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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 of the 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 three 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.

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; Fogassi et al., 1996; Graziano, Yap, &
Gross, 1994; Graziano, Hu, & Gross, 1997). These (multi-
sensory) neurons have tactile receptive fields with overlap-
ping visual/auditory receptive fields that extend into space
around the body. The product of this neuronal activity is usu-
ally described as peripersonal space (PPS; Rizzolatti, Scan-
dolara, 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
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be thought of as a probabilistic action space (Bufacchi &
Tannetti, 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 surround-
ing 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., 2012;
Serino et al., 2016).

While single-cell recordings looking at PPS have not been
conducted in humans, neuroimaging and behavioral stud-
ies in healthy people and in patients suggest that we have
a similar network which governs the interactions around
the body (Bremmer et al., 2001; Canzoneri, Magosso, &
Serino, 2012; Huang et al., 2012; Ladavas, di Pellegrino,
Farne, & Zeloni, 1998; Ladavas, Pavani, & Farne, 2001).
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 (Kandula, van der Stoep, Hofman, & Dijketman,
2017; Serino et al., 2016; Stone, Kandula, Keizer, & Dijk-
erman, 2018b). These boundaries are usually discerned by
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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 contin-
gent upon the proximity of the visual or auditory stimulus to
the body, insofar that tactile reaction times (and tactile detec-
tion; Ladavas, di Pellegrino, Farne, & Zeloni, 1998; Lada-
vas, Pavani, & Farne, 2001; Salomon, Noel, & Lukowska,
2017) are enhanced when the looming stimulus enters PPS.
Furthermore, there is some recent evidence to suggest that
PPS is not linked to the physical body per se, but to the
experienced sense of self. Noel, Pfeiffer, Blanke, and Serino
(2015b) induced a full-body illusion in participants by strok-
ing their backs while they viewed their bodies (through a
head-mounted display) at a location 2 m 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 physi-
cal 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, Hennekam, & Denys, 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, Hen-
nekam, & Denys, 2012; Brugger, Lenggenhager, & Gium-
marra, 2013; First & Fisher, 2012; 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 (Blom et al., 2016b;
Hinggi et al., 2017; Hilti et al., 2013; McGeoch et al., 2011;
Oddo-Sommerfeld et al., 2018; van Dijk et al., 2013). Fur-
thermore, 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 (Hinggi et al., 2017; Ramachandran,
Brang, McGeoch, & Rosar, 2009; Romano, Sedda, Brugger,
& Bottini, 2015). Instead, people with BIID report feeling
‘overcomplete’ in the body, and that by structurally (through
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amputation) and/or functionally (through paralysis) modify-
ing the legs would, counterintuitively, provide a feeling of
completeness. Indeed, once an amputation is achieved, BIID
is seemingly cured (Blom, Guglielmi, & Denys, 2016a; Noll
& Kasten, 2014). In line with this, people with BIID report
that their internal identity is that of an amputee or a para-
lyzed individual (First & Fisher, 2012).

If the limb is not properly inscribed into the body repre-
sentation (Romano, Sedda, Brugger, & Bottini, 2015), one
might wonder whether PPS boundaries around the affected
limb are compromised in BIID. At least one piece of evi-
dence 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, Sedda, Brugger, & Bottini, 2015). Approaching
the unaffected leg led to typical anticipatory skin conduct-
ance responses, i.e. an increase in skin conductance as the
stimulus 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, Sedda, Brugger,
& Bottini, 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, individuals with BIID desire to decrease (or
completely abolish) the function of their affected limb(s).
While no study, to our knowledge, has explored whether
BIID is rooted in problems related to action, it is feasi-
ble that it could be. As PPS is usually characterized as an
“action-space” around the body, exploring it in people with
BIID could shed light on this possibility.

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, Bullock, Keizer,
and Dijkerman (2018a) and Stone, Kandula, Keizer, and
Dijkerman (2018b), we used a multisensory visuo-tactile
interaction paradigm around the feet to assess PPS. Partici-
pants 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 con-
trols and their unaffected leg. Understanding PPS around
the legs in BIID might provide insight into the mechanisms
underlying it.
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Methods
Materials and procedures
Participants

BIID participants Three 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/group
s/fighting-it/ and https://forum.biid.ch/) and via collabo-
ration with another BIID researcher (Blom, van der Wal,
Vulink, & Denys, 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 (2012) was used as a guideline to con-
firm 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 psy-
chiatric 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 three partici-
pants. 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.

Table 1 Characteristics of BIID sample

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

1-LA M 51 Amputation: left 6

2-LA M 42 Amputation: left 7

3-RA M 42 Amputation: right 6

Under the ‘Participant’ column, ‘L’ represents left leg and ‘R’ repre-
sents right leg while ‘A’ represents amputation desire

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 6 and also could not recall a
trigger at the time the BIID started. He was taking an anti-
depressant at the time of testing, for which he had been on
for approximately 1 year. His highest level of education
obtained was secondary school.

Control participants Sixteen male participants [average age
40.1 years (14.7 SD)] took part in the experiment. High-
est level of education completed was as follows: university
(n=4), higher education (n=35), secondary school (n=3).
Education level was missing for the remaining four partici-
pants. All participants had normal or corrected-to-normal
vision and reported normal tactile sensitivity. Participants
reported no current psychiatric illnesses, and this was cor-
roborated by our screenings with the modified MINI screen
(Sheehan et al., 1998) and a SCID-5 questionnaire for per-
sonality disorders (First, 2015). However, the screenings
were missing for five participants as they were tested at an
earlier date prior to implementing those screenings. Partici-
pants were recruited via online study participant websites,
Utrecht University’s intranet, and word of mouth.

Questionnaires

General demographic All participants completed a general
questionnaire about their demographics and medical his-
tory. To gain more insight into our BIID sample, these indi-
viduals completed a more elaborate version that all included
questions about their BIID [modified version of BIID Phe-
nomenology Questionnaire by Blomet al., (2012)]. These
results were used to describe our participant sample.

12-item Zurich Xenomelia Scale This has been described by
us in the supplementary material of Stone, Bullock, Keizer,
and Dijkerman (2018a) and Stone, Kandula, Keizer, and
Dijkerman (2018b). The 12-item Zurich Xenomelia Scale
(ZXS) (Aoyama et al., 2012) consists of three 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 behaviors (i.e. simu-
lated the bodily state of being amputated or paralyzed). Par-
ticipants rated their agreement with each statement from 1
(strongly agree) to 6 (strongly disagree).

Visuo-tactile interaction task
Methods were similar to Stone, Bullock, Keizer, and Dijk-
erman (2018a) and Stone, Kandula, Keizer, and Dijker-

man (2018b) and are described in more detail there. The
task was run using a custom MATLAB (version R2015b)
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script. The visual stimulus consisted of a 5 cm (in diam-
eter) 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 an adjacent mirror (165 cm away, dimen-
sions: 100 cm Lx 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 (200 Hz, for 100 ms)
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, van
der Stoep, Hofman, & Dijkerman, 2017), the remaining
50% of trial were catch trials (no tactile stimulus (Kandula,
Hofman, & Dijkerman, 2015; Stone, Kandula, Keizer, &
Dijkerman, 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 one of seven time points
(T) after the trial started (7'1: 1000 ms, T2: 2666 ms, T3:
3333 ms, T4: 4000 ms, 75: 4667, T6: 5333 ms, T7: 7000
ms). During time points 2—6, the visual stimulus was
onscreen, located approximately at the following distances
(D) from the participants’ foot: 76 (D1)=22.23 cm, T5
(D2)=44.46 cm, T4 (D3)=66.69 cm, T3 (D4)=288.92
cm, 72 (D5)=111.15 cm). So as time passed, the dis-
tance between the participants’ toes and the visual stimu-
lus became shorter. 71 and 77 (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. Tac-
tile stimuli time (i.e. T1-7T7) 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 admin-
istered three individual vibrations (plus two 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 ten trials (not
included in the analysis) prior to task initiation. See Fig. 1
for visualization of setup and procedure.
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vibrotactile
motor approaching
visual stimulus

motor/response box

B D1(22cm) D2 (45cm) D3 (67cm) D4 (89cm) D5 (110cm)

77 T6 75 T4 T3 T2 T

(7000ms) ~ (5333ms)  (4667ms)  (4000ms)  (3333ms)  (2666ms)  (1000ms)

Fig.1 a Pictorial example of visuo-tactile interaction task for the
right foot. b Bird’s eye view of task setup. 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 mil-
liseconds from the start of the trial. Ds and T's have been rounded to
the nearest whole number

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 loca-
tion, or missed trials, were removed from analysis (7.6% for
controls, 9.3% for BIID).

Distance analysis A 5 (distance)x2 (leg) repeated-meas-
ures 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 visuo-tactile trials
only) were fitted to and compared between two mathemati-
cal models: linear and sigmoidal (Canzoneri, Magosso, &
Serino, 2012; Kandula, Hofman, & Dijkerman, 2015; Serino
et al., 2016; Stone, Kandula, Keizer, & Dijkerman, 2018b).
If the data are better explained by a sigmoid [in terms of R?
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and root mean squared error (RMSE)], then one can take the
central point (‘a’ in the following equation) as the PPS bound-
ary (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, Magosso, & Serino, 2012).
The equation for the sigmoidal function was:

(ymax - ymiﬂ)
YO = Yin + (m

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:

yx)=axx+b

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 R?) 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 ¢ tests
(Crawford & 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 progam: DissocsBayes_
ES_CP from Crawford & Garthwaite, 2007; Crawford, Garth-
waite, & Porter, 2010).

Where relevant, for group-level comparisons, Cohen’s
d and partial eta squared (12) 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) is
represented as Z-CC or Z-DCC for difference (D) between case
and controls between right and left legs.

Results

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 (e.g. Aoyama et al., 2012; Héinggi, Bellwald,
& Brugger, 2016; Hilti et al., 2013).

Visuo-tactile interaction task
Control participants

Distance analysis A 5 (distance)x2 (leg) repeated-meas-
ures 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, n2=0.24). Bonfer-
roni-corrected pairwise comparisons revealed that D5 sig-
nificantly 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, #2=0.22), indicat-
ing that participants were significantly faster at responding
to tactile stimuli on the right foot (483 ms + 85 SD) than the
left foot (502 ms+87 SD). However, there was no inter-
action between distance and side (F(4, 60)=0.6, p=0.61,
n2=0.04).

Curve-fitting analysis Right leg Shapiro—Wilk tests revealed
that the R? values for the linear (W=0.87, p=0.035) and the
sigmoidal (W=0.84, p=0.01) fits were not normally dis-
tributed. 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 R*> (W=74, p=0.7).
Paired samples ¢ tests revealed that RMSEs (in ms) for the

Table 2 12-item Zurich Xenomelia Scale scores per BIID participant

Subject Desire (lower Pure Erotic attraction Pretending
limbs) amputa- behaviors
tion
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

The total score is the average of all scores. Scores could range from
1 to 6, with higher scores indicating stronger BIID symptomatology
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sigmoidal fits (22.0+ 13.3 SD) were not different from the
linear fits (23.9+12.0 SD; #(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 Fig. 2 for visualization of individual
sigmoid fits.

Left leg Shapiro—Wilk tests revealed that R? values for
the sigmoidal fit were not normally distributed (W=0.86,
p=0.025). Wilcoxon signed-rank tests revealed that R? val-
ues 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 sam-
ples ¢ tests revealed that RMSEs for the sigmoidal fits
(19.5+16.1 SD) were significantly lower than for the lin-
ear fits (24.0+15.5 SD; #(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 Fig. 3 for visualization of individual sigmoid fits.

Right leg compared to left leg A paired samples ¢ test
revealed no difference in PPS boundaries for the left and
right legs (#(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 was similar for
controls.

BIID participants

Mean reaction times per distance, per leg per participant
(for bimodal visuo-tactile trials only, i.e. D1-D5 from
Fig. 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. 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 R? 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.
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Fig.2 Mean reaction times (represented as red opaque circles) and
sigmoidal fits (red lines) for the right leg of individual control par-
ticipants (represented a P for participant followed by participant num-
ber). The y-axis represents the reaction time (RT) in milliseconds and
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the x-axis represents the distance from the foot (in centimeters) that
the visual stimulus was located when the tactile stimulus was admin-
istered
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Fig.3 Mean reaction times (represented as blue opaque circles) and
sigmoidal fits (blue lines) for the left leg of individual control par-
ticipants (represented a P for participant followed by participant num-
ber). 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 admin-
istered

Table 3 Goodness-of-fit values for the right and left legs of BIID participants and controls (average and standard deviation)

Subjects Right Left

RMSE (ms) R? RMSE (ms) R?

Sigmoid Linear Sigmoid Linear Sigmoid Linear Sigmoid Linear
1-LA 22.4 222 —-0.01 0.00 8.3 114 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)

Curve fitting RMSEs, R?, 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 Fig. 4 for mean reaction times per dis-
tance with individual sigmoid fits. One-tailed tests compar-
ing 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.

1-LA Right leg (unaffected leg) RMSE (22.3 ms) did not
differ from controls (p=0.84, effect size (Z-CC)=0.02). R?
(—0.08) did not differ from controls (p=0.27, effect size
(Z-CC)=—1.16). However, since R* was negative, we could

not interpret the boundary or slope for this participant’s
right leg. Left leg (affected leg) RMSE (8.3 ms) did not dif-
fer from controls (p=0.50 effect size (Z-CC)=-0.69). R?
(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).

2-LA Right leg (unaffected leg) RMSE (16.1 ms) did not dif-
fer from controls (p=0.66, effect size (Z-CC)=—0.44). R?
(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
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Fig.4 Mean reaction times (represented as opaque circles) and sig-
moidal 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

controls (p=0.55, effect size (Z-CC)=-0.62). Finally,
the PPS boundary (90.6 cm) was not different from con-
trols (p=0.43, effect size (Z-CC)=0.83). Left leg (affected
leg) RMSE (9.1 ms) did not differ from controls (p=0.54,
effect size (Z-CC)=—0.64). R* (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 (30.0 ms) did not dif-
fer from controls (p=0.56, effect size (Z-CC)=0.60). R?
(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 (unaf-
fected leg) RMSE (8.1 ms) did not differ from controls
(p=0.49, effect size (Z-CC)=—0.7). R (0.93) did not dif-
fer 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).
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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

Affected leg versus unaffected leg

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

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).

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
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in 16 healthy male participants. We used a visuo-tactile
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 relation-
ship 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, Kandula, Keizer, & Dijkerman,
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 (unaf-
fected) leg. In contrast, we found that PPS around both
affected and unaffected legs in (three men with) BIID did
not differ from that of healthy controls. These findings
extend our knowledge about lower limb PPS representa-
tions 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, Kandula, Keizer, & Dijker-
man, 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 aver-
age 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, Viaud-Delmon, & Taffou, 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
was one in the same for both legs (or arms in the aforemen-
tioned 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.

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,
Hennekam, & Denys, 2012). However, this disturbed feel-
ing 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, Christen, Jellestad,
& Hinggi, 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 (Blom et al., 2016b; Hinggi,
Bellwald, & Brugger, 2016; Hinggi et al., 2017; Hilti et al.,
2013; McGeoch et al., 2011; Oddo-Sommerfeld et al., 2018;
van Dijk et al., 2013). This produces a mismatch between
how the body physically is and how the individual inter-
nally 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 con-
sequences might ensue from this disturbed internal repre-
sentation? Interestingly, two studies have revealed that the
physiological response to stimuli approaching and contact-
ing 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, McGeoch,
& Ramachandran, 2008; Romano, Sedda, Brugger, & Bot-
tini, 2015). That is, approaching (but not contacting) the
unwanted (affected) leg showed a reduced skin conduct-
ance response (SCR) in comparison to the unaffected leg
(Romano, Sedda, Brugger, & Bottini, 2015). What is more,
contacting the unwanted leg elicited an exaggerated SCR
(compared to the unaffected leg), as if the brain did not pre-
dict 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 2-LA and 3-RA, as 1-LA’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 multisen-
sory 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 were seemingly in conflict with these previous
studies. In our study, participants were asked to press a but-
ton whenever they felt a tactile stimulus on their toes. We
used neutral tactile and visual stimuli in our study, while
Romano et al. used a neutral (cotton swab) and a noxious
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(pin) stimulus. While their results did not show an interac-
tion between stimulus type and side (affected leg or unaf-
fected 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, nox-
ious 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 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 behavioral 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 (noxious) stimuli instead therefore
might provide results more in line with a diminished PPS
around the unwanted leg. Moreover, it is possible that our
behavioral outcome of PPS (in terms of reaction times) is
not sensitive enough to capture differences in PPS around
the affected body part in BIID. Future studies should include
SCR as an additional measure to address this possibility.
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 sensori-
motor tool. Several behavioral studies have shown that PPS
extends when people use a tool, such as a computer mouse
(Bassolino, Serino, Ubaldi, & Ladavas, 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-m stick to retrieve target objects for 20 min led
to an increase of PPS around the hand, suggesting that PPS
changed to incorporate the tool into its representation. More-
over, 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 neu-
rophysiological level, visual PPS neurons anchored to the
hand in non-human primates elongate after use of a tool to
retrieve food (Iriki, Tanaka, & Iwamura, 1996). So perhaps
in the case of BIID, because the leg is physically present
and processes primary sensory feedback normally, it repur-
poses 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.
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For example, passively moving the legs of paralyzed indi-
viduals restores PPS around the legs (Scandola et al., 2016),
emphasizing the tight link between PPS and action. A sec-
ond explanation as to why a PPS might be maintained in the
absence of ownership is the physical and sensory congru-
ence 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, Yap, & Gross, 1999; Graziano,
Cooke, & Taylor, 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 congru-
ent multisensory input might still process the limb as part of
oneself. In turn, this facilitates visuo-tactile integration 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, Blanke, & Serino, 2017). People with ampu-
tation variant BIID often report feelings of disturbed body
ownership over the limb, so it is possible that the brain areas
implicated in BIID are also significantly dissociated from
PPS, at least at a functional level. 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, Liang, Cruccu, & Iannetti, 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 Fig. 4 suggests that the sigmoidal
fits for the affected leg appear to be better than for the unaf-
fected 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, Hilti, & Brugger, 2015). In this illusion, par-
ticipants 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 owner-
ship 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 unaf-
fected leg is less distinct/pronounced for PPS processing
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(or that attentional mechanisms facilitate visuo-tactile inte-
gration for the affected part, e.g. see Aoyama et al., 2012).
Moreover, when the visual stimulus was located at its far-
thest point from the toes, tactile reaction times for the unaf-
fected legs of 1-LA and 2-LA were particularly fast (result-
ing 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 Figs. 2, 3). It is possible that external factors, such as
those related to sustained attention, in our participants might
have influenced these reaction times. However, we cannot
be certain as we did not measure or account for other vari-
ables (e.g. caffeine intake prior to testing, levels of anxiety,
arousal level, etc.).

As BIID is such a rare (and secretive) condition, recruit-
ment of sample sizes of homogenous types of BIID suf-
ficient for a group-level analysis is a challenge. Several
other studies investigating BIID have faced similar chal-
lenges (e.g. Aoyama et al., 2012, n=35; Brang, McGeoch,
& Ramachandran, 2008, n=2; Bottini, Brugger, & Sedda,
2015, n="7; van Dijk et al., 2013, n=35) with many being
case studies (Bensler & Paauw, 2003; Braam, Visser, Cath,
& Hoogendijk, 2005; Everaerd, 1983; Parsons, Brown, &
Sirota, 1981; Storm & Weiss, 2003). While three individuals
might not be representative of the entire BIID population,
their patterns of behavior are overall similar, particularly
for the affected leg. This incites some level of confidence
in concluding that PPS is ‘normal’ for the BIID leg. How-
ever, this task might be more suitable to use at a group
level, rather than at an individual level. Visualization of the
individual fits (Figs. 2, 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 & lannetti, 2013)
or fear (Ferri et al., 2015b; de Haan, Smit, van der Stigchel,
& Dijkerman, 2016; Taffou & Viaud-Delmon, 2014), one’s
level of interoceptive accuracy (Ardizzi & Ferri, 2018), anx-
iety disorders such as claustrophobia (Hunley, Marker, &
Lourenco, 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 unaf-
fected leg. This implies that visuo-tactile processing of neu-
tral 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 infor-
mation about the leg is still processed 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 understand
the mechanisms that drive this condition. Specifically, this
research should focus on correlating physiological responses
(through SCR or neuroimaging techniques, for example)
with one’s subjective perception of their BIID.
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