bonferroni-corrected one sample t-tests, comparing these values to 0 (baseline), 
revealed no differences (p > 0.07 for all comparisons). This is likely due to the large variability 
within the reaction times (and the small number of trials per foot). What is noteworthy, however, 
is that the overall pattern of response times showed a sigmoidal shaped pattern. See figure S1A. 

2.2. Experiment Two
Baseline-corrected reaction times were subjected to a repeated measures ANOVA, with 
distance (D1 – D5) and foot (left, right) as within-subjects factors. There was a main effect 
of distance (F (4,72) = 2.5; p = 0.04, η2 = 0.12). In contrast, there was no main effect of foot (F 
(1,18) = 0.02; p = 0.88, η2 = 0.001). However, the interaction between foot and distance was 
significant (F (4,72) = 3.0; p = 0.02, η2 = 0.14). Post hoc tests (paired samples t-tests) showed 
that participants were faster at D2 (~45 cm) when the visual stimulus receded away from 
the left foot than from the right foot, although the difference was not quite significant (p = 
0.07). It is noteworthy, if one examines figure S1B, that the pattern of response times does 
not appear linear nor sigmoidal in nature. This was confirmed by the curve fitting analyses. 
Moreover, Bonferroni-corrected one sample t-tests, comparing these values to 0 (baseline), 
revealed no differences (p > 0.07 for all comparisons).
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Figure S1. Multisensory facilitation (in ms) for the left and right feet in Experiment One (A) and Experiment 
Two (B). Negative values indicate that reaction time for the visuo-tactile trials were faster than reaction times for 
the participants’ fastest tactile only trials. Error bars represent standard error of the mean. # denotes a trending 
significant difference between the left and right feet at D2.
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Chapter 4
The disappearing limb trick 
and the role of sensory 
suggestibility in illusion experience



Abstract

Body ownership (the feeling that my body belongs to me) can be easily perturbed in healthy 
individuals by inducing bodily illusions. For example, dis-integrating vision, touch, and 
proprioception can produce the feeling that your limb is ‘lost’, such as in “the disappearing 
hand trick” (DHT). Following this illusion, participants report that the hand feels as though 
it is no longer part of the body, that it does not belong to them anymore, and that they 
do not know its location. However, it remains unknown whether this illusion can also be 
applied to the feet. Lower body ownership is disturbed in some populations, such as in Body 
Integrity Identity Disorder (BIID), where people have a longstanding desire to paralyze or 
amputate a (disowned) part of their body (i.e. usually the legs), thus exploring the efficacy 
and utility of lower body illusions might be useful for populations like such. In the current 
study, we induced the disappearing hand and foot trick in two groups of healthy adults. As 
the illusion crucially relies on illusory sensory feedback, we also explored if one’s level of 
sensory suggestibility influenced the experience of the illusion. Questionnaire data showed 
that the DHT can be applied to the feet, as there was no difference in experience between 
those who experienced the illusion for the hands and those who experienced the illusion 
for the feet. Moreover, one’s level of sensory suggestibility correlated positively with the 
experience of illusory sensations (like warmth, numbness, or the presence of an extra limb) 
following the illusion. We discuss the implications of bodily illusions in clinical populations 
and emphasize the critical role that sensory signals (even illusory) play in creating the bodily 
experience.
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1. Introduction

Intuitively, we feel that our body is a part of us and belongs to us. This “special perceptual 
status of one’s own body, which makes bodily sensations seem unique to oneself ” (Tsakiris 
2010) is known as body ownership. Many investigations have focused on uncovering 
the underlying mechanisms that contribute to this feeling that the body is “my body” 
(Tsakiris et al. 2007; Longo et al. 2008; Tsakiris 2010; Petkova 2011; Apps and Tsakiris 2014; 
Limanowski and Blankenburg 2015) and have revealed that the integration of multisensory 
signals plays a critical role. One elegant method to investigate body ownership (or the 
process of embodying a body part) in healthy individuals is to induce the illusion of 
owning a foreign limb (e.g. via The Rubber Hand Illusion (RHI): Botvinick and Cohen, 
1998). Watching a fake rubber hand being stroked synchronously with one’s real (unseen) 
hand induces a relocation of the sensed feeling of touch and position of one’s own hand 
towards the seen rubber hand, resulting in a feeling of ownership over the rubber hand 
(Botvinick and Cohen 1998a). This suggests that the mis- and subsequently re- alignment 
of vision, touch, and proprioception (albeit mis-localized) are necessary for manipulating 
body ownership in healthy participants (Tsakiris et al. 2007). However, in clinical 
populations, body ownership issues often present as disownership and unawareness, or 
an overall sense of loss, over of one’s own body part (rather than ownership over another 
limb (but see supernumerary phantom limb syndrome, e.g. Bourlon et al. (2017)), such as 
in Asomatognosia (specifically Somatoparaphrenia) or Body Integrity Identity Disorder 
(BIID). Asomatognosia (including Somatoparaphrenia) usually manifests following right-
hemisphere brain damage (e.g. stroke; Vallar and Ronchi 2009) involving the insula (e.g. 
Cereda et al. 2002) and the white matter around the basal ganglia (Moro et al. 2016). 
Asomatognosia refers generally to the loss of awareness over part of the body, whereas 
Somatoparaphrenia is a subtype of this and refers more specifically to loss of ownership 
over part the body, usually the arm (Feinberg et al. 2010; Jenkinson et al. 2018). More 
specifically, in Somatoparaphrenia, this loss of ownership is often accompanied with 
delusional beliefs about who the arm belongs to (e.g. the nurse, a friend). Somatosensory 
deficits are also sometimes present (Vallar and Ronchi 2009). Somatoparaphrenia 
usually spontaneously resolves itself, or symptoms can be reduced through the use of 
mirror therapy (Fotopoulou et al. 2011; Jenkinson et al. 2013). BIID, on the other hand, 
is a rare condition wherein individuals experience a mismatch between the mental and 
physical boundaries of the body and thus desire amputation or paralysis of a healthy limb 
(usually the leg(s); Blom et al. 2012). Individuals with the amputation-variant experience 
a sense of disownership over the affected limb(s). In contrast to Asomatognosia or 
Somatoparaphrenia, BIID manifests before adolescence, is not a product of any apparent 
brain damage, is not accompanied by any delusional beliefs about the disowned limb or 
somatosensory deficits, and currently cannot be effectively (or safely) treated (Blom et al. 
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2012; Blom et al. 2016a; Brugger et al. 2016). We also know that there are structural and 
functional alterations of brain areas that contribute to creating a coherent representation 
of the body, including within the network of body ownership in individuals with BIID 
(McGeoch et al. 2011; Hilti et al. 2013; van Dijk et al. 2013; Hänggi et al. 2017).

Thus, another way to investigate body ownership might be to diminish it. One can 
experimentally mimic this loss of awareness and ownership over a body part by instead 
dis-integrating vision, touch, and proprioception via an intriguing illusion called the 
Disappearing Hand Trick (Newport and Gilpin 2011). While hovering the hands above a 
tabletop surface (inside of the MIRAGE multisensory illusion box), participants enjoy a 
real-time video of their hands, that through a covert process of sensory adaptation and 
disintegration, visually appear to be closer together than they physically are. When the 
image of the hand is faded out and the participant is asked to reach for it, it is not where 
he (visually) expects it to be. Individuals report that from this experience, the hand feels as 
though it is no longer part of the body (nor that it belongs to them), that it feels cooler than 
normal, and that they do not know its location. These components are critically linked to 
the feeling of body ownership and partly mimic the feelings associated with body ownership 
disorders. Modified versions of the illusion have recently been employed by others (e.g. 
Bellan et al. 2015; Bellan et al. 2017; Abdulkarim and Ehrsson 2018). For instance, Bellan 
and colleagues (2015) investigated how vision and proprioception discretely contribute 
to the overall loss of location of the hand during the illusion. In their study, the image of 
the hand was also faded out, but participants were not asked to reach for it. Instead, they 
had to make verbal judgements about its position over the following three minutes while 
remaining completely still. Initially, participants relied on the last seen visual location of 
their hand, but over the three minutes, the reliance shifted proprioception (i.e. felt position) 
leading to more accurate judgements of hand location. Recently, Bellan et al. (2017) further 
explored the underlying spatial and sensory-related mechanisms of this procedure, and 
found that participants were more accurate at making judgments about the hand’s location 
if the participants first made a reach for the disappeared hand and realized that it was not 
actually there. However, they revealed that this accelerated increase in accuracy was also 
achieved by simply reaching for a coin, rather than the hand, on that side of space. The 
recalibration of sensory and motor information towards the body part’s actual position 
that occurs after engaging the sensorimotor system, even when prior knowledge about 
the part’s position is not (dis)confirmed, outlines the critical role that this system plays in 
updating one’s awareness of the body in space. This process of sensorimotor recalibration 
might also be important when reflecting on populations with body ownership disorders. 
A slower (or absent) recalibration period perhaps contributes to the emergence of body 
ownership disturbances in individuals with body ownership disorders. Overall, these 
studies, like Newport and Gilpin’s, reveal the delicate, but complex, interplay between vision, 
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proprioception, and touch (and the timing of integration for such senses) for overall bodily 
awareness. The disappearing hand trick illusion, like the RHI, relies on a mismatch of vision 
(removed), proprioception (realigned) and touch (absent), but instead leads to a feeling 
of ‘loss’ (Newport and Gilpin 2011). Moreover, it reinforces the suggestion that changes in 
sensory perception are necessary to manipulate body ownership (and awareness) in healthy 
participants.

But are the multisensory processes that contribute to body ownership of the hand, and 
the underlying representations of the hands, different from other parts of the body, like 
the feet? Indeed, several investigations have focused on the neural representation of the 
hands (e.g. Overduin and Servos 2004; Sanchez-Panchuelo et al. 2010; Martuzzi et al. 2014; 
Stringer et al. 2014), of the feet and overall lower limbs (Bao et al. 2012; Meier et al. 2016; 
Akselrod et al. 2017; Dietrich et al. 2017), or of the hands and feet (e.g. Rijntjes et al. 1999; 
Ehrsson et al. 2000; Ehrsson et al. 2003; Dall’Orso et al. 2018). The representation of the 
hand and foot, while similar in the overall degree of functional activation in response to 
touch/movement, show several differences in structure. For instance, the representation 
of the hand in the primary motor and sensory cortices is larger (i.e. takes up more cortical 
space) than the representation of the foot (Penfield and Boldrey 1937). In turn, the hands 
are more tactually sensitive than the feet (Weinstein 1968). Moreover, the location of these 
representations is different: the hand representation is located laterally along the sensory 
and motor cortical strips, adjacent to the representation of the face, while the leg/foot 
representation are located more medially, adjacent to the representation of the genitals 
(Penfield and Boldrey 1937; Catani 2017). In line with this, activation of primary motor areas 
during mental imagery of finger and toe movements reflect this pattern of organization 
(Ehrsson et al. 2003). The hand and foot areas are also functionally connected in the brain. 
For instance, Kato and Kanosue (2017) showed that simply imagining the contraction of 
one’s foot muscles elicited a motor evoked response of the hand muscles, highlighting 
the intimate corticospinal connection between the representations. Both hand and foot 
representations also show cortical reorganization after an amputation, but people with an 
upper limb amputation are more likely to experience phantom limb pain than those with 
lower limb amputation (Davidson et al. 2010). This could be related to the overall differences 
in the size of cortical space that needs to be compensated for in the upper versus lower 
limbs. So overall, while studies directly comparing the neural representation of the hands 
are feet are lacking, their overall representations seem to play distinct but overlapping roles 
in the human sensorimotor system.

In terms of body ownership, investigations comparing the neural processes of upper versus 
lower body ownership are also lacking. Most investigations utilizing body ownership 
illusions have examined the upper (Botvinick and Cohen 1998a; Folegatti et al. 2009; 
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Ocklenburg et al. 2011; Newport and Gilpin 2011; Abdulkarim and Ehrsson 2016; Marotta 
et al. 2016; Smit et al. 2017) or full (Ehrsson 2007; Lenggenhager et al. 2007; Maselli and 
Slater 2014; Keizer et al. 2016) body, while few investigations have focused on the lower 
limbs (Crea et al. 2015; Flögel et al. 2015; Lenggenhager et al. 2015; Pozeg et al. 2015). Of the 
few, Pozeg et al. (2015) revealed that ownership over virtual legs is easily induced through 
multisensory stimulation, and Flogel et al. (2015) showed that the rubber hand illusion 
can be transferred to the foot, and is experienced to the same extent as the rubber hand 
illusion. This is likely due to an overlapping ownership system governing the whole body. 
For example, activity of the premotor cortex (PMC) is associated with ownership over the 
rubber hand during the rubber hand illusion (Ehrsson 2004). Clinical reports, like that of 
Arzy et al. (2006), describe a woman with ventral PMC damage who felt like her arm has 
‘disappeared’ also support the role of the PMC in overall feelings of ownership. While studies 
on the neural underpinnings of lower body illusions are lacking, evidence from individuals 
who lack ownership over their legs (i.e. people with BIID) show reduced activity in the 
PMC in response to tactile stimulation on the disowned limb (van Dijk et al. 2013). Parietal 
areas are also critical for the feeling of body ownership (Tsakiris et al. 2007; Brozzoli et al. 
2012a; Grivaz et al. 2017). For instance, repetitive transcranial magnetic stimulation over the 
inferior parietal lobule decreases the strength of the RHI, as revealed through a reduction in 
the perceived proprioceptive drift of the real hand towards the rubber hand following the 
illusion (but not through the subjective questionnaire ratings; Kammers et al. 2009). Further 
evidence comes from a report by Smit et al. (2018) who describe and examine a patient who, 
following a tumor resection in the posterior parietal areas, reported full body ownership 
complaints. Again, drawing from the example of individuals with lower-limb BIID, McGeoch 
et al. (2011) revealed reduced activity in areas of the parietal cortex (specifically the superior 
parietal lobule) upon touching the disowned limb in people with BIID. Therefore, it is likely 
that a similar system (based on the integration of several sources of sensory information) 
mediates feelings of ownership over both the hands and the feet. The similarities in the 
networks governing hand and foot ownership, and also their corresponding representations, 
therefore suggest that the experience of other upper body illusions, besides the rubber hand 
illusion, should also be transferable to the feet.

Therefore, like the rubber hand (or foot) illusion, is it possible that the disappearing hand 
trick (DHT) can also be applied to the foot? The illusions are similar in some ways: both rely 
on visual (and touch) capture, and lead to the mis-localization of limb position. But in the 
RHI, limb posture remains unchanged (but see Abdulkarim and Ehrsson (2016)), while in 
the DHT (unbeknownst to the participant) limb posture slowly changes. Moreover, in the 
DHT, the limb is experienced as ‘no longer there’ once this mis-location is realized (but it 
remains a debate whether the real hand is ‘no longer there’ for the participant in the RHI, 
e.g. de Haan et al. 2017; de Vignemont, 2010). Van Elk and colleagues (van Elk et al. 2013) 
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showed that that while visuo-tactile integration around the hands is affected by changes 
in hand posture, visuo-tactile integration around the feet is not affected by changes in foot 
posture (but see Schicke and Röder 2006). What is more, investigations of upper and lower 
limb proprioception show no differences in judging position sense of the arms compared 
to the legs (Han et al. 2013; Springer et al. 2015). And critically, the DHT depends not only 
on the integration of visual and tactile information at an incorrect location, but also on the 
mis-interpretation of proprioceptive signals of the hand’s position.

Therefore, it seems plausible that the disappearing hand trick could also be applied to 
the feet. If the disappearing foot trick is successful, then inducing the sensation that the 
foot is ‘no longer part of the body’ might temporarily alleviate symptoms in those with 
the amputation-variant of BIID, for example. Moreover, it might provide insight into the 
(sensory-related) mechanisms contributing to body ownership disorders. Our primary aim 
of the current study was therefore to investigate if the disappearing hand trick (hereafter 
the disappearing limb trick: DLT) can also be applied to the feet in two separate groups of 
healthy participants. Based on previous studies showing similar principles of multisensory 
integration for the hands the feet, we hypothesized that there would be no difference in 
subjective experience of the illusion between the hands and the feet.

We also investigated whether one’s level of sensory suggestibility (i.e. a personality trait 
related to how a person reacts to sensory information (Marotta et al. 2016) affects one’s 
illusion experience. While body ownership can be manipulated in the general population, 
the extent to which changes in body ownership and awareness are experienced varies among 
individuals (e.g. Burrack and Brugger 2005; Haans et al. 2012; Mckenzie and Newport 2015). 
As bodily illusions (like the DLT) critically rely on illusory changes in sensory perception, 
it is possible that this variability could be partly explained by one’s sensory suggestibility. 
Recently, Marotta et al., (2016) explored precisely this relation using the RHI, wherein 
sensory suggestibility was measured using the Sensory Suggestibility Scale (Gheorghiu et al. 
1995). Indeed, high sensory-suggestible individuals (subjectively) embodied the rubber hand 
to a greater extent than low sensory-suggestible individuals. This was not the case, however, 
for the objective measure (i.e. measured through proprioceptive drift, i.e. the feeling that 
the real hand’s position has drifted towards the fake rubber hand). The question remains, 
however, whether this link can also be found for other bodily illusions. We were intrigued by 
the recent report by Marotta and colleagues and wanted to replicate these findings under 
slightly different conditions, but while still testing body ownership. Previous (unpublished) 
observations from our lab revealed large variability in the experience of the disappearing 
hand trick illusion. We wanted to investigate what factors might be related to this variability. 
We know for the rubber hand illusion that several factors influence the experience of the 
illusion, including one’s level of interoceptive accuracy (Tsakiris et al. 2011), age (Nava et al. 
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2017), mental illness and development disorders (like schizophrenia (Klaver and Dijkerman 
2016) or Autism (Cascio et al. 2012), hormone levels (Ide and Wada 2017), temperament 
(Kállai et al. 2015), one’s level of empathy (Asai et al. 2011), even one’s immune system 
function (Finotti and Costantini 2016). The disappearing limb trick, while rarely studied, is 
a good candidate for also investigating the factors that influence the overall shifts in bodily 
awareness during illusions. What is special about the sensory suggestibility scale is that it 
explicitly focuses on the experience of body sensations. The participant is explicitly told that 
they will experience a sensation on or within the body, and they are asked to rate the vividness 
of that experience. This is also how bodily illusions are generally employed. Participants are 
asked to make judgements about sensations they experience within and on their bodies 
following the induction of the illusion, usually by manipulating multisensory signals. It is 
feasible that there might be a link between sensory suggestibility and body illusions, as 
they both relate to the experience of the bodily self. Thus, the secondary aim of the current 
study was to examine the role of sensory suggestibility in the experience of disownership 
and awareness over one’s own hand or foot during the DLT in healthy participants, using a 
subjective measure (i.e. questionnaire following the illusion). As sensory suggestibility is an 
overall personality trait, we did not expect it to differentially impact illusion experience for 
the hands versus the feet. However, we did expect to find a significant correlation between 
sensory suggestibility and feelings of (dis)ownership over one’s own limb during the DLT, 
particularly for the Loss of Limb subscale on the DLT questionnaire.
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2. Methods and Procedures

2.1. Participants
A principal component analysis (PCA) was performed on responses on the 20 items of the 
disappearing hand trick questionnaire from 150 participants (a collection of unpublished 
data from our lab: 50 males, 100 females, average age 22 ± 3.2 years) with the intent to extract 
subscales of the DLT questionnaire for the current study (see appendix 1). 

For the experiments, we chose a between-subjects design to reduce any (unknown) effects 
of completing the illusion twice. Particularly, we wanted to obtain unbiased scores for 
the disappearing ‘foot’ trick (as outcome of this has not been formally reported before). 
Participants were therefore randomly assigned to the Hand or Foot group. Hand group: 
27 individuals (7 males) between the ages of 20 and 43 (M = 23.0 ± 3.4 SD) years, with 
an average height of 172.0 ± 9.8 (SD) cm took part. Foot group: 27 individuals (6 males) 
between the ages of 20 and 43 (M = 25.2 ± 4.8 SD), with an average height of 173.4 ± 8.0 (SD) 
cm took part. The groups did not differ in terms of sex (χ(1) = 0.101, p = 0.75), age (t(52) 
= -1.9, p = 0.06), or height (t(52) = -0.5, p = 0.6). All participants had normal or corrected-
to-normal vision, no history of neurological or psychiatric illness, and no upper or lower 
body disabilities. Participants were recruited from Utrecht University, and compensated 
for their participation with course credit. All participants gave written informed consent in 
accordance with the Declaration of Helsinki and the approval of the local ethics committee 
(protocol number: FETC 16-048) before participating in the study. Participants were naïve 
to the purposes of the study.

2.2. MIRAGE Multisensory Illusion Box
The MIRAGE multisensory illusion box consists of mirrors, a computer monitor, and a 
camera that are specially positioned to display a real-time video of a person’s limb from 
first person perspective. Participants place their hands inside of the box, wherein a camera 
points upwards towards a double-sided mirror (50 W x 31 L cm) lying horizontally, 25 cm 
above the hands (thus reflecting the position of the hands). The image from the camera is 
projected through a downward-facing horizontally-positioned 28-inch computer monitor 
screen (positioned 25 cm above the double-sided mirror) onto the other side of the double-
sided mirror. Thus, while the mirror occludes the view of the hands, the projected real-time 
video (<17ms delay) of the hands elicits the feeling that you are looking directly at the 
hands. Thus, in the current paradigm, participants viewed their hands in this mirror in 
the same physical location as their real hands (viewing distance to mirror approximately 
30cm). A custom-made program in LabVIEW (Newport and Gilpin 2011) allowed for the 
manipulation of the live stream video of the participant’s hands. Task and stimuli were the 
same for both groups, except for the foot group, the box was placed on the floor (elevation 
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~24cm) to accommodate the feet. To provide a full view of the feet, an additional mirror (47.5 
x 22.5 cm) was placed on the edge of the top of the double-sided mirror to extend the image 
by approximately 7cm. The distance between the eyes of the participant and the middle of 
the mirror depended on the height of the participant. See figure 1 for set up of MIRAGE box.

Figure 1. Set-up of the MIRAGE Multisensory Illusion Box. (A) Side view of the box on the floor for the 
disappearing foot trick. Participants sat at the chair and placed their feet inside of the box. To accommodate 
the disappearing hand trick, the box was instead placed on top of a table top so participants could comfortably 
place their hands inside of the box. (B) Experimenter’s view of the box. 

2.3. Disappearing Limb Trick
Participants were instructed to hover their hands (or feet) carefully above (~ 10cm) the 
“floor” of the MIRAGE box and to hold them about 8 cm from the midline. They were asked 
to avoid elbow (or ankle) contact with the edge of the box. Participants viewed their limbs 
on a live video stream the double-sided mirror (reflecting the video from the suspended 
computer monitor screen) in the MIRAGE. Two blue bars appeared on the outer edges of 
the viewed image, and one blue bar appeared in the middle. The outer blue bars started 
moving in slowly (2.5mm/s for 25 seconds) towards the limbs. Participants were instructed 
to maintain the position of their limbs to the best of their ability, while at the same time 
not allowing them to touch the blue bars. Unbeknownst to the participant, the image of 
the hands actually moved in towards the midline, and in order to compensate for this 
(and to avoid collision with the bars), participants slowly moved their hands outward (at 
~ 2.5mm/s). So, although their hands appeared close together on the screen (16 cm apart), 
they were physically 28cm apart. When the bars stopped moving, the experimenter placed 
her hand on the participants’ limbs and gently placed them on the bottom surface of the 
box. The image of the right limb subsequently faded to black and the participants were 
asked to reach for their right hand ( foot) with their left hand ( foot), which was not there 
when they reached for it. See figure 2 for a visual depiction of illusion for the foot from a 
participant’s perspective.
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Figure 2. Participant’s view of the disappearing limb trick illusion. (A) Participants are asked to place their feet 
between the two blue bars overlaid on the screen, while hovering above the floor of the box (B) The blue bars 
slowly close in on the feet. Participants are asked to maintain the position of their feet between the bars (C) The 
participants place their feet onto the floor of the box, and the right foot is faded out (D) Participants reach for 
their right foot with their left foot but the foot is not where they (visually) expected it to be. Note that the same 
procedure was applied to the hands for the disappearing hand trick.

2.4. Disappearing Limb Trick Questionnaire
The Disappearing Limb Trick Questionnaire (hereafter DLT-Q) was used to measure 
the participant’s experience of the DLT (Newport and Gilpin 2011). Participants were 
presented with 20 statements regarding their experience of the DLT and rated their 
experience using an 11-point Likert-scale, where the range in which they could agree 
with the statements was from 0 (not at all) to 10 (completely). Each statement is included 
in appendix 1. Note that the word “limb” was replaced with the words “hand” or “foot”, 
depending on illusion group.

As noted earlier, a PCA was performed on responses on the 20 items of the disappearing 
hand trick questionnaire from 150 participants with the intent to extract subscales of 
the DLT-Q for the current study. We used oblique rotation (oblimin). The initial analysis 
suggested 5 components with an eigenvalue greater than 1 (accounting for 63.8% of the 
cumulative variance), but one item (question 14) cross-loaded, and removing it would 
result in a component with only 2 items, which is generally inappropriate for a subscale 
(Velicer and Fava 1998; Little et al. 1999). Given that the scree plot was slightly ambiguous 
(convergence between 4 or 5 components were unclear), given our relatively small sample 
size, and in order to facilitate appropriate interpretation of each component, we decided 
to retain only 4 components. Two items (questions 12 and 17) were removed from the 
analysis because their regression coefficients failed to meet the minimum criteria (>0.4) 
for inclusion.
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PCA with oblique rotation (oblimin) was performed on the remaining 18 items. Eigen values 
greater than 1 suggested a four-component solution, accounting for 63.5% of cumulative 
variance. Sampling adequacy was verified by the Kaiser-Meyer-Oklin value (KMO = 0.854, 
where > 0.8 means the degree of common variance among the items is meritorious (Kaiser 
and Rice 1974). Bartlett’s test of sphericity was significant (χ² (153) = 1310.1, p < 0.0001), 
revealing that the correlations between items were large enough for PCA (Field et al. 2012).

Therefore, we created four subscales based on the questionnaire, namely:
1) Loss of Limb (items 1, 2 (reverse-scored), 7, 8 (reverse-scored), 9, 10 (reverse-scored)): 

referring to the degree in which disembodiment (including feelings of disownership) 
of one’s own hand or foot occurred during the illusion (Cronbach’s α = 0.90)

2) Loss of Location (items 3, 4 (reverse-scored), 5 (reverse-scored)): referring to the 
degree in which participants were unable to identify the location of their hands or feet 
following the illusion (Cronbach’s α = 0.85)

3) Surprise (items 6, 15 (reverse-scored), 16, 18 (reverse-scored), 19): referring to the degree 
in which participants were surprised by the experience of the illusion (Cronbach’s α = 
0.78)

4) Illusory Sensations (items 11, 13, 14, 20): referring to the degree in which participants 
experienced illusory bodily sensations immediately following the illusion (e.g. warmth, 
numbness, an extra limb; (Cronbach’s α = 0.57)

These subscales were used to calculate illusion experience in the current study for the Hand 
and Foot groups. The subscale scores were calculated by summing the raw responses per 
item of the subscale then dividing by the total number of items in that subscale.

2.5. Sensory Suggestibility Scale
The Sensory Suggestibility Scale (SSS) was used to measure individual sensory suggestibility 
(Gheorghiu et al. 1995; Lund et al. 2015; Marotta et al. 2016). Specifically, it measures the 
effects of indirect suggestion on one’s (sensory) perception (Gheorghiu et al. 1975). The 
SSS consists of 14 exercises. During the SSS, the experimenter reads each statement, 
demonstrates the exercise associated with the statement, and then guides the participant 
through the exercise. Following each exercise (e.g. “Please close your eyes and rub the 
outside edge of your tongue against your teeth. Concentrate now to see if you can feel a 
salty taste”), the participant rates the sensation on said body part associated with exercise 
(e.g. 0 (no sensation of a salty taste) to 4 (very strong sensation of a salty taste)). Here the 
experimenter provides a ‘suggested sensation’, and the expectation is that highly suggestible 
individuals are more likely to report that they experienced this (improbable) sensation. 
However, of the 14 exercises, 4 exercises actually do evoke a sensation on/with-in the body, 
and thus are used as control exercises. Participants should report experiencing a sensation 
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after the control exercises (e.g. feeling of warmth on the hands after vigorously rubbing 
them together). After each exercise, participants rated their sensory perception on a 5-point 
Likert-scale, ranging from 0 (no perception at all) to 4 (very strong perception). The SSS total 
score was calculated by summing the scores of the experimental exercises. Scores could 
range from 0 to 40. The control exercises (summed score range 0 to 16) are meant to elicit 
higher mean scores than the experimental exercises, as they actually induce a change in 
sensory experience.

2.6. Procedures 
The experiment took place in a dimly lit sound-shielded room. Task order (DLT or SSS) 
was counterbalanced between participants. During the SSS, the participant was seated 
comfortably and was guided through each exercise by the experimenter. During the DLT, the 
participant removed any jewelry (or shoes/socks if part of the Foot group) and was seated 
comfortably in front of the MIRAGE. After completing the DLT, the participant immediately 
completed the DLT-Q.

2.7. Data Analysis
Data were analyzed using IBM SPSS Statistics 23 and JASP (0.8.5.1). As made evident by 
the Shapiro-Wilk tests, the Loss of Location and Surprise subscales were not normally 
distributed for both the Hand and Foot groups (p < 0.02). The Illusory Sensations subscale 
was not normally distributed for the Foot group (W = 0.85, p = 0.001). Thus, Mann-Whitney 
U tests were conducted to examine differences between the Hand and the Foot groups on 
average scores for each of the four subscales. Median (Med) and interquartile range (IQR) 
are reported where necessary. To investigate the relationship between illusion experience 
and sensory suggestibility, Kendall’s tau correlations were conducted on the SSS scores 
and the subscales of the DLT questionnaire for both groups, separately (critical Bonferroni-
corrected p-value = 0.012).
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3. Results

3.1. Disappearing Limb Trick Questionnaire: Comparison between Hand and Foot 
Group
The median scores (and IQRs) for each subscale were as follows: Loss of Limb (Hand: 
5.5 (3.6-7.3), Foot: 5.1 (2.0 - 5.5)), Loss of Location (Hand: 8.6 (7.3 – 9.3), Foot: 8.0 (6.6-
6.9)), Surprise (Hand: 7.8 (6.4-8.2), Foot: 7 (4.8-7.8)), and Illusory Sensations (Hand: 
2.7 (2.2-4.7), Foot: 3 (2.0-3.7)). Separate Mann-Whitney U tests were run to determine 
if there were differences between the Hand and Foot groups for the subscales on the 
DLT questionnaire. There were no differences between the Hand and Foot groups for 
any of the subscales: Loss of Limb (U = 266.5, p = 0.09), Loss of Location (U = 290.5, p 
= 0.19), Surprise (W = 262, p = 0.07), Illusory Sensations (U = 312.5, p = 0.36). See figure 
3 for box plots.

Figure 3. Boxplots for each subscale per group. Medians for each subscale are represented as the centered lines 
of each box. Space within the box above the medians represent the third quartiles, and space within the box 
below the medians represent the first quartile. The whiskers represent maximum (above box) and minimum 
(below box) values. The light grey boxes represent subscale scores for the Hand group and the dark grey boxes 
represent subscale scores for the Foot group.

3.2. Sensory Suggestibility Scale
Independent samples t-tests revealed the mean scores for the control exercises were 
significantly higher than the mean scores for the experimental exercises both Hand 
(Meancontrol = 1.8 (0.1 SEM), Meanexperimental = 1.3 (0.1 SEM), t(26) = -4.6, p < 0.0001) and Foot 
groups (Meancontrol = 1.9 (0.1 SEM), Meanexperimental = 1.2 (0.1 SEM), t(26) = -5.8, p < 0.0001). 
Importantly, there was no significant difference between SSS total (experimental) scores 
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between the Foot (Mean = 12.48, 1.2 SE) and the Hand (Mean = 13.15, 1.5 SE) groups (t(52) 
= -0.3, p = 0.738). There was also no difference between the groups for the control exercise 
scores (Meanhand = 7.7, 0.5 SE, Meanfoot = 7.2, 0.6 SE, t(52) = 0.6, p = 0.53)).

3.3. Relationship between sensory suggestibility and illusion experience
Hand group. There were no significant correlations between SSS scores and the subscales 
of the DLT-Q (critical p = 0.012). See top rows of table 1.

Table 1. Correlation table for total SSS scores and subscales per group (Hand, Foot). Due to multiple comparisons, 
p-value is significant at the level of 0.012 (Bonferroni-corrected).

HAND Loss of Limb Loss of Location Surprise Illusory Sensations

SSS Score tau .176 -.045 .044 .283

p-value .209 .752 .753 .048

FOOT Loss of Limb Loss of Location Surprise Illusory Sensations

SSS Score tau .190 .282 .306 .274

p-value .179 .049 .028# .053
#approaching significance.

Foot group. There were no significant correlations between SSS scores and the subscales 
of the DLT-Q (critical corrected p = 0.012). However, the correlation between the Surprise 
subscale and SSS score was trending towards significance but did not survive the correction 
(tau = 0.3, p =0.028). See bottom rows of table 1.

Collapsed across groups. Since there were no differences between the Hand and Foot 
groups on the DLT-Q subscales or between SSS scores, we collapsed across groups and 
ran a correlation analysis investigating the relationship between scores on the subscales 
of the DLT-Q and total SSS scores (critical corrected p = 0.012). There were no significant 
correlations between the total SSS scores and the Loss of Limb (tau = 0.17, p = 0.07), Loss of 
Location (tau = 0.1, p = 0.26), or Surprise (tau = 0.16, p = 0.09) subscales. However, there was 
a significant positive correlation between SSS scores and the Illusory Sensations subscale 
(tau = 0.28, p = 0.003). See figure 4 for scatterplot.
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Figure 4. Scatterplot displaying relationship between SSS total score and Illusory Sensations Subscale scores. 
R value for Kendall’s Tau is stated in upper left corner.
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4. Discussion

In the current study, we tested whether the disappearing hand trick could be also evoked 
for the foot in two groups (Hand group, Foot group) of healthy individuals. We found 
no differences in subjective experience between the disappearing “hand” trick and the 
disappearing “foot” trick, suggesting that the illusion can be used for both body parts. This 
might have implications for populations that suffer from body image or body ownership 
disorders, like Body Integrity Identity Disorder. For example, if one can induce changes 
in awareness (or even illusory sensations) over one’s own limb, then perhaps this could 
alleviate symptoms associated with body disownership or even body dissatisfaction. The 
secondary aim of the current study was to investigate the role of sensory suggestibility (SS) 
in illusion experience using the sensory suggestibility scale (Gheorghiu et al. 1995). We 
found a significant positive relationship between experiencing illusory sensations during the 
disappearing limb trick and one’s level of sensory suggestibility when we collapsed across 
both Hand and Foot groups. That is, participants with higher levels of sensory suggestibility 
(i.e. individuals who were more likely to report perceiving a sensation following a guided 
exercise in which no sensations should occur) scored higher on the Illusory Sensations 
subscale, which included items such as “It seemed like my [limb] felt warmer than normal” 
or “I had the sensation that my [limb] was numb”.

The primary aim of the current study was to explore whether the disappearing hand trick 
could also be applied to the feet. While some studies have used bodily illusions to induce 
embodiment over the lower limbs (Crea et al. 2015; Flögel et al. 2015; Lenggenhager et al. 2015; 
Pozeg et al. 2015), there are few formal reports of illusions used to induce dis-embodiment 
of the lower limbs (but see Cicmil et al. (2015) for an interesting approach). We did not find 
a difference between the Hand and Foot groups on subjective experience of the illusion, 
according to the subscales of the questionnaire, suggesting that the illusion can also be used 
on the feet. Because participants rate their agreement with each statement from 0 (not at 
all) to 10 (completely), it is difficult to discern which mean values per subscales were large 
enough to reliably elicit the illusion. For instance, marking a ‘3’ on the statement “It seemed 
like my [limb] felt warmer than normal” suggests that the participant experienced a mild 
change in temperature, and thus although small in magnitude can constitute a meaningful 
response. One reasonable way to address this is to compare our values to previous reports 
using the same paradigm in the MIRAGE, wherein experience was measured with this 
same questionnaire (but see Bellan et al. 2017, 2015 for modified versions). There is only one 
formal investigation (Newport and Gilpin 2011) that as utilized the disappearing hand trick 
paradigm (but see Bellan et al. (2015) for a modified version). So, we can potentially compare 
our questionnaire results to that of Newport and Gilpin (2011). Newport and Gilpin were 
the first to administer the illusion, and they did so under different conditions (disappeared 
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hand: as we administered here, covered hand: hand is covered by a cloth when participants 
reached for it, or seen hand: hand is seen when participants reached for it). They showed 
that, compared to a covered or seen hand, the ‘disappeared hand’ condition scores elicited 
the highest, or most extreme, ratings on 16/20 items on the DLT-Q, suggesting that the 
participant experienced loss of ownership and awareness over their hand in the disappeared 
condition (confirmed by the lack of a physiological response during this condition when the 
location was stabbed with an animated knife). In the current study, we tested participants 
on the ‘disappeared hand’ condition only, and our questionnaire scores are, perhaps not 
surprisingly, similar to those of Newport and Gilpin’s experimental (disappeared hand) 
condition (see table S1 of Newport and Gilpin (2011)). Because they provide the mean value 
per question on the DLT-Q in their sample of participants, we used this information to 
calculate (potential) mean subscale scores for their sample. While we could not conduct 
formal statistical comparisons between our Hand group DLT-Q responses and Newport and 
Gilpin (hereafter N&G)’s DLT-Q responses, the subscale scores suggest similar behaviour 
(i.e. Loss of Limbmean: N&G (5.0), our sample (5.3 ± 2.1 SD); Loss of Locationmean:N&G (7.3), our 
sample (8.1 ± 1.9 SD); Illusory Sensationsmean (N&G (1.8), our sample (3.2 ± 1.2); Surprisemean 
(N&G (6.26), our sample (7.2 ± 1.4). Thus, we might claim, with moderate confidence, that 
the illusion was effective in our Hand and, based on the insignificant difference between 
the two, Foot groups. This suggests that dis-embodiment of the hands or feet follows similar 
rules for multisensory integration, such that visual attention, touch, and proprioception can 
be dis-integrated to a similar degree for both body parts to achieve the same experience.

The finding that there was no difference between our Hand and Foot groups aligns with the 
findings of a previous investigation by Flogel et al. (2015). They showed, that by manipulating 
visual attention and touch, embodiment over a fake limb can be induced to the same extent 
for hands and feet. Flogel and colleagues induced the rubber hand illusion and the rubber 
foot illusion using a within-subjects design. Subjective reports revealed similar scores 
regarding the vividness of the illusion, wherein the questionnaire included questions such as 
“It seemed like the rubber hand was part of my body.” They concluded that the embodiment 
of a limb, induced by multisensory stimulation, follows the same principles for the upper 
and lower body. Our results suggest that this is also the case for dis-embodiment of one’s 
own limb (as made evident by the similarities between Hand and Foot groups on the scores 
on the Loss of Limb subscale, which included questions such as “My right [hand or foot] was 
part of my body” (reverse scored) and “It seemed like I had no right [hand or foot]”. It would 
be interesting to explore whether there is an imbricated relationship between embodiment 
of another limb and disembodiment of one’s own limb. Data from clinical populations 
suggest that this is the case. Individuals who lack ownership (or desire dis-embodiment) 
of one of their limbs (e.g. a leg) experience a stronger sense of embodiment over a fake 
corresponding limb than healthy controls do (van Stralen et al. 2013; Lenggenhager et al. 
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2015). One might explore this relationship in healthy participants by administering the 
disappearing limb trick and the rubber limb illusion in the same group of participants. One 
could also compare the rates at which the hands and feet are (dis)embodied, by recording 
the temporal window of the uncoupling of visual and touch information during the DLT, like 
that employed by Bellan et al. (2015) and Bellan et al. (2017). Such a comparison might shed 
light on the underlying mechanisms of the illusion, and on how sensorimotor recalibration 
works for the upper and lower limbs.

It is worth noting the reasons why it is important to further explore the efficacy and the 
plausibility of administering lower body illusions. Primarily, it could provide insight into 
the mechanisms that guide bodily self-consciousness of the legs and feet. In turn, this 
might have implications for populations that have an altered experience of the lower body. 
Recently, Scandola et al. (2017) investigated the frequency and experience of corporeal 
illusions in individuals with spinal cord injury in daily life (i.e. individuals with loss of touch 
and proprioception to their upper and/or lower limbs). Results showed that disownership 
over one’s limb (among other body-related illusory sensations) frequently occurred more in 
individuals with spinal cord injury than in control participants. As SCI affects the legs (and 
often also the arms), paradigms involving the lower body might prove useful for mimicking 
a clinical picture of SCI or even peripheral neuropathy in healthy participants. Also, in 
populations where bodily integrity is compromised (e.g. amputees), one might envisage the 
utility of a reversed “disappearing foot trick”, wherein a foot instead “appears” in place of 
the missing limb. Indeed, Ehrsson et al. (2008) showed that the rubber hand illusion can be 
induced in upper limb amputees, albeit less vividly than for their intact hand, and compared 
to traditional reports of the rubber hand illusion. Furthermore, Schmalzl et al. (2013) showed 
that synchronous stroking of one’s intact hand and stump whilst simultaneously viewing the 
intact hand in a mirror the led to reduced phantom pain in 5 of the 6 participants. Though 
whether these phenomena extend to the lower body amputations remains unknown but 
would be possible to explore using the MIRAGE multisensory illusion box (as used in 
the current study). Finally, lower body illusions might prove useful in populations where 
(lower) body ownership is perturbed, like in Body Integrity Identity Disorder, a condition 
wherein individuals desire amputation or paralysis of a healthy limb(s), often one of their 
legs. Specifically, individuals with BIID report feeling ‘overcomplete’ and have a strong 
desire to structurally (through amputation) or functionally (through paralysis) alter part of 
their bodies (Blom et al. 2012; First and Fisher 2012; Brugger and Lenggenhager 2014). One 
might imagine the utility of the disappearing foot trick in individuals with BIID who desire 
amputation. Only one study, to our knowledge, has investigated bodily illusions in BIID 
participants. Lenggenhager et al. (2015) applied the rubber foot illusion to nine individuals 
with BIID. They showed that participants with BIID subjectively experienced the vividness 
of the illusion as stronger than controls, especially for their affected limb, and the strength 
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of the illusion (only for the affected foot) correlated with the strength of one’s desire to 
amputate their limbs. Lenggenhager and colleagues suggest that the use of multisensory 
bodily illusions could have therapeutic implications for clinical populations. So perhaps 
future research could focus on tailoring multisensory bodily illusions (through augmented 
or virtual reality) to achieve this desired state for longer periods of time. Unfortunately, 
this will not change the physical state of the body in BIID, but given the current ethical 
discussions surrounding ‘elective amputation’ in BIID patients (Blom et al. 2016a), it seems 
that alternatives approaches are needed to alleviate the distressing symptoms of BIID in the 
meantime. Recent reports have shown that the use of virtual reality can reduce phantom 
pain in paraplegics (Pozeg et al. 2017) or improve body size estimations in individuals 
with Anorexia Nervosa (Keizer et al. 2016), so therapeutic use of bodily illusions in clinical 
populations is becoming increasingly popular. As such, experiments in our lab examining 
the effects of the disappearing foot trick in individuals with BIID, particularly those with 
the amputation-variant, are currently underway. Modified versions of the illusion, wherein 
the visual image of the foot does not disappear, but rather becomes static (mimicking a 
paralyzed state), might be more conducive for individuals with the paralysis-variant of BIID. 
See supplementary material for some preliminary DLT results from 3 individuals with BIID 
(one of them with paralysis desire).

The secondary aim of the current study was to investigate the relationship between sensory 
suggestibility and illusion experience. A recent report showed that high SS individuals are 
more likely to (subjectively) experience embodiment over a fake limb than low SS individuals 
during the rubber hand illusion (Marotta et al. 2016). But does this hold true for dis-
embodiment of one’s own limb? Because the rubber hand illusion and disappearing limb 
trick both rely on the mis-integration of sensory (vision, touch, proprioception) signals, it is 
feasible that individuals who are more susceptible to the suggestion of a sensory experience 
would rely more on illusory sensory signals (e.g. the visual location of the limb) during the 
illusion, and thus would be more susceptible to the illusion. Results revealed no significant 
relationships between sensory suggestibility and the scores on the subscales for the Hand 
group, but there was a trending correlation between the Surprise subscale and the SSS 
score in the Foot group. Furthermore, when collapsed across group (Hand, Foot), there was 
a significant positive correlation between SSS score and the Illusory Sensations subscale. 
We did not find a correlation between the subscales measuring one’s Loss of Limb, Loss of 
Location, or Surprise during the illusion and their level of sensory suggestibility.

When we collapsed across both groups (Hand, Foot), we found a positive significant 
relationship between scores on the SSS and Illusory Sensations subscale. This finding, 
although perhaps not surprising, is indeed novel. While the scores on the Illusory Sensations 
subscale are indeed low, a one-sample Wilcoxon signed-ranks test revealed that they do 
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differ from 0 (wherein 0 means that the participant did not agree with the statements at all; 
W = 6.2, p < 0.0001). This suggests that participant still subjectively experienced some level of 
illusory sensations, but the results should be interpreted with caution. Only one study, to our 
knowledge, has investigated the relation between sensory suggestibility and the experience 
of bodily illusions (Marotta et al. 2016). Marotta and colleagues (2016) found a significant 
positive relationship between SSS scores and the subjective feeling of ownership over a fake 
hand, measured by agreement with the statement: “I felt as if the rubber hand was my own 
hand”. This statement directly refers to the explicit feeling of ownership over the rubber 
hand. We did not find a significant relationship between one’s level of sensory suggestibility 
and feeling of loss of limb (which included items referring to feelings of ownership over one’s 
own limb) for either the Hand or the Foot groups. Noteworthy is that Marotta and colleagues 
found a relationship between feelings of ownership and embodiment over another limb, 
rather than feelings of disownership or disembodiment over one’s own limb. Participants 
might simply be highly resistant to losing their own limbs, regardless of their level of sensory 
suggestibility. So though on the same spectrum, ownership and disownership might be 
distinct in relation to sensory suggestibility. However, an alternative explanation as to why 
we found different results from that of Marotta and colleagues could be due to differences 
in illusion properties between the disappearing limb trick and the rubber hand illusion. In 
the rubber hand illusion, participants are passive observers of a sensory experience (i.e. felt 
touch on the rubber hand), which is directed by the experimenter (i.e. the experimenter 
is stroking the participants’ hands). In the disappearing limb trick, individuals are active 
participants in the illusion, physically moving their own limbs into position and reaching for 
one limb with the other, encouraging agency over the whole experience (but see Abdulkarim 
and Ehrsson (2018) for a comparison of active versus passive displacement of the hands 
during a modified version of the procedure). Theories about (hypnotic) suggestion propose 
that one must partially forego ownership over one’s actions, thoughts, body, etc. to succumb 
to hypnosis (Oakley and Halligan 2013). While not the same as sensory suggestibility, there is 
a correlation between hypnotic suggestibility and sensory suggestibility (Polczyk and Pasek 
2006). Perhaps the active role of the participants during the DLT diminished the influence 
of sensory suggestibility in relation to illusion experience (at least for ownership, location, 
and surprise). A recent study showed that highly hypnotic suggestive participants are less 
sensitive to changes in agency when they are actively engaged in a motor task (i.e. they 
continue to feel in control even when they are not; Terhune and Hedman, 2017). Therefore, 
the different levels of agency between DLT and RHI might contribute to the discrepant 
findings between our study and that of Marotta and colleagues. There is also a fundamental 
difference between ‘feeling’ and ‘knowing’ during the rubber hand illusion that must be 
overcome to experience the illusion. For example, in the RHI, the individual must override 
the knowledge that the rubber hand is not his in order to surrender to the feeling that it is, 
encouraging the incorporation of a foreign hand into the sense of the bodily self. Individuals 
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who are highly suggestible to sensory information might override this more easily in the 
RHI, than for the DLT, wherein the distinction between feeling and knowing might be less 
relevant (i.e. the participant knows and feels that it his hand during the entire illusion). 
In line with this, the SSS was used to measure sensory suggestibility, and in this scale, 
participants focus on the addition of a sensation (e.g. feeling of warmth, hearing a sound, 
seeing a colour, etc.). In the RHI, the illusion relies on the addition of a sensation (i.e. overall 
ownership over a foreign hand), whereas in the DLT, the illusion relies on the extinction of 
sensation (i.e. loss of one’s own hand). Perhaps the overall design of the RHI capitalizes on 
one’s level of sensory suggestibility better than the DLT does.

And while Marotta and colleagues were mainly interested in question pertaining to illusory 
embodiment of the rubber hand, they also found relationships between SSS scores and the 
participant’s experience of ‘illusory’ sensations on and around one’s own hand. For example, 
there was a relationship between total SSS scores and statements like “I felt like my hand was 
turning rubbery” and “I felt like my hand was drifting towards the rubber hand”, which both 
refer to illusory changes in sensation. Likewise, in the current study, our Illusory Sensations 
subscale included items relating to perceived changes in sensation (e.g. warmth, numbness, 
the feeling of an extra limb). Sometimes, changes in bodily sensations can be associated 
with the experience of embodiment, as also noted by Marotta and colleagues. One way to 
demonstrate this in practice is via the ‘numbness illusion’ (Dieguez et al. 2009; Martuzzi 
et al. 2015). Here participants place their palm against the palm of another individual, and 
watch the experimenter stroke the fingers of the other person. This induces the feeling 
that one’s own hand is numb, and concurrently leads to a feeling of ownership over the 
other hand (although it is unknown whether the own hand is disowned in the process). 
However, the finding that, during synchronous stroking, participants rated questions such 
as “It seemed like the other’s finger became my own finger” and “It seemed like I felt only 
one big finger was being touched” as significantly higher than during asynchronous stroking 
indirectly suggests that a sense of disownership over one’s own hand occurred. Moreover, 
Pozeg et al. (2017) recently showed that participants who lack sensation of their legs are 
more resistant to embodying fake legs in virtual reality. Thus, illusory changes in sensation 
over the limb might be related to body (dis)ownership. Though not reported in the results 
section, there was a significant positive relationship between the Loss of Limb subscale and 
Illusory Sensations subscale (rho = 0.23, p = 0.01) in the current study, further supporting 
the suggestion.

The present study is not without limitations. One might argue that a within-subjects design 
would be a better design for the current study. We however chose a between-subjects design 
because we wanted to investigate the effects of the disappearing foot trick in and of itself, 
as there have been no formal reports about this specific illusion to date. It is possible that 
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conducting the illusion with the hands and then the feet (or vice versa) would influence 
the strength of the illusion. The only limitation about the between-subjects design is that 
we cannot claim whether the disappearing foot trick is experienced differently than the 
disappearing hand trick within the same individual. Thus, given the current set of subjective 
data for both the upper and lower limb illusions, future investigations could use these scores 
as a baseline to explore whether the experience of the illusions is similar within participants. 
Finally, the SSS focused mostly on illusory sensations of the upper limbs (e.g. shaking the 
hand and experiencing a ‘tingling’ sensation or the feeling of cold and numbness in the 
hand following the placement of a metal plate on the skin). These exercises could likely be 
applied to the legs/feet and thus perhaps modifying the SSS for the lower limbs would be 
an interesting avenue to explore in conjunction with lower body illusions.

In conclusion, the current results suggest that the disappearing hand trick can also be 
applied to the feet. Therefore, it might prove useful in temporarily alleviating symptoms 
in clinical populations, like for those with the amputation variant of BIID. Moreover, one’s 
level of sensory suggestibility seems to relate to their experience of illusory sensations (like 
numbness or warmth) during the disappearing limb trick.
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Supplementary material (Chapter 4)

To preliminarily investigate the therapeutic relevance of the disappearing foot trick, we 
applied the disappearing foot trick to a small sample of individuals who desire physical and 
/or functional modification of their legs and feet. 

Methods and Procedures
Participants
Three participants with BIID, hereafter labeled as BIID-1, BIID-2, and BIID-3, took part in 
Experiment Two. A telephone interview (screening, see appendix 2) with a psychiatrist 
prior to their participation confirmed the desire to change the body arose from having 
Body Integrity Identity Disorder. Moreover, a psychiatric interview with a trained healthcare 
professional on the day of testing confirmed that absence of Axis I or Axis II disorders 
from the Diagnostic and Statistical Manual of Mental Disorders, 4th Edition (DSM-IV) in 
all participants except BIID-1, who had been diagnosed (at an earlier date) with Pervasive 
Developmental Disorder not otherwise specified (PDD-NOS). Each participant completed 
a questionnaire about their BIID upon participation (see Blom et al. (2012) for example of 
questionnaire). 

Participant 1: 40-year-old male who feels disownership over his lower right leg and reports 
a desire to amputate it at mid-knee (i.e. knee dis-articulation). According to the BIID 
questionnaire, he reports that the desire is present all the time, and the primary reasons 
for the desire to modify his body ( from a list of provided reasons in the questionnaire) are “in 
order to feel whole, complete, and set right again”, and also “to feel satisfied inside”. His BIID 
feelings started at 10 years of age. He has (periodically) engaged in “pretending behaviours” 
(i.e. simulating his desired bodily state) for 30 years. He simulates his desired state by binding 
up his right leg and foot, and by using crutches or a wheelchair.

Participant 2: 51-year-old male who desires amputation of his upper left leg, 10cm above 
the knee. According to the BIID questionnaire, the desire is present all the time, and the 
primary reasons for the desire to modify is body are “in order to feel whole, complete, 
and set right again”, and “in order to feel satisfied inside”. His BIID feelings started at 6 
years of age. He has (periodically) engaged in “pretending behaviours” for 41 years. He 
simulates his desired state by binding up his left leg and foot, and sometimes uses a 
prosthetic leg to walk.

Participant 3: 51-year-old male who desires paralysis at the level of the lower back (resulting 
in non-function of both legs). According to the BIID questionnaire, the desire is sometimes 
fully present and sometimes present only in a limited way. The primary reasons for the desire 
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to modify his body are “in order to feel whole, complete, and set right again”, and “in order 
to feel satisfied inside”. His BIID feelings started at 10 years of age. He has (periodically) 
engaged in “pretending behaviours” for 10 years. He simulates his desired state by using a 
wheelchair.

All participants gave written informed consent in accordance with the Declaration of 
Helsinki and the approval of the local ethics committee (protocol number: FETC 17-004) 
before participating in the study. Participants were naïve to the purposes of the study. See 
table S1 for participant information.

Table S1. Characteristics of sample of BIID participants. 

Participant Sex Age 
(in years)

Age at 
BIID-
onset

Affected 
leg

Desire Number of years 
pretending 
behaviours

1 Male 40 10 Right knee dis-articulation 31

2 Male 51 6 Left amputation 10cm above knee 41

3 Male 51 10 Both paralysis at the level of the 
lower back

10

Disappearing Limb Trick
Materials and procedures were the same as for the Foot group in the main text, except 
that the illusion was induced one time for each foot (starting foot was counterbalanced 
between participants).

Disappearing Limb Trick questionnaire (DLT-Q)
Materials and procedures were the same as for the Foot group in the main text, except that 
the questionnaire was completed twice (once for each foot).

Zurich Xenomelia Scale
Participants completed the 12-item Zurich Xenomelia Scale (ZXS), see Aoyama et al. 
(2012), which consists of 3 subscales pertaining to 1) the strength of the participant’s 
amputation (or paralysis) desire, 2) the participant’s erotic attraction to amputees/
being an amputee, and 3) the extent to which the participant engages in pretending 
behaviours (i.e. simulated the bodily state of being amputated or paralyzed). 
Participants could rate their agreement with each statement from 1 (strongly agree) to 
6 (strongly disagree). Items 1 (reverse-scored), 2, 5 (reverse-scored), 10 are part of the 
‘pure amputation (paralysis) subscale’, items 3, 6(reverse-scored), 9 (reverse-scored), 12 
are part of ‘erotic attraction’ and items 4, 7, 8 (reverse-scored), 11 (reverse-scored) are 
part of the ‘pretending behavior’ subscale. Our ZXS was modified in such a way that the 
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word ‘amputation’ was replaced with ‘paralysis’ for participants who desire paralysis. 
Moreover, the participant completed the questionnaire twice, once for each leg.

Procedures
Following the neuropsychological interview and completion of BIID-related questionnaires, 
participants completed the disappearing foot trick twice (once per foot). Participants filled 
out the DLT-Q immediately after each induction of the illusion.

Data Analysis
Means for each subscale of the ZXS were calculated for description purposes only. We applied 
single sample t-tests to compare the subscales on the DLT-Q from the BIID participants to 
the Foot group of the current study using the program ‘singlims’. We are aware that the Loss 
of Location, Surprise, and Illusory Sensations subscales were not normally distributed (due 
to skew) in the Foot (control) group, but Crawford and colleagues showed that Crawford 
and Howell’s t-test is robust enough to counteract the Type I error rate that might arise 
from skew and / or leptokurtosis in the control sample t-test (Crawford and Garthwaite 
2005; Crawford et al. 2006). We report one-tailed results, as we expected the participants 
with BIID to score higher on subscales than controls, particularly for their affected foot or 
feet. It is important to note that the two-tailed results showed the same pattern of results. 
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Results

Zurich Xenomelia Scale
Table S2 shows mean scores for each subscale of the ZXS for each participant. The highest 
possible mean score for each subscale is 6, which suggests strong agreement with the 
subscale’s measurement. 

Table S2. Mean scores for ZXS per leg, per participant.

Participant
Left Leg Right Leg

Amputation/
paralysis 

desire

Erotic 
attraction

Pretending 
behaviours

Amputation/
paralysis 

desire

Erotic 
attraction

Pretending 
behaviours

1 3.5 3.5 3 4.75 3.5 5

2 5.5 1.5 4.5 1 1.5 3.25

3 5.75 4 4.5 5.75 4 4.5

DLT-Q versus Foot (control) Group 
Results showed that, for the affected leg(s), all three participants scored significantly higher 
on the Loss of Limb subscale than controls (p < 0.02, one-tailed). No other differences 
emerged. See table S3 for p-values and see Figure S1 for bar graphs. 

Table S3. p-values (one-tailed) resulting from comparing single-case scores to scores in the Foot group from 
the main manuscript. Foot (left, right) that is printed in bold represents the participants’ affected foot/feet.

Participant 1 Participant 2 Participant 3

Subscale Left Right Left Right Left Right 

Loss of Limb 0.26 0.01** 0.01** 0.02** 0.01** 0.01**

Loss of Location 0.22 0.17 0.17 0.38 0.17 0.17

Surprise 0.26 0.46 0.29 0.07 0.29 0.36

Illusory Sensations 0.36 0.45 0.36 0.26 0.20 0.24

**p < 0.02 (one-tailed) 

Preliminary Conclusion:
Participants with BIID scored higher on the DLT-Q subscale: ‘Loss of Limb’, particularly for 
their affected legs. These results suggest that the DLT (or other forms of augmented reality) 
could potentially be used to mimic the desired bodily state in BIID, at least temporarily. 
The desired bodily state is usually partially fulfilled in individuals with BIID by “pretending” 
that one is in the body that they desire (e.g. by binding up the legs, sitting in a wheelchair, 
etc.; Blom et al. (2012)). However, binding the legs for long periods of time might lead to 
decreased blood flow to the lower extremities. In turn, this could be potentially damaging 
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to the nerves, as sometimes observed following tourniquet use in the general population, 
(e.g. Saw and Hee (2017)). So if transient alterations to this visual image (ideally coupled 
with the lack of touch and position sense) can provide an alternative (certainly non-harmful) 
way of ‘pretending’, then perhaps future research could focus on tailoring multisensory 
bodily illusions (through augmented or virtual reality) to achieve this desired state for longer 
periods of time. Unfortunately, this will not change the physical state of the body in BIID, 
but due to the current ethical discussions surrounding ‘elective amputation’ in BIID patients 
(Blom et al. 2016a), in which we also mentioned in the main text, it seems that alternatives 
approaches are needed to alleviate the distressing symptoms of BIID in the meantime. 

Figure S1. Bar graphs displaying mean subscale scores for the right foot of the Foot group from the main text 
(black bars) and for both feet of the participants with BIID (white bars). Bars with the word ‘affected’ printed 
within them represent the limb that the participant desires to structurally and/or functionally modify. Note the 
significant difference between controls and the feet of participants with BIID for the ‘Loss of Limb’ subscale. 
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An investigation of lower limb 
representations underlying vision, touch, 
and proprioception in Body Integrity 
Identity Disorder 



Abstract

Individuals with Body Integrity Identity Disorder (BIID) have a (non-psychotic) longstanding 
desire to amputate or paralyze one or more fully-functioning limbs, usually the legs. This 
desire presumably arises from experiencing a mismatch between one’s perceived mental 
image of the body and the physical structural and/or functional boundaries of the body 
itself. While neuroimaging studies suggest a disturbed body representation network in 
individuals with BIID, few behavioural studies have looked at the manifestation of this 
disrupted lower limb representations in this population. Specifically, people with BIID feel 
like they are overcomplete in their current body. Perhaps sensory input, processed normally 
on and about the limb, cannot communicate with a higher-order model of the leg in the 
brain (as it might be missing and/or stunted). We asked individuals who desire paralysis or 
amputation of the lower legs (and a group of age- and sex-matched controls) to make explicit 
and implicit judgements about the size and shape of their legs while relying on vision, 
touch, and proprioception. We hypothesized that BIID participants would mis-estimate 
the size of their affected leg(s) more than the same leg of controls. Using a multiple single-
case analysis, we found no global differences in lower limb representations between BIID 
participants and controls. Thus, while people with BIID feel that part of the body is foreign, 
they can still make normal sensory-guided implicit and explicit judgements about the limb. 
Moreover, these results suggest that BIID is not a body image disorder, per se, and that an 
examination of leg representation does not uncover the disturbed bodily experience that 
individuals with BIID experience. 
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1. Introduction

Body Integrity Identity Disorder (BIID) is a rare, non-psychotic condition characterized 
by a persistent and strong desire to amputate or paralyze one of more healthy limbs (First 
and Fisher 2012). People with BIID experience a mismatch between their internal mental 
image of the body and the external physical and functional boundaries of the body itself 
(Giummarra et al. 2011; Blom et al. 2012). The condition is not a product of any apparent 
brain damage, most often manifests before adolescence, is present in more males than 
females, and affects the lower limbs more often than upper limbs (see Brugger et al. (2013) 
and Brugger et al. (2016) for reviews). While these individuals have normal sensory feedback 
(like vision, touch, and proprioception) from and about the affected limb (Aoyama et al. 
2012; Hilti et al. 2013), they feel overcomplete with that limb, and that it is redundant in the 
bodily experience. Instead, they feel that removing the limb will make them feel complete, 
such that the external physical body would then match their, presumably innate, internal 
image of the body. In other words, people with BIID experience an incongruence between 
their biological body and internal body representation. 

Therefore, is BIID a product of a disturbed internal body representation? Neuroimaging 
evidence suggests that this may be the case. Specifically, individuals with amputation-variant 
BIID (i.e. those who desire amputation of a limb, also known as xenomelia; McGeoch et al. 
(2011)) have structural and functional alterations (compared to healthy control participants) 
in the body-representation network, specific to the superior parietal lobule (SPL), primary 
somatosensory cortex (SI), secondary somatosensory cortex (SII), supplementary motor 
area, and the paracentral lobule (which contains the SI leg representation), premotor 
cortex (PMC), and insula, and also other subcortical areas, perhaps more involved in 
sensorimotor control, like the cerebellum, putamen, caudate nucleus, pallidum, thalamus, 
and basal ganglia (Hilti et al. 2013; van Dijk et al. 2013; Blom et al. 2016b; Hänggi et al. 
2016; Hänggi et al. 2017). In addition, people with BIID show a reduction in activity of 
the SPL (McGeoch et al. 2011) and PMC (van Dijk et al. 2013) when being touched on 
the affected compared to the unaffected leg and to the legs of control participants. These 
brain areas are critical for integrating sensory input and maintaining models of the body, 
specifically for feeling ownership over a body part (Ehrsson 2004; Makin et al. 2008; Gentile 
et al. 2011; Limanowski and Blankenburg 2016). So, although they can feel tactile input 
on their legs, there seems to be some fault at registering that information with a higher-
level leg representation in the brain. Recently, Oddo-Sommerfeld and colleagues (2018) 
found differential brain activity specific to most of the aforementioned body representation 
regions when individuals with BIID viewed images of themselves modified to look like a 
lower-limb amputee (desired body type) compared to controls viewing the same modified 
image of themselves (non-desired body type). Specifically, brain activity accurately predicted 
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group membership, i.e. whether the participant belonged to the BIID group or control group. 
In addition, they found (unexpected) differential activation of lower- and higher- visual 
areas in the occipital lobe too. These studies indeed reveal an underlying disturbed body-
representation network that could manifest as (or contribute to) an incongruence between 
the perceived internal representation of the body and the actual body. In line with this, 
many BIID researchers suggest that BIID might be indicative of “an inability of the brain to 
‘map’ or integrate sensation from the limb into [higher-order] body maps” (e.g. Case et al. 
(2017) on page 3, and Blanke et al. 2009; McGeoch et al. 2011; van Dijk et al. 2013; Hänggi 
et al. 2016). Specifically, these higher-order body maps underlying visual and sensorimotor 
(like somatosensory, proprioceptive) information might be disrupted, such that they are 
incomplete or underdeveloped, in BIID.

Yet, few behavioural studies have investigated the manifestation of this disordered body 
representation in BIID individuals. We know that, at least for the amputation-variant, these 
individuals have an implicit preference for amputated versus intact bodies (Macauda et al. 
2017), have a more vivid rubber foot illusion for the affected foot (Lenggenhager et al. 2015), 
show impaired temporal-spatial processing of tactile stimuli for the affected leg (Aoyama 
et al. 2012), have an increased skin conductance response (SCR) to stimuli contacting the 
affected (but not the unaffected) limb (Brang et al. 2008; Romano et al. 2015), and a reduced 
SCR response to stimuli approaching the affected limb (Romano et al. 2015). These studies, 
in conjunction with the neuroimaging results, do suggest that the origins of BIID might 
be a consequence of disturbed integration of bottom-up information (like vision, touch, 
proprioception) with top-down information, like a higher order model of the affected body 
part (a model which might be incomplete based on imaging studies). Thus, a feeling of 
“overcompleteness” arises, such that the sensory input is processed but cannot integrate 
with a model of the leg, and thus produces a desire to abolish the structure and/or function 
of the leg(s). Ramachandran et al. (2009) discuss the presence of a topographically organized 
representation of the body parts in the right SPL and IPL (like a higher-order representation) 
that, in healthy people, is cross-referenced with sensory input for each part which results in 
a coherent, undisturbed experience of the body. They postulate that in BIID, however, it is 
possible that the leg part of this representation fails to be represented, and so this creates 
the feeling that 1) because I still have sensory input, I feel overcomplete with this leg(s) and 
so 2) I want the leg(s) amputated (resulting in no touch/no proprioception, no visual image 
of it (amputation-variant) or I at least do not want them to feel or move them (resulting in 
no touch/no proprioception, but visual image is acceptable; paralysis-variant). What we 
do not know yet is how people with BIID perceive visual, tactile, and proprioceptive input 
regarding the spatial characteristics of their legs. Is BIID a body representation disorder 
(specifically, is the perception of the affected leg distorted)? And if it is a problem with 
primary sensory input reaching the higher order representation(s), at which source does it 
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start to falter? The one that underlies vision, or touch, or proprioception, if any? This urges 
one to investigate leg representations underlying these sensory modalities in BIID. We want 
to investigate this not only in those desiring amputation of their leg(s), but also in those 
with the paralysis-variant of BIID, since no studies, to our knowledge, have yet investigated 
body representations in people with paralysis-variant BIID.

One way to tap into the representation of the body is by asking people to make judgements 
about the size and shape of their body parts. Several investigations have revealed that 
healthy people have a distorted representation of their bodies, and this is dependent (at 
least partly) on the most reliable and dominant source of sensory information available 
when making judgments about that body part. People consistently overestimate the width 
of their hands when asked to make more implicit judgements about the body, like to localize 
points on their unseen hand (proprioceptive feedback) and underestimate tactile distances 
applied lengthwise on the hand (tactile feedback) but are accurate when asked to explicitly 
judge the shape of the hand when looking at pictures of it (visual feedback, i.e. the more 
conscious body image; e.g. Longo and Haggard (2012)). The metric body representation of 
the lower limbs, however, has been much less studied (Fuentes et al. 2013; Linkenauger et 
al. 2015; Stone et al. 2018c; Sadibolova et al. 2019). Though recently, we investigated the 
role that vision, touch, and proprioception play in making estimates about the underlying 
body representation of the lower limbs (Stone et al. 2018c). Healthy participants made 
judgements about the size, shape, and location of landmarks on the legs while relying on 
different sensory input, and results revealed that body representations of the leg are also 
distorted. When asked to localize points on the leg while relying on its unseen position 
in space, participants perceived the upper legs to be longer/thinner than they are, but 
the lower legs to be squatter/shorter than they are. Distortions also ensued when asked 
to judge unseen tactile distances on the legs: tactile distances applied length-wise were 
underestimated more than those applied width-wise. Furthermore, when presented with 
different images of their legs onscreen, participants slightly overestimated their widths 
(length estimates were not tested). Thus, the underlying leg representations, underlying 
different weights of sensory input, show systematic distortions in healthy people. 

Specifically, it has been proposed that perceiving the distance between two (tactile) points 
applied to a body part or localizing an unseen landmark on the body requires reference to a 
higher-order representation, i.e. the body model (Longo and Haggard 2010; Tamè et al. 2019). 
That is, the raw tactile and proprioceptive afferent information (e.g. about joint angle or skin 
stretch) is not informative about the size of the body part per se, so in order to estimate these 
tactile distances or localize one’s position in space, the brain needs to refer to and integrate 
with a higher-order representation of the size and shape of the body (Longo and Haggard 
2010; Longo 2017a; Tamè et al. 2019). We suspect that these higher-order representations are 
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compromised (perhaps incomplete) in BIID. On the other hand, however, visual estimates 
about perceived body size, specifically when judging (distorted) pictures of the body, tend to 
be veridical in healthy individuals (e.g. Longo et al. 2010; Longo and Haggard 2012), suggesting 
a distinction between (implicit) somatosensory and (explicit) visual representations of the 
body (Longo and Haggard 2012; Longo 2015b; Longo 2017a). In clinical conditions, estimates 
of body part size tend to mimic one’s internal and external experience of the body. For example, 
individuals with anorexia nervosa overestimate the distance between two tactile points on 
the body (Keizer et al. 2011; Keizer et al. 2012; Spitoni et al. 2015) but also overestimate body 
size when making explicit judgements about images of their own body (Mohr et al. 2010; 
Hagman et al. 2015; see Mölbert et al. (2017) for review). Similarly, individuals with complex 
regional pain syndrome (CRPS) overestimate body size in a template-matching task (Moseley 
2005), reflecting their feeling that the limb feels bigger than it is. Yet, stroke patients who are 
asked to complete more implicit judgements about the affected body part, like localize the 
midpoint of their unseen arm, tend to underestimate its length (Tosi et al. 2018). Individuals 
with BIID feel ‘overcomplete’ on the outside, but like an amputee or paraplegic individual on 
the inside. Therefore, one might wonder whether these aforementioned tasks can shed lighten 
the hypothesized disturbances in body representations in BIID.

Therefore, in the current study, we explored leg representations underlying somatosensory 
and visual information about the body in a group of people with amputation- and paralysis-
variant BIID. We employed the same tasks as used in Stone et al. (2018c). We hypothesized 
that participants with BIID would:

1) overestimate their disowned/affected leg(s) more than the same leg(s) of controls when 
making conscious, visually-guided estimates about leg shape, reflecting the ever-present 
‘overcomplete’ feeling of being in one’s own body, but

2) underestimate their disowned/affected leg(s) (unilateral amputation-desire) or both 
(bilateral amputation-desire or paralysis-desire) legs more than that same leg of controls 
during the more implicit, tactile or proprioceptively-guided tasks, reflecting the possibly 
incomplete or underdeveloped higher-order representation of the limb. 

That is, if the sensory input has problems cross-referencing with a model of the legs in the 
brain, judgements about bodily dimensions and its position in space might be reflective of 
only a portion of the (total possible) input about one’s body configuration if visual input is 
not there to correct for it. Understanding the perceived internal configuration of the legs in 
BIID might provide insight into the incongruent experience they have, and eventually move 
towards modulating these representations to better close this gap between the perceived 
body and the actual body (e.g., Engel and Keizer 2017; Keizer et al. 2018; Tosi et al. 2018). 
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2. Methods and Procedures 

2.1. Participants 
BIID participants
Ten participants with lower-limb BIID took part. One participant ( female desiring paralysis of her 
legs) was removed due to motivational issues during the experiments. Therefore 9 participants 
were included in the current experiments. Participants were recruited via collaboration with 
another BIID researcher and through online BIID support group forums (https://groups.yahoo.
com/neo/groups/fighting-it/info and https://forum.biid.ch/). Participants (8 biologically male) 
ranged in age from 19 to 68 years of age (mean = 43.1, SD = 13.5). Highest level of education 
completed was as follows: primary school (n = 1), secondary school (n = 1), higher education 
(n = 5), university level (n =2). Two individuals desired left leg amputation, two desired right 
leg amputation, one desired bilateral amputation, and 4 desired bilateral paralysis of the legs. 
Participants had normal or corrected-to-normal vision. Tactile sensitivity was reported to be 
normal. 

Participants took part in a telephone interview with a psychiatrist prior to their participation 
to confirm the desire to change the body arose from having BIID and was not a product of 
another psychiatric condition. We used the criteria from First and Fisher (First and Fisher 2012) 
to determine if the individual had BIID. In addition, questions were asked about the history of 
the BIID, any psychiatric illnesses, and whether they had normal tactile sensitivity and vision. 
See appendix 2. All contacted participants were eligible for participation. For a more thorough 
assessment of the individual’s psychiatric profile, a trained neuropsychologist administered 
the Structured Clinical Interview for the DSM-5 Axis I and Axis II disorders (SCID-5) on the 
day of testing in Utrecht. Psychiatric profiles were overall normal for most participants. Three 
individuals had diagnoses prior to participation, including one with PDD-NOS, one with 
Borderline Personality Disorder and Post-traumatic Stress Disorder, and another with Gender 
Dysphoria (male desired to be female) which were confirmed during the clinical interview. 
Characteristics for each participant are included in table 1.

Control participants
Approximately two sex- and age-matched (± ~5 years) control participants were tested per BIID 
participant, so the total control group consisted of 21 participants (17 males) between the ages 
of 21 and 71 (mean = 44.9, SD = 15.2). Highest level of education completed was as follows: 
secondary school (n = 4), higher education (n = 9), university level (n =8). Participants reported 
normal tactile sensitivity and normal or corrected-to-normal vision. All participants reported no 
past/current psychiatric illnesses, and this was corroborated by our screenings with the Modified 
MINI-screen (Sheehan et al. 1998) and a SCID-5 questionnaire for personality disorders (First 
2015). Participants were recruited via online study participant websites, Utrecht University’s 
intranet, and word of mouth. 
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All participants gave written informed consent in accordance with the Declaration of 
Helsinki. The protocol was approved by the internal ethics committee of the Faculty of 
Social and Behavioral Sciences at Utrecht University (protocol number: FETC 17-004) before 
participation. Participants were naïve to the purposes of the study.

2.2. Questionnaires
2.2.1. Demographics and medical history
Control participants completed a general questionnaire which included questions about 
their demographics (e.g. age, sex, ethnicity) and medical history (e.g. presence of psychiatric 
or chronic medical disorder). 

BIID participants completed a more extensive version of the questionnaire with additional 
questions about their BIID, which was a modified version of the BIID Phenomenology 
Questionnaire (Blom et al. 2012). These questions were administered to provide a richer 
understanding of the history, experience, and description of the individual’s condition. 

2.2.2. 12-item Zurich Xenomelia Scale 
This scale was given to BIID participants only. This has been described by us in the 
supplementary material elsewhere (Stone et al. 2018a). The 12-item Zurich Xenomelia 
Scale (ZXS) (Aoyama et al. 2012), consists of 3 subscales regarding 1) the strength of the 
participant’s amputation (or paralysis) desire, 2) the participant’s erotic attraction to 
amputees/being an amputee (or paralyzed), and 3) the extent to which the participant 
engages in pretending behaviours (i.e. simulated the bodily state of being amputated or 
paralyzed). Participants rated their agreement with each statement from 1 (strongly agree) 

Table 1. Characteristics of BIID sample. General characteristics of BIID sample. 

Participant Sex Gender Age (years) Highest level of education obtained Desire (lower limbs only) Desire since age Current comorbid conditions

1 - RA M M 40 Higher education Right knee disarticulation 10 PDD-NOS

2 – RA M M 42 Secondary school Right above knee amputation 6 none

3 – LA M M 51 Higher education Left above knee amputation 6 none

4 – LA M M 42 University degree Left above knee amputation 7 none

5 – BA M M 38 Higher education Bilateral above knee amputation 6 none

6 – P F F 19 Primary school Paralysis 6 BPD, PTSS, Dysthymia

7 – P M F 35 Higher education Paralysis 20 Gender Dysphoria

8 – P M M 68 Higher education Paralysis 6 none

9 – P M M 51 University degree Paralysis 10 none

For the participant column: RA = right amputation desire, LA = left amputation desire, BA = bilateral 
amputation desire, P = paralysis desire. The number preceding the code is randomly assigned participant 
number. 

For the sex and gender columns: M = male, F = female. For the current comorbid conditions column: PDD-NOS 
= Pervasive Developmental Disorder-Not Otherwise Specified, BPD = Borderline Personality Disorder, PTSS = 
Post-Traumatic Stress Symptoms.
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Table 1. Characteristics of BIID sample. General characteristics of BIID sample. 

Participant Sex Gender Age (years) Highest level of education obtained Desire (lower limbs only) Desire since age Current comorbid conditions

1 - RA M M 40 Higher education Right knee disarticulation 10 PDD-NOS

2 – RA M M 42 Secondary school Right above knee amputation 6 none

3 – LA M M 51 Higher education Left above knee amputation 6 none

4 – LA M M 42 University degree Left above knee amputation 7 none

5 – BA M M 38 Higher education Bilateral above knee amputation 6 none

6 – P F F 19 Primary school Paralysis 6 BPD, PTSS, Dysthymia

7 – P M F 35 Higher education Paralysis 20 Gender Dysphoria

8 – P M M 68 Higher education Paralysis 6 none

9 – P M M 51 University degree Paralysis 10 none

For the participant column: RA = right amputation desire, LA = left amputation desire, BA = bilateral 
amputation desire, P = paralysis desire. The number preceding the code is randomly assigned participant 
number. 

For the sex and gender columns: M = male, F = female. For the current comorbid conditions column: PDD-NOS 
= Pervasive Developmental Disorder-Not Otherwise Specified, BPD = Borderline Personality Disorder, PTSS = 
Post-Traumatic Stress Symptoms.

to 6 (strongly disagree). Items 1 (reverse-scored), 2, 5 (reverse-scored), 10 are part of the 
‘pure amputation (paralysis) subscale’, items 3, 6(reverse-scored), 9 (reverse-scored), 12 are 
part of ‘erotic attraction’ and items 4, 7, 8 (reverse-scored), 11 (reverse-scored) are part of 
the ‘pretending behavior’ subscale. We modified the ZXS to accommodate all participants, 
i.e. ‘amputation’ was replaced with ‘paralysis’ for participants who desire paralysis. 

2.2.3. Sheehan Disability Scale (SDS)
Note: this was given to BIID participants only
The SDS is a scale which assesses functional impairment in work/school, social, and family 
life due to having a disability or impairment, in this case BIID (Leon et al. 1997). Participant 
rated their agreement ( from 0 (not at all) to 10 (extremely)) with three statements about 
the extent to which their BIID symptoms have disrupted work/school, social life, and family 
life in the past week. The number of days in the past week that were lost and that were 
underproductive were also recorded.

2.3. Body representation tasks
Methods were similar to Stone et al. (2018c). Order of tasks was counterbalanced between 
participants with the BIID group. Participants in the control group received the same task 
order as the BIID participant they were matched to. 

2.3.1. Template matching task (visual body representation) 
Body representations about the visual properties of the legs were assessed using a Template 
Matching Task (Longo and Haggard 2012; Saulton et al. 2015; Stone et al. 2018c). Participants 
made judgements about the length/width of their body parts in a custom-made MATLAB 
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program. Photographs were taken of the participants’ bare legs (mid-thigh to ankle), which 
were then entered into a custom-made MATLAB program. The program generated fifteen 
images ranging in size from 65% to 135% (in increments of 5%) of the image’s length or width. 
These images were displayed, one at a time, on a vertically positioned computer monitor 
(27 L x 34 W; resolution: 1280 x 1024). For the images that were stretched horizontally, 
participants indicated, by clicking one of two onscreen buttons, whether the image of the 
leg shown onscreen was wider or more slender than he/she felt the shape of his/her own leg 
was. For images that were stretched vertically, participants were asked to choose whether 
image of the leg shown onscreen was shorter or longer than he/she felt the shape of his/her 
own leg. The program used a staircase procedure to determine the participants’ perceived 
leg width/length (described in greater detail in Stone et al. (2018c)). The average value of the 
last five reversals were taken as the perceived size (range of values 0.65-1.35). For example, an 
average value of 1.22 on the length estimates would indicate that the participant perceived 
his leg to be 122% of its actual image size, or 22% longer. Starting condition (length right, 
length leg, width right, width left) was counterbalanced between participants. See figure 
1A for visualization of an example trial. 

2.3.2. Tactile distance estimation task (tactile body representation)
Body representation underlying tactile distances was assessed using the tactile distance 
estimation task (Keizer et al. 2011; Stone et al. 2018c). A digital caliper was used to apply two 
points with a pre-specified distance ( for legs: 50, 60, or 70mm; for arms: 40, 50, 60mm) to the 
participant’s body part in the horizontal (width-wide, medio-lateral) or vertical (length-wise, 
proximo-distal) direction. The difference in distances were due to the 2-point discrimination 
threshold for the shin (e.g. 45mm, Weinstein (1968) and the small size of some individual’s arms 
(i.e. applying 70mm extends the width of some people’s arms). The reason for this directional 
manipulation was to assess biases in tactile direction estimates, which have been shown before 
(Longo and Haggard 2011; Longo and Golubova 2017; Stone et al. 2018c). While blindfolded, 
participants estimated the distance between those two points by mimicking the distance with 
their right thumb and index finger and placing it on an ACER Aspire 10-inch tablet. A custom-
made program (TouchTest, programmed in MATLAB) recorded the responses. As in Stone et 
al. (2018c), each distance was applied 3 times per location (shin, forearm, thigh), side (right, 
leg), and direction (horizontal, vertical). In total, 18 stimuli were applied per body part. Starting 
condition based on location and direction were counterbalanced between participants. See 
figure 1C and D for example of set-up and response.

2.3.2.1.   Controls
Stimuli were applied to all 6 parts (left shin, right shin, left thigh, right thigh, left forearm, 
right forearm). However, it is important to note that only participant 5-BA received the task 
on his thighs, and therefore is the only participant compared to this condition.
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Figure 1. (A) Image showing an example trial from the Template Matching Task. Participants were presented 
with distorted images of their own legs and asked to judge whether the leg was wider/slender (or longer/shorter, 
not pictured here) than their own leg by clicking one of the buttons on either side of the image. (B) Image 
showing set-up for localization task, in an example trial of the Real condition. Participants placed their legs 
under a television screen and were asked to click-to-indicate (using a mouse in their right hand, not pictured 
here) the position of different leg landmarks. (C) Image showing an example trial from the tactile distance 
estimation task. Two unseen points were applied to the leg in the vertical (pictured here) or horizontal direction. 
(D) Image showing example response for the tactile distance estimation task. While blindfolded, participants 
judged the distanced between the 2 applied points (e.g. as shown in C.) using their thumb and index finger on 
a touchscreen tablet. 

2.3.2.2. BIID participants
Amputation-variant 
To assess tactile distances on affected versus unaffected parts of the body, stimuli were 
applied to 2 parts (right shin, left shin). In all unilateral-desire cases, one shin was coded as 
an affected part. Participant 5-BA, who desired bilateral amputation, received tactile stimuli 
above (thigh) and below (shin) the demarcation line, such that the shins constituted the 
affected parts. 

Paralysis-variant
As participants desired paralysis of their legs from the waist down, we used the forearm as 
an ‘unaffected’ body part. Distances were thus applied to the four parts (left shin, right shin, 
left forearm, right forearm). In all cases, both shins were coded as affected parts
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2.3.3.  Localization task (proprioceptive and other body representations)
Leg representations underlying proprioception, proprioceptive imagery, and visual 
memory were assessed using the Leg Localization Task (Stone et al. 2018c), employed 
several times for the hands (Longo and Haggard 2010; Longo and Haggard 2012; Saulton 
et al. 2015; Coelho et al. 2016; Ingram et al. 2019). The widths of the participants’ knees, 
ankles, and mid-thighs (mid-point between the groin and knee) and the lengths of 
the participants’ upper legs (mid-thigh to knee) and lower legs (knee to ankle) were 
measured with a Vernier caliper (brand: MIB, 300mm), measuring tape, and a curved 
caliper. Marks were made at these same locations (inner/outer mid-thigh, inner/outer 
knee, inner/outer ankle) using a washable marker to familiarize the participant with 
these landmarks.

Participants sat with their torsos centrally aligned at the short edge of a 55-inch SONY KDL-
55W805C television (screen dimensions: 68.5cm W (short edge) x 121.5cm L (long edge); 
resolution: 1920 x 1080) which lay horizontally on a tabletop (120 L x 80 W x 70 H cm). Text 
indicating 1 of 6 landmarks (inner mid-thigh, outer mid-thigh, inner knee, outer knee, inner 
ankle, outer ankle) was presented adjacent to the participant on the other end of the screen 
for each trial. Using a mouse in the right hand (positioned at the same height as the table), 
participants moved the cursor to the perceived location of the presented landmarks and 
clicked to indicate its position under the following conditions: 

a) Real: participants outstretched their legs on a tabletop (100 L x 60 W x 44.5 H cm) located 
30cm below the television, rendering it out of sight. To prevent movement during each 
block, the heel was positioned to rest on a foam pad. Participants were asked to indicate 
the felt position of that landmark by left-clicking directly above where they felt (i.e. relying 
on proprioceptive feedback) that part of their leg to be. This was completed twice, once for 
each leg. See figure 1B for example of this condition.

b) Imagine: participants were instructed to “imagine as though your leg is extended under 
the table” while sitting normally at the setup (legs bent at 90 degrees). Participants therefore 
relied on proprioceptive imagery (Ganea and Longo 2017; Stone et al. 2018c), rather than 
proprioceptive feedback, to complete the task. This was completed twice, once for each leg.

c) Mannequin: participants were instructed to indicate the same landmarks on a mannequin 
leg. They studied a right mannequin leg, with the same marked landmarks as their own legs, 
for 30 seconds and were urged to memorize its shape and landmarks. The mannequin leg 
was then placed under the television screen on the lower tabletop. Participants sat normally, 
as in the Imagine condition. 



Leg representations in BIID   |   129

5

A custom-made MATLAB program was used to display the text and record the data. 
Participants completed 60 randomized trials (10 trials per landmark) per condition. Starting 
condition (real right, real left, imagine right, imagine left, mannequin) was counterbalanced 
between participants. To familiarize participants with the task, a short 12-trial practice 
block was completed before the experiment started (data not included in analysis). See 
figure 1B for example of set-up.

2.4. Data Analysis
Template Matching Task
The average value for each image was taken as the last 5 reversals across both staircases for 
each image. Average values could range from 0.65 to 1.35 as images shown were between 
65% to 135% of the length or width of the body part’s image. For controls, a one-sample 
t-test comparing the values to 1 (veridical performance) was used to examine whether 
participants over- or under-estimated the shapes of their legs. 

The average estimates for each part were individually compared between BIID participants 
and controls. 

Tactile Estimation Task
For controls, the average estimates per distance were calculated by taking the average of 
the three trials per distance. Separate repeated-measures ANOVAs with distance and body 
as the within-subject factors were conducted to examine if participants estimated larger 
distances for 70mm vs 50mm vs 60mm, for example for each part. There was a main effect 
of distance, showing that participants estimated distances as larger as the applied distance 
was indeed larger. There was no interaction between distance and body part. Therefore, 
we collapsed across distance estimates, and converted it to a percent mis-estimation for 
each body part and direction (i.e. %mis-estimation = ((perceived distance-actual average 
distance)/actual average distance)) * 100). To compare performance, distances were 
collapsed for BIID participants as well. See supplementary material ( figures S1 – S4) for 
plots displaying judgements per distance, per participant for controls and BIID participants.

Shin: A repeated-measures ANOVA with distance (50, 60, 70mm), side (left, right), 
and direction (horizontal, vertical) revealed a main effect of direction, indicating that 
participants judged distances applied in vertical direction as smaller than those same 
distances applied in the horizontal direction (F(1,19) = 28.0, p < 0.0001, η2 = 0.5). There 
was a main effect of distance, indicating that participants judged larger distances as larger, 
e.g. 60mm > 50mm (F(2,38) = 43.3, p < 0.0001, η2 = 0.6). There was no main effect of side, 
indicating that estimates were similar for left and right legs (F(1,19) = 0.1, p = 0.7, η2 = 0.008). 
No interactions were significant (p > 0.3 for all comparisons). 
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Arm: A repeated-measures ANOVA with distance (40, 50, 60mm), side (left, right), and 
direction (horizontal, vertical) revealed a main effect of direction, indicating that participants 
judged distances applied in vertical direction as smaller than those same distances applied in 
the horizontal direction (F(1,18) = 51.5, p < 0.0001, η2 = 0.7). There was a main effect of distance, 
indicating that participants judged larger distances as larger, e.g. 60mm > 50mm (F(2,36) = 
48.8, p < 0.0001, η2 = 0.7). There was no main effect of side (F(1,18) = 1.6, p = 0.2, η2 = 0.08). The 
interaction between distance and direction was significant (F(1.4, 26.8) = 5.7, p = 0.01, η2 = 
0.2). Paired samples t-tests revealed that 60mm were judged as larger than 50mm (and 50mm 
larger than 40mm) for the horizontal directions (p < 0.0001 for all), but 60mm distances applied 
in the vertical direction just failed to be judged as larger than 50mm distances in the vertical 
direction, thereby showing a slightly less pronounced upward step in distance estimates (t(18) 
= -2.3, p = 0.057). No other interactions were significant (p > 0.2 for all comparisons).

Thigh: A repeated-measures ANOVA with distance (50, 60, 70mm), side (left, right), and 
direction (horizontal, vertical) revealed a main effect of distance, indicating that participants 
judged larger distances as larger (F(1.5,27.0) = 39.4, p < 0.0001, η2 = 0.6). There was no main 
effect of side (F(1,18) = 1.5, p = 0.2, η2 = 0.07) or direction (F(1,18) = 0.6, p = 0.4, η2 = 0.03). 
No interactions were significant (p > 0.5 for all comparisons). 

For clarity’s sake, we collapsed across the variable ‘distance’ for both ‘sides’ and ‘directions’ 
for the arm, thigh, and shin separately. Percent mis-estimations for each side and direction 
were calculated as: ((average estimated distance – average applied distance)/(average 
applied distance)) * 100. These values were used to compare to BIID participants for each 
condition.

Comparison to amputation-variant: Percent mis-estimations for the affected and 
unaffected shins were compared to the shins of controls. For participant 5-BA (bilateral-
amputation desire), percent mis-estimations for the affected shins (both) and the unaffected 
(thigh) were compared to the shins and thighs of controls.

Comparison to paralysis-variant: Percent mis-estimations for the shins (both affected) 
were compared to the shins of controls. Percent mis-estimations for the forearms (both 
unaffected) were compared to the forearms of controls. 

Localization Task
On-screen coordinates were compared to the actual dimensions of the leg. Each pixel on 
screen represented 0.63 millimetres (mm). For each landmark, the average x/y coordinates 
of the 10 clicked points per landmark was calculated. Points > 2 SDs from the average clicked 
location were removed.
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The perceived distance between the two points (e.g. inner knee to outer knee) were 
calculated using the equation: 

𝑑𝑑𝑑𝑑 =  �(x2 – 𝑥𝑥𝑥𝑥1)2  +  (𝑦𝑦𝑦𝑦2 – 𝑦𝑦𝑦𝑦1)2 

 

 

 

  

To convert from pixels to mm, ‘d’ was multiplied by 0.63 (due to screen size and resolution). 
The perceived and actual shapes of the lower legs were calculated in order to compare the 
BIID legs to control legs (Stone et al. 2018c). This is a measure of the overall aspect ratio of 
an object/body part (Napier 1980; Longo and Haggard 2010), which can be calculated as 100 
* width/length. As at least one lower leg (knee to ankle) was affected in all BIID participants, 
we calculated lower leg (perceived and actual) SIs using the following equation:

SI = 100*average of ankle and knee widths (in mm)/length from knee to ankle (mm)

A value of 100 would suggest that width is equal to length (i.e. a square shape). A value > 
100 would suggest that width > length (i.e., a shape that is shorter than it is long) and <100 
would suggest that width < length (i.e. a shape that is longer than it is wide). Importantly, 
actual SIs for the lower leg are <100 as the width of the ankle and knees are always less than 
the length of the shin bone in normal legs. However, perceived SIs can entertain all possible 
outcomes (e.g. I could perceive my leg to be shorter than it is long). To compare across 
conditions in the localization task, we used these actual and perceived SIs to then calculate 
a normalized shape index (NSI = perceived SI/actual SI) to use as an outcome measure for 
each participant and condition. Values of 1 indicated that participants accurately perceived 
the shape of the leg part. Values > 1 indicated that the perceived shape of the leg was shorter 
and/or wider than the actual shape (i.e. the perceived proportion of width to length is higher 
than the actual proportion of width to length, or in other words, a foreshortened leg length 
with respect to its width). Conversely, values < 1 indicated that the perceived shape of the leg 
was longer and/or thinner than the actual shape (i.e. the perceived proportion of width to 
length is lower than the actual proportion of width to length, or in other words, a lengthened 
leg with respect to its width). NSIs were compared between BIID participants and controls. 

BIID versus controls. Due to the heterogeneity of the BIID sample (e.g. sex, affected body 
part, variant of BIID, age), we took a multiple single-case approach, comparing each BIID 
participant separately to the control group. Outcomes for each task were compared 
between BIID subjects and controls using Crawford-Garthwaite Bayesian single-case 
t-tests (Crawford and Garthwaite 2007) in R using the psycho package (Makowski 2018), 
one-sided (as we hypothesized an underestimation of leg size for the localization (NSIs 
> 1) and tactile distance estimations (% mis-estimation < 0), but an overestimation of 
leg size for the template matching task compared to controls). Bonferroni-corrections 
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for multiple comparisons were used when necessary. Microsoft Excel 2016 was used to 
process and visualize the data. IBM SPSS Statistics 23.0 for Windows (IBM Corp., Armonk, 
N.Y., USA) and JASP (version 0.9.2.0, ( JASP Team 2018)) were also used for analysis/further 
visualization of the data. For clarity, only the lowest p value is stated for the multiple single 
case comparisons. Tables including all p values, credible intervals, and effect sizes for each 
BIID participant on each outcome measure per task in comparison to controls is included 
in the supplementary material. 

Outlier analysis: In total, control participants with scores > 2.5 SDs from the mean score were 
removed from the analysis. One control participant was removed from the tactile estimation 
task and two control participants were removed from the localization task. One participant 
did not complete the arm trials for the tactile estimation task but completed the task for 
the legs. Analyses were done within tasks. 
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3. Results

3.1. Questionnaires
3.1.1. 12-item Zurich Xenomelia Scale 
Average scores ± standard deviations for each subscale were as follows: 5.4 ± 0.6 (pure 
amputation/paralysis desire), 3.2 ± 1.3 (erotic attraction), and 4.7 ± 0.6 (pretending 
behaviours). Total average score was 4.4 ± 0.8 out of a possible 6. These scores are in line 
with previous studies using this scale to describe their BIID sample (Aoyama et al. 2012; 
Hilti et al. 2013; Hänggi et al. 2016). See table 2.

Table 2. 12-item Zurich Xenomelia (ZXS) scores per BIID participant. The total score is the average of all scores. 
Scores could range from 1 to 6, with higher scores indicating stronger BIID symptomatology. 

Participant ZXS: Total Score Pure amputation or 
paralysis desire  subscale

Erotic  attraction 
subscale

Pretending 
behaviours subscale

1 - RA 4.42 4.75 3.5 5

2 – RA 4.83 5.5 4.25 4.75

3 – LA 3.83 5.5 1.5 4.5

4 – LA 5.50 6 5 5.5

5 – BA 4.75 6 4.75 3.5

6 – P 4.25 6 2 4.75

7 – P 3.92 4 2 5.75

8 – P 4.08 5.5 2.25 4.5

9 – P 4.75 5.75 4 4.5

3.1.2. Sheehan Disability Scale (SDS) 
Average scores ± standard deviations for each subscale (out of a total possible score of 10) 
were as follows: 6.5 ± 2.6 (work/school life), 6.6 ± 1.9 (social life), 5.1 ± 2.9 ( family life). Values 
between 6 to 7 reflect moderate to marked disruption. Values between 5 to 6 reflect moderate 
disruption (Leon et al. 1997). The average number of days lost due to BIID was 0.4 ± 0.7 days. 
The average numbers of underproductive days due to BIID was 1.6 ± 2.0. 

3.2.  Body representation tasks
3.2.1. Template Matching Task
Controls
Controls were accurate in making judgements about right leg width (t(20) = 1.5, p = 0.2), 
right leg length (t(20) = 1.8, p = 0.08), left leg length (t(20) = 1.6, p = 0.1), and left leg width 
(t(20) = 1.8, p = 0.07) as revealed by a series of one-sample t-tests comparing the scores to 
1 (i.e. veridical performance).
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A repeated-measures ANOVA with side (left, right) and direction of distortion (width, length) as 
within-subjects factors conducted on the average scores revealed no main effect of side (F(1,20) 
= 0.3, p = 0.5, η2 = 0.01) , direction (F(1,20) = 0.08, p = 0.7, η2 = 0.004), and no interaction between 
side and direction (F(1,20) = 0.005, p = 0.9, η2 < 0.0001). Controls were overall accurate in making 
judgements about the length and width of images of their legs, regardless of side. See figure 2.

Figure 2. Bar graph showing proportion mis-estimation (1 is veridical) for judgements of images distorted 
width-wise or length-wise in the Template Matching Task. The white bars represent estimates of the right leg in 
controls. The grey bars represent estimates of the left leg in controls. Error bars represent standard deviation. The 
horizontal line positioned at y = 1 denotes veridical performance on this task. Each coloured point represents 
a BIID participant. RA = right amputation; LA = left amputation; BA = bilateral amputation; P = paralysis in the 
legend. The preceding numbers denotes participant number.

Comparison to BIID participants
Right
Width. There was no difference between BIID participants and controls (p > 0.1 for 
remaining comparisons). Length. No differences between BIID participants and controls 
emerged (p > 0.07 for remaining comparisons, and p = 0.04 for participant 3-LA due to 
underestimation but irrelevant due to one-tailed testing). See figure 2 for individual results.

Left
Width. No differences between BIID participants and controls emerged (p > 0.1 for remaining 
comparisons, and p = 0.01 for participant 7-LA due to underestimation but irrelevant due to 
one-tailed testing). Length. No differences between BIID participants and controls emerged 
(p > 0.1 for remaining comparisons). See figure 2 for individual results.
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Therefore, our hypothesis that participants with BIID would overestimate the size of their 
affected legs more than the same leg of controls, mimicking the conscious experience of 
being ‘overcomplete’, was not confirmed. See tables S1.1 to 1.4 in supplementary material 
for all p-values, confidence intervals, and effect sizes for BIID participants compared to 
controls.

3.2.2. Tactile Estimation Task
Controls
Shin. A repeated measures ANOVA on the percent mis-estimation values with side and 
direction as within-subject factors revealed a main effect of direction (F(1,19) = 28.0, p 
<0.001, η2 = 0.5), indicating that controls underestimated distances applied in the vertical 
direction (-19.5% ± 23.5 SD) more than those applied in the horizontal direction (-4.9% ± 
24.7 SD). There was no main effect of side (F(1,19) = 0.1, p = 0.7, η2 = 0.008). The interaction 
between side and direction was not significant (F(1,19) = 0.2, p = 0.6, η2 = 0.01). One-sample 
t-tests comparing the values to 0 (Bonferroni-corrected p = 0.01) for each condition revealed 
that distances applied to the right (t(19) = -4.0, p < 0.001) and left (t(19) = - 3.1, p = 0.005) shins 
in the vertical direction were significantly different from 0, suggesting that these distances 
were underestimated. Distances applied in the horizontal direction were not different from 
0 (p > 0.3 for both comparisons). See figure 3.

Arm. A repeated measures ANOVA on the percent mis-estimation values with side and 
direction as within-subject factors revealed a main effect of direction (F(1,18) = 51.4, p 
<0.001, η2 = 0.7), indicating that controls underestimated distances applied in the vertical 
direction (-4.3% ± 21.3 SD) more than those applied in the horizontal direction (8.9% ± 
21.1 SD). There was no main effect of side (F(1,18) = 1.6, p = 0.2, η2 = 0.08). The interaction 
between side and direction was not significant (F(1,18) = 2.9, p = 0.1, η2 = 0.1). One-sample 
t-tests comparing the values to 0 (Bonferroni-corrected p = 0.01) for each condition revealed 
no difference from 0 (i.e. veridical performance, p > 0.4 for left horizontal, left vertical, and 
right vertical, p = 0.029 for right horizontal). See figure 4.

Thigh. A repeated measures ANOVA on the percent mis-estimation values with side and 
direction as within-subject factors revealed no main effect of direction (F(1,18) = 1.5, p = 
0.2, η2 = 0.07), no main effect of side (F(1,18) = 0.6, p = 0.4, η2 = 0.03), nor an interaction 
between side and direction (F(1,18) = 0.2, p = 0.6, η2 = 0.01). One-sample t-tests comparing 
the values to 0 (Bonferroni-corrected p = 0.01) was significant for all comparisons (right 
horizontal: p = 0.002, left horizontal: p = 0.01, right vertical: p < 0.001, left vertical: p = 
0.006).
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Figure 3. Bar graph showing percent mis-estimation of distances applied horizontally (width-wise) and vertically 
(length-wise) to the shins. The white bars represent percent mis-estimation for the right shin in controls. The 
grey bars represent percent mis-estimation for the left shin in controls. Error bars represent standard deviation. 
Negative values suggest under-estimation of distances applied and positive values suggest over-estimation of 
distances applied. Individual coloured point represents percent mis-estimations for each BIID participant. RA 
= right amputation; LA = left amputation; BA = bilateral amputation; P = paralysis in the legend. The preceding 
numbers denotes participant number. Note that some estimations were so similar in BIID participants that 
their points overlapped. **p < 0.001 and denotes that control participants overestimated more for distances 
applied horizontally versus vertically.

Comparison to BIID
Shin
The shins were tested on all participants. Both shins were ‘affected’ in paralysis-variant 
participants and the bilateral-amputation desire participant. One shin was ‘affected’ in 
unilateral amputation desire participants (i.e. 2 left, 2 right). See figure 3 for individual results.

Right: Horizontal. BIID participants did not significantly underestimate distances more 
than controls (p > 0.06 for all comparisons). Vertical. BIID participants did not significantly 
underestimate distances more than controls (p > 0.08 for all remaining comparisons, except 
p = 0.04 for participants 2-RA and 3-LA but in the opposite direction, i.e. overestimation, 
irrelevant due to one-tailed testing).

Left: Horizontal. BIID participants did not significantly underestimate distances more 
than controls (p > 0.09 for all comparisons). Vertical. BIID participants did not significantly 
underestimate distances more than controls (p > 0.1, except p = 0.02 for participant 3-LA 
but in opposite direction, i.e. overestimation, irrelevant due to one-tailed testing). 
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Figure 4. Bar graph showing percent mis-estimation of distances applied horizontally (width-wise) and vertically 
(length-wise) to the forearms. The white bars represent percent mis-estimation for the right forearm in controls. 
The grey bars represent percent mis-estimation for the left forearm in controls. Error bars represent standard 
deviation. Negative values suggest under-estimation of distances applied and positive values suggest over-
estimation of distances applied. Individual coloured point represents percent mis-estimations for each BIID 
participant. P = paralysis in the legend. The preceding numbers denotes participant number. Note that some 
estimations were so similar in BIID participants that their points overlapped. **p < 0.001 and denotes that 
control participants overestimated more for distances applied horizontally versus vertically.

Therefore, our hypothesis that participants with BIID would underestimate distances 
applied to their affected parts more than controls was not confirmed. See tables S2.1 to 2.4 
in supplementary material for all p-values, confidence intervals, and effect sizes for BIID 
participants compared to controls.

Arm
The arms were only tested on participants who desired paralysis, as the arms served as the 
unaffected part. See figure 4 for individual results.

Right: Horizontal. No differences between BIID and control participants emerged (p > 0.2 
for remaining comparisons). Vertical. No differences between BIID and control participants 
emerged (p > 0.3 for all comparisons)

Left: Horizontal. No differences between BIID and control participants emerged (p > 0.3 for 
all comparisons). Vertical. No differences between BIID and control participants emerged 
(p > 0.1 for all comparisons).
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See tables S2.5 to 2.8 in supplementary material for all p-values, confidence intervals, and 
effect sizes for BIID participants compared to controls.

Thigh (unaffected site for participant 5-BA)
Right. Horizontal. There was no difference between participant 5 (7.0%) and controls (-20% 
± 25 SD; p = 0.1). Vertical. There was no difference between participant 5 (-33.8%) and 
controls (-21.3% ± 23.2 SD; p = 0.3). 

Left. Horizontal. There was no difference between participant 5 (-21.9%) and controls 
(-16.4% ± 24.7 SD; p = 0.4). Vertical. There was no difference between participant 5 (0.5%) 
and controls (-20.2 ± 28.0 SD; p = 0.2).

See tables S2.9 to 2.12 in supplementary material for all p-values, confidence intervals, and 
effect sizes for BIID participants compared to controls.

3.3. Localization task
NSIs were compared between BIID and control participants for the lower legs (knees to shins). 

Controls
Comparison to 1 (veridical performance). 
NSIs for all conditions were significantly different from 1 (p < 0.001 for all comparisons), such 
that they were greater than 1. Importantly, an NSI >1 indicates that the participant perceives 
the proportion of width to length of the lower leg as larger than the actual proportion, 
suggesting a foreshortened leg shape.

Own legs. A 2 (leg) x 2 (condition) repeated measures ANOVA on lower leg NSIs revealed 
a main effect of condition (F(1,18) = 4.9, p = 0.03, η²= 0.2), indicating that NSIs were higher 
for the Real (1.77 ± 0.50 SD) condition than the Imagine (1.62 ± 0.54 SD) condition. There 
was no main effect of Leg (F(1,18) = 0.006, p = 0.9, η² < 0.001), nor an interaction between 
condition and leg (F(1,18) = 0.9, p = 0.3, η²= 0.04). See figure 5.

Comparison with mannequin condition. To compare to the mannequin leg condition ( for 
which we only tested a right mannequin leg), we collapsed across side for participants’ own 
legs and ran a repeated measures ANOVA on condition (real, imagine, mannequin). There was 
a main effect of condition (F(1.2,22.7) = 5.8, p = 0.01, η²= 0.2). Bonferroni-corrected pairwise 
comparisons revealed a significant difference between Mannequin (2.1 ± 0.8 SD) and Imagine 
conditions (t(19) = 2.88, p = 0.01), but not Mannequin and Real (t(18) = 1.9, p = 0.07). The 
difference between Real and Imagine was also significant (t(19) = 2.2, p = 0.03). See figure 5.
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Figure 5. Bar graph showing lower leg normalized shape indices (NSI). The white bars represent NSIs for 
the right shin in controls. The grey bars represent NSIs for the left shin in controls. Error bars represent 
standard deviation. The grey horizontal bar at y = 1 denotes veridical shape perception of the lower leg. 
Individual coloured point represents lower leg NSIs for each BIID participant. RA = right amputation; LA 
= left amputation; BA = bilateral amputation; P = paralysis in the legend. The preceding numbers denotes 
participant number. Note that some estimations were so similar in BIID participants that their points 
overlapped. *p < 0.05 and denotes that, for control participants, NSIs in the Real condition were significantly 
higher than NSIs in the Imagine condition, and NSIs in the Mannequin condition were significantly higher 
than NSIS in the Imagine condition (regardless of leg). Note: miniature y-ticks following NSI of 5 each 
correspond to a value of 5 in order to display extremely high NSIs from participant 1 (i.e. NSI Right leg 
Imagine = 86.9; NSI Left leg Imagine = 20.8).

Comparison to BIID
Each condition (Right Real, Left Real, Right Imagine, Left Imagine, Mannequin) were 
compared to BIID participants separately. See figure 5 for individual results.

Right: Real. No differences between BIID and control participants emerged (p > 0.1 for 
all comparisons). Imagine. Participant 1-RA scored significantly higher than controls 
(NSI = 86.9, p < 0.0001). No other differences between BIID and control participants 
emerged (p > 0.1 for all comparisons).
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Left: Real. No differences between BIID and control participants emerged (p > 0.1 for all 
comparisons). Imagine. Participant 1-RA scored significantly higher than controls (NSI = 
20.8, p < 0.0001). No other differences between BIID and control participants emerged (p > 
0.1 for all comparisons).
Mannequin: No differences between BIID and control participants emerged (p > 0.1 for 
all comparisons).

Therefore, our hypothesis that participants with BIID would have a higher NSI (more 
distorted, foreshortened perceptual representation of the affected leg(s)) was not confirmed. 
See tables S3.1 to 3.5 in supplementary material for all p-values, confidence intervals, and 
effect sizes for BIID participants compared to controls.
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4. Discussion

In the current study we aimed to behaviourally investigate lower limb representations in 
individuals with Body Integrity Identity Disorder (BIID), a rare condition wherein individuals 
desire amputation or paralysis of perfectly healthy limb(s), usually one or both of the legs (Blom 
et al. 2012). In a series of behavioural tasks, participants were asked to make judgements about 
the size and shape of their legs when relying chiefly on vision, touch, or proprioception. We 
replicated previous findings in our control sample, such that healthy participants were overall 
accurate at making judgements about visual representations of their legs, but showed systematic 
distortions for estimating the metrics underlying the tactile and proprioceptive representations 
of the legs (Stone et al. 2018c), distortions which also present for the hands (Longo and Haggard 
2012; Coelho et al. 2016; Saulton et al. 2016). We hypothesized that individuals with BIID over/
underestimate the metric representations of their legs more than healthy controls, as their 
internal representation of their legs, at some level of multimodal integration, seems to be 
stunted/missing (but paradoxically, at the same time people with BIID feel ‘overcomplete’). Using 
a multiple single-case analysis, we found no global differences between BIID participants and 
controls on any of the leg perception tasks. This suggests that despite the mismatch between the 
(internal) felt image of the legs and the (external) actual physical presence of the legs, individuals 
with BIID exhibit normal (albeit also distorted) perceptions of their legs.

Visual perception of the lower limbs was tested by asking participants to make visually-
guided judgements of the length/width of distorted images of their own legs onscreen. All 
participants were accurate in making judgements about the size and shape of legs. These 
findings are in line with others that have shown accurate performance in making explicit 
judgements about body size when visual feedback is available (Longo and Haggard 2012). 
These results also validate the non-delusional nature of BIID, such that these individuals 
know what their legs look like, they know that they are part of the body, and they know that 
the desire to structurally or functionally abolish them is bizarre, but nevertheless feel a 
longstanding wish to do so. These results might also suggest that BIID is not a (psychiatric) 
body image disorder, per se, like anorexia nervosa, bulimia nervosa, and body dysmorphic 
disorder show distortions in making conscious judgements about body size and shape 
(Thomas and Goldberg 1995; Mölbert et al. 2017). Noteworthy though is that in these 
disorders, body size or appearance is the critical factor that drives the underlying desire to 
modify the body. People with BIID do not feel that their leg is too big or that there is something 
wrong with the appearance of it. However, they do report that they feel ‘overcomplete’ in the 
current body. This overcomplete feeling is not reflected in the conscious visual perception 
of the legs, however. Our data demonstrates that BIID individuals have a normal visual 
percept of their legs, thereby suggesting that the wish to amputate or paralysis the limb is 
not due to a distorted visual body image. 
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Tactile perception of the affected (and unaffected) parts of the body was tested by asking 
participants to make judgements about the distance between two simultaneously applied 
tactile points on the legs, and for some participants, the arms. In this task, judging the 
distance between these points not only relies on primary tactile input (i.e. contact with the 
skin), but the reference to and communication with a mental model of the leg itself (Spitoni 
et al. 2010; Longo et al. 2010; Serino and Haggard 2010). In the tactile estimation task, 
participants must first 1) detect the two stimuli, and 2) refer to an internal (higher-order) 
model of the body that houses the model of the limb and 3) shape the hands to reflect the 
perceived distance. One study showed that participants with amputation-variant BIID have 
reduced PMC activity to tactile stimuli on the affected, but not the unaffected, leg (van Dijk 
et al. 2013). Moreover, another study showed decreased SPL activity when tactile stimuli 
was applied to the legs (regardless if it was the affected or unaffected leg) in individuals 
with BIID compared to controls (McGeoch et al. 2011). These results suggest that there 
might be issues with integrating primary tactile input on the lower body into a coherent 
body representation in BIID. In line with this, Aoyama and colleagues (2012) showed that 
individuals with amputation-variant BIID show exaggerated attention to tactile stimuli on 
the affected part – that is, for two vibro-tactile taps to be perceived as simultaneous on 
the legs, the vibration had to be applied to the unaffected part first. Again, these findings 
might speak to an altered higher-order tactile representation of the limb. So, how might this 
affect tactile distance estimates on the affected body part? Previous studies have used the 
tactile estimation task to test this higher-order tactile representation in individuals with a 
disrupted or unhealthy bodily experience (Keizer et al. 2011; Keizer et al. 2012; Scarpina et al. 
2014). Individuals with Anorexia Nervosa, for example, overestimate distances between two 
unseen tactile points on body, reflecting an internal oversized model of the body (Keizer et 
al. 2011; Keizer et al. 2012). If the internal model of the leg in higher-order representations is 
missing in BIID, then distance estimates might rely on an earlier stage of processing touch, 
like in SI. In SI, cortical area devoted to the leg is much smaller than for more sensitive body 
parts, like the hand (Penfield and Boldrey 1937; Akselrod et al. 2017). These ‘homuncular’ 
distortions are corrected for, to some extent, by a visual representation of the body (i.e. 
tactile-visual remapping), such that the size of the body part, if properly represented in a 
higher-level stage of processing (presumably posterior parietal areas), should reduce the 
distortion ( for review see Longo (2017a)). The leg is physically much larger, though less 
sensitive, than the hand, and so one would assume that these more ‘proportional’ maps of 
the legs in the higher-order areas could counteract this. In BIID, we might expect that if 
distances are judged without this correction factor, they might be perceived as much smaller 
than we would see in controls. However, we found that tactile distance perception for BIID 
participants was within range of normal controls. As discussed above, visual representations 
of the body in BIID participants were unimpaired compared to controls, which might 
account for the null results here. Our findings regarding directional distortions ( for the 
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arm and shin) are also in line with previous reports – such that stimuli applied in the vertical 
direction are underestimated more than those applied in the horizontal direction (Longo 
and Haggard 2011; Longo and Golubova 2017; Fiori and Longo 2018; Stone et al. 2018c). This 
mimics the underlying geometry of the, presumably oval-shaped, tactile receptive fields on 
the hairy skin (Brown et al. 1975; Treede et al. 1990; Fiori and Longo 2018). Therefore, these 
findings also reiterate that the impairment in BIID is not at the primary somatosensory 
level (in line with previous studies, e.g. Aoyama et al. (2012)), as all participants were able 
to detect the tactile stimuli on the body.

Body representations underlying proprioceptive input and imagery were tested by asking 
participants to localize unseen landmarks on their legs. As the lower part of the legs (i.e. 
knee to shin) were affected in all BIID participants, we compared the perceived shape of this 
part in BIID participants to controls. Control participants judged the shins to be shorter 
than they are in reality, consistent with our previous report (Stone et al. 2018c), and also 
consistent with judgements of tactile distance on this part of the body. We expected BIID 
participants to exhibit an even shorter/squatter perception, as this part of the body seems 
to be ‘missing’ in the internal image of the self in BIID. We found no differences between 
BIID participants and controls on this task. However, in this case, participants could rely 
on sensory feedback (proprioceptive input) to judge the location of these points on the 
leg. Sensory feedback is overall normal in individuals with BIID, therefore it is plausible 
that this information compensates and/or overrides the internal disturbed model of the 
legs to facilitate judgements about the locations, similar to what we might have observed 
in tactile distance estimates. Thus, we also included a condition where participants were 
asked to imagine their legs outstretched under the display screen and to judge where these 
landmarks would be (Ganea and Longo 2017; Stone et al. 2018c). Therefore, instead of 
integrating proprioceptive input with a stored model of the body, one must therefore use 
proprioceptive imagery to localize these landmarks. In such a case, participants have to rely 
on an imagined model of the limb (Ganea and Longo 2017). Localizing landmarks on the 
imagined leg yielded similar distortions in BIID participants as controls (and also similar to 
the Real condition, when the leg was under the screen). In line with this, we recently showed 
that individuals with BIID perform similarly to intact controls and lower-limb amputees 
during mental rotation of feet (unpublished, chapter 7 of this thesis), a task which involves 
mentally rotating your limb to match the posture of the pictured limb in order to make 
a judgement. Therefore, the findings of the current study support a preserved ability to 
imagine the lower limbs in a different posture than the current one in individuals with BIID. 
One participant (2-RA, right leg amputation desire) did elicit extremely high NSI scores on 
the Imagine condition for both legs. Inspection of the data revealed that this was a product 
of localizing the knee and ankle in (nearly) the same location, almost as though the shape 
mimicked that of an amputated/underdeveloped lower leg. However, as we did not see this 
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in all of the BIID participants, and it was not specific to his (right) to-be-removed leg, we do 
not suspect that this was reflective of BIID, per se. Noteworthy is that this participant had 
PDD-NOS, a form of Autism Spectrum Disorder (American Psychiatric Association 2013) in 
addition to BIID, which might have influenced imagery of one’s own body position (Conson 
et al. 2013; Pearson et al. 2014; Conson et al. 2015). It is also possible, unfortunately, that the 
participant simply misunderstood the Imagine condition instructions. Finally, participants 
were also asked to localize landmarks on an unseen corporeal object (mannequin leg). 
Judgements about the fake leg did not differ between BIID participants and controls. Thus, 
while individuals with BIID might report having an incongruent physical and mental body 
representation, it does not seem to interact with the implicit perception of the configuration 
of the leg, whether it be their own legs, or a foreign leg. 

It is worth noting that the overall perceived configurations of the lower legs in all conditions 
were indeed distorted, insofar that distances between estimated landmarks in the length 
direction, compared to the actual distance between the landmarks, were underestimated 
more than the (average of ) those in the width direction (made evident by the NSIs > 1, 
representing a leg that is wider than it is long). This replicates our previous study (Stone et 
al. 2018c) and is also in line with how individuals perceive the internal configuration of their 
hands (Longo and Haggard 2010; Longo and Haggard 2012; Longo et al. 2015; Longo 2015a; 
Saulton et al. 2015; Coelho et al. 2016; Saulton et al. 2016; Ingram et al. 2019). Our current 
findings therefore suggest that leg representations in BIID, albeit distorted with respect 
to their physical size, are overall ‘normal’ in this population. This could be informative for 
clinicians, insofar that tests of leg perception in BIID should yield normal results. If not, then 
another factor might be at play in the wish to amputate or paralyze the limb. 

The tasks employed in the current study were mainly perceptual in nature. Specifically, they 
involved making judgements about the properties of the body, providing us with a description 
of the leg representation. There is an ongoing debate regarding the dissociation between 
types of body representations (Schwoebel and Coslett 2005; de Vignemont 2007; Dijkerman 
and de Haan 2007; de Vignemont 2010b), specifically for that of body image (loosely put, 
body representation underlying perception) and body schema (body representations 
underlying action; Pitron and de Vignemont 2017). People with BIID desire non-action of 
the affected part (either by completing removing the limb or paralyzing it). It could be that 
body representations that tap more into the function of the limb, rather than the perception, 
would better capture the breakdown (if there is one) of body representation underlying BIID. 
For example, tasks underlying motor control of the legs, involving locomotion (Menzer 
et al. 2010; Kannape and Blanke 2012), obstacle avoidance (Scarpina et al. 2017), object 
interaction (e.g. football), proprioceptive matching (Peviani and Bottini 2018), postural 
manipulations, or kinematics of goal-directed ‘reach-to-touch’ movements (i.e. because 
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the lower limbs do not ‘grasp’). However, since many people with BIID spend a lot of time 
pretending to be in the body they desire (i.e. by binding up the leg to simulate an amputation, 
or using a wheelchair; First 2005; First and Fisher 2012; Giummarra et al. 2012), they use 
their leg(s) much less, which might in and of itself affect outcomes on body representation 
tasks related to body action (e.g. Bassolino et al. 2014; Burin et al. 2017). Also noteworthy 
is that immobilizing the limb affects plasticity of sensorimotor brain areas (Langer et al. 
2012), so it is possible that some of the body representation network disturbances revealed 
in neuroimaging studies of BIID participants could be partly due to long-term pretending 
behaviours (also mentioned by Hilti et al. (2013), i.e. a product of behaviour rather than a 
cause of BIID. Therefore, future studies should explore action-related leg representations in 
BIID, while carefully considering pretending behaviours too. 

Finally, this is the first study, to our knowledge, that has tested amputation- and paralysis-
variant BIID participants involving behavioural measurements. All of the behavioural 
studies on BIID, to date, have been in those who desire amputation (Aoyama et al. 2012; 
Bottini et al. 2015; Lenggenhager et al. 2015; Macauda et al. 2017). A few questionnaire-
based investigations of BIID have included paralysis-variant participants (Blom et al. 
2012; Giummarra et al. 2012; Blom et al. 2017) and only one neuroimaging study included 
paralysis-variant participants (n = 2) in addition to amputation-desire participants (n = 
6; Blom et al. (2016b)). The questionnaire data suggested that the only major difference, 
besides the desired body type, between amputation- and paralysis-variant BIID individuals 
seems to be a higher prevalence of women who desire paralysis versus amputation. One 
of our paralysis-variant participants was indeed female, but we had another who was 
biologically male but desired to be female in addition to desiring paraplegia. The parallels 
between Gender Dysphoria and BIID have been discussed elsewhere (First 2005; Brugger 
et al. 2016). Whether the desire to paralyze the legs is intertwined with the desire to modify 
the gender could probably only be confirmed after surgical intervention addressing one 
of the two conditions. Neuroimaging data including paralysis-variant BIID participants 
showed structural alterations in the premotor cortex and posterior cerebellum, compared 
to controls, but the data could not be analyzed separately for each variant of BIID because 
there were only 2 paralysis-variant participants included. While we also could not conduct a 
group-level analysis comparing the two variants (due to sample size limitations), our single-
case analysis did not suggest that the paralysis- and amputation-variants differed in task 
performance. Specifically, our findings suggest that the amputation- and paralysis-variants 
are similar in their perception of the affected parts of their body, so if a dissociation between 
the two variants exists, it does not lie in how one perceives the size/shape of the legs. 
However, larger-scale studies comparing the two variants might provide a more thorough 
understanding of the mechanisms that underlie BIID. 
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In conclusion, body perception is a combination of central, presumably stable, representations 
of the body and peripheral input, which are more transient in nature (Gross et al. 1974). 
These results suggest that the peripheral input, seemingly superfluous for people with BIID, 
preserves perceptions of the body that are like the general population. Our data cannot 
confirm or deny the presence of an atrophic representation of the affected body part(s) in 
BIID but does suggest that lower limb perception is not disturbed in this population. The 
finding that the perception of the leg size/shape is normal might align with the fact that the 
limb itself is healthy and functions normally. Thus while people with BIID feel that part of the 
body is foreign, they can still make normal sensory-guided implicit and explicit judgements 
about the limb, two components of the bodily experience that may be dissociable in nature 
(e.g. Matsumiya (2019)).
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Supplementary material (Chapter 5)

Supplementary figures
Tactile distance estimates
The following figures display the estimates (in mm) per distance applied for the shin and 
arms. The bars have been overlaid with individual points of the control group ( figures S1, 
S3) and the BIID participants ( figures S2, S4). Participants, in general, opened their hands 
wider for larger distances. 

Figure S1. Bar groups displaying average estimated distances for each applied distance to the shin in the 
horizontal (top panel) and vertical (bottom panel) directions. Individual data points for each control participant 
is plotted on top to show pattern of estimates. 
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Figure S2. Bar groups displaying average estimated distances for each applied distance to the shin in the 
horizontal (top panel) and vertical (bottom panel) directions for the control group. Individual data points for 
each BIID participant is plotted on top to show pattern of estimates. The legend on the top right indicates 
each participant code and colour. RA = right amputation desire; LA = left amputation desire; BA = bilateral 
amputation desire; P = paralysis desire.

Figure S3. Bar groups displaying average estimated distances for each applied distance to the forearm in the 
horizontal (top panel) and vertical (bottom panel) directions. Individual data points for each control participant 
is plotted on top to show pattern of estimates. 
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Figure S4. Bar groups displaying average estimated distances for each applied distance to the forearm in the 
horizontal (top panel) and vertical (bottom panel) directions for the control group. Individual data points for 
each paralysis-desire BIID participant is plotted on top to show pattern of estimates. The legend on the top right 
indicates each participant code and colour. P = paralysis desire.
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Supplementary tables
The following are tables with the p-values, credible intervals, and effect sizes for comparing 
each BIID participant to the control sample using Crawford-Garthwaite Bayesian single-
case t-tests. Significant results are marked with an asterisk (*).

1. Template Matching Task
Single-case comparison between average scores of controls and individual BIID participant 
scores.

We hypothesized that BIID participants would overestimate their affected legs more than 
controls. Therefore, where p < 0.05, but effect size is negative, it suggests that the BIID 
participant scored lower than controls (but due to one-sided testing, this is not relevant 
for the current analysis).

Table S1.1. Condition: right leg width

Participant p-value lower CI upper CI effect size (z)

1-RA 0.14 0.04 0.26 -1.15

2-RA 0.39 0.26 0.50 0.26

3-LA 0.27 0.13 0.42 0.63

4-LA 0.10 0.02 0.21 -1.33

5-BA 0.30 0.16 0.46 0.54

6-P 0.43 0.33 0.50 0.03

7-P 0.24 0.10 0.40 0.73

8-P 0.25 0.10 0.40 -0.70

9-P 0.34 0.22 0.50 -0.41

Table S1.2. Condition: right leg length

Participant p-value lower CI upper CI effect size (z)

1-RA 0.35 0.22 0.50 -0.39

2-RA 0.22 0.09 0.36 -0.82

3-LA 0.04 0.00 0.10 -1.93

4-LA 0.12 0.03 0.23 1.23

5-BA 0.20 0.07 0.33 -0.89

6-P 0.38 0.25 0.50 -0.30

7-P 0.42 0.31 0.50 0.14

8-P 0.07 0.00 0.15 1.60

9-P 0.41 0.29 0.50 0.20
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Table S1.3. Condition: left leg width

Participant p-value lower CI upper CI effect size (z)

1-RA 0.18 0.07 0.32 -0.94

2-RA 0.09 0.01 0.19 1.41

3-LA 0.20 0.07 0.34 0.89

4-LA 0.01 0.00 0.05 -2.41

5-BA 0.42 0.31 0.50 -0.15

6-P 0.12 0.03 0.24 -1.21

7-P 0.14 0.04 0.26 1.12

8-P 0.17 0.05 0.31 -0.99

9-P 0.38 0.25 0.50 -0.30

Table S1.4. Condition: left leg length

Participant p-value lower CI upper CI effect size (z)

1-RA 0.42 0.31 0.50 -0.13

2-RA 0.29 0.14 0.44 -0.59

3-LA 0.10 0.01 0.19 -1.39

4-LA 0.10 0.02 0.20 1.35

5-BA 0.31 0.16 0.47 -0.52

6-P 0.28 0.14 0.44 0.60

7-P 0.35 0.23 0.50 -0.39

8-P 0.19 0.07 0.32 0.94

9-P 0.34 0.21 0.49 0.41
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2. Tactile Estimation Task
Single-case comparison between average percent misestimations of controls and individual 
BIID participant scores.

We hypothesized that BIID participants would underestimate distances on their affected 
legs more than controls. Therefore, where p < 0.05, but effect size is positive, it suggests that 
the BIID participant scored higher than controls (but due to one-sided testing, this is not 
relevant for the current analysis).

Table S2.1. Condition: Right shin, horizontal

Participant p-value lower CI upper CI effect size (z)

1-RA 0.09 0.01 0.20 1.40

2-RA 0.15 0.04 0.28 1.10

3-LA 0.06 0.00 0.14 1.65

4-LA 0.07 0.01 0.16 -1.58

5-BA 0.37 0.24 0.50 -0.32

6-P 0.36 0.23 0.50 -0.37

7-P 0.30 0.16 0.46 0.55

8-P 0.43 0.33 0.50 0.03

9-P 0.28 0.13 0.44 0.60

Table S2.2. Condition: Left shin, horizontal

Participant p-value lower CI upper CI effect size (z)

1-RA 0.39 0.26 0.50 0.26

2-RA 0.32 0.18 0.49 -0.48

3-LA 0.38 0.25 0.50 -0.30

4-LA 0.09 0.01 0.19 -1.41

5-BA 0.28 0.13 0.44 -0.62

6-P 0.31 0.16 0.47 -0.51

7-P 0.26 0.11 0.41 -0.68

8-P 0.43 0.33 0.50 0.02

9-P 0.35 0.23 0.50 0.37
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Table S2.3. Condition: Right shin, vertical

Participant p-value lower CI upper CI effect size (z)

1-RA 0.08 0.01 0.17 1.50

2-RA 0.04 0.00 0.10 1.93

3-LA 0.04 0.00 0.10 1.93

4-LA 0.39 0.26 0.50 -0.27

5-BA 0.16 0.04 0.29 1.05

6-P 0.43 0.33 0.50 0.04

7-P 0.20 0.08 0.35 0.87

8-P 0.35 0.22 0.50 -0.39

9-P 0.40 0.28 0.50 -0.22

Table S2.4. Condition: Left shin, vertical

Participant p-value lower CI upper CI effect size (z)

1-RA 0.24 0.10 0.39 0.74

2-RA 0.23 0.10 0.38 0.76

3-LA 0.02 0.00 0.05 2.39

4-LA 0.13 0.03 0.25 -1.20

5-BA 0.43 0.33 0.50 0.02

6-P 0.43 0.32 0.50 -0.08

7-P 0.41 0.29 0.50 -0.18

8-P 0.43 0.32 0.50 -0.07

9-P 0.43 0.32 0.50 0.07

Table S2.5. Condition: Right arm, horizontal

Participant p-value lower CI upper CI effect size (z)

6-P 0.35 0.22 0.50 -0.38

7-P 0.36 0.23 0.50 -0.35

8-P 0.22 0.09 0.37 0.80

9-P 0.43 0.32 0.50 -0.02

Table S2.6. Condition: Left arm, horizontal

Participant p-value lower CI upper CI effect size (z)

6-P 0.43 0.32 0.50 -0.06

7-P 0.32 0.17 0.48 -0.49

8-P 0.31 0.16 0.47 -0.51

9-P 0.39 0.26 0.50 0.25
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Table S2.7. Condition: Right arm, vertical

Participant p-value lower CI upper CI effect size (z)

6-P 0.43 0.33 0.50 0.00

7-P 0.43 0.32 0.50 0.05

8-P 0.39 0.26 0.50 -0.24

9-P 0.36 0.23 0.50 0.36

Table S2.8. Condition: Left arm, vertical

Participant p-value lower CI upper CI effect size (z)

6-P 0.36 0.23 0.50 -0.35

7-P 0.16 0.04 0.28 -1.07

8-P 0.26 0.12 0.43 -0.66

9-P 0.35 0.22 0.50 -0.38

Condition: right and left thighs (above demarcation) for participant 5-BA

Table S2.9. Right thigh, horizontal

Participant p-value lower CI upper CI effect size (z)

5-BA 0.14 0.03 0.28 1.1

Table S2.10. Right thigh, vertical

Participant p-value lower CI upper CI effect size (z)

5-BA 0.30 0.14 0.46 -0.53

Table S2.11. Left thigh, horizontal 

Participant p-value lower CI upper CI effect size (z)

5-BA 0.39 0.27 0.49 -0.21

Table S2.12. Left thigh, vertical

Participant p-value lower CI upper CI effect size (z)

5-BA 0.23 0.09 0.39 0.74
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3. Localization Task
Single-case comparison between average lower leg normalized shape index scores of 
controls and individual BIID participant scores. 

We hypothesized that BIID participants would have higher NSIs (i.e. underestimate the 
length with respect to width) for their affected legs more than controls. 

Table S3.1. Condition: Right leg, Real 

Participant p-value upper-CI lower-CI effect size (z)

1-RA 0.11 0.02 0.23 1.29

2-RA 0.38 0.25 0.5 0.29

3-LA 0.29 0.13 0.44 -0.58

4-LA 0.42 0.31 0.5 -0.11

5-BA 0.38 0.24 0.5 0.31

6-P 0.42 0.31 0.5 0.11

7-P 0.21 0.08 0.36 -0.85

8-P 0.21 0.08 0.36 -0.84

9-P 0.21 0.08 0.37 -0.83

Table S3.2. Condition: Left leg, Real

Participant p-value upper-CI lower-CI effect size (z)

1-RA 0.33 0.2 0.5 0.45

2-RA 0.4 0.27 0.5 -0.23

3-LA 0.43 0.33 0.5 -0.01

4-LA 0.42 0.3 0.5 0.13

5-BA 0.31 0.17 0.48 0.51

6-P 0.42 0.3 0.5 -0.14

7-P 0.16 0.04 0.3 -1.05

8-P 0.12 0.02 0.24 -1.24

9-P 0.22 0.09 0.37 -0.82
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Table S3.3. Condition: Right leg, Imagine

Participant p-value upper-CI lower-CI effect size (z)

1-RA <0.00001* 0 0 127.9

2-RA 0.26 0.12 0.42 -0.67

3-LA 0.43 0.32 0.5 0.04

4-LA 0.34 0.21 0.5 -0.43

5-BA 0.15 0.04 0.29 1.08

6-P 0.19 0.07 0.34 -0.91

7-P 0.34 0.21 0.5 0.41

8-P 0.43 0.32 0.5 0.01

9-P 0.35 0.22 0.5 -0.38

Table S3.4. Condition: Left leg, Imagine

Participant p-value upper-CI lower-CI effect size (z)

1-RA <0.00001* 0 0 25.43

2-RA 0.23 0.09 0.38 -0.8

3-LA 0.2 0.06 0.34 0.88

4-LA 0.42 0.31 0.5 0.1

5-BA 0.26 0.11 0.42 0.67

6-P 0.15 0.04 0.28 -1.12

7-P 0.22 0.08 0.37 0.81

8-P 0.14 0.03 0.27 -1.13

9-P 0.34 0.21 0.5 -0.43

Table S3.5. Condition: Mannequin

Participant p-value upper-CI lower-CI effect size (z)

1-RA 0.15 0.03 0.28 1.12

2-RA 0.11 0.02 0.22 -1.34

3-LA 0.37 0.24 0.50 0.31

4-LA 0.43 0.32 0.50 -0.05

5-BA 0.19 0.06 0.33 -0.93

6-P 0.34 0.21 0.50 -0.43

7-P 0.14 0.03 0.27 -1.16

8-P 0.14 0.04 0.27 -1.13

9-P 0.34 0.21 0.50 -0.42
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Lower limb peripersonal 
space and the desire 
to amputate a leg

Chapter 6



Abstract

Body Integrity Identity Disorder (BIID) is a rare condition defined by a persistent desire 
to amputate or paralyze a healthy limb (usually one or both legs). This desire arises from 
experiencing a mismatch between the internal body model and the actual physical/
functional boundaries of the body. People with BIID show an abnormal physiological 
response to stimuli approaching the affected (unwanted) but not the unaffected leg, which 
might suggest a retracted peripersonal space (PPS: a multisensory integration zone near 
the body) around the unwanted limb. Thus, using a visuo-tactile interaction task, we 
examined leg PPS in a group of healthy men and 3 men with BIID who desired unilateral 
leg amputation. PPS size (~70 cm) around the unwanted BIID legs did not differ from that 
of healthy controls. Although the leg feels foreign in BIID, it still seems to maintain a PPS, 
presumably to protect it and facilitate interactions within the surrounding environment. 
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1. Introduction

Approximately 30 years ago, single-cell recordings from the brains of non-human primates 
showed that there are special neurons in the frontal and parietal areas that respond not 
only to the presence of an object touching the body (e.g. a ball in contact with a body part) 
but also to the presence of the object near the body (e.g. a ball looming towards that same 
body part; Graziano et al. 1994; Fogassi et al. 1996; Graziano et al. 1997). These (multisensory) 
neurons have tactile receptive fields with overlapping visual/auditory receptive fields that 
extend into space around the body. The product of this neuronal activity is usually described 
as peripersonal space (PPS; Rizzolatti, Scandolara, Matelli, & Gentilucci, 1981). For example, 
if one is talking to a friend and a ball rolls towards her foot, she might retract her foot or 
shift her body so that the ball continues to roll by, not allowing it to intersect with her body 
and interrupt the conversation. Alternatively, she could choose to interact with the ball, 
likely kicking it away from the body towards the location it originated. In either case, PPS 
can be thought of as a probabilistic action space (Bufacchi and Iannetti 2018), predicting 
the probability of contact with an object and therefore preparing the action that follows. In 
other words, PPS is often defined as the zone surrounding the body in which multisensory 
integration of sensory stimuli (e.g. vision of ball plus prediction of touch) readily transpires 
and thus these actions occur. PPS functions to defend the body (e.g. by quickly retracting 
the body part) but also to allow for interaction with the objects around the body (e.g. by 
kicking the ball), serving as an important interface between the self and the environment 
(Brozzoli et al. 2012b; Serino et al. 2016). 

While single-cell recordings looking at PPS have not been conducted in humans, 
neuroimaging and behavioural studies in healthy people and in patients suggest that we 
have a similar network which governs the interactions around the body (Làdavas et al. 1998; 
Bremmer et al. 2001; Làdavas et al. 2001; Huang et al. 2012; Canzoneri et al. 2012). As in non-
human primates, studies in humans reveal that PPS is body-part centered, insofar that the 
distance from the body in which integration of tactile stimuli with looming visual/auditory 
stimuli occurs (i.e. the boundary of PPS) depends on body part. That is, PPS boundaries for 
the head (~60 cm), hands (~30-50 cm), trunk (~65 cm), and lower limbs (~75 cm) all reveal 
unique patterns of multisensory integration (Serino et al. 2016; Kandula et al. 2017; Stone 
et al. 2018b). These boundaries are usually discerned by asking participants to respond 
to a tactile stimulus, often a vibration, on one of the body parts while a task-irrelevant 
visual (visuo-tactile interaction task) or auditory (audio-tactile interaction task) stimulus 
approaches that body part. Responses time and sensitivity to tactile stimuli are contingent 
upon the proximity of the visual or auditory stimulus to the body, insofar that tactile reaction 
times (and tactile detection; Làdavas et al. 1998, 2001; Salomon et al. 2017) are enhanced 
when the looming stimulus enters PPS. Furthermore, there is some recent evidence to 
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suggest that PPS is not linked to the physical body per se, but to the experienced sense of 
self. Noel, Pfeiffer, Blanke, and Serino (2015) induced a full-body illusion in participants by 
stroking their backs while they viewed their bodies (through a head-mounted display) at 
a location 2 meters ahead. PPS was measured using an audio-tactile interaction task, by 
asking participant to make speeded responses to tactile stimuli on the chest while a task-
irrelevant auditory stimulus loomed towards the body. They found that PPS boundaries 
shifted towards the virtual body, where participants felt they were located, demonstrating 
that PPS is not bounded to the physical body but to the experienced self.

People with Body Integrity Identity Disorder (or BIID) experience a mismatch between 
the physical body and their experienced self (Blom et al. 2012). These individuals desire 
amputation or paralysis of a perfectly healthy body part, usually one or both legs. BIID is 
a non-psychotic condition that manifests before adolescence and in the absence of any 
apparent brain damage (Blom et al. 2012; First and Fisher 2012; Brugger et al. 2013; van Dijk 
et al. 2013). The neural networks implicated in constructing a coherent representation of 
the body, especially the legs, seem to be altered in BIID compared to controls (McGeoch 
et al. 2011; Hilti et al. 2013; van Dijk et al. 2013; Blom et al. 2016b; Hänggi et al. 2017; Oddo-
Sommerfeld et al. 2018). Furthermore, those who desire amputation (i.e. the amputation-
variant, also known as xenomelia McGeoch et al. 2011), experience a sense of disownership 
over the affected limb(s), insofar that it does not belong to the body, and should be removed. 
Those with the paralysis-variant (i.e. those who desire paralysis), however, are seemingly 
unbothered by the presence of legs but report instead that legs simply should not function 
and/or be felt (Giummarra et al. 2012). It has been suggested that while sensory input is 
normal in BIID (e.g. like the feeling of touch on the leg), it cannot integrate with a higher-
order representation of the body to provide a sense of completeness in one’s body, leading to 
discomfort and even disownership (Ramachandran et al. 2009; Romano et al. 2015; Hänggi 
et al. 2017). Instead people with BIID report feeling ‘overcomplete’ in the body, and that 
by structurally (through amputation) and/or functionally (through paralysis) modifying 
the legs would, counterintuitively, provide a feeling of completeness. Indeed, once an 
amputation is achieved, BIID is seemingly cured (Noll and Kasten 2014; Blom et al. 2016a). 
In line with this, people with BIID report that their internal identity is that of an amputee 
or a paralyzed individual (First and Fisher 2012). 

If the limb is not properly inscribed into the body representation (Romano et al. 2015), 
one might wonder whether PPS boundaries around the affected limb are compromised 
in BIID. At least one piece of evidence speaks to this query. In one study, an experimenter 
approached the affected and unaffected legs of people with amputation-variant BIID with a 
pin and/or cotton swab (Romano et al. 2015). Approaching the unaffected leg lead to typical 
anticipatory skin conductance responses, i.e. an increase in skin conductance as the stimulus 
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got closer. Approaching the affected leg, however, revealed negligible skin conductance 
responses (SCR), even though the approaching stimulus was in plain sight. What is more, 
once the stimulus made contact with the affected leg, there was an exaggerated (when 
compared to the unaffected leg) SCR, as if the brain did not anticipate the looming stimuli. 
The authors therefore suggested that the affected leg fails to be inscribed into the higher-
order body representation and that “such an under-representation might induce a scarce 
attention for any signal coming from the environment directed to the limb felt as outside 
from the body representation” (p. 146, Romano et al. 2015). We propose that this failure to 
anticipate contact with the affected leg might also be a reflection of a disturbed, possibly 
diminished, PPS around the affected leg. Furthermore, since people with BIID insist that 
their internal body representation is that of an amputee or paralysed person, this prediction 
would also be in line with studies showing a reduced PPS in actual amputees (Canzoneri et 
al. 2013a) and individuals with paraplegia (Scandola et al. 2016). 

Therefore, the aim of the current study was to investigate the shape and size of leg PPS in 
healthy individuals and in individuals with BIID. Mimicking Stone et al. (2018b), we used a 
multisensory visuo-tactile interaction paradigm around the feet to assess PPS. Participants 
were asked to respond to tactile stimuli on their toes while a task-irrelevant visual stimulus 
approached the left or right foot. We hypothesized that participants with BIID would have 
smaller PPSs around the affected (i.e. desired to-be-removed) legs in comparison to the 
same legs of controls and their unaffected leg. Understanding PPS around the legs in BIID 
might provide insight into the mechanisms underlying it.
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2. Methods

2.1. Participants 
BIID participants: 3 males with a unilateral lower limb amputation desire took part in 
the study. They are described in table 1. These participants were recruited through online 
support group forums (https://groups.yahoo.com/neo/groups/fighting-it/ and https://
forum.biid.ch/) and via collaboration with another BIID researcher (Blom et al. 2017). Each 
BIID participant was called by a psychiatrist prior to their participation to confirm the desire 
to change the body arose from having BIID and was not a product of another psychiatric 
condition. The criteria from First and Fisher (First and Fisher 2012) was used as a guideline 
to confirm BIID in the participant. Participants were asked about the history of the BIID, the 
presence of psychiatric illnesses, and whether they had normal tactile sensitivity and vision. 
All contacted participants were eligible for participation. For a more thorough assessment of 
the individual’s psychiatric profile, a trained neuropsychologist administered the Structured 
Clinical Interview for the DSM-5 Axis I and Axis II (SCID-5) disorders on the day of testing 
in Utrecht. Psychiatric profiles were overall normal for all 3 participants. Following are 
descriptions of each BIID participant.

1-LA was a 51-year-old man with a desire for a left leg amputation, approximately 10 cm 
above his knee. He stated that he had this desire since he was 6 years old. He reported 
that the realization of this feeling was triggered by putting his bent left leg in his pants 
and looking at the ‘empty part’ (i.e. the simulation of an amputation). He was not currently 
taking any medication at the time of testing. He had obtained some form of higher education 
degree. 

2-LA was a 42-year-old man with a desire for left leg amputation, approximately 10 cm 
above his knee. He had this desire since age 7 but could not recall a trigger at the time the 
BIID started. The only medication he was taking at the time of testing was insulin as he had 
diabetes mellitus. He had obtained a university degree. 

3-RA was a 42-year-old man with a desire for right leg amputation, approximately 10 cm 
above his knee. He had this desire since around age since and also could not recall a trigger 
at the time the BIID started. He was taking an antidepressant at the time of testing, for 
which he had been on for approximately one year. His highest level of education obtained 
was secondary school. 

Control participants: 16 male participants (average age 40.1 years (14.7 SD)) took part 
in the experiment. Highest level of education completed was as follows: university (n = 
4), higher education (n = 5), secondary school (n = 3). Education level was missing for the 
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remaining 4 participants. All participants had normal or corrected-to-normal vision and 
reported normal tactile sensitivity. Participants reported no current psychiatric illnesses, 
and this was corroborated by our screenings with the Modified MINI-screen (Sheehan et 
al. 1998) and a SCID-5 questionnaire for personality disorders (First 2015). However, the 
screenings were missing for 5 participants as they were tested at an earlier date prior to 
implementing those screenings. Participants were recruited via online study participant 
websites, Utrecht University’s intranet, and word of mouth. 

Table 1. Characteristics of BIID sample. Under the ‘Participant’ column, ‘L’ represents left leg and ‘R’ represents 
right leg while ‘A’ represents amputation desire. 

Participant Sex Age Desire (lower limbs only) Age BIID onset

1-LA M 51 Amputation: left 6

2-LA M 42 Amputation: left 7

3-RA M 42 Amputation: right 6

2.2. Methods and procedures 
2.2.1. Questionnaires
2.2.1.1. General demographic
All participants completed a general questionnaire about their demographics and medical 
history. To gain more insight into our BIID sample, these individuals completed a more 
elaborate version that all included questions about their BIID (modified version of BIID 
Phenomenology Questionnaire by Blom and colleagues, (Blom et al. 2012)). These results 
were used to describe our participant sample. 

2.2.1.2. 12-item Zurich Xenomelia Scale
This has been described by us in the supplementary material of Stone et al. (2018a). The 12-
item Zurich Xenomelia Scale (ZXS) (Aoyama et al. 2012), consists of 3 subscales regarding 
1) the strength of the participant’s amputation (or paralysis) desire, 2) the participant’s 
erotic attraction to amputees/being an amputee, and 3) the extent to which the participant 
engages in pretending behaviours (i.e. simulated the bodily state of being amputated or 
paralyzed). Participants rated their agreement with each statement from 1 (strongly agree) 
to 6 (strongly disagree). 

2.2.2. Visuotactile-Interaction task
Methods were similar to Stone et al. (2018b) and are described in more detail there. The task 
was run using a custom MATLAB (version R2015b) script. The visual stimulus consisted 
of a 5 cm (in diameter) red opaque circle projected onto a black cloth on the floor, which 
loomed towards the participant’s toe at 33.5 cm/second. Visual stimuli were presented 
via a projector (model: SANYO ProXtraX, positioned at 110 cm H) which reflected onto 
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an adjacent mirror (165 cm away, dimensions: 100 cm L x 150 cm W, attached to 80 cm H 
legs), angled toward the floor at 40°, where the stimuli were seen. The projection consisted 
of a black rectangle (60 cm W x 143.5 cm L) with a red opaque circle that traveled along the 
length of the rectangle towards the participants’ toe. An 8 mm vibrotactile motor (Precision 
Microdrives, model: 308–00) delivered a vibration (200Hz, for 100ms) to the participant’s left 
or right big toe on 50% of trials, and only once per trial. To reduce tactile expectation effects, 
which might lie outside of the PPS system (Kandula et al. 2017), the remaining 50% of trial 
were catch trials (no tactile stimulus (Kandula et al. 2015; Stone et al. 2018b). Participants 
were seated comfortably at a chair, feet flat on the floor (30 cm apart) on the short edge of 
the projection site, with their right hand resting on a motor box situated on the participants’ 
right side. They were instructed to press a button on the motor box whenever they felt a 
vibration on the toe. 

The vibration could occur at 1 of 7 timepoints (T) after the trial started (T1: 1000ms, T2: 
2666ms, T3: 3333ms, T4: 4000ms, T5: 4667, T6: 5333ms, T7: 7000ms). During timepoints 
2-6, the visual stimulus was onscreen, located approximately at the following distances 
(D) from the participants foot: T6 (D1) = 22.23 cm, T5(D2) = 44.46 cm, T4 (D3) = 66.69 
cm, T3(D4) = 88.92 cm, T2(D5) = 111.15 cm). So as time passed, the distance between the 
participants toes and the visual stimulus became shorter. T1 and T7 (occurring at the start 
and end of the trial, respectively) were not accompanied by a visual stimulus and were thus 
coded as unimodal trials, to calculate a baseline reaction time for tactile stimuli. Tactile 
stimuli time (i.e. T1-T7) was randomized within and between each participant. There was 
a total of 84 tactile trials and 84 catch trials, interspersed with one another. Participants 
completed the task twice, once per foot. To make sure participants could feel the vibrations, 
we administered 3 individual vibrations (plus 2 catch trials: no vibration) to participants’ 
big toes prior to experiment. Participants had to state if they felt it and its intensity. All 
included participants indicated that they felt all applied vibrations and did not report feeling 
a stimulus on the catch trials. Moreover, to familiarize participants with the task, there was 
also a short practice block of 10 trials (not included in the analysis) prior to task initiation. 
See figure 1 for visualization of set-up and procedure.

2.2.3.  Data analysis
Data were analyzed using MATLAB (version R2015b) and SPSS (version 23). Mean reaction 
times per tactile stimulus were obtained. Tactile reaction times beyond two standard 
deviations of the participants’ mean reaction per visual location, or missed trials, were 
removed from analysis (7.6% for controls, 9.3% for BIID). 
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Figure 1. (A) Pictorial example of visuotactile-interaction task for the right foot. (B) Bird’s eye view of task set-
up. The horizontal grey dashed arrow indicates the visual stimulus (red circle) trajectory. The stars represent 
possible points (and thereby distances from the toe) in which a tactile stimulation to the toe could be given. 
D represents visual stimulus distance from the toe and T represents time in milliseconds from the start of the 
trial. D’s and T’s have been rounded to the nearest whole number.

Distance analysis. A 5 (distance) x 2 (leg) repeated measures ANOVA was conducted on 
the mean reaction times for control participants to examine if they responded faster to the 
tactile stimulus as the stimulus got closer to the foot. 

Curve-fitting. To explore the relationship between the visual stimulus and tactile reaction 
times, mean reaction times per distance and per participant ( for bimodal visuotactile trials 
only) were fitted to and compared between two mathematical models: linear and sigmoidal 
(Canzoneri et al. 2012; Kandula et al. 2015; Serino et al. 2016; Stone et al. 2018b). If the data 
are better explained by a sigmoid (in terms of R2 and root mean squared error (RMSE)), 
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then one can take the central point (‘a’ in the following equation) as the PPS boundary (in 
terms of distance, i.e. the point in space where reaction times were suddenly facilitated by 
the location of the visual stimulus). If the data are better explained by a linear model, then 
that suggests that the increase in reaction times does not suddenly increase as some point 
in space, but rather increases steadily as a function of visual stimulus, such that a boundary 
between peri- and extra-personal space cannot necessarily be discerned (e.g. Canzoneri et 
al. 2012). 

The equation for the sigmoidal function was:

𝑦𝑦𝑦𝑦(𝑥𝑥𝑥𝑥) = 𝑦𝑦𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 + �
(𝑦𝑦𝑦𝑦max− 𝑦𝑦𝑦𝑦𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)

(1 + 𝑒𝑒𝑒𝑒((𝑎𝑎𝑎𝑎−𝑥𝑥𝑥𝑥)∗𝑏𝑏𝑏𝑏))
� 

where y represents the reaction time to the tactile stimulus (in milliseconds), b represents 
the slope, x represents the location of the visual stimulus, and a represents the central point 
of the sigmoid.

The equation for the linear function was:

𝑦𝑦𝑦𝑦(𝑥𝑥𝑥𝑥) = 𝑎𝑎𝑎𝑎 ∗ 𝑥𝑥𝑥𝑥 + 𝑏𝑏𝑏𝑏 

where y represents the reaction time to the tactile stimulus (in ms), a represents the slope, 
x represents the location of the visual stimulus, and b represents the y-intercept. 

Comparison to BIID participants: Goodness-of-fit values (RMSE and R2) were calculated 
for each BIID participant per leg per mathematical model using the mean reaction times. A 
multiple single-case approach was used to compare the fits between the BIID participants 
(individually) and the control subjects. Crawford-Garthwaite Bayesian single-case t-tests 
(Crawford and Garthwaite 2007) in R using the psycho package (Makowski 2018) were 
used to compare between BIID and controls. Bayesian tests on the difference between 
the case’s standardized scores (BSTDs) were used to examine whether the PPS boundary 
for the affected and unaffected leg in the BIID participants differed (using the program: 
DissocsBayes_ES_CP from Crawford and Garthwaite 2007; Crawford et al. 2010).

Where relevant, for group level comparisons, Cohen’s d, and partial eta squared (η2) are 
used to show effect sizes. Greenhouse-Geisser correction is used when the assumption of 
sphericity is violated. For single-case comparisons, effect size (Z) for the difference between 
case and controls (CC) are represented as Z-CC or Z-DCC for difference (D) between case 
and controls between right and left legs. 



Peripersonal space in BIID   |   169

6

3. Results

3.1. 12-item Zurich Xenomelia Scale (BIID participants only)
Scores for each subscale of the Zurich Xenomelia Scale per participant are reported in table 
2. Overall, these scores are in line with previous studies using this scale to describe their 
BIID sample (Aoyama et al. 2012; Hilti et al. 2013; Hänggi et al. 2016). 

Table 2. 12-item Zurich Xenomelia Scale scores per BIID participant. The total score is the average of all scores. 
Scores could range from 1 to 6, with higher scores indicating stronger BIID symptomatology. 

Subject Desire (lower limbs) Pure Amputation Erotic Attraction Pretending Behaviours

1-LA Amputation: left 5.5 1.5 4.5

2-LA Amputation: left 6 5 5.5

3-RA Amputation: right 5.5 4.25 4.75

Average 5.6 3.5 4.9

3.2. Visuotactile-Interaction task
3.2.1. Control participants 
3.2.1.1. Distance analysis. A 5 (distance) x 2 (leg) repeated measures ANOVA was conducted 
on the mean reaction times to see if participants responded faster to the tactile stimulus as 
the stimulus got closer to the foot. There was a main effect of distance (F(2.33,44.94) = 4.9, p = 
0.002, η2 = 0.24). Bonferroni-corrected pairwise comparisons revealed that D5 significantly 
differed from D3 (p = 0.017), D2 (p = 0.006), and D1 (p = 0.004), but not from D4 (p = 0.41). 
D4 did not differ from D1, D2, or D3 (p > 0.9 for all). D1, D2, and D3 also did not differ from 
one another (p = 1.0). There was a main effect of side (F(1,15) = 4.4, p = 0.053, η2 = 0.22), 
indicating that participants were significantly faster at responding to tactile stimuli on 
the right foot (483ms ± 85 SD) than the left foot (502ms ± 87 SD). There was no interaction 
between distance and side, however (F(4, 60) = 0.6, p = 0.61, η2 = 0.04). 

3.2.1.2. Curve-fitting analysis
Right leg. Shapiro-Wilk tests revealed that the R2 values for the linear (W = 0.87, p = 0.035) 
and the sigmoidal (W = 0.84, p = 0.01) fits were not normally distributed. Thus, Wilcoxon 
signed-rank tests were conducted. There was no difference between linear (median = 0.26, 
IQR = 0.13 – 0.54) and sigmoidal (median = 0.28, IQR = 0.11 – 0.81) fits based on the R2 (W = 
74, p = 0.7). Paired samples t-tests revealed that RMSEs (in ms) for the sigmoidal fits (22.0 ± 
13.3 SD) were not different from the linear fits (23.9 ± 12.0 SD; t(15) = -1.9, p = 0.1, d = -0.4). 
Since there was no difference between the two fits, we took a pragmatic approach and chose 
a sigmoid fit. Therefore, the central point of the sigmoid was taken as the PPS boundary 
(68.8 cm ± 26.1). See figure 2 for visualization of individual sigmoid fits. 
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Figure 2. Mean reaction times (represented as red opaque circles) and sigmoidal fits (red lines) for the right 
leg of individual control participants (represented a P for participant followed by participant number). The 
y-axis represents the reaction time (RT) in milliseconds and the x-axis represents the distance from the foot (in 
centimeters) that the visual stimulus was located when the tactile stimulus was administered.

Left leg. Shapiro-Wilk tests revealed that R2 values for the sigmoidal fit were not normally 
distributed (W = 0.86 , p = 0.025). Wilcoxon signed-rank tests revealed that R2 values for the 
sigmoidal fit (median = 0.80, IQR = 0.49 – 0.90) were significantly higher than for the linear 
(median = 0.45, IQR = 0.42 – 0.66) fit (W = 128, p < 0.001). Paired samples t-tests revealed that 
RMSEs for the sigmoidal fits (19.5 ± 16.1 SD) were significantly lower than for the linear fits 
(24.0 ± 15.5 SD; t(15) = -3.4, p = 0.004, d = -0.8). These results suggest that the data were better 
explained by the sigmoidal function. Therefore, the central point of the sigmoid was taken 
as the PPS boundary (66.9 cm ± 22.6). See figure 3 for visualization of individual sigmoid fits. 

Right leg compared to left leg. A paired samples t-test revealed no difference in PPS 
boundaries for the left and right legs (t(15) = -0.3, p = 0.76, d = -0.07). Sigmoid slope values 
were not normally distributed (p < 0.02). Wilcoxon signed-rank tests revealed no difference 
in slope values (i.e. the ‘steepness’ of the change from PPS to extra-personal space) for the 
left (median = 0.9, IQR = -0.4 – 2.0) and right (median = 0.6, IQR = 0.1 – 3.5) feet (W = 82, p = 
0.4). Taken together, PPS around the left and right feet were similar for controls.
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Figure 3. Mean reaction times (represented as blue opaque circles) and sigmoidal fits (blue lines) for the left 
leg of individual control participants (represented a P for participant followed by participant number). The 
y-axis represents the reaction time (RT) in milliseconds and the x-axis represents the distance from the foot (in 
centimeters) that the visual stimulus was located when the tactile stimulus was administered.

3.2.2. BIID participants
Mean reaction times per distance, per leg per participant ( for bimodal visuotactile trials 
only, i.e. D1 – D5 from figure 1) were fitted to linear and sigmoid fits for the BIID participants. 
Unlike controls, we did not conduct a formal statistical analysis comparing the two fits. In 
order to compare the BIID participants to controls, however, we took a pragmatic approach 
and used the sigmoid fit to explore the data further. RMSEs and R2 values for each BIID 
participant (as well as the mean and SD for controls) are shown in table 3. 

Comparisons to corresponding leg of control participants
Overall mean reaction times did not differ between each BIID participant and controls for 
the affected (p > 0.1) nor for the unaffected (p > 0.8) legs. 

Curve fitting. RMSEs, R2, slopes, and PPS boundaries (i.e. central point of the sigmoid(s)) 
for the left and right legs of each BIID participant were compared to the corresponding 
leg of controls. See figure 4 for mean reaction times per distance with individual sigmoid 
fits. One-tailed tests comparing the boundaries were conducted for the affected legs (as 
we hypothesized a smaller PPS for this leg) and two-tailed tests were conducted for the 
unaffected legs. 
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1-LA. Right leg (unaffected leg). RMSE (22.3ms) did not differ from controls (p = 0.84, 
effect size (Z-CC) = 0.02). R2 (-0.08) did not differ from controls (p = 0.27, effect size (Z-CC) = 
-1.16). However, since R2 was negative, we could not interpret the boundary or slope for this 
participant’s right leg. Left leg (affected leg). RMSE (8.3ms) did not differ from controls (p 
= 0.50 effect size (Z-CC) = -0.69). R2 (0.80) did not differ from controls (p = 0.67, effect size (Z-
CC) = 0.41). The slope (9.97) also was not different from controls (p = 0.26, effect size (Z-CC) 
= 1.18). The PPS boundary (67.7 cm) was not significantly smaller than for controls (p = 0.42, 
effect size (Z-CC) = 0.03). 

Figure 4. Mean reaction times (represented as opaque circles) and sigmoidal fits ( for the right legs (top row, in 
red) and left legs (bottom row, in blue) of individual BIID participants (participant number and affected leg as title 
for each plot). The y-axis represents the reaction time (RT) in milliseconds and the x-axis represents the distance 
from the foot (in centimeters) that the visual stimulus was located when the tactile stimulus was administered.

Table 3. Goodness-of-fit values for the right and left legs of BIID participants and controls (average and standard deviation). Units for RMSE values are milliseconds. The lower the RMSE (minimum 0) value and the higher the R2 value (minimum 0 to maximum 1), the 
better the fit for the given mathematical model. 

RIGHT LEFT

SUBJECTS RMSE (ms) R2 RMSE (ms) R2

Sigmoid Linear Sigmoid Linear Sigmoid Linear Sigmoid Linear

1-LA 22.4 22.2 -0.01 0.00 8.3 11.4 0.80 0.62

2-LA 16.1 16.1 0.18 0.17 9.2 12.0 0.55 0.23

3-RA 30.1 35.6 0.77 0.67 8.2 15.8 0.93 0.75

CONTROLS [AVE. (SD)] 22.0 (13.3) 23.9 (12.0) 0.42 (0.37) 0.34 (0.31) 19.5 (16.1) 24.0 (15.5) 0.66 (0.30) 0.51 (0.24)
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2-LA. Right leg (unaffected leg). RMSE (16.1ms) did not differ from controls (p = 0.66, 
effect size (Z-CC) = -0.44). R2 (0.18) did not differ from controls (p = 0.53, effect size (Z-CC) 
= -0.66). The slope (0.46) also was not different from controls (p = 0.55, effect size (Z-CC) = 
-0.62). Finally, the PPS boundary (90.6 cm) was not different from controls (p = 0.43, effect 
size (Z-CC) = 0.83). Left leg (affected leg). RMSE (9.1ms) did not differ from controls (p 
= 0.54, effect size (Z-CC) = -0.64). R2 (0.55) did not differ from controls (p = 0.69, effect size 
(Z-CC) = -0.38). The slope (9.7) also was not different from controls (p = 0.28, effect size (Z-
CC) = 1.15). The PPS boundary (90.6 cm) was not significantly smaller than for controls (p 
= 0.16, effect size (Z-CC) = 1.04). 

3-RA. Right leg (affected leg). RMSE (30.0ms) did not differ from controls (p = 0.56, effect 
size (Z-CC) = 0.60). R2 (0.77) did not differ from controls (p = 0.40, effect size (Z-CC) = 0.88). 
The slope (6.2) also was not different from controls (p = 0.31, effect size (Z-CC) = 0.50). The 
PPS boundary (78.4 cm) was not significantly smaller than for controls (p = 0.35, effect size 
(Z-CC) = 0.36). Left leg (unaffected leg). RMSE (8.1ms) did not differ from controls (p =0.49, 
effect size (Z-CC) = -0.7). R2 (0.93) did not differ from controls (p = 0.41, effect size (Z-CC) 
= 0.86). The slope (4.1) also was not different from controls (p = 0.68, effect size (Z-CC) = 
0.41). Finally, the PPS boundary (40.2 cm) was not different from controls (p = 0.26, effect 
size (Z-CC) = -1.18). 

Affected leg versus unaffected leg.
The boundaries for the left and right legs for LA-2 and RA-3 were compared using Bayesian 
tests on the difference between the cases’ standardized scores (BSTD). Since LA-1 had a 
negative R2 for fitting both sigmoid and linear models, we could not compare the boundaries 
between his affected and unaffected leg. 

Table 3. Goodness-of-fit values for the right and left legs of BIID participants and controls (average and standard deviation). Units for RMSE values are milliseconds. The lower the RMSE (minimum 0) value and the higher the R2 value (minimum 0 to maximum 1), the 
better the fit for the given mathematical model. 

RIGHT LEFT

SUBJECTS RMSE (ms) R2 RMSE (ms) R2

Sigmoid Linear Sigmoid Linear Sigmoid Linear Sigmoid Linear

1-LA 22.4 22.2 -0.01 0.00 8.3 11.4 0.80 0.62

2-LA 16.1 16.1 0.18 0.17 9.2 12.0 0.55 0.23

3-RA 30.1 35.6 0.77 0.67 8.2 15.8 0.93 0.75

CONTROLS [AVE. (SD)] 22.0 (13.3) 23.9 (12.0) 0.42 (0.37) 0.34 (0.31) 19.5 (16.1) 24.0 (15.5) 0.66 (0.30) 0.51 (0.24)
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2-LA. Left leg versus right leg PPS boundary. The difference between the case’s 
standardized scores was not statistically significant (one-tailed) on the BSTD (p = 0.42, 
effect size (Z-DCC) = -0.21). 

3-RA. Left leg versus right leg PPS boundary. The difference between the case’s 
standardized scores was not statistically significant (one-tailed) on the BSTD (p = 0.08, 
effect size (Z-DCC) = 1.515). 
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4. Discussion 

In the current study we examined peripersonal space (PPS) around the lower limbs in 
three males with BIID, who desired unilateral amputation of one of their legs, and in 16 
healthy male participants. We used a visuotactile interaction task to examine the average 
boundaries of the leg PPS. Participants were asked to respond to a vibration on their left 
or right toe while a task-irrelevant (animated) visual stimulus approached that same toe. 
The size of a person’s PPS can be extracted by examining the relationship between the 
proximity of the visual stimulus and the reaction times to the tactile stimuli. Recently, we 
found that reaction times to tactile stimuli around the lower limbs are faster when the 
visual stimulus is within about 75 cm from the toes (Stone et al. 2018b). We replicate these 
findings and also show that PPS size is similar for both legs. In addition, we expected to 
find a diminished PPS around the affected leg (i.e. the leg desired to-be-removed) in BIID 
participants compared to the corresponding leg of controls and their other (unaffected) leg. 
In contrast, we found that PPS around both affected and unaffected legs in (3 men with) 
BIID did not differ from that of healthy controls. These findings extend our knowledge about 
lower limb PPS representations and provide insight into bodily self-consciousness in the 
rare condition of BIID. 

We found that the size of PPS around the lower limbs in our healthy control group was 
around 70 cm (with a large standard deviation of ~25 cm). This finding is in line with our 
previous report (Stone et al. 2018b) wherein we looked at PPS around the legs as a whole, 
rather than for each leg separately. Moreover, this distance is similar to what has been found 
for PPS around the trunk (Noel et al. 2015a; Serino et al. 2016), which might share PPS with 
the lower limbs. Furthermore, we found that average PPS boundaries did not differ between 
the left (~67 cm) and right (~69 cm) legs, nor did the average slopes (which reflects the 
overall shape of the PPS). This suggests that PPS, at least measured in a task such as this 
one, is similar for both legs. This is perhaps not surprising as actions made with the lower 
body are usually made in tandem and do not usually play different roles (except for, perhaps, 
during a sport). Although, asymmetries in left and right PPS have been revealed before. One 
study showed that right-handed people have a larger PPS on their left side whereas left-
handed people have a similar PPS for both sides of the body (Hobeika et al. 2018). Moreover, 
people who have had an upper limb amputation have a smaller PPS around the stump than 
for the intact limb (Canzoneri et al. 2013a). While studies investigating lower limb PPS 
around the amputated and intact limb are lacking, an unpublished case study from our lab 
revealed a normal PPS around the intact limb of a lower limb amputee. If PPS were one in 
the same for both legs (or arms in the aforementioned study), one might expect PPS for the 
intact limb to reduce in the absence of a limb. Taken together, we show that PPS is similar 
around each leg in healthy individuals. 
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We also investigated whether PPS around the legs was different in a small sample of men 
with BIID. People with BIID, particularly those who desire amputation of a limb, feel like 
that limb is foreign and does not belong do them, stating that they are ‘overcomplete’ 
with the limb (e.g. Blom et al. 2012). However, this disturbed feeling of ownership over 
the body part is not delusional – they know that the part is physically attached to them, 
functions fine, and is under their control (Brugger et al. 2016). It remains unknown why BIID 
manifests itself. However, many studies have suggested that it could be due to a (probably 
congenital) disturbed representation of the body (part) in the brain (McGeoch et al. 2011; 
Hilti et al. 2013; van Dijk et al. 2013; Blom et al. 2016b; Hänggi et al. 2016; Hänggi et al. 
2017; Oddo-Sommerfeld et al. 2018). This produces a mismatch between how the body 
physically is and how the individual internally perceives it should be. This results therefore 
in a desire to abolish the structure and/or function of that part so as to be aligned with 
the internal representation. What consequences might ensue from this disturbed internal 
representation? Interestingly, two studies have revealed that the physiological response 
to stimuli approaching and contacting the affected leg in people with a unilateral lower-
limb amputation desire is different than for the unaffected leg and the corresponding leg 
of healthy controls (Brang et al. 2008; Romano et al. 2015). That is, approaching (but not 
contacting) the unwanted (affected) leg showed a reduced skin conductance response 
(SCR) in comparison to the unaffected leg (Romano et al. 2015). What is more, contacting 
the unwanted leg elicited an exaggerated SCR (compared to the unaffected leg), as if the 
brain did not predict the touch, even though the approach of the stimulus (pin and cotton 
swab) was in full view. This failure to ‘predict touch’ on the affected part suggests that PPS 
around that affected part might be different in individuals with BIID. Specifically, if there 
is a reduced SCR to stimuli approaching the affected limb, then perhaps PPS is diminished 
around the part. Analysis of the size of PPS around each BIID limb did not show differences 
in comparison to controls or to the other leg (at least in LA-2 and RA-3, as LA-1’s data 
were not suitable to fit a sigmoidal curve, see below for discussion). PPS seemed to be 
overall ‘normal’ for the BIID leg, at least using this type of measurement, suggesting that 
multisensory integration of stimuli still occurs at a faster rate near the leg compared to 
farther away, regardless of whether or not the individual desires amputation of that leg. 

Our data seemingly conflict with these previous studies. In our study, participants were 
asked to press a button whenever they felt a tactile stimulus on their toes. We used neutral 
tactile and visual stimuli in our study, while Romano and colleagues used a neutral (cotton 
swab) and a noxious (pin) stimulus. While their results did not show an interaction between 
stimulus type and side (affected leg or unaffected leg), they did show an interaction between 
stimulus type and whether or not the stimulus contacted (or simply approached) the limb 
(i.e. contact type). Specifically, noxious stimuli elicited stronger SCR responses to touching 
(z-score of SCR: 0.66) than to simply approaching (z-score of SCR: 0.06) the limb (regardless 
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of limb), whereas neutral stimuli did not elicit discrepant SCRs between touching (z-score of 
SCR: -0.34) and simply approaching (z-score of SCR: -0.37) the legs. Their results, however, 
are discussed in terms of the interaction between contact type (touch or approach) and 
side (affected or unaffected) leg, so the results are collapsed across stimulus type. Recently, 
Bufacchi and Iannetti (2018) argued that PPS size depends not only on the proximity of 
a stimulus but also on its behavioural relevance to a given action or set of actions. The 
stimuli in our study were behaviourally relevant to prepare button presses made with the 
hand, but not for preparing to retract the legs from something threatening, per se. Thus, an 
investigation of PPS in BIID with threatening stimuli instead therefore might provide results 
more in line with a diminished PPS around the unwanted leg. 

But why would the brain still maintain some form of PPS around a leg that presumably 
does not belong to the body (or is not properly inscribed into the body representation)? 
We provide three non-mutually exclusive explanations for this. First, it is possible that the 
brain treats the leg as a sensorimotor tool. Several behavioural studies have shown that 
PPS extends when people use a tool, such as a computer mouse (Bassolino et al. 2010), 
wheelchair (Galli et al. 2015), a long stick (Canzoneri et al. 2013b), or prosthetic limb 
(Canzoneri et al. 2013a). For instance, use of a 1-meter stick to retrieve target objects for 20 
minutes led to an increase PPS around the hand, suggesting that PPS changed in order to 
incorporate the tool into its representation. Moreover, the size of the stunted PPS around 
the amputated upper limb ‘expanded’, to some extent, when upper-limb amputees wore a 
prosthetic hand (Canzoneri et al. 2013a). At the neurophysiological level, visual PPS neurons 
anchored to the hand in non-human primates elongate after use of a tool to retrieve food 
(lriki et al. 1996). So perhaps in the case of BIID, because the leg is physically present and 
processes primary sensory feedback normally, it repurposes itself as a tool, thereby resulting 
in normal PPS around the leg (even in the absence of ownership over that leg). Since the leg 
still maintains the possibility to act, revealed by the fact that the individual can still walk and 
use the limb, this might be sufficient to uphold a PPS representation. For example, passively 
moving the legs of paralyzed individuals restores PPS around the legs (Scandola et al. 2016), 
emphasising the tight link between PPS and action. A second explanation as to why a PPS 
might be maintained in the absence of ownership is the physical and sensory congruence 
of the leg with the body. Individuals with BIID who desire amputation of a limb often state 
that the limb feels foreign to their bodies. In line with this, it has been shown that placing a 
fake, thereby foreign, arm within the space of the real arm of a monkey elicits multisensory 
responses in about a quarter of the PPS neurons, suggesting that the visuo-proprioceptive 
congruence is sufficient to incorporate a limb into PPS (Graziano 1999; Graziano et al. 2000). 
So, while the limb might feel like it does not belong to the body in BIID, the peripersonal 
space network, through its physical appearance and congruent multisensory input might 
still process the limb as part of oneself. In turn, this facilitates visuo-tactile integration 
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near that part. Moreover, a recent meta-analysis showed that the brain areas responsible 
for feeling of body ownership and peripersonal space are significantly dissociated for the 
most part (Grivaz et al. 2017). Finally, the leg PPS could be merging with the trunk PPS. 
When the hand is placed in front of the trunk, it merges with the trunk space (Serino et al. 
2016). Similarly, when the hand is placed in front of the face, the hand blink reflex (another 
common measure of PPS) increases (Sambo et al. 2012). Perhaps in this case, the trunk PPS 
‘takes care’ of the leg PPS in BIID. Due to anatomical constraints, it is difficult to displace 
one leg’s position laterally for a long period of time, making this hypothesis challenging to 
test. Alternatively, though, it is possible that PPS is simply unimpaired in BIID. 

A brief discussion of PPS around the unaffected (normal) leg in our sample of BIID 
participants is also warranted. In fact, visual inspection of figure 4 suggests that the 
sigmoidal fits for the affected leg appear to be better than for the unaffected leg, contrary 
to what we expected. One study showed that people with BIID have a more pronounced 
rubber foot illusion for the foot that corresponds to their affected side (Lenggenhager et 
al. 2015). In this illusion, participants view a rubber foot being synchronously stroked with 
their own, unseen, real foot. This conflicting visual and tactile information is reconciled by 
referring the felt touch to where the touch is seen, leading to a feeling of ownership over 
the fake foot. Importantly, this illusion involves the integration of visual input of the fake 
foot with tactile signals on the real foot within the PPS of the body part (Preston 2013). 
Perhaps visuo-tactile integration around the unaffected leg is less distinct/pronounced for 
PPS processing (or that attentional mechanisms facilitate visuo-tactile integration for the 
affected part, e.g. see Aoyama et al. 2012). Moreover, when the visual stimulus was located 
at its farthest point from the toes, tactile reaction times for the unaffected legs of 1-LA and 
2-LA were particularly fast (resulting in disrupted curve fits). One can envision that if these 
response times mimicked the next closest distance (89 cm), then a PPS pattern would be 
clear here. The reasons for these quick response times at the start of the trial are unknown, 
but this pattern of responses was not unlike some of the control participants (e.g. right foot 
of P-8, P-15, or left foot of P-5, see figures 2 and 3). 

As BIID is such a rare (and secretive) condition, recruitment of sample sizes of homogenous 
types of BIID sufficient for a group-level analysis is a challenge. Several other studies 
investigating BIID have faced similar challenges (e.g. Brang et al. (2008), n = 2; Aoyama et 
al. (2012) n = 5; Bottini et al. (2015), n = 7; van Dijk et al. (2013), n = 5) with many being case 
studies (Parsons et al. 1981; Everaerd 1983; Bensler and Paauw 2003; Storm and Weiss 2003; 
Braam et al. 2005). While three individuals might not be representative of the entire BIID 
population, their patterns of behaviour are overall similar, particularly for the affected leg. 
This incites some level of confidence in concluding that PPS is ‘normal’ for the BIID leg. 
However, this task might be more suitable to use at a group level, rather than at an individual 



Peripersonal space in BIID   |   179

6

level. Visualization of the individual fits ( figures 2 and 3) of the control sample show large 
variability in response patterns at the individual level, even between one’s own legs. Studies 
have shown that several factors can influence the size of one’s PPS, for example: individual 
differences in brain activity (Ferri et al. 2015a), emotional states such as anxiety (Sambo 
and Iannetti 2013) or fear (Taffou and Viaud-Delmon 2014; Ferri et al. 2015b; de Haan et al. 
2016), one’s level of interoceptive accuracy (Ardizzi and Ferri 2018), anxiety disorders such 
as claustrophobia (Hunley et al. 2017). However, the desire to amputate a healthy leg does 
not seem to be one of these factors, at least with use of this current measure. 

In conclusion, the size of PPS around the left and right legs is similar in healthy individuals. 
Moreover, we found that the size (and shape) of PPS around the unwanted leg in BIID did 
not differ from that of controls and of the unaffected leg. This implies that visuo-tactile 
processing of neutral stimuli around the leg is normal in BIID. So, while the limb might feel 
foreign to the individual, the brain still seems to integrate multisensory input near that leg. 
These results might reflect and reiterate the feeling of ‘overcompleteness’ that people with 
BIID experience – such that sensory information about the leg is still processed in order 
to act with and protect the leg, but the internal experienced representation is that of a 
congenital amputee. As one of our BIID participants in the current reported stated: “In my 
head it feels like my right leg is amputated above the knee”. Future research uncovering the 
foundation of such statements is needed to in order to understand the mechanisms that 
drive this condition. 
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Mental rotation of feet in individuals with 
Body Integrity Identity Disorder, lower-limb 
amputees, and normally-limbed controls



Abstract

Body Integrity Identity Disorder (BIID) is a non-psychotic condition wherein individuals 
desire amputation or paralysis of one or both healthy, fully-functioning legs. Individuals with 
BIID have been suggested to have a mismatch between the perceived mental image of the 
body and the actual physical structure of the body, such that their desired internal identity 
matches that of a congenital lower-limb amputee. Accordingly, studies have reported an 
altered central network involving body representation of the legs in BIID, but its relationship 
to behavior remains unclear. In the present study, we investigated the integrity of body 
representation in individuals with BIID, acquired lower-limb amputees, and normally-
limbed controls using an online mental rotation task. Participants judged the laterality of 
left and right foot images presented from different views, orientations, and of different types. 
We expected BIID participants to be slower for mentally rotating images that corresponded 
to their affected legs than lower-limb amputees and normally-limbed participants. We 
found no significant difference between groups based on laterality of feet. All participants 
were slower at judging feet presented in awkward postures than natural postures, replicating 
previous studies and validating our online paradigm. The results are discussed in terms of 
the robust nature of visual and sensorimotor lower-limb representations, whether related 
to the self or as prototype, in the context of disturbed lower-limb integrity. 
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1. Introduction

Body Integrity Identity Disorder (BIID) is a rare condition characterized by a strong and 
persistent desire to amputate or paralyze one or more healthy limbs (First and Fisher 2012). 
The desire to amputate or paralyze a body part presumably arises from experiencing a 
mismatch between the perceived mental representation of the body and the actual physical 
structure and/or boundaries of the body itself (Blom et al. 2012). Individuals with this 
condition, particularly those who desire amputation of a limb, describe themselves as feeling 
“overcomplete” and as though the limb does not belong to them, experiencing a sense of 
(non-delusional) disownership over the part. While research is scant on this subject, it has 
been growing in recent years (Hilti et al. 2013; Blom et al. 2016b; Hänggi et al. 2017; Macauda 
et al. 2017; Oddo-Sommerfeld et al. 2018). The condition manifests before adolescence, 
usually affects males, and the desire to amputate/paralyze is usually directed towards the 
lower limbs (legs and feet) (Blom et al. 2012; Brugger et al. 2016). BIID is not yet included in 
the most recent version of the Diagnostic and Statistical Manual of Mental Disorders (DSM-
5). However, it is set to be included in the next version of the International Classification 
of Diseases (ICD-11) as Body Integrity Dysphoria (under the category ‘disorders of bodily 
distress’). At this point, treatment for the condition has not yet been developed. 

While BIID is not a product of any apparent brain damage (e.g. van Dijk et al. 2013), recent 
imaging studies suggest that there are structural and functional alterations to brain areas 
that contribute to representing and maintaining a coherent representation of the body 
(particularly within the sensorimotor system). These areas generally refer to frontal, parietal, 
and insular areas, but have extended to the thalamus, basal ganglia, and cerebellum as 
well (McGeoch et al. 2011; van Dijk et al. 2013; Blom et al. 2016b; Hänggi et al. 2016; Hänggi 
et al. 2017). For instance, the premotor cortex (PMC) plays a critical role in integrating 
multisensory information about the body (Gentile et al. 2015; Limanowski and Blankenburg 
2016) and particularly for creating a feeling of body ownership (i.e., the feeling that my body 
(part) belongs to me; Ehrsson 2004; Gentile et al. 2013). In a sample of 5 BIID participants 
with unilateral leg amputation desire, van Dijk et al. (2013) revealed that the ventral PMC 
shows reduced activity in response to tactile stimulation of the affected limb in comparison 
to the unaffected limb. Blom et al. (2016b) revealed reduced grey matter volume in the left 
PMC in a sample of 8 individuals with BIID. Parietal areas, such as the superior parietal 
lobule (SPL) and the inferior parietal lobule (IPL), which play a critical role in feelings of 
body awareness (Kammers et al. 2009; Naito et al. 2016), processing configuration of the 
body (Bonda et al. 1995), and the overall representation of the body (Critchley 1953), are 
also affected in BIID. Specifically, McGeoch et al. (2011) showed, in a sample of 4 BIID 
participants, that activity of the SPL was reduced in response to tactile stimulation on the 
affected compared to unaffected limb. In line with this, Hilti et al. (2013) revealed reduced 
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cortical thickness of the right SPL and reduced cortical surface area of the secondary 
somatosensory cortex and anterior insula (involved in overall awareness of the bodily state 
(Craig 2009)) in a sample of 13 participants with amputation-variant (i.e. those who desire 
amputation of a limb) BIID. Moreover, the primary somatosensory cortex (SI), which holds 
a somatosensory map of the body, showed reduced cortical surface area, particularly for 
the leg/foot representation in this sample (Hilti et al. 2013). These same individuals also 
had structural and functional hyperconnectivity in their sensorimotor areas (Hänggi et al. 
2017). Also, subcortical areas like the thalamus and basal ganglia (Hänggi et al. 2016) and the 
cerebellum (Blom et al. 2016b) have displayed anatomical alterations in BIID participants. In 
addition, a recent study showed that brain activity while viewing images of oneself that were 
edited in a way that the participant appeared to be amputated could predict whether the 
participant belonged to the amputation-variant BIID (or specifically: xenomelia, meaning 
‘foreign limb’) or control group. These predictive brain regions (like the IPL, SPL, caudate 
nucleus, occipital areas) overlapped with the areas responsible for creating a coherent 
representation of the body (Oddo-Sommerfeld et al. 2018). 

This growing evidence for an altered or perhaps even impaired representation of the body, 
particularly within the sensorimotor system, in individuals with BIID provides support for 
the claims that these individuals internally identify as an amputee. This is highlighted in 
the following statements by participants in our online investigations:

“My body doesn’t react differently when it comes to my BIID-body part but there is a very 
distinct feeling below a certain place where it feels like an attachment that isn’t supposed 
to be there. Actually, a bit like a prosthetic [limb] - it’s there to keep me up and walking but 
it is an attachment.”

“My brain tells me that I am a left below knee amputee and my leg should end 5 inches 
below that knee.”

“For me, BIID is best described as my body feeling like two distinct halves, one of which 
isn’t really on the right ‘wavelength’; legs are attached and fully functional, but for some 
inexplicable reason, I am aware they shouldn’t be.”

There are few studies that have examined the behavioural outcome of these altered body 
representations. Recently, Macauda and colleagues (2017) explored the implicit (via an 
implicit association task) and explicit (via a questionnaire) attitudes about amputated and 
non-amputated bodies in a sample of BIID participants, lower-limb amputees, and normally-
limbed controls participants. They showed that BIID participants have a stronger implicit 
and explicit preference for amputated bodies, when compared to amputees and normally-



Mental rotation of feet   |   185

7

limbed controls. In addition, Lenggenhager and colleagues (2015) showed that BIID 
individuals with unilateral lower-limb amputation desire experience a more vivid rubber 
foot illusion (i.e. an illusion of ownership over an artificial foot during congruent visuotactile 
stimulation of one’s own and the artificial foot) for the affected foot compared to control 
participants, perhaps reflecting a poorly inscribed central lower-limb representation. These 
findings indeed corroborate the quoted statements above and provide insight how these 
underlying representations of the body can affect behaviour. However, an understanding 
of body representation(s) in BIID is still in its infancy. How can we further behaviourally 
examine this experienced representation of the body, and more specifically the integrity (or 
perhaps lack thereof) of the affected limb in BIID? As we still do not know the origins of the 
disorder, it could prove beneficial to explore different forms of body representation in these 
individuals in order to elucidate the underlying mechanisms of BIID. 

While there are several ways to investigate body representation, tasks involving mental 
rotation of a body part are a simple and elegant way to investigate the integrity of body 
representations in the brain. In a standard version of the task, participants are asked to 
make judgements about the laterality of a pictured body part (Parsons 1987). The left or 
right body part can be displayed in different orientations ( from first-person perspective 
to third person perspective) and from different views (top or bottom of the body part). 
In order to successfully make a judgement about the body part’s laterality, participants 
will internally compare the displayed image to their own body part, and then mentally 
rotate their body part until it matches the posture of pictured part, making an imagined 
spatial transformation of the limb (Parsons 1987) which is reflected by prolonged reaction 
times in the laterality judgment. Evidence for this egocentric mental rotation strategy 
during the task comes from behavioural and imaging data. For example, participants 
are slower and less accurate when making judgements about parts viewed from a third-
person perspective compared to a first-person perspective or from the bottom of the 
body part compared to the top (Nico et al. 2004; de Lange et al. 2006; Ionta et al. 2007; 
Ionta and Blanke 2009). And while the same pattern of behaviour also emerges for mental 
rotation of objects or letters, it is exaggerated for body parts (Dalecki et al. 2013; Krüger 
et al. 2014), reinforcing the suggestion that reference to one’s own body representation is 
critically involved in the process. The sensorimotor system, including bilateral PMC, SPL, 
the intraparietal sulcus, left IPL, left insula, primary motor area, and SI, plays an active role 
in mental rotation (e.g. Bonda et al. 1995; Parsons et al. 1995; Ganis et al. 2000; Vingerhoets 
et al. 2001; Wraga et al. 2003; de Lange et al. 2006; Berneiser et al. 2018, for a review see 
Tomasino and Gremese 2015). Specifically, when compared to mentally rotating objects, 
mental rotation of body parts engages additional sensorimotor areas implicated in 
preparing a movement (primary motor cortex, SPL, IPL, insula, primary visual cortex, 
and other frontal areas, see Kosslyn et al. 1998). This provides further support that an 
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intact sensorimotor representation of the body is important for mental rotation of body 
parts. Interestingly, several of the brain areas involved in mental rotation tasks overlap 
with the ones that are altered in BIID (e.g. SPL, IPL, PMC, SI).

Several studies have shown that performance during mental rotation of body parts is 
modulated by central and peripheral representations of the body. For instance, individuals 
with an acquired upper-limb amputation are slower and less accurate at making 
judgements about the laterality of the amputated hand, particularly if the dominant hand 
was amputated, when compared to the intact hand and to control participants (Nico et al. 
2004). With respect to the lower limbs, only one study has investigated mental rotation of 
body parts following lower-limb amputation (Curtze et al. 2010). While normally-limbed 
controls showed an advantage for making judgements about the right feet (presumably 
because of foot dominance), the amputees did not show a laterality effect. Moreover, the 
presence/absence of phantom sensations during the experiment influenced reaction times 
(though this interaction was not explicitly described). These findings encourage further 
exploration of the effects of lower limb amputation on mental rotation. Performance 
regarding mental rotation of body parts is also affected in individuals who are paralyzed 
(Ionta et al. 2016, c.f. Johnson 2000; Johnson et al. 2002), suffer from long-term pain (Coslett 
et al. 2010; Reinersmann et al. 2010), or have movement disorders that elicit long-term 
awkward and fixed postures (such as in dystonia: Fiorio et al. 2007; Katschnig et al. 2010), 
emphasizing the important role of peripheral input during mental rotation of body parts. It 
is important to note that the impairments in performance (delayed reaction times, increased 
error rates) are usually specific to the affected body part. The effects of posture of the own 
body part on mental rotation reflects this too (de Lange et al. 2006; Fiorio et al. 2007; Ionta 
and Blanke 2009; Hoyek et al. 2014). For instance, placing the hands behind the back slows 
reaction times for laterality judgements of hands (but not for judgements of feet), but only in 
right-handed participants (Ionta and Blanke 2009). However, it remains unknown whether 
foot posture during mental rotation of feet affects laterality judgements. Finally, other 
aspects of bodily awareness like the feeling of ownership over one’s body parts might also 
disturb mental rotation. It was recently shown that stroke patients with self-reported body 
ownership impairments displayed deficits in making left-right orientation judgements about 
bodies (van Stralen et al. 2017). These studies highlight the importance of an intact body 
representation (including an intact sense of ownership) for making mental transformations 
of the body. Individuals can use visual and sensorimotor cues about the body part in order 
to solve the task, but also remembered structures of a prototypical body. Therefore, the 
task likely taps into several aspects of body representation, including sensorimotor (i.e., 
the body schema: Shenton et al. 2004) and structural (i.e., the body structural description: 
Curtze et al. 2010) representations. Which aspects of body representation are impaired in 
BIID, however, remain unknown. 
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Therefore, in the current study, we ask the question: is mental rotation of the feet impaired 
in people with lower-limb BIID? As BIID is a rare condition and obtaining large sample 
sizes in a fixed lab setting is a challenge ( for reference, see samples sizes in the studies 
mentioned above), we took an online study approach to explore this question. We tested 16 
participants with BIID, 19 individuals with an acquired lower-limb amputation, and 33 age- 
and sex-matched normally-limbed controls on a body part mental rotation task using the 
online platform Gorilla™ (www.gorilla.sc/about). Participants were asked to make laterality 
judgements about images of feet presented on-screen. Reaction times and overall error rates 
were examined. Both normally-limbed individuals and lower-limb amputees have a normal 
innate representation of their legs. However, in the lower-limb amputees, the leg itself has 
been physically compromised. However, the physical absence of a foot does not seem to 
influence mental rotation abilities (Curtze et al. 2010). In contrast, BIID participants seem 
to have a disturbed innate representation of their leg(s), even though they are physically 
intact. Therefore, we hypothesized that participants with BIID would be slower at making 
judgements about their affected parts (in this case, their feet) when compared to their non-
affected body parts and to both amputee (i.e. a clinically-oriented sample) and normally-
limbed (i.e. healthy, intact control sample) groups. 
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2. Methods and procedures

2.1. Participants
Participants with BIID. Sixteen participants (14 males, 1 female, 1 missing response) 
with self-report BIID (average age: 46.9 ± 13.8 SD, with missing age data from 2 
participants) completed the study. Eight individuals desired right leg amputation and 
eight individuals desired left leg amputation. On average, participants stated that their 
BIID feeling started around the age of 8, ranging from age 5-15, with one individual 
reporting onset at age 20. Most individuals (n = 13) had completed higher education or 
a university degree, while 2 individuals completed secondary school (1 response was 
missing). The mother tongues of participants were German (n = 9), English (n = 3), and 
Dutch (n = 1). Responses regarding mother tongue were missing for 3 participants. 
Average number of years with BIID was 38.2 (± 15 SD, range 10 to 59). Most (n = 11) were 
self-diagnosed with BIID, while the remaining stated being diagnosed by a psychiatrist. 
Eight individuals reported a specific trigger at the moment their first BIID feelings 
started, and in all cases, it involved seeing an amputee at a young age. Participants were 
recruited through online BIID support group forums (https://groups.yahoo.com/neo/
groups/fighting-it/info and https://forum.biid.ch/). 

Lower-limb amputees. Nineteen individuals with an acquired lower-limb amputation (14 
males, 5 females), with an average age of 49.2 ± 7.2 SD took part. Thirteen individuals had 
a right leg amputation whereas six individuals had a left leg amputation. The reasons 
for amputation were accident (n = 15), tumor (n = 2), consequence of injury (n = 1), and 
infection (n = 1). Most individuals (n = 10) had completed higher education or a university 
degree, while six individuals completed secondary school and two completed primary 
school (1 response was missing). The mother tongues of the participants were German (n 
= 18) and Russian (n = 1). Average number of years with an amputation was 25.8 (± 12.7 SD, 
range 8 to 47). Noteworthy, 8/19 participants were experiencing phantom limb sensations 
at that time of the task. Moreover, 17/19 participants reported using prostheses on a 
regular basis (the other 2 never used prostheses). When asked “how strongly do you feel 
the prosthesis is part of your body?” on a scale from 0 (prosthesis feels foreign to my body) 
to 10 (prosthesis feels like part of my body), average score was 5.5 ± 4.0 SD. When asked 
“how much control do you have over the movements of your prothesis?” on a scale from 0 
(no control) to 10 ( full control), average score was 7.1 ± 2.3 SD. Participants were recruited 
via telephone and email from the database described in Bekrater-Bodmann et al. (2015).

Normally-limbed controls. Thirty-three age- and sex- matched (to the BIID and amputee 
groups) control participants (26 males, 6 females, 1 preferred not to say) completed 
the study, with an average age of 43.5 years ± 11.6 SD. Most individuals (n = 28) had 
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completed higher education or a university degree, while 3 individuals completed 
secondary school (2 responses were missing). The mother tongues of the participants 
were English (n = 18), Italian (n = 3), German (n = 2), Spanish (n = 2), Portuguese (n 
= 2), Dutch (n = 1), Turkish (n =1), Estonian (n = 1), Slovak (n = 1), Urdu (n = 1), and 
Swedish (n = 1). Participants were asked if they had an amputation or if they ever 
felt like part of their body did not belong to them, in which all responded ‘no’. They 
were recruited using Prolific (https://prolific.ac/). A one-way ANOVA with age as the 
dependent variable revealed no difference between the groups (F(2,30.9) = 2.3, p = 0.1) 
A chi-square test indicated no significant differences for distribution of sex across the 
groups (χ2(4) = 3.3, p = 0.5).

All participants gave digital informed consent (by clicking “OK” on digital consent form) in 
accordance with the Declaration of Helsinki and the approval of the local ethics committee 
(protocol number: FETC16-011) before participating in the study.

2.2. Materials and task design
2.2.1. Mental rotation task. Stimuli consisted of 48 greyscale images (dimensions: 
400 x 400 pixels) of feet, which were from part of the set of images used by Curtze and 
colleagues (Curtze et al. 2010). The images included an equal number of left and right 
feet that could be real or prosthetic, presented from a plantar or dorsal view, in one of 
six orientations: 0° ( first-person perspective), 60°, 120°, 180° (third-person perspective), 
240°, or 300°. See figure 1.

Figure 1. Visualization of a portion of the stimuli used in the mental rotation task. Note that real feet were also 
presented from the top view with right laterality in all orientations. Likewise, prosthetic feet were also presented 
from the sole view with left laterality in all orientations. Use of these stimuli yielded a 6 (orientation) x 2 (side) 
x 2 (type) x 2 (view) design. 
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2.2.2. Questionnaires
2.2.2.1. Demographics and medical history
All participants completed a General Questionnaire which included questions about the 
demographics (e.g. age, sex, ethnicity) and medical history (e.g. presence of psychiatric or 
chronic medical disorder) of the participants. BIID participants completed a more elaborate 
version of the questionnaire with additional questions about their BIID (modified version 
of the BIID Phenomenology Questionnaire (Blom et al. 2012)). Amputee participants also 
completed an elaborate version of the general questionnaire with additional questions 
about the amputation and the presence of phantom limb sensations. 

2.2.2.2. Screening for mental illness
We used self-report questionnaires to examine the prevalence and extent of common 
psychiatric disorders in our sample. We used the Modified International Neuropsychiatric 
Interview Screen (MINI screen) to screen for current mood, anxiety, and psychotic 
disorders (Sheehan et al. 1998; Spotts 2008). Participants made binary (yes/no) responses to 
25 statements. A sum of >10 indicates possible psychiatric disorder. To screen for borderline-
typical symptomatology, we administered the Borderline Symptom List (BSL – 23); 
Bohus et al. 2009). Participants rated their agreement with each of the 23 statements from 
0 (not at all) to 4 (very strong) regarding their feeling/experiences in the course of the last 
week. To obtain a total score, responses are summed and divided by 23 (number of items). 
This score indicates the severity of borderline personality symptoms (Lu et al. 2018). This 
scale was included as individuals with BIID tend to score higher on inventories assessing 
borderline symptoms (Hilti et al. 2013; Hänggi et al. 2016; Hänggi et al. 2017). However, as 
noted by previous authors, this trend has likely been driven by questions relating to body 
dissatisfaction, e.g. “I found my body completely unacceptable in its present state”. However, 
these previous examinations have included the full borderline symptoms list (95 items). 
The version with 23 items, used in the current study, contains considerably less questions 
pertaining to body dissatisfaction but has similar reliability, internal consistency, and high 
level of sensitivity in comparison to the BSL-95 (Bohus et al. 2009). 

2.2.2.3. Foot dominance 
As hand dominance has been shown to influence laterality judgements during a mental 
rotation task (Ferri et al. 2012) and since it has been suggested to be similar for foot 
judgements (Curtze et al. 2010), we assessed foot dominance in our sample. To do so, 
controls and BIID participants completed a modified version of the Waterloo Footedness 
Questionnaire (WFC) (Elias et al. 1998), a 13-item questionnaire which assessed foot 
preference for different scenarios (e.g. for kicking a ball). For 10 of the items, participants 
indicated which foot they preferred for different activities (like kicking a ball) on a scale from 
-2 (left always), -1 (left usually), 0 (equal), +1 (right usually), +2 (right always). The remaining 
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3 items included open-ended questions regarding injury or special training with one foot. 
The responses are summed and responses <0 suggest left-footedness and >0 suggest right-
footedness. Amputees did not complete this questionnaire, but were simply asked “Before 
the amputation, which leg did you USUALLY prefer to use for activities such as kicking a 
ball?”. 

2.2.2.4. Functional impairment due to illness (administered to BIID participants and 
amputees only)
The Sheehan disability Scale (SDS) (Leon et al. 1997) was used to assess functional 
impairment in work/school, social, and family life due to having BIID or due to having an 
amputation. Control participants did not complete this questionnaire. The scale consists 
of three statements regarding how much the symptoms have disrupted work/school, social 
life, and family life, in which participants had to respond on a scale from 0 (not at all) to 10 
(extremely). Scores >5 on any of the questions suggest significant functional impairment in 
that area due to the condition (in this case, amputation (amputees) or desire for amputation 
(BIID)). In addition, participants indicated how many days were lost and how many days 
were underproductive in the past week due to the condition. 

2.2.2.5. BIID-specific questionnaire
In addition to the modified BIID Phenomenology questionnaire, BIID participants additionally 
completed the 12-item Zurich Xenomelia Scale (ZXS) (Aoyama et al. 2012), which consists 
of 3 subscales pertaining to 1) the strength of the participant’s amputation (or paralysis) desire, 
2) the participant’s erotic attraction to amputees/being an amputee, and 3) the extent to 
which the participant engages in pretending behaviours (i.e. simulated the bodily state of 
being amputated or paralyzed). Participants could rate their agreement with each statement 
from 1 (strongly agree) to 6 (strongly disagree). Items 1 (reverse-scored), 2, 5 (reverse-scored), 
10 are part of the ‘pure amputation (paralysis) subscale’, items 3, 6 (reverse-scored), 9 (reverse-
scored), 12 are part of ‘erotic attraction’ and items 4, 7, 8 (reverse-scored), 11 (reverse-scored) 
are part of the ‘pretending behavior’ subscale. Our ZXS was modified in such a way that the 
word ‘amputation’ was replaced with ‘paralysis’ for participants who desire paralysis. 

2.3. Procedures
As the experiment was conducted online, participants were free to complete the experiment 
from a location of their choosing. Order of task and questionnaires was randomized for each 
participant. All participants completed a series of questionnaires (specific to participant 
group) and the mental rotation task. As this was part of a larger study, participants also 
completed an emotional body map task (Nummenmaa et al. 2014) and a modified version 
of the Toronto Alexithymia Scale. Those data were part of a separate project, but collected 
together in this study for convenience, and therefore are not reported here.
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For the mental rotation task, participants were instructed to keep their foot or feet flat on 
the floor and to not change posture of their foot or feet during the experiment. They were 
instructed to judge, as quickly and accurately as possible, whether a pictured foot shown 
onscreen was a left foot or a right foot by pressing the left or right arrow key, respectively, on 
the keyboard. At the start of each trial, a blank white screen appeared for 100ms, followed 
by a black fixation cross in the center of the screen for 400ms, with a pause (blank screen) 
of 100ms after the presentation of the cross. Then an image of a foot appeared in the center 
of the screen. The image remained onscreen until the participant made a response, or if 
5000ms had passed, see figure 2. Participants completed four blocks of trials, consisting of 96 
trials each, which would each last approximately 4 minutes. All blocks had the same stimuli 
(i.e. presented 2 times for each possible combination of characteristic, e.g. left prosthetic 
foot viewed from the sole at 120°), but presentation of stimuli was randomized within each 
block. Following a block of trials, participants were encouraged to take a break (duration 
chosen by participant). After the final block, participants were asked if they had changed 
posture during the experiment and if so, they were prompted to describe this posture 
change in a comment box (e.g. “I crossed my left foot over my right foot”). Participants 
completed a total of 384 trials. 

Participants had as much time as they wanted to complete the task and questionnaires. 
After completion, participants were directed to a page with debriefing text.

Figure 2. Sequence for a single trial in the mental rotation task. Participants responded to the laterality of 
the pictured foot by pressing the left arrow key ( for left foot judgement) or the right arrow key ( for right foot 
judgement).
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2.4. Data Analysis
Data were processed and analyzed in Microsoft Excel (v. 2016) and MATLAB (v. 2017a). 
For the mental rotation task, reaction time (RT) referred to the time between stimulus 
onset and response. In Gorilla™ (www.gorilla.sc), a timestamp is recorded using JavaScript’s 
“performance.now()” when the stimulus appears and then a second timestamp is taken 
once a response (key press) is made. The difference between the two timestamps is coded 
as the reaction time (https://gorilla.sc/support/info/timing). RTs less than 300ms or greater 
than 4500ms were removed from analysis. Median percentage of trials removed from the 
BIID group was 2.3% (2.0 – 2.8 interquartile range (IQR)), from the amputee group was 2.6% 
(2.4 – 5.2 IQR), and from the normally-limbed control group was 2.6% (2.3 – 4.4 IQR). The 
Kruskal-Wallis test on the median percentage was not significant (χ2(2) = 3.8, p = 0.145). 
Only RTs with a correct response (i.e. valid trials) were considered for analysis. Median 
reaction times for each stimulus type per participant were log-transformed to correct for 
the positive skew in the data and to facilitate parametric analysis. For BIID and amputee 
participants, data were sorted by “affected” and “unaffected” (corresponding to left and 
right in controls) for homogeneity in analysis. Error rate was calculated by dividing the 
number of correct valid trials by total valid trials, resulting in a proportion from 0 to 1. Partial 
eta-squared (η²) and Cohen’s d were used to show effect sizes. When the assumption of 
sphericity was violated, the Greenhouse-Geisser correction was applied 

The design was as follows: 6 (orientation) x 2 (laterality) x 2 (type) x 2 (view) x 3 (group). 
Specifically, following the results of the repeated-measures ANOVAs on RTs, we hypothesized 
that BIID participants would be slower and less accurate at making judgements about the 
affected versus unaffected foot (expected: Group x Side interactions, compared to lower-
limb amputees and normally-limbed controls).

With respect to the questionnaire scores, the Modified MINI was compared between 
the groups using a one-way ANOVA. As BSL-23 scores were not normally distributed, 
a Kruskal-Wallis test was used to compare groups (with follow-up Mann-Whitney U 
tests). SDS scores (not normally distributed) were compared between amputees and 
BIID participants using Mann-Whitney U tests. Descriptive results are given about the 
12-item ZXS (BIID participants only). Finally, we provide explorative covariance analyses 
in the supplementary material looking at the influence of years since amputation/with 
BIID, use of prostheses, the presence/absence of a phantom limb sensations, and posture 
change during the study. 
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3. Results 

3.1. Questionnaires
3.1.1. Modified MINI 
There was no difference in Modified MINI scores between groups as revealed by a one-
way ANOVA (F(2,67) = 0.8, p = 0.9, η² = 0.003). The average scores were 4.3 ± 4.0 SD 
(normally-limbed controls), 4.5 ± 3.6 SD (amputees), and 4.0 ± 3.5 SD (BIID participants). 
There were 2 normally-limbed, 2 amputees, and 2 BIID participants who had a score 
>10, suggesting a possible mood, anxiety, or psychotic disorder. This was corroborated, 
for some participants, by their general questionnaire. Of the 2 normally-limbed controls 
with a score >10, 1 reported having bipolar disorder. Of the 2 amputees, 1 reported 
depression and emotional-unstable personality disorder of the borderline type. Of the 
2 BIID participants, 1 reported depression. The remaining of those with a high score 
did not report a psychiatric illness. 

3.1.2. BSL-23
There was a significant difference between groups on the BSL-23, as revealed by a 
Kruskal-Wallis test (χ2(2) = 15.0, p = 0.001). Follow-up Mann-Whitney U tests revealed 
a significant difference between the BIID and amputee groups (U = 56, z = -3.1, p = 
0.001), between the BIID and normally-limbed group (U = 92, z = -3.6, p < 0.0001), but 
not the normally-limbed and amputee groups (U = 301.5, z = -0.2, p = 0.8). That is the 
BIID group had higher scores (median = 1.3, IQR = 0.8 – 2.2) on the BSL-23 than the 
amputee (median = 0.4, IQR = 0.2-0.9) and normally-limbed (median = 0.5, IQR = 0.2-0.9) 
groups, in line with previous reports showing elevated scores in this population (Hilti 
et al. 2013; Hänggi et al. 2016; Hänggi et al. 2017). 

3.1.3. Foot dominance
Thirteen amputees reported right foot dominance before amputation, 4 reported left 
dominance and 2 reported ambidexterity. Eleven individuals with BIID had a positive 
score on the footedness questionnaire, suggesting a right foot dominance, while 3 
individuals had a negative score, suggesting left foot dominance (mean = 6.6 ± 10.8 SD). 
One individual with BIID did not complete the questionnaire. Twenty-seven normally-
limbed participants had a positive score on the questionnaire, while the remaining 6 
had a negative score (mean = 8.4 ± 6.6 SD). A chi-square test indicated no significant 
differences in foot dominance across groups (χ2(4) = 5.7, p = 0.2).
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3.1.4. Sheehan Disability Scale (SDS)
Participants with BIID revealed significantly higher levels of impairment due to illness 
with respect to work (U = 80.5, z = -2.3, p = 0.01) and family life (U = 93.5, z = -1.9, p = 0.05) 
compared to amputees. Scores were similar between the two groups for social life (U = 107, 
z = -1.5, p = 0.1). However, on averages, scores for all subscales and for both groups were 
not significantly greater than 5 (p > 0.1). On average, amputees lost < 1 day (0.8) in the past 
week due to their amputation, where as individuals with BIID reported 1.2 days on average 
were lost. Amputees had an average of 1.2 underproductive days due to the amputation, 
and participants with BIID had 3.5 underproductive days due to BIID. Normally-limbed 
controls did not complete this scale. Mann Whitney-U tests revealed no difference between 
the groups for days lost (U = 136, p = 0.78). However, BIID participants reported to have 
significantly more underproductive days than amputees (U = 85, p = 0.02).

3.1.5. 12-item Zurich Xenomelia Scale (ZXS)
Only BIID participants completed this scale. Average scores ± standard deviations for each 
subscale were as follows: 4.5 ± 0.4 (pure amputation desire), 3.7 ± 0.7 (erotic attraction), 
and 3.5 ± 0.9 (pretending behaviours). Total average score was 4.0 ± 0.5 out of a possible 6. 
These scores are in line with previous studies using this scale to describe BIID samples (e.g. 
Aoyama et al. 2012; Hilti et al. 2013; Hänggi et al. 2016). 

3.2. Mental rotation task
3.2.1. Reaction times
A 6 (orientation) x 2 (laterality) x 2 (type) x 2 (view) x 3 (group) repeated-measures ANOVA 
was conducted on the mean of the log-transformed reaction times, with group as the 
between-subjects factor. There was a main effect of orientation (F(3.2, 211.8) = 299.1, p < 
0.0001, η² = 0.82), indicating that participants were slower to react as the images moved 
from 1st to 3rd person perspective and back from 3rd to 1st person perspective (e.g. 0 to 180 
degrees, from 180 to 300 degrees). There was a main effect of view (F(1, 65) = 315.9, p < 
0.0001, η² = 0.82), indicating that participants were faster to react to feet viewed from the 
top compared to the sole. There was a main effect of type (F(1, 65) = 4.3, p =0.04, η² = 0.06), 
indicating that participants were faster to react to prosthetic feet than real feet. There was 
an interaction between orientation and type (F(3.8, 253.2) = 5.5. p < 0.0001, η² =0.07). Follow 
up paired-samples t-tests revealed that participants were significantly slower at making 
judgements about real feet compared to prosthetic feet oriented at 120 degrees (t(67) = 
-4.2, p < 0.001; p > 0.1 for all other comparisons). Participants were also significantly faster 
for prosthetic feet at 120 degrees versus 180 degrees (t(67) = -3.6, p = 0.001), whereas they 
were equally slow for real feet at 120 degrees and 180 degrees (t(67) = 0.5, p = 0.5), possibly 
reflective of an imagined awkward posture of one’s own body (see figure 3).
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Figure 3. Bar graph displaying (untransformed) average reaction times in milliseconds to images of real or 
prosthetic feet at different orientations (0-300 degrees) across all groups. Note the significant difference between 
prosthetic feet presented at 120 and 180 degrees. Also note the significant difference between real and prosthetic 
feet at 120 degrees, but no difference for any of the other orientations. Error bars indicate standard deviation. 
**p < 0.001.

There was also an interaction between orientation and view (F(3.4, 221.8) = 53.0, p < 0.0001, 
η² = 0.44). Follow-up paired samples t-tests revealed a significant difference between view 
(top, sole) at each level of orientation p < 0.001 for all comparisons. However, the effect size 
(Cohen’s d) was smallest for the difference between top and sole at 180 degrees (0.4, between 
small and medium effect), whereas the effect size for the difference between top and sole 
for all other orientations was > 1.2 to 2.2 (whereby > 0.8 is a larger effect size).

There was an interaction between orientation, type, and view (F(4.4, 290.6) = 537.4, p < 
0.0001, η² =0.1). Follow-up paired samples t-tests showed that while there was a difference 
between top and sole views for real feet at 180 degrees (t(67) = -5.8, p < 0.001, and p < 0.001 
for top versus sole in all other orientations), there was no difference between reaction times 
for top and sole views of prosthetic feet oriented at 180 degrees (t(67) = -0.6, p = 0.5, but p 
< 0.001 for all other orientations). There was no main effect of group (F(2, 65) = 0.2, p =0.79, 
η² =0.007). However, there was an interaction between orientation, view, and group. (F(10, 
325) = 2.2, p = 0.01, η² =0.06). Follow-up paired-samples t-tests per group revealed that while 
normally-limbed participants were significantly faster at making judgements about feet 
presented from the top at 180 degrees than from the sole (t(32) = -3.1, p = 0.003 and between 
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all other orientations (p < 0.001 for all), BIID (t(15) = -2.0, p = 0.06) and amputee (t(18) = 
-1.1, p = 0.26) participants showed no difference in reaction times for feet viewed from the 
top or sole but only when they were oriented at 180 degrees (i.e., third person perspective). 
However, both groups were significantly faster at making judgements about feet viewed 
from the top versus the sole for all other orientations (p < 0.001 for all). Importantly, there 
was no interaction between laterality and group (F(2, 65) = 0.5, p = 0.5, η² =0.01), and no other 
interactions with side (p > 0.1 for all interactions). Taken together, these results show no 
support for our hypotheses that BIID participants would be slower for making judgements 
about images corresponding to their affected/amputated feet compared to their non-
affected/intact foot and compared to the other two groups (see figure 4).

Figure 4. Bar graph displaying (untransformed) average reaction times in milliseconds to foot stimuli presented at 
different views (sole, top), orientations (0-300 degrees) and groups (BIID, amputees, and normally-limbed controls). 
Note that normally-limbed participants were significantly faster at making judgements about feet viewed from the top 
at 180 degrees (i.e. 3rd person perspective, *p = 0.003), while this was not the case for BIID and amputee participants. 
Top views yielded significantly faster reaction times for all other orientations and all groups (not shown here for 
clarity sake, p < 0.001 for all comparisons, critical p following Bonferroni-correction was 0.004). N.S. = not significant.

3.2.2. Error rates
Error data were not normally distributed for several conditions (i.e. error rates were 0, 
greatly skewing the distribution). Therefore, we decided to collapse across all conditions 
and look at error rates between groups using a Kruskal-Wallis test. Median error rates and 
interquartile ranges were as follows: BIID participants (0.02 ± 0.01 – 0.03), amputees (0.02 
± 0.02 – 0.05), normally-limbed controls (0.07 ± 0.02 – 0.14). The Kruskal-Wallis test was 
significant (χ2(2) = 7.1, p = 0.03). Follow-up Mann-Whitney U tests revealed no difference 
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in overall error rates between amputees and BIID participants (U = 100.5, p = 0.08), nor 
between amputees and normally-limbed participants (U = 227.5, p = 0.1). However, there 
was a difference between BIID and normally-limbed participants (U = 156.5, p = 0.02), insofar 
that normally-limbed participants had a slightly higher error rates than BIID participants 
(see figure 5). 

Figure 5. Box plot displaying median error rate and interquartile range for all groups. Note that the normally-
limbed group had a significantly higher error rate than BIID, but not amputee, participants. Medians for each 
group are represented as the center. Space within the box above the medians represent the third quartiles, and 
space within the box below the medians represent the first quartile. The whiskers represent maximum (above 
box) and minimum (below box) values. The outlined circles represent extreme scores. * p < 0.05.
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4. Discussion

In the current study we investigated whether disrupted feelings of lower-limb integrity (as 
in BIID) influenced performance on a task involving mental rotation of feet. In an online 
study, participants were asked to judge the laterality of foot images presented from different 
views, orientations, laterality, and as different types. As the task usually involves mentally 
rotating one’s own body part to match the pictured foot, we expected individuals with 
BIID to be slower than lower-limb amputees and normally-limbed participants at making 
judgements about feet that corresponded to their affected side (i.e. the side desired to be 
amputated). Contrary to our expectation, we did not find any differences between groups 
based on laterality. BIID participants performed similarly to lower-limb amputees and 
normally-limbed participants on this task, which suggests a preserved ability to mentally 
rotate affected body parts in this population. 

BIID is a rare condition characterized by a strong and persistent desire to amputate or 
paralyze one or more healthy limbs, usually the leg(s) (Sedda 2011). Studies involving 
BIID participants have revealed an altered network in the brain for representing the body, 
especially the lower limbs. Specifically, there is evidence of a central under-representation 
of the legs (mainly in the paracentral lobule) and issues with multimodal integration of that 
limb, i.e. failed activation of the premotor and superior parietal lobule in response to tactile 
stimuli on the limbs (McGeoch et al. 2011; Hilti et al. 2013; van Dijk et al. 2013; Hänggi et 
al. 2017). These findings suggest that there might be issues integrating lower level sensory 
input with higher order models of the body, models which are likely abridged in BIID. We 
aimed to tap into this compromised representation of the leg in BIID by asking participants 
to mentally rotate images of feet, a task that is presumably completed by temporarily using 
one’s own body part representation to make a laterality judgement. The finding that all 
participants were slower to make judgements about feet in awkward postures suggests that 
they were using an internal, egocentric model of the foot to make a judgement (e.g. Parsons 
1987; Coslett et al. 2010; Curtze et al. 2010). BIID participants therefore seem to maintain 
their ability to mentally rotate the affected limb. Thus, while individuals with BIID may have 
an altered integration of higher-order somatosensory and proprioceptive information of the 
legs/feet (van Dijk et al. 2013), it is possible that visual representations of the legs/feet are 
still intact. Participants with BIID feel like their leg should be paralyzed or amputated, but 
do not necessarily report issues with the visual appearance of it. An examination of visual 
perception of the legs in BIID is currently underway in our lab, which might validate this 
query. Thus, participants may still be able to tap into a visual representation of the foot in 
order to solve the task. Moreover, the motor network for action execution still functions 
normally in BIID (van Dijk et al. 2013). Studies have shown that executing an action and 
imagining an action activate similar motor-related networks in the brain (e.g. Munzert 
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et al. 2009), similar to those involved in mental rotation (Bonda et al. 1995; Parsons et 
al. 1995; Kosslyn et al. 1998). Thus, it could be that mental spatial transformation of feet 
in BIID is spared by a normally-functioning motor system (though brain activity during 
imagined movements of the affected leg has yet to be tested). Taken together, the integration 
of visual and motor representations of the feet in BIID might facilitate performance for 
mental rotation of feet. Additionally, individuals with BIID show larger grey matter volume 
of the posterior cerebellum compared to controls (Blom et al. 2016b). Increased grey matter 
volume of the posterior cerebellum is related to information processing speed (Weier et al. 
2016) which is associated with mental rotation abilities (e.g. Mazhari and Moghadas Tabrizi 
2014). Furthermore, the cerebellum is also active during mental imagery and rotation 
(Bonda et al. 1995; Parsons et al. 1995; Stoodley et al. 2010). Perhaps in the case of BIID, the 
enlarged cerebellar regions compensate for any deficits that might be expected for mentally 
rotating feet. 

Many studies have investigated the role that peripheral disruptions, like amputation or 
pain, play on mental rotations of body parts ( Johnson 2000; Johnson et al. 2002; Nico et al. 
2004; Fiorio et al. 2007; Coslett et al. 2010; Curtze et al. 2010; Guo et al. 2017; Uritani et al. 
2018). Amputation of an upper limb, particularly the dominant hand, seems to negatively 
influence performance on its mental rotation (Nico et al. 2004). However, amputation of a 
lower limb seems to have a less robust effect on performance in such a task. In the first study 
to investigate mental rotation of body parts in lower-limb amputees, Curtze and colleagues 
(Curtze et al. 2010) revealed similar performance between lower-limb amputees and controls 
on a mental rotation task of the feet. However, they did find an interaction between side and 
group for reaction times. Because this was not confirmed for the error rate data, they do not 
discuss the interaction. It is possible that amputees may have been slower for their affected 
leg, but they made just as many errors as controls. We could not examine this in our study 
as error rates revealed a ceiling effect in most conditions. In addition, Curtze and colleagues 
showed that one individual with rotationplasty – a rare surgical condition in which a lower 
limb is amputated for medical reasons and the intact foot is then rotated by 180 degrees 
and transplanted to the thigh so that the ankle can serve as knee substitute for a future 
prosthesis – had an intact ability to mentally rotate feet. These findings suggest that mental 
rotation abilities, at least for foot images, are preserved in the face of physical changes to 
the lower body. Our study is the second investigation, to our knowledge, to examine the role 
of the lower limb amputation on mental rotation of feet. We replicate their findings insofar 
that amputees performed similarly to normally-limbed controls on mentally rotating feet, 
even for their amputated side. Importantly, Curtze and colleagues also found an interaction 
between side, orientation, and the absence/presence of phantom sensations (when included 
as a co-variate) during the task. However, this interaction was not elaborated upon in their 
report. In their study, only 2/18 participants experienced phantom sensations during the 
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task. In our study, 8/19 participants stated in their questionnaire that they were experiencing 
a phantom limb sensation at the time of testing. As this was not the main aim of our study, 
in a supplementary analysis (see supporting material), we reveal an interaction between foot 
type, view, and presence/absence of a phantom limb sensation. This suggested that those not 
experiencing phantom limb sensations were actually at a disadvantage (i.e. slower reaction 
times) for judging prosthetic feet (compared to real feet) viewed from the top. In line with 
Curtze et al.’s interpretation, this might suggest that participants were probably using motor 
imagery to solve the task. Lyu et al. (2016) investigated the influence of phantom limbs on 
mental rotation of hands in upper limb amputees. They showed that those experiencing 
a phantom limb had prolonged reaction times to judging hand stimuli compared to those 
who did not and controls (the latter two groups did not differ). However, their stimuli were 
judged from different orientations (0-300 degrees) and sides (left, right), but of only one type 
(real hand) and view ( from the top). Our interaction is specific to these factors. However, 
we had few individuals (i.e. 8) that experienced phantom limb sensations at the time of the 
study, so more studies are needed to properly investigate this phenomenon during mental 
rotation. Specifically, as there is a lack of studies on lower limb mental rotation in amputees, 
future studies could investigate the role of upper versus lower phantom experiences in 
mental rotation of body parts, as there seems to be some evidence that this perception 
differentially affects reaction times.

Also noteworthy is that most (n = 17) of our amputation participants used protheses, either 
on a daily basis (n = 15), almost daily (n = 1) or less than twice a week (n = 1). In addition, 
14/19 reported wearing prostheses during the experiment. It is conceivable that the use 
of prostheses reactivates the lower limb representation, bridging any possible expected 
gap in performance between amputees and control participants for mental rotation of 
feet. Guo et al. (2017) investigated mental rotation of hands in upper-limb amputees with 
a history of prosthesis use and those without. Those with a history of prosthetic use were 
equally fast (and showed similar brain activity) during the task as control participants. 
Non-prosthesis users, however, were slower and showed aberrant electroencephalography 
activity during the task. Even three of their participants who no longer used prostheses still 
performed the same as controls on the task. These findings, together with ours, suggest 
that prostheses might indirectly uphold an internal representation of the amputated body 
part allowing for normal mental rotation. In BIID, it could be that the physical presence of 
the leg also contributes to and maintains at least an internal motor schema that at least 
allows for mental rotation of that part. Moreover, since peripheral input on the limb is 
seemingly normal in BIID, it is possible that peripheral input overrides the aberrant central 
representation (distributed across frontal, parietal, and insular areas) in this task, allowing 
for normal spatial transformation of body parts. 
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While we did not find an interaction between group and side, we found an unexpected 
interaction between group, orientation, and view on reaction times. Specifically, we found 
that amputees and BIID participants were equally fast at making judgements about feet 
displayed from a 3rd person perspective (i.e. 180 degrees) for the top and sole views. In 
contrast, normally-limbed participants were not equally fast at making judgments about 
feet displayed from a 3rd person perspective, insofar that they were significantly faster when 
the feet were viewed from the top than from the sole, in line with previous studies for 
top and bottom body part views (Nico et al. 2004; de Lange et al. 2006; Ionta et al. 2007; 
Ionta and Blanke 2009; Curtze et al. 2010). All groups were faster for all other orientations 
at making judgements about the top versus the sole, however. The finding that BIID and 
amputee participants showed no difference from a 3rd person perspective for foot view 
might be reflective of a proprioceptive mechanism at play. People with BIID often bind 
up their affected legs to simulate an amputation, such that the position of the foot might 
maintain a posture essentially reflecting 180-degree rotation from the top view if it were 
separated from the leg and pictured in front of the individual. Studies on perspective-taking 
and self-other distinction in BIID might tell us more about the mechanisms at play in 3rd 
person-perspective judgements. Moreover, amputees might have a more flexible repertoire 
of possible postures for the feet, given that one leg is not physically present. This might place 
less constraints on possible mental transformations of the lower body. 

We also found an unexpected main effect of foot type, such that participants were faster to 
respond to prosthetic feet than to real feet. This was not specific to one group, however, which 
might be expected given that amputees and individuals with BIID use prosthetics on a regular 
basis, whereas the normally-limbed control participants do not. Individuals with BIID use 
prosthesis to simulate their desired body type, by binding up one leg and then use the prosthesis 
for functional purposes. It is possible that participants, independent of the group, were faster 
at making judgements about prostheses because it was not directly related to their own actual 
bodies. When real feet were presented, participants were at a disadvantage in terms of time, 
meaning they might have matched the image to their own internal representation of a foot, 
followed by mentally rotating it to match the posture of the foot shown. More specifically, 
participants were significantly slower at making judgements about real feet versus prosthetic 
feet specifically when oriented at 120 degrees, an awkward but still technically plausible posture 
for one’s own foot. Again, this discrepancy strengthens the possibility that participants referred 
to their own, or at a least prototypical human-like, foot to make the laterality judgements.

Finally, participants made very few errors during this task (median < 0.04, or 4%, across all 
participants). Therefore, we collapsed error rate data across all conditions to obtain a total 
error rate and compared this between groups. We found that normally-limbed participants 
had a significantly higher error rate than BIID participants, but no other group differences 
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emerged. We had so few errors however that we could not examine this difference more 
thoroughly, i.e. whether it was specific to one or two conditions. While our error rates 
might seem surprisingly low, our average error rate is in line with at least two other studies 
involving mental rotation of feet (e.g. Parsons (1987): ~5%, Uritani et al. (2018): ~5.4%). 
Perhaps increasing task difficulty might reveal differences between groups, but the reaction 
time data, as it stands, cannot speak to this. 

One limitation of the current study is that participants completed the task online. We chose 
an online study approach to increase our sample size, given that BIID is such a rare and 
secretive condition (Blom et al. 2012). Many BIID individuals communicate anonymously 
about their condition with others in online forums. Participation in an online experiment 
allows us to gain more understanding about the condition but also protects the anonymity 
of the participant. Our findings could be corroborated by testing the same protocol in the 
lab. However, the main effects of orientation and view align with other lab-based mental 
rotation task studies, validating the parameters of our task. Participants were instructed to 
sit normally with their feet flat on the floor prior to starting the experiment. However, we 
could not monitor or control their current posture of the participant, nor whether they wore 
prosthesis. This might have influenced our results to some extent, but the influence of foot 
posture on mental rotation of feet has not been explored yet. Another possible limitation is 
the mother tongue of the participants. The experiment was conducted in English, but most 
participants were not native English speakers. While this may have affected responses on 
the questionnaires, we do not believe it affected performance on the mental rotation task 
(which simply required forced-choice key press). We would expect a much higher error rate 
in our task if participants did not understand the task due to language barriers. 

To conclude, we found that the ability to mentally rotate affected body parts, at least in 
terms of reactions times, in BIID and amputee participants is similar to that of lower-limb 
amputee and normally-limbed participants. This is the second study to examine mental 
rotation of feet in lower-limb amputees and we replicate the findings of the previous study. 
The role of lower phantom limb sensations in mental rotations, however, warrant future 
investigation. Few studies have behaviourally examined body representations in BIID. 
This is the first study, to our knowledge, to examine mental rotation of feet in BIID. Our 
findings contribute to the growing literature on BIID and suggest that mental rotation 
tasks might not tap into the incongruent bodily experience individuals with this condition 
report. Other implicit body representation tasks, like those related to proprioception and 
somatosensation, are currently being employed in our lab with individuals with BIID. 
Understanding the behavioural manifestation of this disturbed bodily experience might 
aid in the development of clinical tests for the diagnosis of BIID, as none have been 
developed yet. 
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Supplementary Material (Chapter 7)

We conducted a covariance analysis within each group to explore how factors like time since 
amputation/with BIID, presence of a phantom limb, prosthetic use, and posture change might 
influence reaction times. We ran separate 6 x 2 x 2 x 2 repeated measures ANCOVAs per group 
on the mean log-transformed reaction times with the covariates listed below.

1. Years since amputation/years with BIID
Amputee participants. Data were missing from 1 participant for this covariate. In line with 
Curtze et al. (2010), years since amputation did not interact with any of the factors (all F < 1.9 , p 
> 0.09, η² > 0.1). There was no main effect of years since amputation (F(1,16) = 2.2, p = 0.1, η² = 0.1). 

BIID participants. Data were missing from 2 participants for this covariate. Years with BIID 
did not interact with any of the factors (all F < 1.3, p > 0.2, η² > 0.1). There was no main effect of 
years with BIID (F(1,12) =0.1 p = 0.7, η² = 0.01). 

2. Wearing protheses during the experiment 
Amputee participants. 14/19 participants were wearing prostheses during the experiment. 
Wearing protheses did not interact with any of the factors (all F < 1.9, p > 0.1, η² < 0.1). There was 
no main effect of wearing prostheses (F(1,17) = 1.4, p = 0.2, η² = 0.08). 

3. Experiencing phantom limb sensations during the experiment (amputees only)
In the general questionnaire for amputees, participants were asked “Are you experiencing 
phantom limb sensation(s) right now?” (yes/no), followed by “If yes, can you describe the 
sensations you are experiencing right now?”. 

Eight of the nineteen participant stated that they were experiencing phantom limb sensations 
at the timing of testing. The descriptions (edited for grammar and language translation) were 
as follows:

· I can feel almost every detail of my amputated leg.
· It feels like the foot is fixed in a very tight ski boots or a vice. It is not hurting, but it has a 

strong feeling.
· Slight tingling inside the foot 
· If I think about it at the moment, I feel [the phantom limb].
· [The phantom limb] feels shortened.
· The tingling is always there, pain peaks come more often a day.
· I feel my lower leg and knee as if they were still there.
· Pins and needles in the [phantom] leg.
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There was no main effect of the presence/absence of phantom limb sensations during the 
experiment (F(1,17) = 0.1, p = 0.7, η² = 0.007). There was an interaction between type, view, 
and presence/absence of phantom limb sensations (F(1,17) = 5.4, p = 0.03, η2 = 0.2). Follow-up 
paired samples t-test revealed that participants not experiencing phantom limb sensations 
were slower at judging prosthetic feet viewed from the top, though this did not survive 
Bonferroni corrections (t(10) = 2.2, p = 0.045). In contrast, those experiencing phantom 
limb sensations showed no difference between prosthetic and real feet viewed from the top 
(t(7) = -0.4, p = 0.6). No other interactions with phantom presence were significant (p > 0.2).

4. Posture change

Participants were instructed to sit normally with their feet flat on the floor. After the 
experiment, they were asked if they changed posture during the task. 

Normally-limbed participants. Eight participants indicated that they changed posture 
during the experiment. Posture change did not interact with any of the factors (all F < 3.9, p 
> 0.06, η² < 0.1). There was no main effect of posture change (F(1,31) = 0.9, p = 0.7, η² = 0.003).

BIID participants. Two participants indicated that they changed posture during the 
experiment. Posture change did not interact with any of the factors (all F < 1.9, p > 0.1, η² < 
0.1). There was no main effect of posture change (F(1,14) = 0.1, p = 0.7, η² = 0.008).

Amputee participants. Two participants indicated that they changed posture during the 
experiment. Posture change did not interact with any of the factors (all F < 2.6 p > 0.1, η² < 
0.1). There was no main effect of posture change (F(1,17) = 0.4, p = 0.5, η² = 0.02).
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Summary and general discussion 

The aim of the current thesis was to gain a deeper understanding of lower limb representations 
in healthy individuals and in individuals with a rare condition called Body Integrity Identity 
Disorder (BIID). BIID is a non-psychotic condition, that arises in childhood, characterized 
by a strong and persistent desire to amputate (amputation-variant BIID) or paralyze 
(paralysis-variant BIID) one or more healthy limbs, usually one or both of the legs (Blom 
et al. 2012; First and Fisher 2012). I explored the possibility that this non-delusional desire 
to modify the lower body could be rooted in a (likely innate) disturbed representation of 
the leg(s). Therefore, we used a range of implicit and explicit behavioural tasks to explore 
the perceptual representations of the legs and feet (and the representation of the space 
immediately surrounding the legs and feet). Specifically, I focused on three aspects of the 
bodily experience: 1) the configuration of the body: specifically, the integrity/shape of 
the underlying representation, 2) peripersonal space: i.e. the integration of visuo-tactile 
information in the space immediately surrounding the body, and 3) feelings of embodiment: 
i.e. how manipulating sensory signals about the body can temporarily ‘remove’ a body part 
from the bodily experience.

The first half of the thesis (chapters 2, 3, and 4) explored these lower limb representations 
in healthy individuals only. Surprisingly, investigations involving explorations of lower 
limb representations are (or were, at the time of starting this thesis) far and few between. 
Many paradigms involving exploration of upper limb representations (particularly for the 
hands), however, had already been established in the literature (e.g. Longo and Haggard 
2010; Newport and Gilpin 2011; Longo and Haggard 2012; Canzoneri et al. 2012; Bassolino 
et al. 2014). This provided a unique opportunity for comparison with and conversion to body 
representation paradigms involving the lower limbs. Adapting some of the tasks for use with 
the lower limbs proved more challenging than others, but in the end gave us a rich battery 
of tests to establish how these lower limb representations look, change, and overextend the 
physical boundaries of the body. 

The second half of the thesis (chapters 5, 6, and 7) explored lower limb representations in 
individuals with BIID and in age- and sex-matched healthy control participants. Chapter 
7 additionally included a group of individuals with acquired (but not desired) lower-limb 
amputations, since they mimic the desired bodily state of individuals with the amputation-
variant of BIID. We used the same paradigms as chapters 2 and 3, exploring the internal 
perceived configuration of the legs and the multisensory processes of stimuli near the legs. 
Additionally, in chapter 7, we explored the integrity of this lower limb representation by 
asking participants to mentally rotate images of feet. 
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The following is a summary of the chapters per section, followed by brief discussions 
including reflections on the methodology and findings. I close with other considerations 
and suggestions for future research.

Part 1: Lower limb representations in healthy individuals 
Chapter 2: The leg representation is distorted in healthy people.
In chapter 2, we aimed to uncover the representation of the leg in healthy individuals 
by assessing the metric aspects of its internal configuration. Several studies have shown 
that body representation is distorted in healthy cognition ( for review see Longo 2017) – 
that is, even though we can interact with objects and move our bodies through the world 
accurately, we do not always perceive the size and shape of our bodies accurately. In fact, 
the representations of our bodies are shaped by the constant influx of internal and external 
sensory inputs. These inputs are combined with higher-order models of the body in the 
brain to create a coherent sense of the body (Longo et al. 2010). Depending on the type 
of input that is probed, these representations can elicit different perceptions of the body 
size and shape. For example, people consistently perceive their hands to be shorter and 
fatter than they are when visual input of the hand is occluded, and they must, instead, rely 
only on tactile (Longo and Haggard 2011; Miller et al. 2016; Longo and Golubova 2017) or 
proprioceptive (e.g. Longo and Haggard 2010; Longo et al. 2015; Coelho et al. 2016; Saulton et 
al. 2016) input. However, when asked to judge the size of the hand when looking at pictures 
of a hand, people are quite accurate at this. Remarkably, little attention had been given to the 
lower body when examining body representations. We wondered if body representation for 
lower limbs was, like other body parts, distorted under varying levels of sensory feedback. 
We also wanted to establish a baseline for ‘how legs are ‘normally’ represented’ with the 
intent to eventually compare the representations of those with BIID (who might have an 
underdeveloped representation of their legs, particularly those underlying somatosensation). 

Participants were asked to make implicit and explicit size/localization judgements about 
their legs. In the localization task, they indicated the location of different parts of their 
(visually occluded) legs (e.g. where is the inner part of your knee located?) while their legs 
were horizontally outstretched on a tabletop. Afterwards, we could create, in principle, a 
‘map’ by connecting the indicated points and could compare this to the person’s actual 
leg. We found that people, on average, accurately estimate the widths of their thighs, 
underestimate the widths of their knees, and overestimate the width of their ankles, while 
overestimating the length of the upper legs and underestimating the length of their lower 
legs. In other words, they perceived their upper legs as thin and long and their lower legs as 
fat and short. We also asked them to localize these points by instead simply imagining that 
their leg was outstretched underneath the tabletop (while it, still unseen, was bent normally 
in front of them). Such a manipulation does not allow the reliance of proprioception, and 
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instead on a mental (maybe visual) image of the leg that might be ‘projected’ onto the screen 
in front of the participant. Average widths were judged as the same whether proprioceptive 
feedback of the leg was available or not. However, participants were slightly better at 
judging length when proprioceptive feedback was available, especially for the upper leg. 
When making the same judgements about a visually-occluded mannequin leg, participants 
were significantly worse at judging its (upper leg) length, suggesting that proprioceptive 
feedback partly facilitates these judgements. When making localization judgements about 
a non-corporeal object (rectangular piece of wood), mis-estimations were at their lowest, 
suggesting that sensory input and representations of the body play a role in these distortions 
for corporeal parts.

Tactile leg perception was explored using a task where participants estimated the distance 
between two unseen tactile points on the leg using their thumbs and index fingers. This 
task presumably requires a representation of leg size and shape that is cross-referenced 
with the applied distance (always within the physical boundaries of the leg, e.g. Spitoni et 
al. 2010; Spitoni et al. 2013). People underestimated distances applied length-wise along 
their shins and thighs. However, they were accurate when judging the distance between 
two stimuli running width-wise along the thigh. This asymmetrical pattern of distance 
judgements reflects the internal, presumed, geometry of the hairy skin of the body (Longo 
and Haggard 2011). The findings suggest that tactile distance estimates on the legs show 
systematic distortions in healthy people. Finally, leg representation was also measured in a 
more explicit way by looking at visual leg perception. This was explored by asking people to 
judge the breadth of pictures of their legs using a computer program. Participants slightly 
overestimated their widths by about 10%. 

Taken together, the investigations in chapter 2 provided a baseline measurement of leg 
perception in healthy people and provided insight into the way in which sensory input 
shapes these judgements. Noteworthy is that the experience of the body does not happen 
in sensory isolation – instead the brain attempts to optimally integrate them in order to 
provide a coherent and sensible experience of the body (conscious or not). In all of these 
tasks, other sources of sensory input were not restricted, per se, but rather re-weighted based 
on task instruction. Undoubtedly, participants relied on both tactile and proprioceptive 
feedback when completing the localization task. The same logic applies to the tactile 
distance estimation task. Even for the visual estimates of leg size, somatosensory input 
probably also shaped the responses, as we know that changing somatosensory feedback 
during this task influences visual judgements of the body (Gandevia and Phegan 1999). 

What I found surprising about these results was that the lack of difference between 
localization judgements when the leg was positioned under the table (and therefore the 
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participants had added proprioceptive feedback to make a judgement) compared to 
when it was simply imagined to be outstretched under the table. However, around the 
same time that we published this chapter, another report was published with similar 
methods (and results) for the hands (Ganea and Longo 2017). The authors suggested 
that the body models underlying proprioception and proprioceptive imagery are 
shared. This is a feasible and pragmatic explanation for these findings, and therefore 
assessing the direct role proprioception plays in judgements of body size might be 
difficult to directly parse out in healthy populations. However, this manipulation 
might be important when examining body representations in clinical populations, for 
instance when proprioceptive or somatosensory feedback is impaired. Or vice versa, 
where proprioceptive feedback is intact, but the experience of the body is abnormal, 
such as in anorexia nervosa or BIID. In such cases, the ‘imagine’ condition might be 
influenced by more conscious cognitive percepts of the body instead. Therefore, I do 
believe this condition is still critical for assessing the representation of the limbs. Finally, 
to further validate this paradigm, I could have also assessed leg localization under 
different postures to really explore the extent to which these distortions found were 
due to the actual posture of the leg. 

Chapter 3: Peripersonal space around the feet extends to around 75cm
The representation of the body however is not necessarily bound to the physical boundaries 
of the body itself. That is, there is a special space immediately surrounding the body in which 
different sources of sensory stimuli readily integrate. In essence, the brain has a network 
that predicts contact of an object with the body, in order to select the appropriate action 
to 1) protect the body if needed, 2) interact with the object, or 3) ignore the stimulus. This 
multisensory integration zone immediately surrounding the body is known as peripersonal 
space (PPS; Rizzolatti et al. 1997; Cardinali et al. 2009; Brozzoli et al. 2012). Several studies 
have investigated PPS for the upper body (e.g. head, hands, face, and trunk, e.g. Serino et 
al. 2015) but up until our investigations, the size of the lower body peripersonal space had 
been largely ignored (although its presence had been suggested by other studies; Schicke 
and Röder 2006; Schicke et al. 2009; Van Elk et al. 2013). The legs play a critical role in 
movement and protection of the body as a whole, so we thought that the two sources of 
sensory information would integrate at farther distances from the lower body than, for 
example, the upper body (though I did not directly test/compare this). Moreover, the legs 
enjoy a large range of sensorimotor control which could also contribute to the size of the 
leg PPS. Therefore, our main goal in chapter 3 was to establish the boundaries of PPS around 
the lower limbs, with the intent to use this a baseline to later compare to individuals with 
BIID (who might have a diminished or absent PPS around the affected part, if the brain is 
not representing it properly). 
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We used a visuo-tactile interaction task to establish this boundary. Participants were asked 
to respond to vibrations on their toes while an irrelevant visual stimulus approached that 
same toe. Tactile reaction times sped up when the visual stimulus was around 75cm from 
the foot, suggesting that this was where multisensory integration of sensory stimuli started 
to occur (or where PPS ‘began’). This boundary was in line with what previous studies had 
found for the trunk (Noel et al. 2015a; Serino et al. 2016). While we did not directly compare 
the lower limb PPS to the trunk PPS, it is probable that they share a peripersonal space. 
However, the posture of the participants in our study suggested that we were probably just 
tapping into the leg PPS since the person was seated and the feet were ~75cm in front of the 
trunk. But it is interesting to reflect on their relation to one another and how the different 
PPS representation might combine and interact with the other PPS representations. For 
instance, PPS around the hand differs depending whether it is located in the trunk space 
or moved out of the trunk space (Serino et al. 2016). While it is difficult to move the legs 
out of the trunk space ( for a 45-minute experiment), as they do not have the mobility and 
range that arms do, perhaps the leg PPS combines with the trunk PPS when the participant 
is standing. In addition, comparing PPS with a larger set-up (i.e. when the visual stimulus 
starts approaching from, from example, 3 meters away instead) might tell us more about 
the validity of this spatial boundary around the legs found in this thesis. In any case, our 
goal for this study was to establish the average size of PPS around the lower limbs in healthy 
individuals, in which I believe we succeeded in doing. 

Chapter 4: One can make the hands and feet temporarily disappear by dis-integrating 
sensory signals
Bodily illusions are also a nice way of illustrating the role that sensory signals play 
in representations of the body. Particularly, the flexibility and malleability of these 
representations can be observed by manipulating sensory feedback, like vision, touch, 
and proprioception, about the body. Changing the perceived state of the body can 
modulate aspects of bodily self-consciousness like feelings of ownership, awareness, 
self-location, and even perceived sensations on the body. Many investigations of bodily 
illusions involve embodying another body part, like a rubber hand or foot (e.g. Botvinick 
and Cohen 1998; Crea et al. 2015; Lenggenhager et al. 2015) or an avatar body (e.g. 
Martini et al. 2013; Tieri et al. 2015; Keizer et al. 2016). However, in clinical populations, 
aberrant experiences of the body often present as disownership and unawareness, or 
an overall sense of loss, over of one’s own body part, like in Asomatognosia (specifically 
Somatoparaphrenia) or BIID. Therefore, bodily illusions involving dis-embodiment 
would also be a fruitful addition to our repertoire of knowledge about lower limb body 
representations. In chapter 4, we compared the experience of temporarily losing a 
hand and a foot via the ‘disappearing limb trick’. Visual, tactile, and proprioceptive 
signals were mis-aligned in order to provide the feeling that the hand or foot had 
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temporarily disappeared. We applied the paradigm designed by Newport and Gilpin 
(2011) to the feet, in which individuals observed a real-time video of their hands or 
feet that was manipulated in such a covert way that it looked and felt like their body 
part had disappeared. Illusion experience was measured with a questionnaire. We 
also looked at whether the participants’ levels of sensory suggestibility, a personality 
trait related to how a person reacts to sensory information (Marotta et al. 2016), was 
related to illusion experience. This was measured using the Sensory Suggestibility Scale 
(SSS), which measures the effects of indirect suggestion on one’s (sensory) perception 
(Gheorghiu et al. 1975; Gheorghiu et al. 1995). It involves a collection of short exercises 
in which the experimenter demonstrates and simultaneously makes suggestions about 
what kind of (implausible) sensory experience the exercise can evoke. Participants 
rate the vividness of that sensory experience following the exercise. Its relationship to 
bodily experience is intriguing as bodily illusions involve the acceptance, in some ways, 
of illusory sensory signals (i.e. believing that your hand is being touched in a different 
location than it is, for example). Moreover, illusory sensory experiences are central to 
many body-related disorders or experience. For example, in supernumerary phantom 
limb syndrome (Bourlon et al. 2017), individuals experience the illusory sensation of 
another limb. Conversely, individuals who have had an amputation often continue to 
experience, usually painful, sensations on a limb that does not physically exist. And 
indeed even people with BIID often report that the affected limb ‘feels different’ and 
sometimes feels ‘colder’ or ‘extra sensitive’, even though it is perfectly healthy (Blanke 
et al. 2009). One study has shown that highly sensory suggestible individuals experience 
a more vivid rubber hand illusion (i.e. via subjective feelings of embodiment over a fake 
synchronously stroked hand) than low sensory suggestible individuals (Marotta et al. 
2016). Therefore, we also examined this relationship with the disappearing limb trick. 
Moreover, as a ‘disappeared’ leg reflects the desired bodily state of people with lower-
limb BIID (at least for those desiring amputation), we also tested 3 BIID individuals and 
included it in the supplementary material for this chapter. Such an exploration, while 
preliminary in this thesis, could lead to the development of treatment to alleviate the 
symptoms of BIID.

Illusion experience for the hands and feet did not significantly differ for any of our four 
subscales (loss of limb, loss of location, surprise, illusory sensations). This result was not 
surprising and actually expected as multisensory integration for the hands and feet seem 
to be overall similar (Flögel et al. 2015). Moreover, sensory suggestibility correlated with 
the ‘illusory sensations’ subscale (referring to the degree in which participants experienced 
illusory bodily sensations immediately following the illusion, e.g. warmth, numbness, an 
extra limb), but only when we collapsed across hand and foot groups. Though this finding 
should be interpreted with caution as the overall scores on the illusory subscale were already 
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low to begin with, and perhaps not meaningful enough to constitute an ‘illusory’ sensory 
experience. In any case, the finding of a positive relationship between how vivid a ‘fake’ 
sensory experience was and the illusory limb sensations after an illusion is something to 
keep in mind when conducting bodily illusion experiments.

As in chapters 2 and 3, these findings provided a baseline for starting to understand lower 
limb (dis)embodiment, which seems to follow similar rules as for the upper limbs. Again, 
the greater intent was to eventually examine this in individuals with BIID. This is important 
as a paradigm like this could have implications for treating or alleviating BIID symptoms. 
Unfortunately, the options for ‘treatment’ (i.e. actually amputating/paralyzing the limb(s)) 
in BIID are currently regarded as unethical and/or unsafe. Most people with BIID ‘pretend’ 
to be in their desired body by binding up the limbs for long periods of times, use orthoses 
to keep the legs still, use a wheelchair, or even just by imagining themselves as amputated 
or paralyzed (Money et al. 1977; First and Fisher 2012; Giummarra et al. 2012). We did apply 
the illusion to the feet of three individuals with BIID, two of whom desired unilateral leg 
amputation and one who desired paralysis of his legs. Single-case analysis revealed that 
the BIID participants scored significantly higher on the loss of limb subscale compared 
to healthy individuals (though this should be interpreted with caution as we did not have 
an age- and sex-matched control group). This finding though, is also not surprising, as 
this mimics the desired bodily state (to some extent, at least for the two of whom desired 
amputation). 

In fact, what was most exciting to me, with respect to the work from this chapter, were the 
personal reactions of the BIID participants. One of the participants enjoyed the illusion so 
much that he even, jokingly, asked if he could take the apparatus home with him. He said that 
the illusion felt “natural and realistic” and that not only his foot, but his entire leg, was gone 
in that instant. Conversely, for his ‘normal’ foot, it felt like only his left foot, but not whole leg, 
was gone. Another participant shouted out in delight at the moment of the disappearance of 
his unwanted foot, stating the illusion created the feeling of a body that “felt right”. He found 
the illusion ‘normal’ for his unwanted foot but actually disturbing for his unaffected foot. The 
man who desired paralysis of his legs, on the other hand, found the experience surprising and 
enjoyable, but it did not simulate his desired bodily state. When I instead ‘froze’ the image of 
his feet instead while he moved them, he stated that this felt better for him and simulated his 
desired state. While not reported in the thesis, I induced this ‘frozen foot illusion’, as I will call 
it, in the other paralysis-variant BIID participants who visited Utrecht for testing. Responses 
were similar to the amputation-variant participants’ responses to the disappearing limb trick: 
positive and pleasant. One individual actually said, “I don’t want to cry” when I froze the image 
of her feet, as the experience gave her an emotional glimpse into “how her body should be”. It 
is interesting to think that such a simple manipulation of sensory signals can generate such 
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profound emotional reactions. I think these reactions are powerful motivators for designing 
treatment to alleviate suffering in BIID, as medically-approved amputation or paralysis of 
the limb(s) is currently not an option. The use of bodily illusions, specifically with the use of 
immersive virtual reality, as a therapeutic tool in body-related clinical populations is increasing 
(e.g. Keizer et al. 2016; Pozeg et al. 2017). Moreover, increasingly elegant and advanced methods 
of inducing dis-embodiment and disownership of the body in healthy people are being 
developed (Kannape et al. 2019) and could provide useful for clinical populations too.

In this study, we included only subjective measures of illusion experience. Looking back, 
a more implicit measure of illusion experience, like through skin conductance response 
measures (Newport and Gilpin 2011) might have better corroborated our results and 
provided more credibility to the findings (as such a measure is not necessarily under the 
volitional control of the participant). Moreover, I did not include a condition in which no 
illusion was administered, which is an obvious point of criticism. While the results do 
reflect those found in Newport and Gilpin’s (2011) original study using the illusion, the 
inclusion of a control condition should be considered for follow-up studies. Finally, whether 
or not we manipulated feelings of ‘ownership’ over the body parts could remain a point for 
speculation. Inducing a pure sense of disownership over one’s body parts, in the absence 
of brain damage and/or disease, is a great challenge. Moreover, one must also consider the 
distinction between the feeling of ownership and the judgement of ownership over one’s 
body parts (de Vignemont 2010a), and carefully reflect on what is being measured. 

Interim conclusion: Chapters 2-4
Taken together, the aim of the first part of the thesis was to deepen our understanding of 
lower limb representations in healthy individuals. Using implicit and explicit behavioural 
tasks, we found that the metric representations of the body are distorted, that peripersonal 
space extends around the feet to about 75cm, and that perceived disembodiment of the feet 
can occur following dis-integration of vision, touch, and proprioception. The latter can also 
be induced in people who desire amputation or paralysis of the limbs as well, as revealed in 
the supplementary section of chapter 4.

Part 2: Lower limb representations in individuals with BIID and healthy control 
participants 
Chapter 5: The leg representation is (normally) distorted in people with BIID 
In chapter 5, we aimed to uncover the lower limb representation in individuals with BIID. 
Using the same methods as chapter 2, we explored how individuals who desired amputation 
or paralysis of one or both legs implicitly and explicitly perceived the size/shape of their 
lower limbs. The growing literature on BIID has suggested that the brain networks, areas, 
and activity implicated in creating a coherent representation of the body differ from healthy 



General discussion   |   219

8

controls (Hilti et al. 2013; van Dijk et al. 2013; Blom et al. 2016b; Hänggi et al. 2016; Hänggi 
et al. 2017; Oddo-Sommerfeld et al. 2018). Ideally, primary sensory input about body parts 
(e.g. visual, tactile, proprioceptive) cross-references with higher-order models of the body 
in the brain (Graziano and Botvinick 2002; Longo et al. 2010). This results in a coherent, 
undisturbed experience of the body in healthy people. In BIID, however, it is possible that 
the leg part of this representation fails to be represented, and so this creates the feeling 
that 1) because I still have sensory input, I feel overcomplete with this leg(s) and so 2) I 
want the leg(s) amputated (resulting in no touch/no proprioception, no visual image of it 
(amputation-variant) or I at least do not want them to feel or move them (resulting in no 
touch/no proprioception, but visual image is acceptable; paralysis-variant). People with 
BIID feel physically and/or functionally overcomplete on the outside and like a congenital 
amputee or paralyzed person on the inside. To uncover these experienced perspectives 
of the body, we explored how people with BIID perceive sensory input regarding the 
spatial characteristics of their legs. This would provide further insight into the nature of 
the disorder, such that it could be linked to a disturbed perception of the affected part. 
Moreover, representations of the body are not fixed but flexible (e.g. Sposito et al. 2012; Naito 
et al. 2016), and thus could, in theory be modulated or changed in the face of disturbances 
(Engel and Keizer 2017; Keizer et al. 2018; Tosi et al. 2018). 

We used a multiple single-case analysis due to the heterogeneity of our BIID sample (i.e. 
4 desiring unilateral (2 right, 2 left) leg amputation, 1 desiring bilateral leg amputation, 4 
desiring paralysis of the legs). We did not find that the perception of the leg was different 
from healthy controls. Indeed, they showed similar systematic distortions regarding the size 
and shape of the legs, but these distortions did not exceed that of controls. These findings 
were not in line with what I would expect, but they do, to some extent, highlight the non-
delusional nature of BIID. People with BIID know what their legs look like and can tap into 
the internal configuration, but simply feel like they should not be present or should not be 
there. These findings inform us that people with BIID have a normal perception of the lower 
body (at least when measured in these ways), even if it feels as though it is a non-bodily 
object to them. 

The tactile estimation task and template matching task have been used in clinical 
populations before, and have been shown to be sensitive to disturbances in the bodily 
experience (Garner et al. 1976; Moseley 2005; Keizer et al. 2012; Scarpina et al. 2014). 
However, the localization task has been less frequently used in clinical populations 
with body disturbances (e.g. Mergen et al. (2018) for one-point tactile localizations in 
anorexia nervosa, Longo et al. (2012) for phantom limb mapping). One case study with 
an upper-limb amputee showed that mapping the phantom hand, using this task, did 
not differ from mapping the real hand (Longo et al. 2012). This partly indicates that 
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the task taps into a ‘body in the brain’ that persists regardless of physical presence 
of a limb. It also suggests that the actual proprioceptive signals are not necessarily 
needed in order to tap into this internal model of the body parts. This was also evident 
from the results of our ‘imagine’ condition in the current thesis, where participants 
simply imagined their legs outstretched under the screen and made similar estimates 
as when they were actually under the screen (and see Ganea and Longo (2017)). But 
what about when the limb is physically present, but the individual experiences that 
limb as foreign, such as in BIID? Apparently, the underlying metric representation is 
fairly robust to explicit disruptions in the bodily experience (like feeling estranged 
from a body part), at least in these tasks. It is intriguing that people with BIID often 
refer to their legs as ‘attachments’ to the body, similar to how prosthetic limbs act as 
( functional) attachments in amputees. One can imagine that amputees could make 
localization judgements about their prosthetic limb, akin to the mannequin condition 
used in this current thesis, as they have rich visual and (indirect) sensory experience 
with it. This would be an interesting follow-up – exploring if amputees who use a 
prosthetic have a similar ‘distorted’ representation of the fake limb as for the intact 
limb. Saulton and colleagues have shown that localization judgements for fake hands 
and hand-like objects (e.g. rake) show similar systematic distortions as for judgements 
of one’s actual hand (Saulton et al. 2015). However, these distortions are less robust for 
corporeal objects, suggesting that these distortions, to some extent, might be a product 
of an underlying distorted somatosensory model of the body (parts). If we entertain 
the idea that the unwanted limb in BIID is essentially a ‘prosthetic’ limb, then we one 
might imagine that brain treats it as such. A recent study revealed that the brain areas 
mediating visual and sensorimotor representations of the hand adapt to incorporate 
the prosthetic limb in individuals with an amputation (van den Heiligenberg et al. 2018). 
In their words, “prosthetic limbs, used to substitute the missing hand, can recruit brain 
resources normally devoted for body representation” (page 1431). I assume that the 
same holds true for the lower limb representation as well. I wonder then if localization 
judgements of a prosthetic limb would mimic that of a corporeal object or of a real 
limb. If the latter, this might inform out current findings about the unwanted leg(s) in 
BIID participants.

Finally, the paralysis-variant participants were more difficult to formulate/generalize a 
hypothesis for. These individuals do not desire amputation of their legs; rather they just 
want the legs to stop functioning. In other words, their desired body model does not 
entail a different leg size, or disturbed metric representation of the body, but a constrained 
sensorimotor representation. Therefore, implicit measures of one’s sense of agency (e.g. 
Haggard et al. 2002), for example, might be more informative in understanding the 
mechanisms involved in the paralysis-variant population of BIID. 
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Chapter 6: Peripersonal space size around an unwanted limb is seemingly normal
In chapter 6, we explored PPS size around the affected leg in people with BIID. Particularly, 
we assessed these boundaries in 3 men with the desire to amputate one of their legs. This 
sample allowed for assessment and comparisons of an unwanted (affected) leg with the 
unaffected leg and the corresponding legs of controls ( for which we tested 16 men). We 
used the same paradigm as in chapter 3, except we tested each leg separately. So instead 
of extracting PPS around the legs overall, we looked at each leg individually. We found that 
PPS did not differ between the left and right legs for the controls – a novel but unsurprising 
finding. On the other hand, we expected that participants with BIID would have a smaller 
PPS around the unwanted leg as previous studies had shown altered physiological responses 
to stimuli approaching and contacting the affected leg (Brang et al. 2008; Romano et al. 
2015). Since PPS serves to prepare actions for defending the body and interacting in the 
space around the body, it seemed feasible that a limb presumably not inscribed in the body 
representation would have a diminished, or possibly even absent, PPS. Surprisingly, we 
found that the PPS around the unwanted leg was normal in comparison to controls. So 
even though the limb feels foreign to the individual, visuo-tactile integration near the limb 
is still observed. This might contribute to the feeling of ‘overcompleteness’ in BIID – such 
that this limb is attached to me, and my brain still wants to protect it and integrate sensory 
information around it, but I do not feel in unison with it. 

This chapter only included three participants with BIID. Therefore, I am wary of concluding 
that visuo-tactile integration about the BIID limb is normal in this population in general. In 
any case, we did find that overall the PPS of these three individuals looked similar. But while 
visuo-tactile integration might be ‘normal’ for the unwanted leg, spatio-temporal integration 
apparently is not (Aoyama et al. 2012). That is, BIID participants prioritize touch that is applied 
to the unwanted part of the leg (below the demarcation line) over touch on the wanted part 
of the unwanted leg. This prioritization of touch may also be maintaining this PPS around 
the limb (or could be a product of the intact PPS). However, this preference only arises when 
testing above and below the demarcation line of the unwanted leg; when judging the temporal 
order of touch between the wanted and unwanted legs, no biases arise (Aoyama et al. 2012). 
Maybe comparing PPS below and above the demarcation line might reveal similar variations 
in PPS and processing tactile stimuli around the legs is similar overall. This is important to 
consider because rarely is it the case that something approaching only one leg is relevant 
only for that leg. Usually something approaching the body from the ground is relevant for the 
movement both of the legs (as they usually move in tandem or complement one another). 

It is also worth considering that this task is simply not fit for individual level analysis. Indeed, 
at a group level, you can extract an overall average size and decent ‘fit’ between tactile 
reaction times and visual stimulus proximity. Obvious, but worth stating, is that a group-
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level analysis (with a sufficient number of BIID participants) would be more convincing 
than what I have shown here. Moreover, PPS around the legs, while validated behaviourally 
has not, to my knowledge, been done so at the neural level. An imaging study (e.g. Ferri et 
al. 2015a) could indicate whether or not we really are capturing PPS around the lower limbs 
here, and if other factors, such as attentional load and tactile sensitivity are at play too (as I 
have to consider what explains the remaining variance revealed by the R2 values).

While I do believe this task is a well-validated and implicit way to measure PPS boundaries, 
I think that modifications to the way I conducted it could prove useful for testing clinically. 
Forty-five minutes of pressing buttons in response to a gentle vibration on a toe in a dark 
room is anything but exciting. Increasing the stimulus speed, relevance, while simultaneously 
reducing the number of trials might better capture this multisensory zone. Modified 
versions of this task could be applied in other rare disturbances of the body, for example, 
autotopagnosia (ability to detect stimuli on, but not localize, body parts), to explore the 
robustness of the PPS representation in the face of implicit and explicit disturbances of 
the bodily self. Unfortunately, body representation disorders that most closely mimic BIID, 
like somatoparaphrenia, often present with tactile deficits as well thereby making PPS size 
examinations, and direct comparisons to BIID, difficult. 

Chapter 7: Speed in mentally rotating feet does not differ between individuals with 
BIID, lower-limb amputees, and normally-limbed controls 
The integrity of the foot representation was assessed using a body part mental rotation task. 
We expected that people with BIID (unilateral lower-limb amputation desire) would be 
slower and less accurate at mentally rotating images of feet that corresponded to their own 
unwanted foot than their other foot and compared to control participants. Several studies 
have shown that people with peripheral and central body representation disturbances 
generally display similar behaviour (Nico et al. 2004; Katschnig et al. 2010; Azin et al. 2016; 
Ionta et al. 2016; Kohler et al. 2019), and that feeling disownership over your body part can 
predict performance for left-right orientation judgements related to a body (van Stralen et 
al. 2017). As BIID is such a rare and difficult population to reach, we used an online platform 
(Gorilla™; www.gorilla.sc/about) to recruit participants from nearly anywhere in the world 
to complete the experiment online. Participants were presented with images of left and 
right feet in different orientations and were asked to make laterality judgements about the 
presented foot. BIID participants (amputation-variant) were compared to a clinical (lower-
limb amputees) control group and a normally-limbed control group. 

BIID participants’ performance on this task, however, did not significantly differ from that 
of normally-limbed or lower-limb amputee participants. Moreover, all participants were 
slower to judge images that were presented in awkward postures (3rd person perspective) 
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than in anatomically plausible (1st person perspective) postures, suggesting that they likely 
referred to a mental image of their own feet in order to make the judgements. Therefore, 
despite having disturbed lower-limb integrity (perceived as in BIID or in actuality as in the 
amputees), the sensorimotor processes used involved in rotating lower-limb stimuli are 
robust in the face of these disturbances. Whether these findings replicate in individuals 
with the paralysis variant of BIID too remains unknown. 

Because this study was conducted online, the reliability and inclusion of our BIID sample 
might be questioned. However, participants were recruited through private online forums 
specifically for people suffering from BIID, the study itself took nearly 75 minutes (other 
tasks and questionnaires not presented in this thesis were administered), and participants 
did not receive compensation for their participation. The motive for completing this study 
if you do not suffer from BIID would therefore be questionable, as the benefits would be 
negligible. Though, validation of these results in the lab with BIID participants would 
certainly be useful. 

Interim conclusion: Chapters 5-7
Taken together, the aim of the second part of the thesis was to deepen our understanding of 
lower limb representations in individuals with lower-limb BIID. Using implicit and explicit 
behavioural tasks, we found that the lower limb representation is similar between BIID 
participants and healthy controls. These results suggest that BIID is not necessarily rooted 
in a disturbed perception of the body, or disturbed multisensory integration near the body. 
While I have already mentioned some future directions and/or suggested improvements 
regarding the specific methods used in the current thesis, I will now provide some in a 
broader framework, with respect to BIID in general. Moreover, I include other questions to 
consider, as well as implications beyond BIID. 

Other considerations and future directions  
Based on the findings in the current thesis, people with BIID do not perceive the unwanted 
limb(s) as abnormally distorted, neither at the implicit nor at an explicit level. They still 
process input on and around the limb normally and can make mental transformations of 
parts that correspond to their affected one. Despite this, the experience of the bodily self is 
incongruent with what feels right. In her PhD thesis, Blom (2017) concludes that BIID is “a 
congenital neurodevelopmental disorder in which the integration of multisensory information 
is disturbed”. The investigations in this thesis coincide with this proposal. However, the results 
suggest that multisensory integration, at least when it comes to on and around the affected 
leg, seem to be undisturbed. Perhaps the model of the body is intact and primary sensory 
processing is unimpaired, but the connections between these processes are impaired. The 
disturbed integration of these processes might be difficult to capture behaviourally. Another 
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approach to capturing this could be with transcranial magnetic stimulation (TMS), a technique 
that induces current in the brain by using a magnetic field applied on the scalp (Hallett 2000). 
For example, single pulse TMS over the ‘leg’ area of the primary motor cortex elicits motor-
evoked potentials (MEP) in the contralateral leg. Studies in healthy participants have shown 
a reduction in MEPs following changes in body part ownership (della Gatta et al. 2016) and 
perceived bodily integrity (Kilteni et al. 2016). Since both features are central to BIID, MEP 
amplitude for the unwanted limb might be reduced. Furthermore, TMS could be used to 
measure central motor conduction time (CMCT) for the unwanted limb, which is the time 
taken for neural impulses (elicited via TMS, for instance) to travel through the central nervous 
system on their way to target muscles (Udupa and Chen 2013). In many disorders/diseases, 
there is a lengthened CMCT and reduced MEP amplitude (Udupa and Chen 2013). While 
people with BIID do not have motor disorder, per se, they do desire non-use of the affected 
limb. Perhaps this desire arises from a noisier/prolonged CMCT from brain areas mediating 
the leg’s representation to muscles (a hypothesis borrowed from personal communication with 
professor Stephen Jackson). This might provide insight into any (unconscious) disturbances 
in multisensory integration that might underlie BIID. 

However, we also cannot rule out the possibility that the altered brain areas/networks 
are a consequence rather than a cause of BIID (mentioned also by Hilti et al. 2013). Most 
individuals with BIID spend much of their time, over many years, pretending to be in their 
desired body. The brain changes in response to the way we treat and act with our bodies, 
particularly when we do not use a limb (e.g. Langer et al. 2012; Ngomo et al. 2012; Makin 
et al. 2013). I shied away from any thorough analyses or discussion in this thesis regarding 
pretending behaviours of the BIID participants, apart from a casual mentioning that the 
participants did indeed partake in these behaviours. However, I think these behaviours are 
a core component to BIID and it remains unknown whether they alleviate or perpetuate the 
feelings associated with BIID. On one hand, participants have told me that the numbness 
that manifests after several hours of tightly binding up the leg provides relief from the BIID, 
but on the other hand, the eventual return of sensation to the limb each time strongly 
reinforces the presence of the BIID. Future studies should address the role that pretending 
to be amputated or paralyzed for so many hours of the day have on these representations 
of the body. For instance, Bassolino and colleagues (2014) showed that binding up the 
arm for 10 hours did not affect the metric representation of the arm (measured through a 
localization task, similar to what we employed in chapters 2 and 5). Conversely, over-use of 
the other arm did influence the metric representation, insofar that participants estimated 
the unbound arm as longer after 10 hours of using it to compensate for the underuse of the 
other. One must consider the complexity of the relationship between the way we use the 
body and the modulation of these metric representations (including the unaffected parts 
in body-related conditions as well). 
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Therefore, I think the key to uncovering the underlying mechanisms of BIID lies in 
longitudinal investigations (i.e. starting with young children with BIID, if possible). The 
participants included in my studies and the other published studies on BIID include, 
for the most part, middle-aged men – particularly in the studies that have looked at the 
structural and functional brain differences in people with BIID. From a neurodevelopmental 
perspective, it is plausible that there are issues with the development of the body in the 
brain whilst still a fetus, leading one to feel like they should have been born as an amputee 
or paralyzed person. This idea is perpetuated by the fact that the limb physically persists 
and functions normally. In turn, the identity of the individual begins to form around that 
disturbance and is preserved through years of treating and believing that the part, while 
physically attached, is not part of one’s body. In this case, examining the position (Farah 
1998) and/or activity (Whitehead et al. 2018) of baby in the womb at different stages of the 
pregnancy might be informative regarding the (mis)development of the body maps presumed 
in BIID. Alternatively, disturbances might arise during the post-natal development period. 
For instance, in the first few months of life, infants have the ability to discriminate different 
perspectives of their legs (Rochat and Morgan 1995), show a preference for intact versus 
scrambled (e.g. leg attached to arm location) or just parts of (e.g. leg) bodies (Zieber et al. 
2015; Hock et al. 2016), and show somatotopically-organized responses to tactile stimulation 
on the feet, hands, and lips (Meltzoff et al. 2018a). However, the foot representation better 
reflects that of an adult’s by 7 months of age (Saby et al. 2015). Also, at this age, watching 
someone being touched on the hand or foot elicited the same neural responses as if they 
were being touched themselves on those parts (Meltzoff et al. 2018b). And by 14 months, 
they show desynchronization of the mu-rhythm in hand and foot sensorimotor regions 
of the brain during observation of hand and foot movements, respectively (Marshall et al. 
2013). Thus, a rich foundation has already emerged to permit examinations of the leg/foot 
representations from a neurodevelopmental perspective in clinical populations. 

For instance, it has been suggested that people with BIID might have an overemphatic 
response to seeing amputated or paralyzed bodies early in childhood, coupled with some 
form of “exaggerated expression of mimicry” (Brugger et al. 2013), leading to the desire to 
experience that body type. One could test this by examining differences in preferences 
to images of individuals with amputations and those with paralysis in the early months 
of life. For example, infants are sensitive to the size of body parts (Zieber et al. 2010) 
and body shape (Heron-Delaney et al. 2013), and to the overall coherence of the bodily 
structure (Hock et al. 2016). One could develop a task where infants observe images of 
whole and amputated bodies, in which brain activity and looking time is recorded. A 
similar examination has already been done in adults with amputation-variant BIID (Oddo-
Sommerfeld et al. 2018), suggesting that we can differentiate a BIID brain from a non-BIID 
brain when viewing amputated bodies. Similar paradigms in children could tell us more 
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about what differentiates the brains of individuals with BIID and those without it. Moreover, 
an examination of the developmental trajectory of sensorimotor lower limb representations, 
objectively in the present, or even subjectively in retrospect (e.g. questions such as: “At what 
age did you start walking?”) could tell us more about the nature of the development of 
BIID. The latter could be done using a large-scale online study (similar to what we did in 
chapter 7) with questionnaire and behavioural tests, as technology, and therefore popularity, 
of these methods is rapidly advancing. Therefore, an examination of young individuals with 
BIID could, in essence, allow us to explore the ‘purest’ form of BIID, untainted by years of 
negative attitudes, thoughts, and behaviours towards the limb. However, given the rarity of 
the condition, I can imagine the difficulties in recruiting such a sample. 

Investigations involving individuals with gender dysphoria would also be a valuable, and 
perhaps more viable (compared to testing children), future direction given the parallels 
between BIID and gender dysphoria (Brugger et al. 2016). In both cases, individuals feel an 
incongruence between their internal desired body image/identity and the physical body 
itself. Both populations spend time simulating their desired state (e.g. through pretending 
in BIID or crossdressing in gender dysphoria). Moreover, surgery seems to be an effective 
treatment in both cases (though illegal for people with BIID). See table 2 of Brugger et al. 
(2016) for comparison between BIID and gender dysphoria. A recent magnetencephalography 
study showed that individuals with gender dysphoria have significantly reduced activation 
(and altered white matter connectivity) in body-related brain areas in response to touch 
on the breast of females desiring to male (Case et al. 2017). The authors suggest that the 
dysphoria may be due to underlying difference in the representation of the body in the brain. 
However, studies exploring body representation in gender dysphoria are limited. Studies 
directly comparing BIID and gender dysphoria brain activity and behaviours, perhaps 
related to representations of the body, could help to build a model of what drives these 
incongruent experiences of the bodily self. In any case, even if researchers and clinicians 
have not uncovered the root cause of BIID, we should take measures to alleviate the distress 
and suffering associated with it in the meantime. Our preliminary investigation in the 
supplementary material of chapter 4 is a good place to start.

Treatment of BIID
One of the most controversial questions in the field regarding BIID right now is: should we 
amputate or paralyze the unwanted limb(s) in people with BIID? I do not believe that the 
data from the current thesis can speak directly to that question. However, I do believe that 
it is a point worthy of discussion. Arguments in favour of elective amputation have been 
made before (Blom et al. 2016a), paralleling it with gender dysphoria (and elective surgeries 
to change their sex) and to individuals who opt for assisted suicide, for instance. Arguments 
surrounding autonomy, non-maleficence, beneficence, and justice regarding amputation or 
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paralysis of the limbs should certainly be considered (e.g. see Brugger et al. 2016). However, 
the clinical interviews with our participants revealed that the desire to amputate/paralyze 
the legs was not psychotic or necessarily a product of another psychiatric condition. So 
while the request to modify the body in such an extreme way is indeed irrational (and the 
individual knows this), the person experiencing it is not. We allow individuals to modify 
their bodies to fit their desired state in other cases, such as cosmetic surgery (e.g. breast 
enlargement, liposuction, rhinoplasty) or gender reassignment surgery, as discussed by 
Bayne and Levy (2005). For example, individuals with gender dysphoria want to modify 
their bodies in a similar way that people BIID do, and gender reassignment surgery is legal in 
many countries, but elective amputations are not. One study showed that in 21 individuals 
with BIID who had obtained their desired bodily state (amputation or paralysis), satisfaction 
in general life situations, job, private life, health status, sexuality, and body identification all 
significantly improved, and not one individual regretted their decision (Noll and Kasten 
2014). In almost half of those cases, the body modification was self-induced or done by a 
friend. Thus, we also cannot ignore the dangerous ways in which individuals will (attempt 
to) obtain the amputation/paralysis (Bensler and Paauw 2003; Storm and Weiss 2003; 
First 2005), which has obvious consequences for the individual but also for the medical 
community. These individuals just want to be helped and to feel at home in their bodies. 
If extensive psychiatric and medical examinations of the person with BIID reveal that the 
individual is otherwise healthy, I do believe we should consider modifying the body to fit 
his/her desired type. In the meantime, alternative ways of pretending to be in that body, 
like through immersive virtual or augmented reality could prove useful. However, I do not 
think that such practices will ‘cure’ BIID. These individuals, as far as I could perceive, do 
not have a desire to ‘reintegrate’ the limb into their body image. Instead, they feel like the 
paralyzed or amputated body is part of who they truly are and do not want to rid that feeling 
but rather match it.

While not included in the current thesis, I did test two individuals who had obtained their 
desired bodily states and were seemingly cured of their BIID. One individual was a 45-year-
old man who had acquired an amputation of the unwanted leg approximately 1 year 
before his visit to Utrecht. He said he was free of the distressing feelings associated with 
BIID and no longer had a desire to amputate a limb. He was satisfied with his new body 
but felt dejected about all of the years that he dealt with the distress of BIID. According to 
his Sheehan Disability Scale (Leon et al. 1997), the BIID symptoms no longer affected his 
family life, social life, or work life at all. Likewise, having the amputation did not cause any 
disruption in these areas either. I also met with a 64-year-old male who claimed he “should 
have been born without legs”. He had been pretending full-time, using a wheelchair and 
orthoses, for more than 8 years at the time of his visit. Due to all of these years of consistent 
pretending, he showed decreased muscle function, tactile sensations, and tendon reflexes 
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(but vibration sense and proprioception seemed to still be intact) in both of his legs. He 
could not walk on his own, but he stated that the atrophy helped him live with the BIID. 
For example, he said that he could not feel the boundaries of his legs anymore (e.g. when 
they were out of sight while lying in bed). As his legs started to, essentially, dissipate 
from his bodily experience, so did his BIID feelings, suggesting that these sensory signals 
(particularly somatosensory) are crucially linked to BIID. What is more, he stated that 
his workplace had always allowed him to use his wheelchair fulltime. Thus, he was free 
to express who he was, in the body he desired, which was a central component of his 
healing. What I noticed about most of the individuals with BIID that I met was that the 
majority of them chose to hide their BIID from friends and family. Likewise, many would 
engage in their pretending behaviours in secret. Not only do we need to understand the 
mechanisms that drive BIID, and strive to development treatments, but we should also 
increase awareness about the condition. Keeping the desire as a secret can exacerbate the 
distress associated with it. BIID is to be included in the next version of the International 
Classification of Diseases (i.e. the ICD-11 as Body Integrity Dysphoria (Reed et al. 2019)), 
under the grouping “Disorders of bodily distress and bodily experience”. Its inclusion, 
and therefore recognition, should act as a catalyst to increase awareness and to develop 
treatment for people with BIID.

Clinical and theoretical implications beyond BIID
Another question I am sometimes faced with is: “BIID is such a rare condition - why 
not study something that affects more people?” First and foremost, although the 
condition is rare, it still causes significant distress (and sometimes leads to self-harm) 
to the individuals that experience it. Like any other rare disease/condition, it deserves 
attention and sound research. Second, BIID is a fascinating disorder to use as a model 
for understanding body representation in general. This is because the individual (and 
his affected limb) is otherwise healthy. Many body-related conditions are accompanied 
by psychiatric and/or sensory disturbances, save for, perhaps phantom limb syndrome. 
Much of what we known about body ownership, for example, is from the perspective of 
neuropsychology or from bodily illusions like the rubber hand illusion, the latter which is 
model of gaining ownership, not necessarily losing it. Incidents like stroke, for instance, 
give rise to disturbances to the bodily experience, but these are usually short-lived. The 
constant, and mostly consistent, nature of BIID allows for longer-term investigations of 
aberrant bodily experience. Third, due to the extreme (severe, bizarre) nature of BIID, such 
that people want to physically disable their bodies, outcomes of BIID research might be 
applicable disorders with less extreme desires like body dysmorphic disorder or anorexia 
nervosa. 
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But what can these findings about the BIID participants tell us about models of body 
representation (particularly, the dissociation between body perception and body ownership)? 
Body perception seems to be normal in individuals with BIID (based on the results of this 
thesis), but ownership over the affected limb is disrupted. Tsakiris’ neurocognitive model 
of body ownership (Tsakiris 2010) suggests that to ‘gain ownership’ over a body part, several 
internal comparisons must be made between the body part ‘to-be-owned’ and one’s own 
internal model of the body. He uses the incorporation of the rubber hand into the body 
during the rubber hand illusion as an example, but here I will use the unwanted (or affected) 
leg in BIID as an example. First (step 1), the visual form of the leg must be compared to a 
pre-existing model of the leg (i.e. a “test-for-fit” which takes place in the right temporo-
parietal junction). Then (step 2), the current posture/anatomical features of the leg must 
be compared to one’s own posture/anatomical features, a process which takes place in the 
anterior parietal areas of the brain (primary and secondary somatosensory cortices). Next 
(step 3) the posterior parietal cortex works to ‘align’ and recalibrate the visual and tactile 
input onto the to-be-owned leg. The premotor cortex then (step 4) facilitates the referral of 
touch towards the to-be-owned leg (a step that might be impaired in BIID, see van Dijk et 
al. 2013). In the last step (step 5), activity in the right posterior insula generates a feeling of 
ownership over the leg, which is then used to update the original body model to incorporate 
the new limb. Therefore, it is possible that the parietal areas mediating the perceptual 
judgements about the configuration of the body (step 1-3) are “sufficiently” functional in 
BIID (at least for making judgments about the body’s shape/size). Yet perhaps a failure to 
update the model of the body to incorporate the limb as part of oneself occurs during the 
final 2 steps (involving the premotor cortex and the insula). In other words, the model of 
the ‘configuration’ of the unwanted leg may be intact, allowing one to make normal implicit 
and explicit judgements about that part, but the following steps to incorporate the limb into 
feeling like a part of oneself are impaired. This continual mismatch/failure to update the 
body model leads to a desire to rid the limb of its function and/or structure. Aligned with this, 
in their review, Dijkerman and de Haan (2007) conclude that higher-order representations of 
the body pertaining to the metric aspects (spatial configuration) of body representation are 
mediated mainly by PPC, but those pertaining to body ownership and emotional experience 
are mediated by the insula. Indeed, it has been proposed that insular dysfunction could be 
a main factor in BIID given its connections to parietal areas (Brang et al. 2008; McGeoch 
et al. 2011; Brugger et al. 2016), and its structural and functional differences in relation to 
controls (McGeoch et al. 2011; Hilti et al. 2013; Hänggi et al. 2017). Thus, while the data from 
this thesis might not tell us something new about the independence of body perception and 
body ownership, it supports the hypothesis that the two aspects of body representation can 
function independently of one another.
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Conclusion
Overall, the results of this thesis add to our understanding of lower body perception 
and the multifaceted nature of the unified bodily experience. I wanted to gain a deeper 
understanding of lower limb representations in healthy individuals and in individuals with 
BIID, with a focus on three aspects of the bodily experience: 1) the configuration of the body, 
2) peripersonal space, and 3) feelings of (dis)embodiment. At least these first two aspects of 
the bodily experience seemed to be overall similar for healthy individuals and for individuals 
with BIID. This suggests that the underlying mechanisms driving BIID might be separate 
from these components. I hope I have added another piece to the puzzle of how we perceive 
and represent our bodies. In the end though, I am left with more questions than when I 
started, which I suppose is a step in the right direction. 
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Appendices

Appendix 1 (chapter 4) - Disappearing Limb* Trick Questionnaire 
(Newport and Gilpin 2011) 

*Note that the word “limb” was replaced with “hand” or “foot”, depending on illusion group
Participants rated their agreement with each item on a scale from 0 (not at all) to 10 
(completely).

Item # Statement
1. It seemed like my right limb no longer belonged to me.
2. My right limb was part of my body.
3. I couldn’t tell where my right limb was.
4. I knew exactly where my right limb was.
5. My right limb was exactly where I thought it would be.
6. I was surprised when I reached across to touch my right limb.
7. It seemed like my right limb was no longer there.
8. My right limb was always present.
9. It seemed like I had no right limb.
10. It seemed like I had one right limb.
11. It seemed like I had two right limbs.
12. It seemed like my right limb felt cooler than normal.
13. It seemed like my right limb felt warmer than normal
14. The sensation in my right limb was more vivid than normal.
15. Touching my right limb felt exactly as I expected it to.
16. I found the experience disturbing.
17. I found the experience enjoyable.
18. I found the experience normal.
19. I found the experience surprising.
20. I had the sensation that my right limb was numb.
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Appendix 2 (chapters 4, 5) - BIID Screening: Criteria
Must meet the following criteria (First and Fisher 2012):
A) An intense and persistent desire to become physically disabled in a significant way (e.g., 

major limb amputee, paraplegic, blind), with onset by early adolescence 
B) Persistent discomfort or intense feelings of inappropriateness concerning current 

nondisabled body configuration 
C) The desire to become physically disabled results in harmful consequences, as manifested 

by either (or both) of the following: 
1. The preoccupation with the desire (including time spent pretending to be disabled) 

significantly interferes with productivity, with leisure activities, or with social 
functioning (e.g., person is unwilling to have a close relationship because it would make 
it difficult to pretend)

2. Attempts to actually become disabled have resulted in the person putting his or her 
health or life in significant jeopardy

D) The desire to become disabled is not primarily motivated by sexual arousal or by any 
perceived advantages of becoming disabled 

E) The disturbance is not a manifestation of a psychotic process (e.g., desire to amputate 
a limb because of delusional conviction that the limb belongs to another person), is 
not due to a primary neurological condition such as post stroke neglect syndrome 
and is not better accounted for by another mental disorder such as Body Dysmorphic 
Disorder or Factitious Disorder

Subtype based on predominant desired disability
Amputation type
Paraplegia type
Other type
Unspecified type

Other:
- Normal tactile sensitivity (e.g. no excessive scarring on affected body part(s) which 

might influence tactile sensitivity) 
- No body image disorder (i.e. no eating disorders or BDD) 

Further questions:
1. At what age did your BIID start?
2. Can you describe your BIID?
3. What is the primary reason you want to change your body?
4. Does your BIID interfere with your everyday life? If so, can you describe in what ways?
5. Have you ever visited a psychiatrist?
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6. Have you been diagnosed with a psychiatric or somatic disorder?
7. Are you currently using any medications?
8. Do you currently use drugs or alcohol?
9. Have you ever had a head injury? If so, can you describe when and how it happened?
10. Do you have any scars on the affected body part(s)? If so, can you describe their locations 

exactly? 
11. Do you have trouble detecting touch sensations on any part(s) of your body? If so, where 

exactly?
12. Do you have normal vision? If not, has your vision been corrected with lenses, glasses, 

surgery, etc.? 
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Summary in Dutch

Het doel van het onderzoek beschreven in dit proefschrift was om dieper inzicht te krijgen in 
de mentale representatie van de onderste ledematen bij gezonde individuen en bij personen 
met een zeldzame aandoening, genaamd Body Integrity Identity Disorder (BIID). BIID is een 
niet-psychotische aandoening, die optreedt in de kindertijd, gekenmerkt door een sterke- en 
aanhoudende wens tot amputatie (amputatie-variant BIID) of verlamming (verlamming-variant 
BIID) van een of meer gezonde ledematen, meestal een of beide (onder)benen (Blom et al. 2012; 
First & Fisher 2012). Het onderzoek richtte zich op de mogelijkheid dat dit sterke verlangen om 
het onderlichaam te modificeren, geworteld zou kunnen zijn in een (waarschijnlijk aangeboren) 
verstoorde representatie van het been (of benen). Om de perceptuele representatie van de benen 
en voeten (en de weergave van de ruimte direct rondom de benen en voeten) te onderzoeken 
zijn er in dit onderzoek een reeks impliciete en expliciete gedragstaken gebruikt. Specifiek richtte 
het onderzoek zich op drie aspecten van de lichamelijke ervaring van de onderste ledematen: 
1) de configuratie van het lichaam: in het bijzonder de integriteit/vorm van de onderliggende 
representatie, 2) peripersoonlijke ruimte: zijnde de integratie van visuo-tactiele informatie in de 
ruimte direct rondom de benen, en 3) de gevoelens van embodiement: dat wil zeggen; hoe het 
manipuleren van zintuigelijke lichaamssignalen ervoor kan zorgen dat een lichaamsdeel tijdelijk 
wordt ‘verwijderd’ uit de gehele lichamelijke ervaring. 

De eerste helft van de studies in het proefschrift (hoofdstuk 2, 3 en 4) onderzocht de 
representaties van de onderste ledematen bij gezonde individuen. Verrassend genoeg zijn 
onderzoeken waarbij de onderste ledematen zijn betrokken schaars (of waren dat op het 
moment van het schrijven van dit proefschrift). Diverse paradigma’s die de representatie 
van de bovenste ledematen (met name voor de handen) onderzochten, zijn meer uitvoerig 
beschreven in de literatuur (bijvoorbeeld Longo en Haggard 2010; Newport en Gilpin 2011; 
Longo en Haggard 2012; Canzoneri et al. 2012; Bassolino et al. 2014). Dit bood een unieke 
kans om deze reeds bestaande lichaamsrepresentatieparadigma’s aan te passen voor de 
onderzoeken naar de onderste ledematen en de uitkomsten hiervan te vergelijken. Het 
aanpassen van sommige taken voor gebruik bij de onderste ledematen bleek uitdagender 
dan voor anderen, maar gaf ons uiteindelijk een gevarieerde reeks taken waarmee wij 
konden onderzoeken hoe de representaties van de onderste ledematen zich verhouden tot 
de werkelijke fysieke dimensies van de benen. In hoofdstuk 2 verkenden wij de representatie 
van de benen die ten grondslag ligt aan visuele, tactiele en proprioceptieve informatie over 
het lichaam. Deelnemers werden gevraagd om te oordelen over de grootte en de vorm 
van hun ledematen terwijl zij (voornamelijk) vertrouwden op verschillende bronnen van 
zintuigelijke feedback. Wij ontdekten dat de representatie van het been systematisch 
verstoord is bij gezonde individuen. Deze informatie verschafte een basis (nulmeting) van 
de perceptie van het been bij gezonde individuen.
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De representatie van het lichaam is echter niet noodzakelijkerwijs gebonden aan de 
fysieke grenzen van het lichaam zelf. Dit betekent dat er een speciale ruimte direct 
rondom het lichaam is waarin integratie van verschillende bronnen van sensorische 
stimuli plaatsvindt. In de hersenen bevindt zich een netwerk dat contact van een 
voorwerp met het lichaam voorspelt, zodat de juiste actie geselecteerd kan worden 
om 1) het lichaam te beschermen indien nodig, 2) te interacteren met het voorwerp, of 
3) de stimulus te negeren. Deze multisensorische integratiezone rondom het lichaam, 
staat bekend als peripersoonlijke ruimte (PPS; Rizzolatti et al. 1997; Cardinali et al. 2009; 
Brozzoli et al. 2012). In hoofdstuk 3 hebben wij de grootte van PPS rond de onderste 
ledematen onderzocht aangezien dit verassend genoeg nog niet eerder op deze manier 
was onderzocht. In een multisensorische interactietaak om de PPS te kunnen meten, 
reageerden deelnemers op tactiele stimuli op hun tenen terwijl een irrelevante visuele 
stimulus diezelfde teen naderde. De grens van peripersoonlijke ruimte bleek op ongeveer 
75 centimeter rond het onderlichaam te liggen. 

In hoofdstuk 4 gebruikten we een lichamelijke illusie waarin het leek alsof de handen en / 
of voeten van de deelnemers verdwenen waren. Dit onderzoek is uitgevoerd in een groep 
gezonde individuen en bij een paar individuen met BIID. De illusie was even levendig voor de 
handen als voor de voeten bij de gezonde deelnemers, wat suggereert dat multisensorische 
integratie van het boven- en onderlichaam vergelijkbaar is. De BIID-deelnemers vonden de 
ervaring erg aangenaam, omdat het hun gewenste lichamelijke toestand nabootste. Daarom 
kan het belangrijk zijn om lichamelijke illusies te overwegen als een klinische behandeling 
om symptomen van lichamelijke stress bij deze groep te verlichten.

In de tweede helft van het proefschrift (hoofdstukken 5, 6 en 7) werden de representaties 
van de onderste ledematen onderzocht bij individuen met BIID en bij leeftijds- en 
geslachts-gematchte gezonde controles. Wij gebruikten dezelfde paradigma’s als in 
hoofdstukken 2 en 3, waarbij de intern waargenomen configuratie van de benen en de 
multisensorische processen van stimuli nabij de benen werden verkend. Wij vonden niet dat 
deelnemers met BIID significant anders waren dan gezonde controles wat betreft de interne 
configuratie van hun benen (bijvoorbeeld bij het maken van sensorisch beoordelingen 
over de afmetingen van een ledemaat, hoofdstuk 5) of wat betreft de PPS-grootte rond de 
ongewenste ledemaat(en) (hoofdstuk 6). Deze resultaten suggereren dat, hoewel het voor 
het individu voelt alsof het lichaamsdeel niet bij hem / haar hoort is, hij of zij nog steeds in 
staat is om impliciete en expliciete oordelen over de ledemaat te maken die vergelijkbaar 
zijn met die van gezonde deelnemers. Bovendien lijkt het erop dat de hersenen een PPS rond 
de ongewenste ledemaat handhaven, althans voor neutrale prikkels, ondanks het innerlijke 
gevoel dat de ledemaat er niet zou moeten zijn. 
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In hoofdstuk 7 is de integriteit van deze onderste ledematen representatie onderzocht 
door deelnemers te vragen afbeeldingen van voeten mentaal te roteren. Naast deelnemers 
met BIID hebben ook een groep individuen met (ongewenste) amputaties van de onderste 
ledematen getest, omdat ze de gewenste lichamelijke toestand van individuen met de 
amputatievariant van BIID nabootsen. Wij verwachtten dat BIID-deelnemers langzamer 
zijn dan gezonde individuen en geamputeerde omdat ze het gevoel hebben dat hun 
interne representatie van hun been (tot op zekere hoogte) ontbreekt. In tegenstelling tot 
de verwachting bleek dat de verschillende groepen niet significant van elkaar verschilden 
wat betreft hoe snel ze de stimuli mentaal draaiden. Daarmee lijken de sensomotorische 
processen die worden gebruikt bij het mentaal roteren van stimuli van de onderste ledematen 
niet beïnvloed te worden door de gestoorde integriteit van de onderste ledematen (zowel in 
de perceptie hiervan in BIID als bij deelnemers met een amputatie). 

Samengevat tonen deze studies aan dat individuen met BIID normale impliciete en 
expliciete oordelen over de ongewenste ledematenkunnen maken, ondanks de ervaren 
vervreemding van het lichaam zelf. Het verlangen om het lichaam te modificeren blijkt dus 
niet geworteld te zijn in een verstoorde representatie van de onderbenen. Dit neemt echter 
niet weg dat individuen met BIID wel degelijk dagelijks klachten ervaren vanwege hun 
lichaam. De resultaten van dit proefschrift dragen bij aan ons begrip van de waarneming van 
het onderste deel van het lichaam en de veelzijdige aard van de ervaring van lichamelijke 
eenheid, zowel bij gezonde individuen als bij mensen met BIID. Met dit proefschrift hoop 
ik dat ik nog een stukje heb mogen toevoegen aan de puzzel over hoe wij onze lichamen 
waarnemen en representeren.





References





References   |   247

R

References

Abdulkarim Z, Ehrsson HH (2018) Recalibration of hand position sense during unconscious active and passive 
movement. Exp Brain Res 236:551–561. doi: 10.1007/s00221-017-5137-7

Abdulkarim Z, Ehrsson HH (2016) No causal link between changes in hand position sense and feeling of limb 
ownership in the rubber hand illusion. Atten Percept Psychophys 78:707–20. doi: 10.3758/s13414-015-1016-0

Ackerley R, Carlsson I, Wester H, et al (2014) Touch perceptions across skin sites: differences between sensitivity, 
direction discrimination and pleasantness. Front Behav Neurosci 8:54. doi: 10.3389/fnbeh.2014.00054

Akselrod M, Martuzzi R, Serino A, et al (2017) Anatomical and functional properties of the foot and leg representation 
in areas 3b, 1 and 2 of primary somatosensory cortex in humans: A 7T fMRI study. Neuroimage 159:473–487. 
doi: 10.1016/j.neuroimage.2017.06.021

American Psychiatric Association (2013) Diagnostic and statistical manual of mental disorders (5th ed.). American 
Psychiatric Publishing, Arlington, VA

Aoyama A, Krummenacher P, Palla A, et al (2012) Impaired spatial-temporal integration of touch in Xenomelia 
(Body Integrity Identity Disorder). Spat Cogn Comput 12:96–110. doi: 10.1080/13875868.2011.603773

Apps MAJ, Tsakiris M (2014) The free-energy self: A predictive coding account of self-recognition. Neurosci 
Biobehav Rev 41:85–97. doi: 10.1016/j.neubiorev.2013.01.029

Ardizzi M, Ferri F (2018) Interoceptive influences on peripersonal space boundary. Cognition 177:79–86. doi: 
10.1016/j.cognition.2018.04.001

Arzy S, Overney LS, Landis T, Blanke O (2006) Neural mechanisms of embodiment: Asomatognosia due to premotor 
cortex damage. Arch Neurol 63:1022–1025.

Asai T, Mao Z, Sugimori E, Tanno Y (2011) Rubber hand illusion, empathy, and schizotypal experiences in terms of 
self-other representations. Conscious Cogn 20:1744–1750. doi: 10.1016/j.concog.2011.02.005

Azin M, Zangiabadi N, Tabrizi YM, et al (2016) Deficiency in mental rotation of upper and lower-limbs in patients 
with multiple sclerosis and its relation with cognitive functions. Acta Med Iran 54:510–517.

Bao R, Wei P, Li K, et al (2012) Within-limb somatotopic organization in human SI and parietal operculum for the 
leg: An fMRI study. Brain Res 1445:30–39. doi: 10.1016/j.brainres.2012.01.029

Bassolino M, Finisguerra A, Canzoneri E, et al (2014) Dissociating effect of upper limb non-use and overuse on 
space and body representations. Neuropsychologia 70:385–392. doi: 10.1016/j.neuropsychologia.2014.11.028

Bassolino M, Serino A, Ubaldi S, Làdavas E (2010) Everyday use of the computer mouse extends peripersonal space 
representation. Neuropsychologia 48:803–811. doi: 10.1016/j.neuropsychologia.2009.11.009

Bayne T, Levy N (2005) Amputees by choice: body integrity identity disorder and the ethics of amputation. J Appl 
Philos 22:75–86. doi: 10.1111/j.1468-5930.2005.00293.x

Bekrater-Bodmann R, Schredl M, Diers M, et al (2015) Post-amputation pain is associated with the recall of an 
impaired body representation in dreams-results from a nation-wide survey on limb amputees. PLoS One 
10:e0119552. doi: 10.1371/journal.pone.0119552

Bellan V, Gilpin HR, Stanton TR, et al (2017) Relative contributions of spatial weighting, explicit knowledge and 
proprioception to hand localisation during positional ambiguity. Exp Brain Res 235:447–455. doi: 10.1007/
s00221-016-4782-6

Bellan V, Gilpin HR, Stanton TR, et al (2015) Untangling visual and proprioceptive contributions to hand localisation 
over time. Exp Brain Res 1689–1701. doi: 10.1007/s00221-015-4242-8

Bensler JM, Paauw DS (2003) Apotemnophilia masquerading as medical morbidity.(Case Report). South Med J 
96:674–677.

Berneiser J, Jahn G, Grothe M, Lotze M (2018) From visual to motor strategies: Training in mental rotation of hands. 
Neuroimage 167:247–255. doi: 10.1016/j.neuroimage.2016.06.014



248   |   References

Blanke O, Morgenthaler FD, Brugger P, Overney LS (2009) Preliminary evidence for a fronto-parietal 
dysfunction in able-bodied participants with a desire for limb amputation. J Neuropsychol 3:181–200. doi: 
10.1348/174866408X318653

Blom RM (2017) What’s left feels right: Studies in obsessive-compulsive disorder (OCD) and body integrity identity 
disorder (BIID). 978-94-028-0716-5

Blom RM, Guglielmi V, Denys D (2016a) Elective amputation of a “healthy limb.” CNS Spectr 21:360–361. doi: 
10.1017/S1092852916000456

Blom RM, Hennekam RC, Denys D (2012) Body Integrity Identity Disorder. PLoS One 7:e34702. doi: http://dx.doi.
org/10.1371%2Fjournal.pone.0034702

Blom RM, van der Wal SJ, Vulink NC, Denys D (2017) Role of Sexuality in Body Integrity Identity Disorder (BIID): 
A Cross-Sectional Internet-Based Survey Study. J Sex Med 14:1028–1035. doi: 10.1016/j.jsxm.2017.06.004

Blom RM, Van Wingen GA, Van Der Wal SJ, et al (2016b) The desire for amputation or paralyzation: Evidence 
for structural brain anomalies in Body Integrity Identity Disorder (BIID). PLoS One 11:1–13. doi: 10.1371/
journal.pone.0165789

Bohus M, Kleindienst N, Limberger MF, et al (2009) The short version of the Borderline Symptom List (BSL-23): 
Development and initial data on psychometric properties. Psychopathology 42:32–39. doi: 10.1159/000173701

Bonda E, Petrides M, Frey S, Evans A (1995) Neural correlates of mental transformations of the body-in-space. Proc 
Natl Acad Sci 92:11180–11184. doi: 10.1073/pnas.92.24.11180

Bottini G, Brugger P, Sedda A (2015) Is the desire for amputation related to disturbed emotion processing? A 
multiple case study analysis in BIID. Neurocase 21:394–402. doi: 10.1080/13554794.2014.902969

Botvinick MM, Cohen J (1998a) Rubber hand feels touch that eyes see. Nature 391:756. doi: 10.1038/35784
Botvinick MM, Cohen JD (1998b) Rubber hand ‘feels’ what eyes see. Nature 391:756.
Bourlon C, Urbanski M, Quentin R, et al (2017) Cortico-thalamic disconnection in a patient with supernumerary 

phantom limb. Exp Brain Res. doi: 10.1007/s00221-017-5044-y
Braam AW, Visser S, Cath DC, Hoogendijk WJG (2005) Investigation of the syndrome of apotemnophilia and course 

of a cognitive-behavioural therapy. Psychopathology 39:32–37. doi: 10.1159/000089661
Bracci S, Caramazza A, Peelen XM V (2015) Representational Similarity of Body Parts in Human Occipitotemporal 

Cortex. J Neurosci 35:12977–12985. doi: 10.1523/JNEUROSCI.4698-14.2015
Bracci S, Peelen M V. (2013) Body and Object Effectors: The Organization of Object Representations in 

High-Level Visual Cortex Reflects Body-Object Interactions. J Neurosci 33:18247–18258. doi: 10.1523/
JNEUROSCI.1322-13.2013

Brang D, McGeoch PD, Ramachandran VS (2008) Apotemnophilia: a neurological disorder. Neuroreport 19:1305–
1306. doi: 10.1097/WNR.0b013e32830abc4d

Bremmer F, Schlack A, Shah NJ, et al (2001) Polymodal motion processing in posterior parietal and premotor cortex : 
A human fMRI study strongly implies equivalencies between humans and monkeys. Neuron 29:287–296.

Brown PB, Fuchs JL, Tapper DN (1975) Parametric studies of dorsal horn neurons responding to tactile stimulation. 
J Neurophysiol 38:19–25.

Brozzoli C, Cardinali L, Pavani F, et al (2010) Neuropsychologia action-specific remapping of peripersonal space. 
Neuropsychologia 48:796–802. doi: 10.1016/j.neuropsychologia.2009.10.009

Brozzoli C, Gentile G, Bergouignan L, Ehrsson HH (2013) A shared representation of the space near oneself and 
others in the human premotor cortex. Curr Biol 23:1764–1768. doi: 10.1016/j.cub.2013.07.004

Brozzoli C, Gentile G, Ehrsson HH (2012a) That’s near my hand! Parietal and premotor coding of hand-centered 
space contributes to localization and self-attribution of the hand. J Neurosci 32:14573–82. doi: 10.1523/
JNEUROSCI.2660-12.2012

Brozzoli C, Gentile G, Petkova VI, Ehrsson HH (2011) fMRI Adaptation Reveals a Cortical Mechanism for the Coding 
of Space Near the Hand. J Neurosci 31:9023–9031. doi: 10.1523/jneurosci.1172-11.2011



References   |   249

R

Brozzoli C, Makin TR, Cardinali L, et al (2012b) Peripersonal space: a multisensory interface for body–object 
interactions. In: Murray MM, Wallace MT (eds) The Neural Bases of Multisensory Processes. CRC Press, 
Boca Raton (FL), pp 449–466

Brugger P, Christen M, Jellestad L, Hänggi J (2016) Limb amputation and other disability desires as a medical 
condition. The Lancet Psychiatry 3:1176–1186. doi: 10.1016/S2215-0366(16)30265-6

Brugger P, Lenggenhager B (2014) The bodily self and its disorders: neurological, psychological and social aspects. 
Curr Opin Neurol 27:644–52. doi: 10.1097/WCO.0000000000000151

Brugger P, Lenggenhager B, Giummarra MJ (2013) Xenomelia: a social neuroscience view of altered bodily self-
consciousness. Front Psychol 4:204. doi: 10.3389/fpsyg.2013.00204

Bruno N, Bertamini M (2010) Haptic perception after a change in hand size. Neuropsychologia 48:1853–1856. doi: 
10.1016/j.neuropsychologia.2010.01.006

Bufacchi RJ, Iannetti GD (2018) An Action Field Theory of Peripersonal Space. Trends Cogn Sci 22:1076–1090. doi: 
10.1016/j.tics.2018.09.004

Burin D, Garbarini F, Bruno V, et al (2017) Movements and body ownership: Evidence from the rubber 
hand illusion after mechanical limb immobilization. Neuropsychologia 107:41–47. doi: 10.1016/j.
neuropsychologia.2017.11.004

Burrack A, Brugger P (2005) Individual differences in susceptibility to experimentally induced phantom sensations. 
Body Image 2:307–313. doi: 10.1016/j.bodyim.2005.04.002

Canzoneri E, Magosso E, Serino A (2012) Dynamic sounds capture the boundaries of peripersonal space 
representation in humans. PLoS One 7:e44306. doi: 10.1371/journal.pone.0044306

Canzoneri E, Marzolla M, Amoresano A, et al (2013a) Amputation and prosthesis implantation shape body and 
peripersonal space representations. Sci Rep 3:2844.

Canzoneri E, Ubaldi S, Rastelli V, et al (2013b) Tool-use reshapes the boundaries of body and peripersonal space 
representations. Exp Brain Res 228:25–42. doi: 10.1007/s00221-013-3532-2

Cardinali L, Brozzoli C, Farnè A (2009) Peripersonal space and body schema: Two labels for the same concept? 
Brain Topogr 21:252–260. doi: 10.1007/s10548-009-0092-7

Cascio CJ, Foss-Feig JH, Burnette CP, et al (2012) The rubber hand illusion in children with autism spectrum 
disorders: Delayed influence of combined tactile and visual input on proprioception. Autism 16:406–419. 
doi: 10.1177/1362361311430404

Case LK, Brang D, Landazuri R, et al (2017) Altered white matter and sensory response to bodily sensation in 
female-to-male transgender individuals. Arch Sex Behav 46:1223–1237. doi: doi:10.1007/s10508-016-0850-z

Catani M (2017) A little man of some importance. Brain 140:3055–3061. doi: 10.1093/brain/awx270
Cereda C, Ghika J, Maeder P, Bogousslavsky J (2002) Strokes restricted to the insular cortex. Neurology 59:1950–

1955. doi: 10.1212/01.WNL.0000038905.75660.BD
Cholewiak RW (1999) The perception of tactile distance: Influences of body site, space, and time. Perception 

28:851–876. doi: 10.1068/p2873
Cicmil N, Meyer a. P, Stein JF (2015) Tactile Toe Agnosia and Percept of a “Missing Toe” in Healthy Humans. 

Perception. doi: 10.1177/0301006615607122
Cléry J, Guipponi O, Wardak C, Ben Hamed S (2015) Neuronal bases of peripersonal and extrapersonal spaces, 

their plasticity and their dynamics: Knowns and unknowns. Neuropsychologia 70:313–326. doi: 10.1016/j.
neuropsychologia.2014.10.022

Coelho LA, Zaninelli G, Gonzalez CLR (2016) A kinematic examination of hand perception. Psychol Res. doi: 
10.1007/s00426-016-0815-9

Colby CL, Duhamel J-R, Goldberg ME (1993) Ventral intraparietal area of the macaque : Anatomic location and 
visual response properties. J neuroph 69:902–914.



250   |   References

Conson M, Hamilton A, De Bellis F, et al (2015) Body Constraints on Motor Simulation in Autism Spectrum 
Disorders. J Autism Dev Disord 46:1051–1060. doi: 10.1007/s10803-015-2652-x

Conson M, Mazzarella E, Frolli A, et al (2013) Motor Imagery in Asperger Syndrome: Testing Action Simulation by 
the Hand Laterality Task. PLoS One 8:1–7. doi: 10.1371/journal.pone.0070734

Cooke DF, Graziano MS (2003) Defensive movements evoked by air puff in monkeys. J Neurophysiol 90:3317–3329.
Cooke DF, Graziano MS (2004) Sensorimotor integration in the precentral gyrus : Polysensory neurons and 

defensive movements. J Neurophysiol 91:1648–1660.
Coslett HB, Medina J, Kliot D, Burkey A (2010) Mental motor imagery and chronic pain: The foot laterality task. J 

Int Neuropsychol Soc 16:603–612. doi: 10.1017/S1355617710000299
Craig AD (2009) How do you feel - now? The anterior insula and human awareness. Nat Rev Neurosci 10:59–70. 

doi: 10.1038/nrn2555
Crawford JR, Garthwaite PH (2005) Testing for suspected impairments and dissociations in single-case studies in 

neuropsychology: Evaluation of alternatives using Monte Carlo simulations and revised tests for dissociations. 
Neuropsychology 19:318–331. doi: 10.1037/0894-4105.19.3.318

Crawford JR, Garthwaite PH (2007) Comparison of a single case to a control or normative sample in neuropsychology: 
Development of a Bayesian approach. Cogn Neuropsychol 24:343–372. doi: 10.1080/02643290701290146

Crawford JR, Garthwaite PH, Azzalini A, et al (2006) Testing for a deficit in single-case studies: Effects of departures 
from normality. Neuropsychologia 44:666–677. doi: 10.1016/j.neuropsychologia.2005.06.001

Crawford JR, Garthwaite PH, Porter S (2010) Point and interval estimates of effect sizes for the case-controls 
design in neuropsychology: Rationale, methods, implementations, and proposed reporting standards. Cogn 
Neuropsychol 27:245–260. doi: 10.1080/02643294.2010.513967

Crea S, D’Alonzo M, Vitiello N, Cipriani C (2015) The rubber foot illusion. J Neuroeng Rehabil 12:77. doi: 10.1186/
s12984-015-0069-6

Critchley M (1953) The parietal lobes. Edward Arnold, London
Curtze C, Otten B, Postema K (2010) Effects of lower limb amputation on the mental rotation of feet. Exp Brain 

Res 201:527–534. doi: 10.1007/s00221-009-2067-z
Dalecki M, Dern S, Steinberg F (2013) Mental rotation of a letter, hand and complex scene in microgravity. Neurosci 

Lett 533:55–59. doi: 10.1016/j.neulet.2012.11.002
Dall’Orso S, Steinweg J, Arichi T, et al (2018) Somatotopic mapping of the developing sensorimotor cortex in the 

preterm human brain. Cereb Cortex 28:2507–2515. doi: 10.1093/cercor/bhy050
Davidson JH, Khor KE, Jones LE (2010) A cross-sectional study of post-amputation pain in upper and lower 

limb amputees, experience of a tertiary referral amputee clinic. Disabil Rehabil 32:1855–1862. doi: 
10.3109/09638281003734441

de Haan AM, van Stralen HE, Smit M, et al (2017) No consistent cooling of the real hand in the rubber hand illusion. 
Acta Psychol (Amst) 179:68–77. doi: 10.1016/j.actpsy.2017.07.003

de Haan AM De, Smit M, van der Stigchel S, Dijkerman HC (2016) Approaching threat modulates visuotactile 
interactions in peripersonal space. Exp Brain Res 234:1875–1884. doi: 10.1007/s00221-016-4571-2

de Lange FP, Helmich RC, Toni I (2006) Posture influences motor imagery: An fMRI study. Neuroimage 33:609–617. 
doi: 10.1016/j.neuroimage.2006.07.017

de Vignemont F (2018) Bodily Awareness. In: Zalta EN (ed) The Stanford Encyclopedia of Philosophy, Spring 201. 
Metaphysics Research Lab, Stanford University, 

de Vignemont F (2010a) Embodiment, ownership and disownership. Conscious Cogn 20:1–12. doi: 10.1016/j.
concog.2010.09.004

de Vignemont F (2010b) Body schema and body image-Pros and cons. Neuropsychologia 48:669–680. doi: 10.1016/j.
neuropsychologia.2009.09.022



References   |   251

R

de Vignemont F (2007) How many representations of the body? Behav Brain Sci 30:204–205. doi: 10.1017/
S0140525X07001434

de Vignemont F, Iannetti G (2015) How many peripersonal spaces? Neuropsychologia 70:327–34. doi: 10.1016/j.
neuropsychologia.2014.11.018

della Gatta F, Garbarini F, Puglisi G, et al (2016) Decreased motor cortex excitability mirrors own hand 
disembodiment during the rubber hand illusion. Elife 5:1–14. doi: 10.7554/eLife.14972

Dieguez S, Mercier MR, Newby N, Blanke O (2009) Feeling numbness for someone else’s finger. Curr Biol 19:1108–
1109. doi: 10.1016/j.cub.2009.10.055

Dietrich C, Blume KR, Franz M, et al (2017) Dermatomal organization of SI leg representation in humans: Revising 
the somatosensory homunculus. Cereb Cortex 27:4564–4569. doi: 10.1093/cercor/bhx007

Dijkerman H. C, de Haan EH. (2007) Somatosensory processes subserving perception and action. Behav Brain Sci 
Sci 30:189–239. doi: 10.1017/S0140525X07001392

Duhamel J-R, Colby CL, Goldberg ME (1998) Ventral intraparietal area of the macaque: Congruent visual and 
somatic response properties. J Neurophysiol 79:126–136.

Ehrsson HH (2007) The experimental induction of out-of-body experiences. Science 317:1048. doi: 10.1126/
science.1142175

Ehrsson HH (2004) That’s my hand! Activity in premotor cortex reflects feeling of ownership of a limb. Science 
305:875–877. doi: 10.1126/science.1097011

Ehrsson HH, Geyer S, Naito E (2003) Imagery of voluntary movement of fingers, toes, and tongue activates 
corresponding body-part-dpecific motor representations. J Neurophysiol 90:3304–3316. doi: 10.1152/
jn.01113.2002

Ehrsson HH, Naito E, Geyer S, et al (2000) Simultaneous movements of upper and lower limbs are coordinated 
by motor representations that are shared by both limbs: A PET study. Eur J Neurosci 12:3385–3398. doi: 
10.1046/j.1460-9568.2000.00209.x

Ehrsson HH, Rosen B, Stockselius A, et al (2008) Upper limb amputees can be induced to experience a rubber hand 
as their own. Brain 131:3443–3452. doi: 10.1093/brain/awn297

Elias LJ, Bryden MP, Bulman-Fleming MB (1998) Footedness is a better predictor than is handedness of emotional 
lateralization. Neuropsychologia 36:37–43. doi: 10.1016/S0028-3932(97)00107-3

Engel MM, Keizer A (2017) Body representation disturbances in visual perception and affordance perception 
persist in eating disorder patients after completing treatment. Sci Rep 7:1–9. doi: 10.1038/s41598-017-16362-w

Everaerd W (1983) A case of apotemnophilia: A handicap as sexual preference. Am J Psychother 37:285–293.
Farah MJ (1998) Why does the somatosensory homunculus have hands next to face and feet next to genitals? A 

hypothesis. Neural Comput 10:1983–1985. doi: 10.1162/089976698300016936
Feinberg TE, Venneri A, Simone AM, et al (2010) The neuroanatomy of asomatognosia and somatoparaphrenia. J 

Neurol Neurosurg Psychiatry 81:276–281. doi: 10.1136/jnnp.2009.188946
Ferri F, Costantini M, Huang Z, et al (2015a) Intertrial Variability in the Premotor Cortex Accounts for Individual 

Differences in Peripersonal Space. J Neurosci 35:16328–16339. doi: 10.1523/JNEUROSCI.1696-15.2015
Ferri F, Frassinetti F, Ardizzi M, et al (2012) A sensorimotor network for the bodily self. J Cogn Neurosci 24:1584–

1595. doi: 10.1162/jocn_a_00230
Ferri F, Tajadura-Jiménez A, Väljamäe A, et al (2015b) Emotion-inducing approaching sounds shape the boundaries 

of multisensory peripersonal space. Neuropsychologia 70:468–75. doi: 10.1016/j.neuropsychologia.2015.03.001
Field A, Miles J, Field Z (2012) Discovering Statistics Using R. 
Fine EJ (2013) The Alice in Wonderland syndrome. In: Progress in brain research. Elsevier, pp 143–156
Finotti G, Costantini M (2016) Multisensory body representation in autoimmune diseases. Sci Rep 6:1–7. doi: 

10.1038/srep21074



252   |   References

Fiori F, Longo MR (2018) Tactile distance illusions reflect a coherent stretch of tactile space. Proc Natl Acad Sci 
115:1238–1243. doi: 10.1073/pnas.1715123115

Fiorio M, Tinazzi M, Ionta S, et al (2007) Mental rotation of body parts and non-corporeal objects in patients with 
idiopathic cervical dystonia. Neuropsychologia 45:2346–2354. doi: 10.1016/j.neuropsychologia.2007.02.005

First MB (2005) Desire for amputation of a limb: paraphilia, psychosis, or a new type of identity disorder. Psychol 
Med 35:919–928. doi: 10.1017/S0033291704003320

First MB (2015) Structured Clinical Interview for the DSM (SCID). Encycl. Clin. Psychol. 
First MB, Fisher C (2012) Body Integrity Identity Disorder: The persistent desire to acquire a physical disability. 

Psychopathology 45:3–14. doi: 10.1159/000330503
Flögel M, Kalveram KT, Christ O, Vogt J (2015) Application of the rubber hand illusion paradigm: comparison 

between upper and lower limbs. Psychol Res 298–306. doi: 10.1007/s00426-015-0650-4
Fogassi L, Gallese V, Fadiga L, et al (1996) Coding of peripersonal space in inferior premotor cortex (area F4). J 

Neurophysiol 76:141–157.
Folegatti A, de Vignemont F, Pavani F, et al (2009) Losing one’s hand: Visual-proprioceptive conflict affects touch 

perception. PLoS One. doi: 10.1371/journal.pone.0006920
Fotopoulou A, Jenkinson PM, Tsakiris M, et al (2011) Mirror-view reverses somatoparaphrenia: Dissociation 

between first- and third-person perspectives on body ownership. Neuropsychologia 49:3946–3955. doi: 
10.1016/j.neuropsychologia.2011.10.011

Fuentes CT, Longo MR, Haggard P (2013) Body image distortions in healthy adults. Acta Psychol (Amst) 144:344–
351. doi: 10.1016/j.actpsy.2013.06.012

Galli G, Noel J-P, Canzoneri E, et al (2015) The wheelchair as a full-body tool extending the peripersonal space. 
Front Psychol 6:1–11. doi: 10.3389/fpsyg.2015.00639

Gandevia SC, Phegan CML (1999) Perceptual distortions of the human body image produced by local anaesthesia, 
pain and cutaneous stimulation. J Physiol 514:609–616. doi: 10.1111/j.1469-7793.1999.609ae.x

Ganea N, Longo MR (2017) Projecting the self outside the body: Body representations underlying proprioceptive 
imagery. Cognition 162:41–47. doi: 10.1016/j.cognition.2017.01.021

Ganis G, Keenan JP, Kosslyn SM, Pascual-Leone A (2000) Transcranial magnetic stimulation of primary motor 
cortex affects mental rotation. Cereb Cortex 10:175–180. doi: 10.1093/cercor/10.2.175

Garner DM, Garfinkel PE, Stancer HC, Moldofsky H (1976) Body image disturbances in anorexia nervosa and 
obesity. Psychosom Med 38:327–336. doi: 10.1097/00006842-197609000-00005

Gentile G, Björnsdotter M, Petkova VI, et al (2015) Patterns of neural activity in the human ventral premotor cortex 
reflect a whole-body multisensory percept. Neuroimage 109:328–340. doi: 10.1016/j.neuroimage.2015.01.008

Gentile G, Guterstam A, Brozzoli C, Ehrsson HH (2013) Disintegration of multisensory signals from the 
real hand reduces default limb self-attribution: an fMRI study. J Neurosci 33:13350–66. doi: 10.1523/
JNEUROSCI.1363-13.2013

Gentile G, Petkova VI, Ehrsson HH (2011) Integration of visual and tactile signals from the hand in the human 
brain: An fMRI Study. J Neurophysiol 105:910–922. doi: 10.1152/jn.00840.2010

Gheorghiu V, Hodapp V, Ludwig CM (1975) Attempt to construct a scale for the measurement of the effect of 
suggestion on perception. Educ Psychol Meas 35:341–352.

Gheorghiu V, Koch E, Hubner M (1995) A group scale for the influence of suggestion on sensory judgments. In: Blocs 
E, Guttmann G, Martin M, Mende M, Kanitschar H WH (ed) Hypnosis connecting disciplines, Proceedings of 
the Sixth European Congress of Hypnosis in Psychotherapy and Psychosomatic Medicine. Vienna, pp 14–17

Giummarra MJ, Bradshaw JL, Hilti LM, et al (2012) Paralyzed by desire: A new type of body integrity identity 
disorder. Cogn Behav Neurol 25:34–41. doi: 10.1097/WNN.0b013e318249865a



References   |   253

R

Giummarra MJ, Bradshaw JL, Nicholls MER, et al (2011) Body Integrity Identity Disorder: Deranged body processing, 
right fronto-parietal dysfunction, and phenomenological experience of body incongruity. Neuropsychol Rev 
21:320–333. doi: 10.1007/s11065-011-9184-8

Glucksman ML, Hirsch J (1969) The response of obese patients to weight reduction. III. The perception of body 
size. Psychosom Med 31:1–7.

Graziano MS (1999) Where is my arm? The relative role of vision and proprioception in the neuronal representation 
of limb position. Proc Natl Acad Sci U S A 96:10418–21. doi: 10.1073/pnas.96.18.10418

Graziano MS, Botvinick MM (2002) How the brain represents the body: insights from neurophysiology and 
psychology. Common Mech. Percept. action (Attention Perform. XIX) 136–157.

Graziano MS, Cooke DF (2006) Parieto-frontal interactions, personal space, and defensive behavior. 
Neuropsychologia 44:2621–2635. doi: 10.1016/j.neuropsychologia.2005.09.011

Graziano MS, Cooke DF, Taylor CS (2000) Coding the location of the arm by sight. Science 1782:1782–1787. doi: 
10.1126/science.290.5497.1782

Graziano MS, Gross CG (1995) The representation of extrapersonal space: A possible role for bimodal, visual-tactile 
neurons. In: The Cognitive Neurosciences. MIT Press, pp 1021–1034

Graziano MS, Hu XT, Gross CG (1997) Visuospatial properties of ventral premotor cortex. J Neurophysiol 77:2268–
2292.

Graziano MS, Reiss LA, Gross CG (1999) A neuronal representation of the location of nearby sounds. Nature 
397:428–430.

Graziano MS, Yap GS, Gross CG (1994) Coding of visual space by premotor neurons. Science 226:1054–1057.
Green BG (1982) The perception of distance and location for dual tactile pressures. Percept Psychophys 31:315–323. 

doi: 10.3758/BF03202654
Grivaz P, Blanke O, Serino A (2017) Common and distinct brain regions processing multisensory bodily signals for 

peripersonal space and body ownership. Neuroimage 147:602–618. doi: 10.1016/j.neuroimage.2016.12.052
Gross Y, Webb R, Melzack R (1974) Central and peripheral contributions to localization of body parts: Evidence 

for a central body schema. Exp Neurol 44:346–362. doi: 10.1016/0014-4886(74)90201-5
Guo X, Lin Z, Lyu Y, et al (2017) The Effect of Prosthesis Use on Hand Mental Rotation after Unilateral Upper-Limb 

Amputation. IEEE Trans Neural Syst Rehabil Eng 25:2046–2053. doi: 10.1109/TNSRE.2017.2702117
Haans A, Kaiser FG, Bouwhuis DG, IJsselsteijn WA (2012) Individual differences in the rubber-hand illusion: 

Predicting self-reports of people’s personal experiences. Acta Psychol (Amst) 141:169–177. doi: 10.1016/j.
actpsy.2012.07.016

Haegens S, Handel BF, Jensen O (2011) Top-Down controlled alpha band activity in somatosensory areas 
determines behavioral performance in a discrimination task. J Neurosci 31:5197–5204. doi: 10.1523/
JNEUROSCI.5199-10.2011

Haggard P, Clark S, Kalogeras J (2002) Voluntary action and conscious awareness. Nat Neurosci 5:382–385. doi: 
10.1038/nn827

Hagman J, Gardner RM, Brown DL, et al (2015) Body size overestimation and its association with body mass 
index, body dissatisfaction, and drive for thinness in anorexia nervosa. Eat Weight Disord 20:449–455. doi: 
10.1007/s40519-015-0193-0

Hallett M (2000) Transcranial magnetic stimulation and the human brain. Nature 406:201–212. doi: 10.1093/
acprof:oso/9780198567219.003.0014

Han J, Anson J, Waddington G, Adams R (2013) Proprioceptive performance of bilateral upper and lower limb joints: 
Side-general and site-specific effects. Exp Brain Res 226:313–323. doi: 10.1007/s00221-013-3437-0

Hänggi J, Bellwald D, Brugger P (2016) Shape alterations of basal ganglia and thalamus in xenomelia. NeuroImage 
Clin 11:760–769. doi: 10.1016/j.nicl.2016.05.015



254   |   References

Hänggi J, Vitacco DA, Hilti LM, et al (2017) Structural and functional hyperconnectivity within the sensorimotor 
system in xenomelia. Brain Behav 7:1–17. doi: 10.1002/brb3.657

Heron-Delaney M, Quinn PC, Lee K, et al (2013) Nine-month-old infants prefer unattractive bodies over attractive 
bodies. J Exp Child Psychol 115:30–41. doi: 10.1016/j.jecp.2012.12.008

Hilti LM, Hänggi J, Vitacco DA, et al (2013) The desire for healthy limb amputation: Structural brain correlates and 
clinical features of xenomelia. Brain 136:318–329. doi: 10.1093/brain/aws316

Hobeika L, Viaud-Delmon I, Taffou M (2018) Anisotropy of lateral peripersonal space is linked to handedness. Exp 
Brain Res 236:609–618. doi: 10.1007/s00221-017-5158-2

Hock A, White H, Jubran R, Bhatt RS (2016) The whole picture: Holistic body posture recognition in infancy. 
Psychon Bull Rev 23:426–431.

Hoyek N, Di Rienzo F, Collet C, et al (2014) Hand mental rotation is not systematically altered by actual body 
position: Laterality judgment versus same-different comparison tasks. Attention, Perception, Psychophys 
76:519–526. doi: 10.3758/s13414-013-0577-z

Huang R-S, Chen C, Tran AT, et al (2012) Mapping multisensory parietal face and body areas in humans. Proc Natl 
Acad Sci U S A 109:18114–9. doi: 10.1073/pnas.1207946109

Hunley SB, Marker AM, Lourenco SF (2017) Individual Differences in the Flexibility of Peripersonal Space. 64:49–55. 
doi: 10.1027/1618-3169/a000350

Hyvärinen J (1981) Regional distribution of functions in parietal association area 7 of the monkey. Brain Res 
206:287–303. doi: 10.1016/0006-8993(81)90533-3

Ide M, Wada M (2017) Salivary Oxytocin Concentration Associates with the Subjective Feeling of Body Ownership 
during the Rubber Hand Illusion. Front Hum Neurosci 11:1–13. doi: 10.3389/fnhum.2017.00166

Ingram LA, Butler AA, Gandevia SC, Walsh LD (2019) Proprioceptive measurements of perceived hand position 
using pointing and verbal localisation tasks. PLoS One 14:e0210911. doi: 10.1371/journal.pone.0210911

Ionta S, Blanke O (2009) Differential influence of hands posture on mental rotation of hands and feet in left and 
right handers. Exp Brain Res 195:207–217. doi: 10.1007/s00221-009-1770-0

Ionta S, Fourkas AD, Fiorio M, Aglioti SM (2007) The influence of hands posture on mental rotation of hands and 
feet. Exp Brain Res 183:1–7. doi: 10.1007/s00221-007-1020-2

Ionta S, Villiger M, Jutzeler CR, et al (2016) Spinal cord injury affects the interplay between visual and sensorimotor 
representations of the body. Sci Rep 6:1–10. doi: 10.1038/srep20144

JASP Team (2018) JASP (Version 0.9). 
Jenkinson PM, Haggard P, Ferreira NC, Fotopoulou A (2013) Body ownership and attention in the mirror: Insights 

from somatoparaphrenia and the rubber hand illusion. Neuropsychologia 51:1453–1462. doi: 10.1016/j.
neuropsychologia.2013.03.029

Jenkinson PM, Moro V, Fotopoulou A (2018) Definition: Asomatognosia. Cortex 101:300–301. doi: 10.1016/j.
cortex.2018.02.001

Jiang H-H, Hu Y-Z, Wang J-H, et al (2013) Visuospatial properties of caudal area 7b in Macaca fascicularis. Zool 
Res 34:E50-61. doi: 10.3724/SP.J.1141.2013.E02E50

Johnson SH (2000) Imagining the impossible: Intact motor representations in hemiplegics. Neuroreport 11:729–732. 
doi: 10.1097/00001756-200003200-00015

Johnson SH, Sprehn G, Saykin AJ (2002) Intact motor imagery in chronic upper limb hemiplegics: Evidence for 
activity-independent action representations. J Cogn Neurosci 14:841–852. doi: 10.1162/089892902760191072

Kaiser HF, Rice J (1974) Little jiffy, mark iv. Educ Psychol Meas 34:111–117.
Kállai J, Hegedüs G, Feldmann Á, et al (2015) Temperament and psychopathological syndromes specific 

susceptibility for rubber hand illusion. Psychiatry Res 229:410–419. doi: 10.1016/j.psychres.2015.05.109



References   |   255

R

Kammers MPM, van der Ham IJM, Dijkerman HC (2006) Dissociating body representations in healthy individuals: 
differential effects of a kinaesthetic illusion on perception and action. Neuropsychologia 44:2430–6. doi: 
10.1016/j.neuropsychologia.2006.04.009

Kammers MPM, Verhagen L, Dijkerman HC, et al (2009) Is this hand for real? Attenuation of the rubber hand 
illusion by transcranial magnetic stimulation over the inferior parietal lobule. J Cogn Neurosci 21:1311–1320. 
doi: 10.1162/jocn.2009.21095

Kandula M, Hofman D, Dijkerman HC (2015) Visuo-tactile interactions are dependent on the predictive value of 
the visual stimulus. Neuropsychologia 70:358–66. doi: 10.1016/j.neuropsychologia.2014.12.008

Kandula M, van der Stoep N, Hofman D, Dijkerman HC (2017) On the contribution of overt tactile expectations to 
visuo-tactile interactions within the peripersonal space. Exp Brain Res 235:2511–2522. doi: 10.1007/s00221-
017-4965-9

Kannape OA, Blanke O (2012) Agency, gait and self-consciousness. Int J Psychophysiol 83:191–199. doi: 10.1016/j.
ijpsycho.2011.12.006

Kannape OA, Smith EJT, Moseley P, et al (2019) Experimentally induced limb-disownership in mixed reality. 
Neuropsychologia 124:161–170. doi: 10.1016/j.neuropsychologia.2018.12.014

Kato K, Kanosue K (2017) Corticospinal excitability for hand muscles during motor imagery of foot changes with 
imagined force level. PLoS One 12:e0185547. doi: 10.1371/journal.pone.0185547

Katschnig P, Edwards MJ, Schwingenschuh P, et al (2010) Mental rotation of body parts and sensory temporal 
discrimination in fixed dystonia. Mov Disord 25:1061–7. doi: 10.1002/mds.23047

Keizer A, Engel MM, Bonekamp J, Van Elburg A (2018) Hoop training: a pilot study assessing the effectiveness of 
a multisensory approach to treatment of body image disturbance in anorexia nervosa. Eat Weight Disord 
0:0. doi: 10.1007/s40519-018-0585-z

Keizer A, Smeets MAM, Dijkerman HC, et al (2011) Tactile body image disturbance in anorexia nervosa. Psychiatry 
Res 190:115–120. doi: 10.1016/j.psychres.2011.04.031

Keizer A, Smeets MAM, Dijkerman HC, et al (2012) Aberrant somatosensory perception in Anorexia Nervosa. 
Psychiatry Res 200:530–537. doi: 10.1016/j.psychres.2012.05.001

Keizer A, Van Elburg A, Helms R, Dijkerman HC (2016) A virtual reality full body illusion improves body image 
disturbance in anorexia nervosa. PLoS One 11:1–21. doi: 10.1371/journal.pone.0163921

Kennett S, Spence C, Driver J (2002) Visuo-tactile links in covert exogenous spatial attention remap across changes 
in unseen hand posture. Percept Psychophys 64:1083–1094.

Kilteni K, Grau-Sánchez J, Veciana De Las Heras M, et al (2016) Decreased Corticospinal Excitability after the 
Illusion of Missing Part of the Arm. Front Hum Neurosci 10:1–12. doi: 10.3389/fnhum.2016.00145

Klaver M, Dijkerman HC (2016) Bodily Experience in Schizophrenia: Factors Underlying a Disturbed Sense of Body 
Ownership. Front Hum Neurosci 10:1–12. doi: 10.3389/fnhum.2016.00305

Kohler M, Strauss S, Horn U, et al (2019) Differences in Neuronal Representation of Mental Rotation in Patients 
With Complex Regional Pain Syndrome and Healthy Controls. J Pain. doi: 10.1016/j.jpain.2019.01.330

Kosslyn SM, DiGirolamo GJ, Thompson WL, Alpert NM (1998) Mental rotation of objects versus hands: Neural 
mechanisms revealed by positron emission tomography. Psychophysiology 35:151–161. doi: 10.1017/
S0048577298001516

Krüger M, Amorim MA, Ebersbach M (2014) Mental rotation and the motor system: Embodiment head over heels. 
Acta Psychol (Amst) 145:104–110. doi: 10.1016/j.actpsy.2013.11.004

Kurata K (1989) Distribution of neurons with set- and movement-related activity before hand and foot movements 
in the premotor cortex of rhesus monkeys. Exp Brain Res 77:245–256. doi: 10.1007/BF00274982

Kurata K, Okano K, Tanji J (1985) Distribution of neurons related to a hindlimb as opposed to forelimb movement 
in the monkey premotor cortex. Exp Brain Res 60:188–191.



256   |   References

Lackner JR (1988) Some proprioceptive influences on the perceptual representation of body shape and orientation. 
Brain 111:281–297.

Làdavas E, di Pellegrino G, Farnè A, Zeloni G (1998) Neuropsychological evidence of an integrated visuotactile 
representation of peripersonal space in humans. J Cogn Neurosci 10:581–9. doi: 10.1162/089892998562988

Làdavas E, Pavani F, Farnè A (2001) Auditory peripersonal space in humans: A case of auditory–tactile extinction. 
Neurocase 7:97–103. doi: 10.1093/neucas/7.2.97

Langer N, Hänggi J, Müller NA, et al (2012) Effects of limb immobilization on brain plasticity. Neurology 78:182–188. 
doi: 10.1212/WNL.0b013e31823fcd9c

Le Cornu Knight F, Longo MR, Bremner AJ (2014) Categorical perception of tactile distance. Cognition 131:254–262. 
doi: 10.1016/j.cognition.2014.01.005

Lenggenhager B, Hilti LM, Brugger P (2015) Disturbed body integrity and the “rubber foot illusion.” Neuropsychology 
29:205–211. doi: 10.1037/neu0000143

Lenggenhager B, Tadi T, Metzinger T, Blanke O (2007) Video ergo sum: manipulating bodily self-consciousness. 
Science 317:1096–1099. doi: 10.1126/science.1143439

Leon AC, Olfson M, Portera L, et al (1997) Assessing psychiatric impairment in primary care with the Sheehan 
Disability Scale. Int J Psychiatry Med 27:93–105. doi: 10.2190/T8EM-C8YH-373N-1UWD

Levitt H (1971) Transformed Up-Down Methods in Psychoachoustics. J Acoust Soc Am 49:467–477.
Lewis E, Lloyd DM (2010) Embodied experience: A first-person investigation of the rubber hand illusion. 

Phenomenol Cogn Sci 9:317–339. doi: 10.1007/s11097-010-9154-2
Limanowski J, Blankenburg F (2016) Integration of visual and proprioceptive limb position information in 

human posterior parietal, premotor, and extrastriate cortex. J Neurosci 36:2582–2589. doi: 10.1523/
JNEUROSCI.3987-15.2016

Limanowski J, Blankenburg F (2015) That’s not quite me: limb ownership encoding in the brain. Soc Cogn Affect 
Neurosci nsv079. doi: 10.1093/scan/nsv079

Linkenauger SA, Geuss M, Stefanucci JK, et al (2015) The perceptual homunculus : The perception of the relative 
proportions of the human body. J Exp Psychol Gen 144:103–113. doi: 10.1037/xge0000028

Little TD, Lindenburger U, Nesselroad JR (1999) On selecting indicators for multivariate measurement and 
modeling with latent variables: When “good” indicators are bad and “bad” indicators are good. Psychol. 
Methods1 4:192–211.

Longo MR (2015a) Posture modulates implicit hand maps. Conscious Cogn 36:96–102. doi: 10.1016/j.
concog.2015.06.009

Longo MR (2015b) Implicit and explicit body representations. Eur Psychol 20:6–15. doi: 10.1027/1016-9040/a000198
Longo MR (2017a) Distorted body representations in healthy cognition. Q J Exp Psychol 70:378–388. doi: 

10.4324/9781315627618
Longo MR (2015c) Three-dimensional coherence of the conscious body image. Q J Exp Psychol 68:1116–1123.
Longo MR (2015d) Intuitive anatomy: Distortions of conceptual knowledge of hand structure. Cognition 142:230–

235. doi: 10.1016/j.cognition.2015.05.024
Longo MR (2017b) Expansion of Perceptual Body Maps Near – But Not Across – The Wrist. Front Hum Neurosci 

11:1–9. doi: 10.3389/fnhum.2017.00111
Longo MR, Azañón E, Haggard P (2010) More than skin deep: body representation beyond primary somatosensory 

cortex. Neuropsychologia 48:655–68. doi: 10.1016/j.neuropsychologia.2009.08.022
Longo MR, Azañón E, Tamè L, et al (2016) Multimodal Contributions to Body Representation. Multisens Res 1–27. 

doi: 10.1163/22134808-00002531
Longo MR, Golubova O (2017) Mapping the internal geometry of tactile space. J Exp Psychol Hum Percept Perform 

43:1815–1827. doi: 10.1037/xhp0000434



References   |   257

R

Longo MR, Haggard P (2012) Implicit body representations and the conscious body image. Acta Psychol (Amst) 
141:164–168. doi: 10.1016/j.actpsy.2012.07.015

Longo MR, Haggard P (2010) An implicit body representation underlying human position sense. Proc Natl Acad 
Sci U S A 107:11727–11732. doi: 10.1073/pnas.1003483107

Longo MR, Haggard P (2011) Weber’s illusion and body shape: anisotropy of tactile size perception on the hand. J 
Exp Psychol Hum Percept Perform 37:720–726. doi: 10.1037/a0021921

Longo MR, Long C, Haggard P (2012) Mapping the invisible hand: a body model of a phantom limb. Psychol Sci 
23:740–2. doi: 10.1177/0956797612441219

Longo MR, Mattioni S, Ganea N (2015) Perceptual and Conceptual Distortions of Implicit Hand Maps. Front Hum 
Neurosci 9:1–12. doi: 10.3389/fnhum.2015.00656

Longo MR, Schüür F, Kammers MPM, et al (2008) What is embodiment? A psychometric approach. Cognition 
107:978–998. doi: 10.1016/j.cognition.2007.12.004

lriki A, Tanaka M, Iwamura Y (1996) Coding of modified body schema during tool use by macaque postcentral 
neurones. Neuroreport 7:2325–2330. doi: 10.1097/00001756-199610020-00010

Lu WH, Wang PW, Ko CH, et al (2018) Differences in mental health among young adults with borderline personality 
symptoms of various severities. J Formos Med Assoc 117:332–338. doi: 10.1016/j.jfma.2017.04.020

Lund K, Petersen GL, Erlandsen M, et al (2015) The magnitude of placebo analgesia effects depends on how they 
are conceptualized. J Psychosom Res 79:663–668.

Lyu Y, Guo X, Bekrater-Bodmann R, et al (2016) Phantom limb perception interferes with motor imagery after 
unilateral upper-limb amputation. Sci Rep 6:2100. doi: 10.1038/srep21100

Macauda G, Bekrater-Bodmann R, Brugger P, Lenggenhager B (2017) When less is more – Implicit preference for 
incomplete bodies in xenomelia. J Psychiatr Res 84:249–255. doi: 10.1016/j.jpsychires.2016.09.019

Makin TR, Cramer AO, Scholz J, et al (2013) Deprivation-related and use-dependent plasticity go hand in hand. 
Elife 2:1–15. doi: 10.7554/eLife.01273

Makin TR, Holmes NP, Ehrsson HH (2008) On the other hand: Dummy hands and peripersonal space. Behav Brain 
Res 191:1–10. doi: 10.1016/j.bbr.2008.02.041

Makin TR, Holmes NP, Zohary E (2007) Is that near my hand? Multisensory representation of peripersonal space 
in human intraparietal sulcus. J Neurosci 27:731–40. doi: 10.1523/JNEUROSCI.3653-06.2007

Makowski D (2018) The psycho Package: an Efficient and Publishing-Oriented Workflow for Psychological Science. 
J Open Source Softw 3:470. doi: 10.21105/joss.00470

Margolis AN, Longo MR (2015) Visual detail about the body modulates tactile localisation biases. Exp Brain Res 
233:351–358. doi: 10.1007/s00221-014-4118-3

Marotta A, Tinazzi M, Cavedini C, et al (2016) Individual differences in the rubber hand illusion are related to 
sensory suggestibility. PLoS One 11:1–12. doi: 10.1371/journal.pone.0168489

Marshall PJ, Saby JN, Meltzoff AN (2013) Imitation and the Developing Social Brain: Infants’ Somatotopic EEG 
Patterns for Acts of Self and Other. Int J Psychol Res 6:22–29.

Martini M, Perez-Marcos D, Sanchez-Vives M V (2013) What Color is My Arm? Changes in Skin Color of an 
Embodied Virtual Arm Modulates Pain Threshold. Front Hum Neurosci 7:438. doi: 10.3389/fnhum.2013.00438

Martuzzi R, van der Zwaag W, Dieguez S, et al (2015) Distinct contributions of Brodmann areas 1 and 2 to body 
ownership. Soc Cogn Affect Neurosci 10:1449–1459. doi: 10.1093/scan/nsv031

Martuzzi R, van der Zwaag W, Farthouat J, et al (2014) Human finger somatotopy in areas 3b, 1, and 2: A 7T fMRI 
study using a natural stimulus. Hum Brain Mapp 35:213–226. doi: 10.1002/hbm.22172

Maselli A, Slater M (2014) Sliding perspectives: dissociating ownership from self-location during full body illusions 
in virtual reality. Front Hum Neurosci 8:693-NA. doi: 10.3389/fnhum.2014.00693

Matsumiya K (2019) Separate multisensory integration processes for ownership and localization of body parts. 
Sci Rep 9:1–9. doi: 10.1038/s41598-018-37375-z



258   |   References

Mazhari S, Moghadas Tabrizi Y (2014) Abnormalities of mental rotation of hands associated with speed of 
information processing and executive function in chronic schizophrenic patients. Psychiatry Clin Neurosci 
68:410–417. doi: 10.1111/pcn.12148

McGeoch PD, Brang D, Song T, et al (2011) Xenomelia: A new right parietal lobe syndrome. J Neurol Neurosurg 
Psychiatry 82:1314–1319. doi: 10.1136/jnnp-2011-300224

Mckenzie KJ, Newport R (2015) Increased somatic sensations are associated with reduced limb ownership. J 
Psychosom Res 78:88–90. doi: 10.1016/j.jpsychores.2014.11.005

Meier J, Topka MS, Hänggi J (2016) Differences in Cortical Representation and Structural Connectivity of Hands 
and Feet between Professional Handball Players and Ballet Dancers. Neural Plast. doi: 10.1155/2016/6817397

Meltzoff A, Saby J, J. Marshall P (2018a) Neural representations of the body in 60-day-old human infants. 
Meltzoff AN, Ramírez RR, Saby JN, et al (2018b) Infant brain responses to felt and observed touch of hands and 

feet: an MEG study. Dev Sci 21:1–13. doi: 10.1111/desc.12651
Menzer F, Brooks A, Halje P, et al (2010) Feeling in control of your footsteps: Conscious gait monitoring and the 

auditory consequences of footsteps. Cogn Neurosci 1:184–192. doi: 10.1080/17588921003743581
Mergen J, Keizer A, Koelkebeck K, et al (2018) Women with Anorexia Nervosa do not show altered tactile localization 

compared to healthy controls. Psychiatry Res 267:446–454. doi: 10.1016/j.psychres.2018.06.007
Miller LE, Longo MR, Saygin AP (2016) Mental body representations retain homuncular shape distortions: Evidence 

from Weber’s illusion. Conscious Cogn 40:17–25. doi: 10.1016/j.concog.2015.12.008
Mohr HM, Zimmermann J, Rder C, et al (2010) Separating two components of body image in anorexia nervosa 

using fMRI. Psychol Med 40:1519–1529. doi: 10.1017/S0033291709991826
Mölbert SC, Klein L, Thaler A, et al (2017) Depictive and metric body size estimation in anorexia nervosa and bulimia 

nervosa: A systematic review and meta-analysis. Clin Psychol Rev 57:21–31. doi: 10.1016/j.cpr.2017.08.005
Money J, Jobaris R, Furth G (1977) Apotemnophilia: Two Cases of Self-Demand Amputation as a Paraphilia. J Sex 

Res 13:115–125. doi: 10.1080/00224497709550967
Moro V, Pernigo S, Tsakiris M, et al (2016) Motor versus body awareness: Voxel-based lesion analysis in anosognosia 

for hemiplegia and somatoparaphrenia following right hemisphere stroke. Cortex 83:62–77. doi: 10.1016/j.
cortex.2016.07.001

Moseley G (2005) Distorted body image in complex regional pain syndrome. Neurology 65:773–773.
Muakkassa KF, Strick PL (1979) Frontal lobe inputs to primate motor cortex: evidence for four somatotopically 

organized “premotor” areas. Brain Res 177:176–182. doi: 10.1016/0006-8993(79)90928-4
Muller S (2009) Body integrity identity disorder (BIID) - Is the amputation of healthy limbs ethically justified? Am 

J Bioeth 9:36–43. doi: 10.1080/15265160802588194
Munzert J, Lorey B, Zentgraf K (2009) Cognitive motor processes: The role of motor imagery in the study of motor 

representations. Brain Res Rev 60:306–326. doi: 10.1016/j.brainresrev.2008.12.024
Naito E, Morita T, Amemiya K (2016) Body representations in the human brain revealed by kinesthetic illusions 

and their essential contributions to motor control and corporeal awareness. Neurosci Res 104:16–30. doi: 
10.1016/j.neures.2015.10.013

Napier J (1980) Hands. Princeton University Press, Princeton, NJ
Nava E, Bolognini N, Turati C (2017) The Development of a Cross-Modal Sense of Body Ownership. Psychol Sci 

28:330–337. doi: 10.1177/0956797616682464
Newport R, Gilpin HR (2011) Multisensory disintegration and the disappearing hand trick. Curr Biol 21:R804–R805. 

doi: 10.1016/j.cub.2011.08.044
Ngomo S, Leonard G, Mercier C (2012) Influence of the amount of use on hand motor cortex representation: Effects 

of immobilization and motor training. Neuroscience 220:208–214. doi: 10.1016/j.neuroscience.2012.06.018
Nico D, Daprati E, Rigal Ë, et al (2004) Left and right hand recognition in upper limb amputees. Brain 127:120–132. 

doi: 10.1093/brain/awh006



References   |   259

R

Noel J-P, Grivaz P, Marmaroli P, et al (2015a) Full body action remapping of peripersonal space: The case of walking. 
Neuropsychologia 70:375–384. doi: 10.1016/j.neuropsychologia.2014.08.030

Noel J-P, Lukowska M, Wallace M, Serino A (2016) Multisensory simultaneity judgment and proximity to the body. 
J Vis 16:21. doi: 10.1167/16.3.21

Noel J-P, Pfeiffer C, Blanke O, Serino A (2015b) Peripersonal space as the space of the bodily self. Cognition 144:49–
57. doi: 10.1016/j.cognition.2015.07.012

Noel J-P, Wallace M (2016) Relative contributions of visual and auditory spatial representations to tactile 
localization. Neuropsychologia 82:84–90. doi: 10.1016/j.neuropsychologia.2016.01.005

Noll S, Kasten E (2014) Body Integrity Identity Disorder (BIID): How satisfied are successful wannabes. Psychol 
Behav Sci 3:222–232. doi: 10.11648/j.pbs.20140306.17

Nummenmaa L, Glerean E, Hari R, Hietanen JK (2014) Bodily maps of emotions. Proc Natl Acad Sci U S A 111:646–
51. doi: 10.1073/pnas.1321664111

Oakley DA, Halligan PW (2013) Hypnotic suggestion: Opportunities for cognitive neuroscience. Nat Rev Neurosci 
14:565–576. doi: 10.1038/nrn3538

Ocklenburg S, Rüther N, Peterburs J, et al (2011) Laterality in the rubber hand illusion. Laterality 16:174–187. doi: 
10.1080/13576500903483515

Oddo-Sommerfeld S, Hänggi J, Coletta L, et al (2018) Brain activity elicited by viewing pictures of the 
own virtually amputated body predicts xenomelia. Neuropsychologia 108:135–146. doi: 10.1016/j.
neuropsychologia.2017.11.025

Overduin SA, Servos P (2004) Distributed digit somatotopy in primary somatosensory cortex. Neuroimage 23:462–
472. doi: 10.1016/j.neuroimage.2004.06.024

Parsons JA, Brown WA, Sirota AD (1981) Inappropriate amputation requests. Psychosomatics 22:822–823. doi: 
10.1016/S0033-3182(81)73114-1

Parsons LM (1987) Imagined spatial transformations of one’s hands and feet. Cogn Psychol 19:178–241. doi: 
10.1016/0010-0285(87)90011-9

Parsons LM, Fox PT, Downs JH, et al (1995) Use of implicit motor imagery for visual shape discrimination as 
revealed by PET. Nature 375:54–58.

Pearson A, Marsh L, Hamilton A, Ropar D (2014) Spatial transformations of bodies and objects in adults with autism 
spectrum disorder. J Autism Dev Disord 44:2277–2289. doi: 10.1007/s10803-014-2098-6

Penfield W, Boldrey E (1937) Somatic Motor and Sensory Representation in the Cerebral Cortex of Man As Studied 
By Electrical Stimulation. Brain 60:389–443. doi: 10.1093/brain/60.4.389

Petkova V (2011) Do I need a body to know who I am? Neural mechanisms of body ownership. 
Peviani V, Bottini G (2018) The distorted hand metric representation serves both perception and action. J Cogn 

Psychol 30:880–893. doi: 10.1080/20445911.2018.1538154
Pitron V, de Vignemont F (2017) Beyond differences between the body schema and the body image: insights from 

body hallucinations. Conscious Cogn 53:115–121. doi: 10.1016/j.concog.2017.06.006
Polczyk R, Pasek T (2006) Types of suggestibility: Relationships among compliance, indirect, and direct suggestibility. 

Int J Clin Exp Hypn 54:392–415. doi: 10.1080/00207140600856764
Pozeg P, Galli G, Blanke O (2015) Those are your legs: The effect of visuo-spatial viewpoint on visuo-tactile 

integration and body ownership. Front Psychol 6:1–14. doi: 10.3389/fpsyg.2015.01749
Pozeg P, Palluel E, Ronchi R, et al (2017) Virtual reality improves embodiment and neuropathic pain caused by 

spinal cord injury. Neurology 0:1894–1904. doi: 10.1212/WNL.0000000000004585
Press C, Taylor-Clarke M, Kennett S, Haggard P (2004) Visual enhancement of touch in spatial body representation. 

Exp Brain Res 154:238–245. doi: 10.1007/s00221-003-1651-x
Preston C (2013) The role of distance from the body and distance from the real hand in ownership and disownership 

during the rubber hand illusion. Acta Psychol (Amst) 142:177–183. doi: 10.1016/j.actpsy.2012.12.005



260   |   References

Ramachandran VS, Brang D, McGeoch PD, Rosar W (2009) Sexual and food preference in apotemnophilia and 
anorexia: Interactions between “beliefs” and “needs” regulated by two-way connections between body image 
and limbic structures. Perception 38:775–777. doi: 10.1068/p6350

Ramachandran VS, Hirstein W (1998) The perception of phantom limbs. Brain 121:1603–30. doi: 10.1093/
brain/121.9.1603

Ramachandran VS, McGeoch P (2007) Can vestibular caloric stimulation be used to treat apotemnophilia? Med 
Hypotheses 69:250–252. doi: 10.1016/j.mehy.2006.12.013

Reed GM, First MB, Kogan CS, et al (2019) Innovations and changes in the ICD-11 classification of mental, 
behavioural and neurodevelopmental disorders. World Psychiatry 18:3–19. doi: 10.1002/wps.20611

Reinersmann A, Haarmeyer GS, Blankenburg M, et al (2010) Left is where the L is right. Significantly delayed 
reaction time in limb laterality recognition in both CRPS and phantom limb pain patients. Neurosci Lett 
486:240–245. doi: 10.1016/j.neulet.2010.09.062

Rijntjes M, Dettmers C, Büchel C, et al (1999) A blueprint for movement: functional and anatomical representations 
in the human motor system. J Neurosci 19:8043–8048. doi: 10.1523/jneurosci.0163-10.2010

Rizzolatti G, Scandolara C, Matelli M, Gentilucci M (1981a) Afferent properties of periarcuate neurons in macaque 
monkeys II. Visual responses. Behav Brain Res 2:147–163.

Rizzolatti G, Fadiga L, Fogassi L, Gallese V (1997) The space around us. Science 227:190–191.
Rizzolatti G, Scandolara C, Matelli M, Gentilucci M (1981b) Afferent properties of periarcuate neurons in macaque 

monkeys. I. Somatosensory responses. Behav Brain Res 2:125–146. doi: 10.1016/0166-4328(81)90052-8
Rochat P, Morgan R (1995) Spatial determinants in the perception of self-produced leg movements in 3-to 5-month-

old infants. Dev Psychol 31:626.
Romano D, Sedda A, Brugger P, Bottini G (2015) Body ownership: When feeling and knowing diverge. Conscious 

Cogn 34:140–148. doi: 10.1016/j.concog.2015.04.008
Saby JN, Meltzoff AN, Marshall PJ (2015) Neural body maps in human infants: Somatotopic responses to tactile 

stimulation in 7-month-olds. Neuroimage 118:74–78. doi: 10.1016/j.neuroimage.2015.05.097
Sadibolova R, Ferrè ER, Linkenauger SA, Longo MR (2019) Distortions of perceived volume and length of body 

parts. Cortex 111:74–86. doi: 10.1016/j.cortex.2018.10.016
Salomon R, Noel J-P, Łukowska M, et al (2017) Unconscious integration of multisensory bodily inputs 

in the peripersonal space shapes bodily self-consciousness. Cognition 166:174–183. doi: 10.1016/j.
cognition.2017.05.028

Sambo CF, Iannetti GD (2013) Better safe than sorry? The safety margin surrounding the body is increased by 
anxiety. J Neurosci 33:14225–30. doi: 10.1523/JNEUROSCI.0706-13.2013

Sambo CF, Liang M, Cruccu G, Iannetti G (2012) Defensive peripersonal space: the blink reflex evoked by hand 
stimulation is increased when the hand is near the face. J Neurophysiol 107:880–889. doi: 10.1152/jn.00731.2011

Sanchez-Panchuelo RM, Francis S, Bowtell R, Schluppeck D (2010) Mapping Human Somatosensory Cortex in 
Individual Subjects With 7T Functional MRI. J Neurophysiol 103:2544–2556. doi: 10.1152/jn.01017.2009

Saulton A, Dodds TJ, Bülthoff HH, de la Rosa S (2015) Objects exhibit body model like shape distortions. Exp Brain 
Res 233:1471–1479. doi: 10.1007/s00221-015-4221-0

Saulton A, Longo MR, Wong HY, et al (2016) The role of visual similarity and memory in body model distortions. 
Acta Psychol (Amst) 164:103–111. doi: 10.1016/j.actpsy.2015.12.013

Saw KM, Hee HI (2017) Tourniquet-induced common peroneal nerve injury in a pediatric patient after knee 
arthroscopy - raising the red flag. Clin Case Reports 5:1438–1440. doi: 10.1002/ccr3.1060

Scandola M, Aglioti SM, Avesani R, et al (2017) Corporeal illusions in chronic spinal cord injuries. Conscious Cogn 
49:278–290. doi: 10.1016/j.concog.2017.01.010

Scandola M, Aglioti SM, Bonente C, et al (2016) Spinal cord lesions shrink peripersonal space around the feet, 
passive mobilization of paraplegic limbs restores it. Sci Rep 6:24126. doi: 10.1038/srep24126



References   |   261

R

Scarpina F, Castelnuovo G, Molinari E (2014) Tactile mental body parts representation in obesity. Psychiatry Res 
220:960–969. doi: 10.1016/j.psychres.2014.08.020

Scarpina F, Cau N, Cimolin V, et al (2017) Body-scaled action in obesity during locomotion: Insights on the nature and 
extent of body representation disturbances. J Psychosom Res 102:34–40. doi: 10.1016/j.jpsychores.2017.09.004

Schicke T, Bauer F, Röder B (2009) Interactions of different body parts in peripersonal space: How vision of the 
foot influences tactile perception at the hand. Exp Brain Res 192:703–715. doi: 10.1007/s00221-008-1587-2

Schicke T, Röder B (2006) Spatial remapping of touch: confusion of perceived stimulus order across hand and foot. 
Proc Natl Acad Sci U S A 103:11808–11813. doi: 10.1073/pnas.0601486103

Schmalzl L, Ragnö C, Ehrsson HH (2013) An alternative to traditional mirror therapy: Illusory touch can reduce 
phantom pain when illusory movement does not. Clin J Pain 29:10–18. doi: 10.1097/AJP.0b013e3182850573

Schwoebel J, Coslett H (2005) Evidence for Multiple, Distinct Representations of the Human Body. J Cogn Neurosci 
17:543–553.

Sedda A (2011) Body integrity identity disorder: From a psychological to a neurological syndrome. Neuropsychol 
Rev 21:334–336. doi: 10.1007/s11065-011-9186-6

Sekiya N, Nagasaki H, Ito H, Furuna T (1997) Optimal walking in terms of variability in step length. J Orthop Sport 
Phys Ther 26:266–272.

Sereno MI, Huang RS (2014) Multisensory maps in parietal cortex. Curr Opin Neurobiol 24:39–46. doi: 10.1016/j.
conb.2013.08.014

Serino A, Annella L, Avenanti A (2009) Motor properties of peripersonal space in humans. PLoS One 4:1–8. doi: 
10.1371/journal.pone.0006582

Serino A, Canzoneri E, Avenanti A (2011) Fronto-parietal areas necessary for a multisensory representation of 
peripersonal space in humans: an rTMS study. J Cogn Neurosci 23:2956–2967.

Serino A, Haggard P (2010) Touch and the body. Neurosci Biobehav Rev 34:224–36. doi: 10.1016/j.neubiorev.2009.04.004
Serino A, Noel J-P, Galli G, et al (2016) Body part-centered and full body-centered peripersonal space representations. 

Sci Rep 5:18603. doi: 10.1038/srep18603
Sheehan D V., Lecrubier Y, Sheehan KH, et al (1998) The Mini-International Neuropsychiatric Interview (M.I.N.I.): 

The development and validation of a structured diagnostic psychiatric interview for DSM-IV and ICD-10. J 
Clin Psychiatry 59:22–33. doi: 10.1016/S0924-9338(99)80239-9

Shenton JT, Schwoebel J, Coslett HB (2004) Mental motor imagery and the body schema: Evidence for proprioceptive 
dominance. Neurosci Lett 370:19–24. doi: 10.1016/j.neulet.2004.07.053

Shorter KA, Wu A, Kuo AD (2017) The high cost of swing leg circumduction during human walking. Gait Posture 
54:265–270. doi: 10.1016/j.gaitpost.2017.03.021

Smit M, Kooistra DI, van der Ham IJM, Dijkerman HC (2017) Laterality and body ownership: Effect of handedness 
on experience of the rubber hand illusion. Laterality 22:703–724. doi: 10.1080/1357650X.2016.1273940

Smit M, van Stralen HE, Van den Munckhof B, et al (2018) The man who lost his body: Suboptimal multisensory 
integration yields body awareness problems after a right temporoparietal brain tumour. J Neuropsychol 
1–10. doi: 10.1111/jnp.12153

Spitoni GF, Galati G, Antonucci G, et al (2010) Two forms of touch perception in the human brain. Exp Brain Res 
207:185–195. doi: 10.1007/s00221-010-2446-5

Spitoni GF, Pireddu G, Cimmino RL, et al (2013) Right but not left angular gyrus modulates the metric component 
of the mental body representation: A tDCS study. Exp Brain Res 228:63–72. doi: 10.1007/s00221-013-3538-9

Spitoni GF, Serino A, Cotugno A, et al (2015) The two dimensions of the body representation in women suffering 
from Anorexia Nervosa. Psychiatry Res 230:181–188. doi: 10.1016/j.psychres.2015.08.036

Sposito A, Bolognini N, Vallar G, Maravita A (2012) Extension of perceived arm length following tool-use: Clues 
to plasticity of body metrics. Neuropsychologia 50:2187–2194. doi: 10.1016/j.neuropsychologia.2012.05.022



262   |   References

Sposito A V., Bolognini N, Vallar G, et al (2010) The spatial encoding of body parts in patients with neglect and neurologically 
unimpaired participants. Neuropsychologia 48:334–340. doi: 10.1016/j.neuropsychologia.2009.09.026

Spotts JL (2008) Utility of the Modified Mini Screen (MMS) for screening mental health disorders in a prison population. 
Springer S, Gottlieb U, Moran U, et al (2015) The correlation between postural control and upper limb position sense 

in people with chronic ankle instability. J Foot Ankle Res 8:23. doi: 10.1186/s13047-015-0082-9
Stettler BA, Thomas LE (2016) Visual processing is biased in peripersonal foot space. Attention, Perception, 

Psychophys. doi: 10.3758/s13414-016-1225-1
Stone KD, Bullock F, Keizer A, Dijkerman HC (2018a) The disappearing limb trick and the role of sensory suggestibility 

in illusion experience. Neuropsychologia 117:418–427. doi: 10.1016/j.neuropsychologia.2018.07.012
Stone KD, Kandula M, Keizer A, Dijkerman HC (2018b) Peripersonal space boundaries around the lower limbs. Exp 

Brain Res 236:161–173. doi: 10.1007/s00221-017-5115-0
Stone KD, Keizer A, Dijkerman HC (2018c) The influence of vision, touch, and proprioception on body representation 

of the lower limbs. Acta Psychol (Amst) 185:22–32. doi: 10.1016/j.actpsy.2018.01.007
Stoodley CJ, Valera EM, Schmahmann JD (2010) An fMRI study of intra-individual functional topography in the human 

cerebellum. Behav Neurol 23:65–79. doi: 10.3233/BEN-2010-0268
Storm S, Weiss MD (2003) Self-inflicted tourniquet paralysis mimicking acute demyelinating polyneuropathy. Muscle 

and Nerve 27:631–635. doi: 10.1002/mus.10366
Stringer AE, Qiao PG, Friedman RM, et al (2014) Distinct fine-scale fMRI activation patterns of contra- and ipsilateral 

somatosensory areas 3b and 1 in humans. Hum Brain Mapp 35:4841–4857. doi: 10.1002/hbm.22517
Taffou M, Viaud-Delmon I (2014) Cynophobic Fear Adaptively Extends Peri-Personal Space. Front Psychiatry 5:3–9. 

doi: 10.3389/fpsyt.2014.00122
Tamè L, Azañón E, Longo MR (2019) A Conceptual Model of Tactile Processing across Body Features of Size, Shape, 

Side, and Spatial Location. Front Psychol. doi: 10.3389/fpsyg.2019.00291
Taylor-Clarke M, Kennett S, Haggard P (2002) Vision Modulates Somatosensory Cortical Processing. Curr Biol 

12:233–236.
Teneggi C, Canzoneri E, Pellegrino G, et al (2013) Social modulation of peripersonal space boundaries. Curr Biol 

23:406–411. doi: 10.1016/j.cub.2013.01.043
Terhune DB, Hedman LRA (2017) Metacognition of agency is reduced in high hypnotic suggestibility. Cognition 

168:176–181. doi: 10.1016/j.cognition.2017.06.026
Terrier P, Schutz Y (2003) Variability of gait patterns during unconstrained walking assessed by satellite positioning 

(GPS). Eur J Appl Physiol 90:554–561. doi: 10.1007/s00421-003-0906-3
Terrier P, Turner V, Schutz Y (2005) GPS analysis of human locomotion: Further evidence for long-range correlations 

in stride-to-stride fluctuations of gait parameters. Hum Mov Sci 24:97–115. doi: 10.1016/j.humov.2005.03.002
Thomas CS, Goldberg DP (1995) Appearance, body image and distress in facial dysmorphophobia. Acta Psychiatr 

Scand 92:231–236. doi: 10.1111/j.1600-0447.1995.tb09574.x
Tieri G, Tidoni E, Pavone EF, Aglioti SM (2015) Mere observation of body discontinuity affects perceived ownership 

and vicarious agency over a virtual hand. Exp Brain Res 233:1247–1259. doi: 10.1007/s00221-015-4202-3
Tomasino B, Gremese M (2015) Effects of stimulus type and strategy on mental rotation network: An activation 

likelihood estimation meta-analysis. Front Hum Neurosci 9:693. doi: 10.3389/fnhum.2015.00693
Tosi G, Romano D, Maravita A (2018) Mirror Box Training in Hemiplegic Stroke Patients Affects Body Representation. 

Front Hum Neurosci 11:1–10. doi: 10.3389/fnhum.2017.00617
Treede R-D, Meyer RA, Campbell JN (1990) Comparison of heat and mechanical receptive fields of cutaneous C-fiber 

nociceptors in monkey. J Neurophysiol 64:1502–1513.
Tsakiris M (2010) My body in the brain: A neurocognitive model of body-ownership. Neuropsychologia 48:703–712. 

doi: 10.1016/j.neuropsychologia.2009.09.034



References   |   263

R

Tsakiris M, Hesse MD, Boy C, et al (2007) Neural signatures of body ownership: a sensory network for bodily self-
consciousness. Cereb cortex 17:2235–2244.

Tsakiris M, Tajadura-Jiménez A, Costantini M (2011) Just a heartbeat away from one’s body: interoceptive sensitivity 
predicts malleability of body-representations. Proc Biol Sci 278:2470–2476. doi: 10.1098/rspb.2010.2547

Udupa K, Chen R (2013) Central motor conduction time, 1st edn. Elsevier B.V.
Uritani D, Nishida T, Sakaguchi N, et al (2018) Difference in response to a motor imagery task: A comparison 

between individuals with and without painful temporomandibular disorders. Pain Res Manag 2018:1–8. doi: 
http://dx.doi.org/10.1155/2018/6810412

Vallar G, Ronchi R (2009) Somatoparaphrenia: A body delusion. A review of the neuropsychological literature. Exp 
Brain Res 192:533–551. doi: 10.1007/s00221-008-1562-y

van den Heiligenberg FMZ, Orlov T, MacDonald SN, et al (2018) Artificial limb representation in amputees. Brain 
141:1422–1433. doi: 10.1093/brain/awy054

van Dijk MT, van Wingen GA, van Lammeren A, et al (2013) Neural basis of limb ownership in individuals with 
Body Integrity Identity Disorder. PLoS One 8:1–6. doi: 10.1371/journal.pone.0072212

van Elk M, Forget J, Blanke O (2013) The effect of limb crossing and limb congruency on multisensory integration 
in peripersonal space for the upper and lower extremities. Conscious Cogn 22:545–555. doi: 10.1016/j.
concog.2013.02.006

van Stralen HE, Dijkerman HC, Biesbroek JM, et al (2017) Body representation disorders predict left right 
orientation impairments after stroke: A voxel-based lesion symptom mapping study. Cortex 104:140–153. 
doi: 10.1016/j.cortex.2017.05.025

van Stralen HE, van Zandvoort MJE, Kappelle LJ, Dijkerman HC (2013) The Rubber Hand Illusion in a patient with 
hand disownership. Perception 42:991–993. doi: 10.1068/p7583

Velicer WF, Fava JL (1998) Affects of variable and subject sampling on factor pattern recovery. Psychol Methods 
3:231–251. doi: 10.1037/1082-989X.3.2.231

Vingerhoets G, Santens P, Van Laere K, et al (2001) Regional brain activity during different paradigms of mental 
rotation in healthy volunteers: A positron emission tomography study. Neuroimage 13:381–391. doi: 10.1006/
nimg.2000.0690

Weber EH (1978) De subtilitate tactus. In: Ross H, Murray D (eds) E.H. Weber: The sense of touch. London: 
Academic Press. (Original work published 1834) 

Weier K, Till C, Fonov V, et al (2016) Contribution of the cerebellum to cognitive performance in children and 
adolescents with multiple sclerosis. Mult Scler 22:599–607. doi: 10.1177/1352458515595132

Weinstein S (1968) Intensive and extensive aspects of tactile sensitivity as a function of body part, sex, and laterality. 
In: Kenshalo DR (ed) The Skin Senses. Charles L. Thomas, Springfield, IL, pp 195–222

Whitehead K, Meek J, Fabrizi L (2018) Developmental trajectory of movement-related cortical oscillations during 
active sleep in a cross-sectional cohort of pre-term and full-term human infants. Sci Rep 8:1–8. doi: 10.1038/
s41598-018-35850-1

Wolpert DM, Goodbody SJ, Husain M (1998) Maintaining internal representations: The role of the human superior 
parietal lobe. Nat Neurosci 1:529–533. doi: 10.1038/2245

Wong TS, Ho R, Ho J (1974) Influence of shape of receptor organ on the horizontal-vertical illusion in passive 
touch. J Exp Psychol 103:414.

Wraga M, Thompson WL, Alpert NM, Kosslyn SM (2003) Implicit transfer of motor strategies in mental rotation. 
Brain Cogn 52:135–143. doi: 10.1016/S0278-2626(03)00033-2

Zieber N, Bhatt RS, Hayden A, et al (2010) Body representation in the first year of life. Infancy 15:534–544. doi: 
10.1111/j.1532-7078.2009.00026.x

Zieber N, Kangas A, Hock A, Bhatt RS (2015) Body Structure Perception in Infancy. Infancy 20:1–17. doi: 10.1111/
infa.12064





Acknowledgements





Acknowledgements   |   267

A

Acknowledgements

It has been an honour and a privilege to spend these last 4 years in the Netherlands at 
Utrecht University. I have many people to thank for making this journey an exciting and 
enriching experience, while continuously supporting me along the way. 

To my supervisors, Chris and Anouk. Chris, about one year ago, I came across a quote 
that read: “Be present, be patient, be gentle, be kind… everything else will take care of 
itself ” and I thought to myself… this is the epitome of Chris. Thank you for being such a 
patient and kind mentor over these past 4 years. You have been endlessly supportive and 
encouraging, providing me with the freedom (but at the same time, direction) to explore and 
develop my skills as a researcher. I remember the day I sent you an email inquiring about 
a PhD position with you. I probably proofread that email 50 times! I am so glad I was lucky 
enough to part of your lab. Your reassuring and calm nature is exactly what one needs in a 
supervisor. Thank you so much for everything. Anouk, I hear it ringing in my ears: “You will 
be fiiiine.” I know we joke about it, but these 4 words have been very helpful in the past 4 
years. You have a unique way of putting things into perspective, minimizing (what I perceive 
to be) my mountains of doubt and casting light on (what I perceive to be) my molehills of 
accomplishments. A quiet knock at your door and a “can I just ask you a quick question?” 
was always welcomed with patience and your undivided attention. Thank you for guiding 
me, thinking along with me, encouraging me, and always supporting me throughout the 
process of this thesis. 

This department is/has been full of some pretty wonderful and helpful people, for 
whom I am very grateful for. Manasa, thank you for truly being my backbone during the 
first 2 years. Thank you for the stimulating discussions, all of the help with designing/
programming/analyzing the peripersonal space experiments, the trips to the Spar for the 
overly-packaged brownies, and always lending an ear. Miranda, thank you for the infinite 
number of laughs (e.g. cue music: “I’ve got too much time on my (rubber) hands”), the 
interesting and fruitful discussions on body representation (… or ownership, perception, 
matrix, model, map… what?), and helping me with my experiments (even with only 2 
minutes of notice). You have taught me so much. Try not to get brain on your book 
again, OK? Ada, this thesis is done and dusted, and I can imagine you making the hand 
movements to simulate that. Even though we have wildly different topics, I’ve thoroughly 
enjoyed our scientific discussions and positive daily affirmations (e.g. “today is going to be 
a good day” while staring blankly at the cup of coffee). I am also very proud of the Greek 
vocabulary I’ve developed in the past couple of years. Remo, thank you for all of the 
(scientific) pep talks and discussions on life. You always gave me an interesting perspective 
to consider. Renata, thank you for always dropping by the office when we both needed 



268   |   Acknowledgements

a breather and for sharing your wisdom. Somehow our (2-way) interactions ended up in 
discussions of 100-way interactions. Isabell, thank you for the stimulating discussions 
and for letting me talk when I needed it. Febe, you always gave me encouragement and 
confidence in the right moments. I am grateful we chaired the experimental psychology 
PhD group together. I think we made a pretty good team! Franca, “Want to go for coffee 
and freak each other out about our deadlines?” Thank you for the discussions on life and 
on science. I think I am ready to put the pencil away and finally use that pen. Jim, thanks 
for all high-fives and words of encouragement, especially in these last months. Nathan, 
thank you sharing your nuggets of wisdom with me about the PhD process. When I 
started, I was told I was taking over the desk of someone with a very successful PhD and 
so I had some pretty big “shoes” to fill. Time to pass them on!

Everyone in the Dijkerman lab, past and present, it’s been a pleasure. Thank you for 
the interesting discussions and feedback and pancake lunches. It is wonderful to have 
a group of people to always connect to on both a professional and personal level. I 
remember feeling so intimidated when I first joined the lab, but now, it feels like an 
extra family to me. To all of the participants with BIID, thank you the conversations 
we’ve shared and the willingness to take part in the research in this thesis. A huge thank 
you to my committee, Prof. dr. Cahn, Prof. dr. van Haren, Prof. dr. Lenggenhager, 
Prof. dr. Smeets, and Prof. dr. Woertman, who generously took the time to read and 
critique my thesis.

Rianne, thank you for all of your help with recruiting participants, administering the 
telephone interviews, and for providing feedback and brainstorming ideas for the design of 
the experiments. I am grateful we could collaborate on this project. Sarai, thank you for your 
help with administering the clinical interviews in German (I can barely speak a sentence in 
Dutch, let alone German). Femke and Clara, thank you for your significant contributions to 
the disappearing ‘foot’ trick and the BIID studies. Robin, thank you for helping me recruit 
lower-limb amputees for the mental rotation study, and also for the valuable additions to 
the questionnaires. Ria, Ellen, Eveline, thank you for all of your support and assistance 
with nearly any task I needed help with along the way. Claudia, thank you for encouraging 
me to take a leap of faith and go to the Netherlands for my PhD. You were the first to ignite 
my passion for research and forever a mentor to me. 

To my paranymphs, Manja and Merel. Manja, thank you for the unwavering support and 
tough love when I needed it. Thank you for administering the clinical interviews and for 
the interesting discussions that preceded them. I am glad you’re making your way back 
from down under to hear me try to awkwardly pronounce “hooggeleerde opponent.” I am 
so grateful that we were able to share our time as PhD students together. Merel, 10 years 



Acknowledgements   |   269

A

of support, near and far. The moment I set foot (no pun intended!) in the Netherlands, you 
took me under your wing in all ways possible. Thank you for always listening and reassuring 
me that I am doing exactly what I should be. I’ve learned so much from you, personally and 
professionally. 

People often ask me what I miss most about Canada. The answer is family… always family. 
These people have no doubt played a paramount role in getting me here today. 

My brother, Scott, your weird sense of humor can always bring a smile to my face whenever 
I need a boost. Thank you so much for all of the phone calls, filled with explanations and 
reassurance and genuine interest in what I needed to talk about. You are one of the smartest 
people I know, and I always enjoy a deep conversation with you. Your confidence in academia 
is inspiring and has made me a more confident researcher.

Mom and dad, you have always encouraged me to follow my passion, even if it meant 
moving halfway across the world. You were only one phone call away, and you always picked 
up the phone. Many times, hours would (unknowingly) pass during these conversations, 
and it felt like I was right there with you. You are, no doubt, my greatest cheerleaders. Thank 
you for your endless support and guidance (in all ways imaginable). Thank you for always 
reminding me that I can do this. Finally, 23 years later, I’ve let go of that door handle and 
have taken off my coat. 

And Chase… my light, my love. Thank you for joining me on this adventure, readily and 
willingly uprooting your life to come to the Netherlands with me. You made such an effort 
to understand the process of this. Your quiet presence was more than you know for me. 
Thank you for all of the prepared dinners, morning walks, laughs, words of encouragement, 
and for giving me the space to talk. And I cannot even begin to count the number of practice 
presentations you’ve patiently sat through (I know you were paying attention because the 
first time I presented a boxplot, you made a curious note of this “new type of graph”). You 
always reminded me that I was doing the right thing because my “eyes light up when I talk 
about this research.” Well, you accentuate that light. 

Thank you all.





Curriculum Vitae





Curriculum Vitae   |   273

C

Curriculum Vitae

Kayla Dawn Stone was born on November 6, 1991 in Red Deer, Alberta, Canada. In 2009, 
she obtained her secondary education at Estevan Comprehensive High School in Estevan, 
Saskatchewan, Canada. She then moved to Lethbridge, Alberta where she completed a 
Bachelor of Science in psychology (with honours) at the University of Lethbridge. Following 
this, she completed a Master of Science in neuroscience, which focused on the sensory 
contributions to reaching and grasping behaviour, at the University of Lethbridge. In 2015, 
she moved to Utrecht to start her PhD project with Prof. dr. Chris Dijkerman and Dr. Anouk 
Keizer with a focus on body representation in people with Body Integrity Identity Disorder. 
During her time as a PhD candidate at Utrecht University, she also served as a member of the 
Faculty of Social and Behavioural Science’s PhD council and as the PhD representative for 
the faculty’s Board of Research. In addition, she was co-chair of Experimental Psychology’s 
PhD group. Currently, Kayla is exploring her options for her next step and hopes to continue 
her career in academia. 





List of publications





List of publications   |   277

P

List of publications 
*included in this thesis

Publications:

*Stone, K.D., Bullock, F., Keizer, A., Dijkerman, H.C. (2018). The disappearing limb trick and 
the role of sensory suggestibility in illusion experience. Neuropsychologia, 117, 418-427. doi: 
10.1016/j.neuropsychologia.2018.07.012

*Stone, K.D., Keizer, A., Dijkerman, H.C. (2018). The influence of vision, touch, and 
proprioception on body representation of the lower limbs. Acta Psychologica, 185, 22-32. 
doi: 10.1016/j.actpsy.2018.01.007

*Stone, K.D., Kandula, M., Keizer, A., Dijkerman, H.C. (2018). Peripersonal space boundaries 
around the lower limbs. Experimental Brain Research, 236(1), 161-173. doi: 10.1007/s00221-
017-5115-0

Stone, K.D., Gonzalez, C.L.R. (2015). The contributions of vision and haptics to reaching 
and grasping. Frontiers in Psychology, 6, 1403. doi: 10.3389/fpsyg.2015.01403.

Stone, K.D., Gonzalez, C.L.R. (2015). Manual preferences for visually- and haptically-guided 
grasping. Acta Psychologica, 160, 1-10. doi: 10.1016/j.actpsy.2015.06.004

Gonzalez, C.L.R., Flindall, J.W., Stone, K.D. (2015) Hand preference across the lifespan: 
Effects of end-goal, task nature, and object location. Frontiers in Psychology, 5, 1579. doi: 
10.3389/fpsyg.2014.01579

Stone, K.D., Gonzalez, C.L.R. (2014). Grasping without sight: Insights from the congenitally 
blind. PLOS One. 9(10), e110175. doi: 10.1371/journal.pone.0110175

Flindall, J.W., Stone, K.D., Gonzalez, C.L.R. (2014). Evidence for right-hand feeding biases 
in a left-handed population. Laterality, 20(3), 287-305. doi: 10.1080/1357650X.2014.961472

Stone, K.D., Gonzalez, C.L.R. (2013). Grasping with the eyes of your hands: Hapsis and 
vision modulate hand preference. Experimental Brain Research, 232(2), 385-393. doi: 10.1007/
s00221-013-3746-3

Stone, K.D., Gonzalez, C.L.R. (2013). Hand use for grasping in a bimanual task: Evidence for 
different roles? Experimental Brain Research, 224(3), 455-67. doi: 10.1007/s00221-012-3325-z



278   |   List of publications

Submitted articles and articles under revision:

*Stone, K.D., Dijkerman, H.C, Bekrater-Bodmann, R., Keizer, A. Mental rotation of feet 
in individuals with Body Integrity Identity Disorder, lower-limb amputees, and normally-
limbed controls. Under revision. 

*Stone, K.D., Kornblad, C.A.E., Engel, M.M., Dijkerman, H.C., Blom, R.M., Keizer, A. An 
investigation of lower limb representations underlying vision, touch, and proprioception 
in Body Integrity Identity Disorder. Under revision.

*Stone, K.D., Kornblad, C.A.E., Engel, M.M., Dijkerman, H.C., Blom, R.M., Keizer, A. Lower 
limb peripersonal space and the desire to amputate a leg. Submitted.

Keizer, A., Chang, R., O’Mahony, C.J., Schaap, N.S., Stone, K.D. Individuals who experience 
autonomous sensory meridian response (ASMR) have higher levels of sensory suggestibility. 
Submitted

Keizer, A., Schaap, N.S., Chang, R., O’Mahony, C.J., Stone, K.D. Individuals who experience 
autonomous sensory meridian response (ASMR) perceive CT-optimal touch as more 
pleasant. Submitted


