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Abstract
Peripersonal space (PPS) is the space immediately surrounding the body, conceptualised as a sensory-motor interface between 
body and environment. PPS size differs between individuals and contexts, with intrapersonal traits and states, as well as social 
factors having a determining role on the size of PPS. Testosterone plays an important role in regulating social-motivational 
behaviour and is known to enhance dominance motivation in an implicit and unconscious manner. We investigated whether 
the dominance-enhancing effects of testosterone reflect as changes in the representation of PPS in a within-subjects testoster-
one administration study in women (N = 19). Participants performed a visuo-tactile integration task in a mixed-reality setup. 
Results indicated that the administration of testosterone caused a significant enlargement of participants’ PPS, suggesting 
that testosterone caused participants to implicitly appropriate a larger space as their own. These findings suggest that the 
dominance-enhancing effects of testosterone reflect at the level of sensory-motor processing in PPS.
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Introduction

A growing body of research has demonstrated the important 
role of testosterone in regulating social behavior, particu-
larly in relation to dominance, that is, behavior in the service 
of gaining or maintaining social status (Carré and Archer 
2018; Eisenegger et al. 2011; Terburg and van Honk 2013). 
Indeed, in both sexes throughout the mammalian species, 
testosterone has been linked to power and high status on 

a range of dominance indices, both pro- and anti-social in 
nature (Eisenegger et al. 2011; Mazur and Booth 1998; Stan-
ton and Schultheiss 2009; van der Westhuizen and Solms 
2015). For instance, testosterone has been shown to reduce 
anxiety and physiological stress responses—particularly in 
anxiety-prone individuals (Hermans et al. 2007, 2006a; van 
Honk et al. 2005), to reduce submissive avoidance behavior 
(Enter et al. 2014, 2016; Terburg et al. 2016) and to pro-
mote social approach and fair bargaining (Eisenegger et al. 
2010). At the same time, testosterone increases aggression 
toward threatening stimuli (van Honk and Tuiten 2001; van 
Honk et al. 1999; Wirth and Schultheiss 2007) and is well 
known for its ability to reduce certain indices of empathy, 
such as moral reasoning (Montoya et al. 2013) and facial 
expression mimicry (Hermans et al. 2006b) while promoting 
egocentricity (Wright et al. 2012). A number of these effects 
are thought to arise via interaction with the dopaminergic 
system (Bell and Sisk 2013) and aromatisation to estradiol 
(Eisenegger et al. 2011) or in concert with cortisol (Casto 
and Edwards 2016). Importantly, several studies show that 
testosterone influences behavior in an automatic and implicit 
way (Terburg et al. 2012; Terburg and van Honk 2013; 
van Honk et al. 2005). This points to the utility of experi-
mental frameworks that study social processes from the 
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perspective of bodily self-consciousness (Serino 2019a, b). 
While peripheral effects of testosterone on the body are well 
established and known to support a variety of processes that 
enhance physical performance, including stamina, strength, 
bone mass, male virility and reduced inflammation (Bianchi 
2019; Sinervo et al. 2000; Sinnesael et al. 2011; Wang et al. 
2000), research has only recently started to explore the sen-
sory-motor processes that may be affected by testosterone in 
mediating its effects in social dominance behavior.

A recent study that adopted this approach (van der West-
huizen et al. 2017) found that the administration of a sin-
gle dose of testosterone to healthy women increased their 
implicit feeling of control over goal-directed actions—
namely, an increase in their sense of agency as measured by 
the intentional binding task. This finding was taken to sug-
gest that feelings of control and power may manifest firstly 
in the body, as control over the body’s actions. In the present 
study, we aimed to further explore this association between 
testosterone and bodily representations by indexing whether 
the former facilitates social dominance in part by modulating 
not only the perception of one’s body (or control over it; van 
der Westhuizen et al. 2017) but also the encoding of space 
immediately surrounding the body; the peripersonal space 
(PPS; di Pellegrino and Làdavas 2015; Graziano and Cooke 
2006; Serino 2019a, b).

A set of neurons in the intra-parietal sulcus (Duhamel 
et al. 1998) and ventral pre-motor (Rizzolatti et al. 1981a, 
b) regions respond both to the somatosensory stimulation 
on the body, and to visual or auditory stimuli near but not 
far from the body; that is, they encode the PPS. This spa-
tial representation remaps plastically as a function of the 
individual’s potential of acting in space (Noel et al. 2020; 
Patané et al. 2019). PPS has been shown to extend after 
the use of a tool (Canzoneri et al. 2013; Guterstam et al. 
2018; Iriki et al. 1996; Serino et al. 2007), to contract after 
immobilization (Bassolino et al. 2015) and to blur after 
sensory deprivation (Noel et al. 2018b). PPS remaps in the 
direction of approaching movements (Brozzoli et al. 2010; 
Noel et al. 2015a, b) and as a function of the velocity of 
approaching stimuli, i.e., it extends towards faster stimuli 
so as to anticipate potential contacts (Fogassi et al. 1996; 
Noel et al. 2018a). If electrically stimulated, regions hosting 
PPS neurons engender defensive behaviors such as duck-
ing (Graziano and Cooke 2006). Thus, PPS representation 
is thought to mediate body-environment interactions. More 
recently, PPS magnitude has been shown to be modulated 
by social context, such as the valence of an interaction with 
a conspecific (Teneggi et al. 2013) or the perceived moral 
quality of the conspecific (Pellencin et al. 2018). Further, 
neurophysiological (Ishida et al. 2010) and psychophysical 
(Maister et al. 2015; Teramoto 2018) studies have shown 
that PPS does not only index the space of the self (Noel 
et al. 2015a; b; Salomon et al. 2017), but also that of others 

(Makin et al. 2008). Thus, by measuring PPS during testos-
terone administration we can build upon prior work examin-
ing body perception after testosterone administration (van 
der Westhuizen et al. 2017) to include the space near one’s 
body, as well as the space near bodies of others. This ability 
to study space around the self and others answers questions 
as to whether an increased dominance motivation, associated 
with testosterone, is reflected implicitly in the encoding of 
one’s own body, the body of others, or both.

Testosterone is strongly involved in the regulation of 
social approach and the defence of social status (Terburg and 
van Honk 2013), while PPS mapping functions to regulate 
approaching and defensive behaviors. Furthermore, previous 
research found that testosterone modulated interpersonal dis-
tance, causing a significant reduction in the amount of per-
sonal distance that healthy male participants preferred from 
aggressive individuals (Wagels et al. 2017). Following these 
lines of evidence, we hypothesised that raised testosterone 
would expand participants’ PPS boundary when they faced a 
neutral stranger—conferring a larger ‘self-space’. In keeping 
with the egocentric effects of testosterone (van Honk et al. 
2011; Wright et al. 2012), we hypothesised that changes in 
PPS would be specific only to the self and that there would 
be no changes in the encoding of PPS around a neutral 
stranger. Moreover, given that testosterone administration 
has been shown to reduce physiological stress responses 
more effectively in individuals prone to anxiety (Hermans 
et al. 2007), we hypothesised that the effects of testoster-
one administration would be most pronounced in anxious 
participants. To test these hypotheses, we assessed whether 
testosterone influences the encoding of PPS around the self 
and others, by mapping PPS as a function of different tes-
tosterone levels. This was achieved by means of testosterone 
and placebo administration in a double-blind within-subjects 
design. We also included personality measures to run further 
exploratory analyses on the role of individual differences 
in mediating the effects of testosterone on PPS given the 
increasing interest in the relationship between trait anxiety 
and interpersonal space (de Haan et al. 2016; Lachini et al. 
2015; Spaccasassi and Maravita 2020).

Methods

Participants

19 right-handed females from the University of Cape Town 
between the ages of 18 and 25 participated in the study. 
Based on self-report, participation occurred during the pre-
ovulatory stage, that is, during the first 10 days following last 
menstruation—the most stable period in a woman’s cycle. 
Male participants were excluded as the reliability of the tes-
tosterone administration protocol has only been established 
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in females (Tuiten et al. 2000), and necessary and safe doses 
and the times course of effects in males is not yet known. 
This sample size is on par with the vast majority of PPS 
studies (e.g., 20 in Noel et al. 2018c; 18 in Stone et al. 2018; 
19 in Hobeika et al. 2020), while additionally requiring par-
ticipants to all be female, within a particular stage of the 
menstrual cycle, and to partake in multiple experimental 
sessions always at the same time of the day (see below). 
Further, women on hormonal medication were excluded to 
prevent potential confounding interactions. Participants had 
no history of neurological or psychiatric disease and no vis-
ual impairments. One participant’s data were discarded due 
to excessive outliers in her data set (51.3% of her responses 
were outliers, defined as having studentised residuals with 
an absolute value greater than 3), suggesting that she did not 
understand the task. All participants were financially reim-
bursed for their time (R350—approximately $25) and gave 
informed written consent to take part in the study, which 
was approved by the University of Cape Town (UCT) Psy-
chology Department and the UCT Health Sciences Human 
Research Ethics Committee.

Materials and apparatus

PPS measurement task

The PPS task was administered using an augmented real-
ity (AR) head-mounted display (HMD, an Oculus Rift, 
DK1) and RealiSM software (Reality Substitution Machine, 
http://​www.​lnco.​epfl.​ch/​reali​sm) an in-house purpose-made 
software developed at the Laboratory of Cognitive Neuro-
science at the Ecole Polytechnique Federale de Lausanne 
(EPFL). This software superimposed a programmed virtual 
approaching visual stimulus, travelling from far to near, 
on the participant’s external world (perceived via cameras 
attached to the VR HMD)—creating a ‘mixed-reality’ setup 
(Serino et al. 2018). The approaching visual stimulus was a 
tridimensional virtual tennis ball, 6.5 cm in diameter, loom-
ing toward the face of the participant. The ball travelled in 
virtual space from far to near, approaching the participant’s 
face at a velocity of 0.75 m/s. Participants were fitted with 
in-house custom made (EPFL) vibrotactile devices, attached 
to their cheek using skin-sensitive plasters and activated for 
35 ms.

Physiological materials: testosterone and placebo solution

A single dose of 0.5  mg of testosterone, with a 
hydroxypropyl-β-cyclodextrin liquid carrier, was adminis-
tered sublingually. Following administration at this dosage, 
testosterone level is known to peak between 3 and 4.5 h 
after being ingested (Tuiten et al. 2000) and the effects 
of this method of testosterone administration have been 

demonstrated on the physiological, psychological, social 
and economical level many times (Boksem et al. 2013; Bos 
et al. 2010; Bos et al. 2013; Hermans et al. 2006a, b; Schut-
ter and Honk 2004; van Honk and Schutter 2007; van Honk 
and Tuiten 2001). Vials were filled and coded by an external 
researcher to maintain double-blind-administration.

Questionnaires

We used the STAI-Trait inventory (STAI, Spielberger 
et al. 1970) to measure participants’ trait anxiety given the 
increasing interest in the relationship between anxiety and 
interpersonal space (de Haan et al. 2016; Iachini et al. 2015; 
Spaccasassi and Maravita 2020) and the general hypothesis 
that the PPS represents a kind of ‘safety margin’ around 
the self (see “Introduction” and Sambo and Iannetti 2013). 
The STAI-Trait consists of 20 questions scored on a 4-point 
likert scale. It has excellent psychometric properties and 
has been widely utilised in studies on bodily consciousness 
(for example, Spaccasassi and Maravita 2020; Dunn et al. 
2010). We also used the Brief Affective Neuroscience Per-
sonality Scales (BANPS) to measure additional personality 
variables. The BANPS consists of 33 questions scored on a 
5-point likert scale. It has been validated in several studies 
(Barrett et al. 2013; Geir et al. 2014) and is based on six of 
the primary-process subcortical brain emotion systems—
namely, SEEKING, RAGE, FEAR, CARE, PANIC/GRIEF 
and PLAY—which are known to confer motivational drives 
imperative to survival and social hierarchy (Davis and Pank-
sepp 2018). ANPS traits are believed to be foundational for 
personality development and show good correspondence 
with the Big Five traits (Barrett et al. 2013; Davis and Pank-
sepp 2011).

Confederates

Our experiment involved the measurement of the PPS 
boundary in the face of a single stranger unknown to the 
participants—both to study how PPS around the self changes 
in a social context with testosterone administration, but also 
to examine if the representation of PPS around the other 
changes. Thus, confederates were hired to perform this role. 
We matched participants and a confederate on ethnicity and 
gender, to prevent potential confounding effects of a confed-
erate from a different ethnic or gender group. For example, 
male confederates have been found to elicit a larger defen-
sive PPS boundary than female confederates, especially in 
female participants (Iachini et al. 2016). In addition, partici-
pants were matched with a confederate who fell in a height 
range of 149–169 cm (10 cm below or above the average 
South African female height) to ensure that height did not 
impact on the perception of the confederate. Moreover, to 
prevent a familiarity effect on the second day of testing 

http://www.lnco.epfl.ch/realism
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(which itself could influence the PPS boundary), a different 
confederate was used on each day of testing. To induce a 
degree of uniformity, confederates dressed in the same way. 
Finally, confederates were instructed to stand at a designated 
point approximately 1.6 m in front of the participant and face 
her while maintaining a neutral expression. Confederates did 
not interact in any way with participants.

Procedure

Prior to their research visit, participants completed the 
STAI-Trait and BANPS questionnaires electronically. Each 
participant was allocated to four-session slots—two per day 
(testosterone/placebo administration session and experimen-
tal session four hours later), on two separate days, 2 days 
apart. Participants were seen at the same time of day for 
each administration and experimental session, respectively, 
as testosterone fluctuations are known to occur according 
to the time of day (Wirth and Schultheiss 2007). Only one 
participant was seen at the lab at a time for all four sessions. 
Participants were randomly assigned (using a randomization 
engine—GraphPad) to either receive placebo or testosterone 
on the first day of testing, and the alternative substance on 
the second day of testing.

During the administration session, the testosterone or pla-
cebo solution was administered blind. Participants held the 
solution under their tongue for 1 min, timed by the admin-
istrator, before swallowing it.

During the experimental session four hours later, partici-
pants were seated comfortably at a desk and outfitted with 

the vibro-tactile device and the AR HMD. To measure PPS, 
we used a well-established visuo-tactile interaction task 
(Serino et al. 2015a, b). Participants were informed that they 
will feel a vibration on their cheek and see a virtual ball and 
that a person unknown to them will enter the room and stand 
in front of them before the task begins. They were also told 
that the virtual ball and confederate are task irrelevant, and 
instead asked to respond as quickly as possible to the tactile 
vibration by pressing a key on the keyboard. The travelling 
virtual ball was superimposed on the participants’ real sur-
roundings, captured by cameras on the HMD and presented 
during the task. Participants were also instructed to look in 
the direction of the confederate for the duration of the task, 
but not to interact with her. At this point, the confederate 
entered the room and stood in front of the participant, at a 
designated point in far space approximately 1.6 m in front 
of the participant (see Fig. 1). The experimental task was 
run and there was a pause half-way through the task where 
the participant was given the option of a short break if they 
felt they needed it.

The logic of the PPS measure is as follows: PPS neurons 
respond both to touch and the visual stimuli presented in the 
near space (Duhamel et al. 1998; Graziano and Cooke 2006). 
Thus, when visual stimuli are far, there should be no multi-
sensory interaction. But when visual stimuli are presented 
near, within the receptive fields of visuo-tactile neurons, 
visuo-tactile multisensory interactions should speed reac-
tion times to touch (e.g., Canzoneri et al. 2013; Serino et al. 
2015a, b). Thus, we present tactile stimulation while a visual 
stimulus is at different distances, and we aim to determine 

Fig. 1   The experimental setup. A mixed-reality setup was used, 
whereby participants (blue figure) were seated at a desk and dressed 
with the VR HMD and a vibrotactile device on their cheek. Cameras 
attached to the VR HMD allowed participants to perceive their exter-
nal world while also perceiving a virtual tennis ball approaching their 

face travelling from far to near space. Participants completed the PPS 
task by pressing a key on a keyboard as quickly as possible when they 
felt a vibration on their cheek. The task was completed while facing a 
confederate standing in far space (yellow figure)
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the furthest distance from the body at which a visual stimu-
lus significantly speeds up tactile processing. That is, the 
distance at which visuo-tactile RTs are significantly faster 
than RTs to unimodal tactile stimulation is a proxy for the 
PPS boundary (Serino et al. 2015a, b; Serino et al. 2018).

Each trial in the task was 2660 ms long and on each trial, 
tactile stimulation (vibration) was administered at one of 
five different temporal delays from the onset of the trial and 
the onset of the visual stimuli looming toward participants 
(after 2165, 1732, 1299, 866, and 433 ms). Thus, tactile 
stimuli were presented when the virtual ball was at 5 differ-
ent distance points from the participant (D1–D5—ranging 
from 37.12 to 167.03 cm from the participant, in 32.5 cm 
intervals, see Fig. 1). Specifically, when the tactile stimula-
tion was administered after 2165 ms from the start of the 
trial, the virtual ball was at the closest distance to the par-
ticipant (D1). Conversely, when the tactile stimulation was 
administered 433 ms post trial onset, the virtual ball was at 
its furthest distance from the participant (D5).

We included three types of trials presented in a ran-
domised order—tactile-only trials, visuo-tactile trials, and 
catch trials. 60.60% of the trials were experimental bimodal 
visuo-tactile trials, in which the tactile stimulus was deliv-
ered in combination with the approaching visual stimulus 
(as described above). 30.30% of trials were unimodal tactile-
only trials, in which the tactile stimulus was delivered in the 
absence of the visual stimulus. These trials are considered 
baseline trials and are used to show the bimodal facilitation 
effect on RTs to tactile stimuli (see “Analysis”). Tactile-only 
trials are important in that they can be used to control for 
individual differences in RTs to tactile stimuli (see “Analy-
sis”). In both the unimodal and bimodal trials, the tactile 
stimulus was delivered at one of the five distance points 
(D1–D5) in a randomised order, to prevent entrainment or 
expectancy effects. Lastly, 9.10% of trials were catch trials 
in which the approaching visual stimulus was presented and 
no tactile stimulus was delivered. Catch trials necessitate 
withholding a response and thus ensure that participants are 
attentive to the task. Further, they mitigate the entrainment 
of an automatic motor response and an expectancy effect—
that tactile stimuli is more likely to occur the longer it has 
been since trial onset (Hobeika et al. 2020; Kandula et al. 
2017). In total the task consisted of 165 trials: 20 visuo-
tactile trials per distance (100 total) + 10 tactile-only trials 
per distance (50 total) + 15 catch trials. A fixation cross was 
presented at the beginning of the task and during the break 
and was offset once a key was pressed to begin trials. The 
duration of the task was approximately 11 min.

The administration and experimental sessions were 
repeated 2 days later and were identical with the exception 
of the substance administered and the confederate present, 
who was swapped on the second day of testing to prevent a 
familiarity effect.

Analyses

Peripersonal space

RTs to visuo-tactile (VT) and tactile-alone (T) stimulation 
were recorded as the temporal duration between vibrotactile 
stimulus onset and button press. For each subject individu-
ally, we binned RTs as a function of the distance between 
the visual stimuli and the observer (D1 through D5), and as 
a function of sensory stimulation (VT vs. T) and testoster-
one condition (testosterone vs. placebo). Then, mean tactile 
RTs for each sensory stimulation and testosterone condi-
tion were subtracted from the analogous VT condition to 
compute “baseline-corrected” RTs (see Pfeiffer et al. 2018; 
Noel et al. 2018b for a similar approach). This correction is 
employed to offset temporal expectancy effects (Kandula 
et al. 2017) and determine whether any putative modulation 
in RTs as a function of distance is truly a multisensory PPS 
effect (i.e., visuo-tactile RT < tactile RT). That is, after cor-
rection for unisensory RTs, values under zero correspond to 
multisensory facilitation.

After correcting multisensory RTs in the pre-processing 
step described above, we first ascertained whether a PPS 
effect was observed in our mixed-reality setup. To do so, we 
computed grand average RTs to VT stimulation as a function 
of distance (but regardless of testosterone condition) and 
submitted these to a one-sample ANOVA. Planned one-sam-
ple t-tests to zero were then performed to establish at which 
distances a PPS effect was observed. As detailed below, this 
analysis suggested a shortening of RTs when visual stimuli 
were presented both near the participants (i.e., self, D1) and 
the confederate (i.e., other, D5, see Teramoto 2018, for a 
similar effect). Thus, in a last step, we aimed at estimating 
the size and gradient of PPS representation both around the 
self and the confederate.

Estimation of the size and gradient of PPS was accom-
plished via function fitting, which permitted for fine-grain 
estimates (vs. solely indicating at which discrete distance did 
VT ≠ T) and served as a data-reduction technique. Visuo-
tactile RTs were fit to a sigmoidal function (Eq. 1),

where x represents the distance between visual and tactile 
stimuli and y(x) is the RT to tactile stimulation at a given 
visual distance, x . ymin and ymax are saturation points of the 
sigmoidal, and are fixed to the slowest and fastest average 
RT in the VT trials. The quantities xc and b respectively rep-
resent the central point and a parameter dictating the slope of 
the sigmoidal at xc , and are free to vary to maximize good-
ness of fit. The central point of this function is taken as a 
proxy for the size of PPS, the location of the PPS boundary, 

(1)y(x) =
ymin + ymax × e(x−xc)∕b

1 + e(x−xc)∕b
,
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while the slope of the function (inversely proportional to b) 
represents the gradient with which the near (peri-personal) 
and far (extra-personal) space are divided (Noel et al. 2018a, 
b; Pfeiffer et al. 2018). To limit the impact of the confeder-
ate on self-PPS estimates, distances D1 through D4 were 
utilized in the self condition. Similarly, distances D2 through 
D5 were utilized in the confederate-PPS estimates, and these 
were inverted (from D5 to D2) before fitting, such that dis-
tances were relative to the self (D1 through D4) or the other 
(D5 through D2). In this manner, central point estimates for 
self and other were on the same scale (i.e., low values for 
the central point indicate a small PPS, while large values 
indicate a large PPS).

Personality questionnaires

Questionnaire scores for the STAI-Trait and each of 
the six BANPS personality categories were correlated 
with the change in PPS size as a function of testosterone 
administration.

Results

Peripersonal space

Overall, participants were very accurate at the visuo-tactile 
interaction task, with 0.95% omissions (i.e., lack of response 
to a visuo-tactile or tactile-alone trial), and 0.4% false alarms 
(i.e., response during a visual-only catch trial). In turn, the 
analysis is centered around reaction times (see Serino et al. 
2015a, b, for a similar approach).

An initial 2 (testosterone vs. placebo) × 2 (tactile vs. 
visuo-tactile) × 5 (distances) repeated-measures ANOVA 
on reaction times demonstrated a significant effect of dis-
tance [F(4, 68) = 8.68, p < 0.001, η2

p = 0.33], and a three-way 
interaction between variables [F(4, 68) = 18.09, p < 0.001, 
η2

p = 0.51]. To better understand the nature of this complex 
interaction and to succinctly describe the profile of mul-
tisensory vs. unisensory reaction times as a function of 
distance, we then computed ‘baseline corrected’ reaction 
times on a subject-by-subject basis. That is, we computed 
the difference between unisensory tactile and multisensory 
visuo-tactile reaction times for matched distances (e.g., VT 
at distance 3 − T at distance 3). This comparison between 
tactile and visuo-tactile reaction times at a given distance 
corrects for potential changes in the baseline reaction 
time to touch as a function of space or time (Holmes et al. 
2020). In corroboration to the above-mentioned repeated-
measures ANOVA, a one-way ANOVA on baseline-cor-
rected visuo-tactile reaction times as a function of distance 
revealed a significant effect of distance [F(4, 68) = 15.27, 
p < 0.001, η2

p = 0.47], confirming that we successfully 

mapped a PPS effect within our mixed-reality setup. One-
sample t-tests to zero (i.e., tactile-alone reaction times) sug-
gested that multisensory reaction times at D1 [t(17) = 4.36, 
p < 0.001] and D5 [t(17) = 2.76, p = 0.013] were signifi-
cantly faster (raw: mean ± sem; D1: 338.8 ms ± 15.4 ms; 
D5: 340.1  ms ± 16.1  ms) than reaction times to tactile 
stimulation alone (raw: D1: 372.7  ms ± 16.5  ms; D5: 
350.5 ms ± 15.4 ms). Thus, seemingly a PPS representa-
tion was successfully delineated near the self (D1) and near 
the other (D5). Interestingly, a direct comparison between 
baseline-corrected multisensory reaction times at D1 
− 33.9 ms ± 9.5 ms, negative values indicating a multisen-
sory facilitation) and D5 (− 10.4 ms ± 6.3 ms) suggested 
a stronger PPS effect near the self than near another indi-
vidual [t(17) = 2.57, p = 0.020]. Reaction times at distances 
D2–D4 were not different from baseline (all p values > 0.05; 
D2 through D4: 8.4  ms ± 8.8  ms; 9.5  ms ± 10.5  ms; 
9.4 ms ± 10.3 ms).

Having established that a multisensory PPS representa-
tion was successfully indexed (i.e., a multisensory facilita-
tion effect that was space-dependent), we subsequently fit 
individual subject data and extract estimates of the location 
(central point) and gradient (slope) of PPS representation 
around the self and other, and as a function of testoster-
one or placebo administration (see “Methods” for detail). 
Goodness-of-fit was variable (see Serino et al. 2018), with 
4 participants showing poor fits (average R2 < 0.2, cut-off 
set a priori), and thus their data was discarded for the rest of 
the analyses. The average R2 of the remaining participants 
was 0.55.

Regarding the central point, as illustrated in Fig. 2, a 2 
(testosterone vs. placebo) × 2 (self vs. other) repeated-meas-
ures ANOVA revealed a significant main effect of testos-
terone administration [placebo: 2.21 ± 0.17; testosterone: 
2.67 ± 0.13; F(1, 13) = 8.9, p = 0.010, η2

p = 0.40], a signifi-
cant main effect of self vs. other [self: 2.11 ± 0.08; other: 
2.76 ± 0.16; F(1, 13) = 19.3, p < 0.001, η2

p = 0.59], and most 
importantly a significant interaction between these variables 
[F(1, 13) = 6.29, p = 0.026, η2

p = 0.32]. The interaction was 
driven by the fact that the central point was farther in space 
for the self condition after administration of testosterone 
[placebo: 1.80 ± 0.16; testosterone: 2.42 ± 0.35; t(13) = 6.07, 
p < 0.001, Fig. 2], indicating an extended PPS around one’s 
own body. On the other hand, there was no central point 
difference for the other conditions, indicating that the space 
around the other remained unaltered by testosterone admin-
istration [placebo: 2.57 ± 0.51; testosterone: 2.60 ± 0.49; 
t(13) = 0.162, p = 0.87, Fig. 2].

In terms of the gradient of PPS, a 2 (testosterone vs. pla-
cebo) × 2 (self vs. other) repeated-measures ANOVA dem-
onstrated a main effect of self vs. other [F(1, 13) = 46.22, 
p < 0.001, η2

p = 0.78; self: 0.43 ± 0.11; other: 2.07 ± 0.26], 
yet no main effect of testosterone administration [placebo: 
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1.00 ± 0.29; testosterone: 1.51 ± 0.26; F(1, 13) = 3.41, 
p = 0.08], nor an interaction between these variables 
[F(1, 13) = 0.030, p = 0.86]. The main effect was driven 
by a steeper gradient around the self (b-parameter value: 
0.43 ± 0.42) than around the other (2.0 ± 0.98, Fig. 2).

Finally, to further support the enlargement of PPS around 
the self during testosterone administration we estimated the 
central point of the sigmoidal-like pattern of RTs via the 
Spearman–Karber method (Bausenhart et al. 2018; Miller 
and Ulrich 2001). This approach allows for estimating psy-
chometric parameters (e.g., central point) without perform-
ing a model fit, and thus we did not have to discard any 
participant. Corroborating the above finding, this analysis 
suggested a larger PPS around the self during testosterone 
administration than placebo (testosterone = 2.52 ± 0.58 ms; 
placebo = 2.26 ± 0.52 ms; p = 0.029, all other results also 
remain unaltered).

Interplay between personality traits and change 
in peripersonal space due to testosterone

Since testosterone administration seemingly enlarged the 
PPS representation around the self, we queried whether 
this remapping was related to personality variables (see 
Noel et al. 2018b for a similar approach). To limit the pos-
sibility for type I errors (i.e., false positives), correlational 
analyses are restricted to the change in PPS size (i.e., central 
point) due to administration of testosterone (i.e., testoster-
one—placebo). No correlational analysis is conducted on 
the slope of PPS—as this variable did not change due to 

testosterone—and no correlational analysis is conducted on 
central point values during placebo or testosterone (only on 
the difference of these). In line with our prediction and as 
illustrated in Fig. 3, this analysis suggested that participants 
with higher trait anxiety were particularly prone to enlarge-
ments of PPS due to administration of testosterone (Pearson 
correlation; r = 0.55, p = 0.04). None of the BANPS person-
ality trait scales significantly correlated with the change in 
peripersonal space due to testosterone administration, which 
is not altogether surprising given that the BANPS in its cur-
rent form does not account for a ‘social dominance’ trait (but 
see van der Westhuizen and Solms 2015).

Discussion

In the present study, we asked whether testosterone facili-
tates social dominance in part by changing or co-varying 
with peripersonal space mapping. We used a visuo-tac-
tile interaction task to identify the distance at which an 
approaching visual stimulus speeded up tactile processing as 
a proxy for the boundary of PPS. We measured participants’ 
PPS both around their own body and around a confeder-
ate unknown to the participant. We measured PPS around 
the self and other under different levels of testosterone, 
by means of testosterone and placebo administration. Our 
results indicated that when testosterone is increased, the PPS 
around the self expands, while that around the other remains 
a constant size.
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Fig. 2   Effect of testosterone on PPS representation of the self and 
other. Left panel; multisensory facilitation in seconds (visuo-tactile 
reaction times corrected for tactile reaction times; negative values 
indicating multisensory facilitation) as a function of distance (near to 
far; 1–4) from the self, and administration of either placebo (black) 
or testosterone (red). Dots are mean reaction time and error bars rep-
resent ± 1 standard error of the mean (SEM). Dashed vertical lines 

represent the average central point (size) of PPS for the given condi-
tion, and shaded area around the dashed lines is SEMs. Note sigmoi-
dal functions are fit for the average reaction time, while the vertical 
dashed lines are average central points of individually fitted sigmoi-
dals. Right panel; multisensory facilitation as a function of distance 
from the other (confederate), and administration of either placebo or 
testosterone. Conventions follow as for the left panel
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Our finding that testosterone administration caused par-
ticipants to unconsciously appropriate a larger space as their 
own suggests that implicit changes in body representation 
may accompany and even support the well-established 
effect of testosterone on social dominance (for a review see 
Eisenegger et al. 2011; Terburg and van Honk 2013). For 
instance, previous work found that testosterone adminis-
tration increased participants’ perception of their sensory-
motor agency (van der Westhuizen et al. 2017). Furthermore, 
in the Rubber Hand Illusion, where reductions in limb tem-
perature have been related to a decreased sense of body own-
ership (Moseley et al. 2008), testosterone has been shown to 
prevent this cooling effect (van der Westhuizen et al. 2019). 
Our current findings extend this evidence by showing that 
testosterone also changes the encoding of the space immedi-
ately surrounding the body, causing an enlargement in par-
ticipants’ PPS. Given that testosterone is known to increase 
social dominance motivation, the extension of one’s own 
PPS in the presence of another individual in the testoster-
one condition may be interpreted as an implicit index of 
such dominance motivation. This is in keeping with previous 
research which found that raising testosterone modulated 
interpersonal distance, causing a significant reduction in the 
amount of personal distance that healthy male participants 
preferred from aggressive individuals (Wagels et al. 2017). 
This finding suggests that the enhanced social aggression 

associated with testosterone may produce changes in the 
apportioning of own space. Moreover, a recent study showed 
that after being primed to feel high power through the recol-
lection of a memory in which participants felt powerful, par-
ticipants’ vertical PPS boundary expanded (Vergallito et al. 
2019). The authors concluded that high power may cause 
an expansion of PPS in all directions and that this should be 
investigated on the horizontal axis—which is indeed sup-
ported by the present study.

Our results replicated previous studies showing that PPS 
can be measured around others (Ishida et al. 2010; Maister 
et al. 2015; Serino 2019a, b; Teramoto 2018). We found 
that the PPS effect is stronger around the self (represented 
by a sharper boundary gradient) than around the other. This 
finding adds to recent evidence suggesting that PPS is the 
space of the bodily self (Noel et al. 2015a, b, 2018b, 2019a; 
Serino 2019a, b). However, a limitation in this regard, is that 
in the VR task used, the virtual ball always travelled toward 
participants and did not recede in the direction of the confed-
erate. Had the ball approached and receded, the PPS effect 
around the other may have been stronger, given that neurons 
encoding for PPS are known to respond preferentially to 
looming stimuli (Fogassi et al. 1996), and may have been 
represented by a sharper boundary gradient. Future studies 
will be required to systematically address these issues.

We found a correlation between the increase in PPS size 
due to testosterone administration and trait anxiety, indi-
cating that participants higher in trait anxiety were most 
prone to PPS enlargement after testosterone administra-
tion. This is noteworthy, given that both anxiety (Iachini 
et al. 2015; Sambo and Iannetti 2013; Taffou and Viaud-
Delmon 2014), and also paradoxically, testosterone, which 
is known to reduce anxiety (Hermans et al. 2006a, b; van 
Honk et al. 2005), increase PPS. At this point, we can 
only speculate, but it is possible that the enlargement of 
PPS corresponds to a social coping strategy that anxious 
individuals employ implicitly to manage feelings of social 
discomfort and which people with high testosterone uti-
lise instead more proactively as a basic form of empower-
ment. In this way, as in previous studies (Hermans et al. 
2007), the dominance-enhancing effects of testosterone 
may be most pronounced in anxious participants. Future 
studies that are able to evaluate the emotional and behav-
ioural repercussions of expanded PPS in social settings are 
needed to disentangle the functional differences in PPS 
among high and low anxiety groups.

Conclusion

The present study makes a novel contribution to our under-
standing of the means by which testosterone enhances social 
dominance. Our results indicated that raising participants’ 

Fig. 3   Correlation between trait anxiety and change in self-PPS due 
to testosterone. Trait anxiety (STAI-T) scores (y-axis) as a function 
of change in PPS size (testosterone—placebo). Each dot represents a 
participant
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testosterone caused the PPS around their bodies to expand, 
while PPS around the confederate remained unaltered. These 
results suggest that the known relationship between testos-
terone and the motivation for social dominance may reflect 
in implicit changes in individuals’ sensory-motor processing, 
and not changes in the perceived sensorimotor affordances of 
others. Specifically, our findings suggest that the enhanced 
dominance motivation conferred by testosterone may cause 
the appropriation of a larger space of the bodily self.
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