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Abstract

One aspect of selfhood that may have relevance for borderline personality disorder (BPD) is variation in sense of body
ownership. We employed the rubber hand illusion to manipulate sense of body ownership in BPD. We extended previous
research on illusory body ownership in BPD by testing: (i) two illusion conditions: asynchronous and synchronous stimula-
tion, (ii) relationship between illusion experience and BPD symptoms, and (iii) relationship between illusion experience and
maladaptive personality traits. We measured illusion strength (questionnaire responses), proprioceptive drift (perceived
shift in physical hand position), BPD symptoms (Revised Diagnostic Interview for Borderlines score), and maladaptive per-
sonality traits (Personality Inventory for DSM-5) in 24 BPD and 21 control participants. For subjective illusion strength, we
found main effects of group (BPD > healthy control, F(1, 43)¼11.94, P¼0.001) and condition (synchronous > asynchronous,
F(1, 43) ¼ 22.80, P<0.001). There was a group � condition interaction for proprioceptive drift (F(1, 43) ¼ 6.48, P¼0.015) such
that people with BPD maintained illusion susceptibility in the asynchronous condition. Borderline symptom severity corre-
lated with illusion strength within the BPD group, and this effect was specific to affective (r¼0.45, P<0.01) and cognitive
symptoms (r¼0.46, P<0.01). Across all participants, trait psychoticism correlated with illusion strength (r¼0.44, P<0.01).
People with BPD are more susceptible to illusory body ownership than controls. This is consistent with the clinical literature
describing aberrant physical and emotional experiences of self in BPD. A predictive coding framework holds promise to de-
velop testable mechanistic hypotheses for disrupted bodily self in BPD.
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Introduction

Aberrations of self-experience and identity are considered core
symptoms of borderline personality disorder (BPD) (Gunderson
et al. 2018). Self-disturbance is characterized by a markedly per-
sistent unstable sense of self that can be realized by dramatic

shifts in self-image, shifting goals and values, and feelings of
emptiness, dissociation, and even non-existence (Fuchs 2007;
Kerr et al. 2015). One aspect of selfhood that may have relevance
for pathologies of self in BPD is the experience of body owner-
ship. Indeed, abnormal bodily experiences in BPD are common,
including bodily dissociation (Korzekwa et al. 2009), altered pain
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perception (Schmahl et al. 2010), and deficits in interoception
(the awareness and processing of internal bodily signals)
(Loffler et al. 2018).

Mechanistically, sense of body ownership is constituted by
the integration of sensorimotor (external) and interoceptive (in-
ternal) signals (Tsakiris 2017). Neural computations on these
signals generate a probabilistic, and therefore dynamic, model
of self-representation (Seth 2013). While sense of body owner-
ship is stable and taken for granted in everyday circumstances,
experimental paradigms, such as body illusion tasks that di-
rectly manipulate sensorimotor integration, can affect the expe-
rience of body ownership. As such, these paradigms have the
potential to elucidate aberrations in embodied self-experience
in BPD.

Body illusion tasks can test the plasticity of body ownership
by manipulating the integration of self and non-self stimuli.
One paradigmatic body illusion is the rubber hand illusion (RHI)
(Botvinick and Cohen 1998). During the task, a participant’s hid-
den hand is stroked in synchrony with an appropriately posi-
tioned and visible rubber hand. The RHI can induce the feelings
that the rubber hand belongs to the participant (subjective illu-
sion) and that the participant’s own hand has moved toward
the rubber hand (proprioceptive drift). Typically, the RHI is mea-
sured by a self-report questionnaire of illusory experience
(adapted from Botvinick and Cohen 1998) and the spatial magni-
tude of proprioceptive drift (Thakkar et al. 2011).

It is theorized that the RHI results from the multimodal (e.g.
visuo-tactile) integration of sensory events in peri-personal
space: an area including and immediately surrounding the body
that is implicated in maintaining a dynamic cortical representa-
tion of the body (Holmes and Spence 2004). RHI induction is sen-
sitive to visuospatial plausibility and the timing of sensory
stimulation, such that unrealistic placement of the rubber hand
and temporally asynchronous stroking have been found to atten-
uate illusory body ownership in healthy participants (Costantini
and Haggard 2007; Morgan et al. 2011). Eshkevari et al. (2012) high-
light two factors that promote induction of the rubber hand illu-
sion. One factor, “visual capture,” occurs prior to visuo-tactile
stimulation, whereby a sense of body ownership results from
overweighting of the visual stimulus of the rubber hand over pro-
prioceptive information of the real hand. The other factor, which
entails simultaneous seen and felt touch of the fake and real
hand during simultaneous stroking, results in the illusion of rub-
ber hand ownership via the multisensory integration of tempo-
rally co-occurring visual and tactile stimulation. Empirical data
from healthy participants, and computational modeling of rub-
ber hand ownership, demonstrate that the illusion can occur
without tactile stimulation (first factor) (Ferri et al. 2013) and is
enhanced by temporally synchronous (vs. asynchronous) strok-
ing of fake and real hands (Samad et al. 2015). Importantly, in-
creased susceptibility to the first factor, which occurs in both
synchronous and asynchronous conditions (as it occurs prior to
tactile stimulation) may indicate imprecise bodily

representations that result in the overweighting of exteroceptive
information (Eshkevari et al. 2012; Samad et al. 2015).
Investigating RHI responses in both conditions in BPD may illu-
minate potential mechanisms of altered sense of body owner-
ship in the condition.

The RHI has been conducted across a range of mental disor-
ders in which anomalous self-experience has been implicated
and which share clinical overlap with BPD, including schizo-
phrenia (Thakkar et al. 2011), body dysmorphic disorder (BDD)
(Kaplan et al. 2014), and eating disorders (Eshkevari et al. 2012;
Keizer et al. 2014). These conditions are associated with in-
creased susceptibility to the RHI as measured by self-report
questionnaire (Keizer et al. 2014), proprioceptive drift (Kaplan
et al. 2014), or both (Thakkar et al. 2011; Eshkevari et al. 2012).
Increases in subjective measures of the illusion and propriocep-
tive drift have also been demonstrated in pharmacological mod-
els of psychosis (i.e. ketamine) in healthy participants,
implicating N-methyl-D-aspartate (NMDA) hypofunction and
augmented neural oscillations in the gamma-range that pro-
mote cross-modal binding (Morgan et al. 2011). This interpreta-
tion was bolstered by the finding of maintained illusory
experience in an asynchronous version of the RHI with pharma-
cologic challenge, highlighting the methodological importance
of administering the task in both synchronous and asynchro-
nous versions.

The vividness of the illusion has also been linked to schizotypy
in healthy participants (Asai et al. 2011), suggesting that altered
body ownership may be a marker of psychosis-proneness.
However, the interpretation of these results is limited as task de-
mand characteristics of the illusion questionnaire may not have
been controlled for. In particular, the original Botvinick and Cohen
(1998) questionnaire was designed to include target and non-
target items to control for suggestibility and to our knowledge no
clinical study has adequately assessed group differences in the rel-
ative endorsement of target and non-target items on the RHI ques-
tionnaire. Another consideration is that responses to non-target
items may be linked to altered sense of body ownership and that
clinical populations may have atypical responses to RHI proce-
dures (Thakkar et al. 2011). Furthermore, target items (which probe
the illusions of touch, causality, and ownership, respectively) se-
quentially probe qualitatively more encompassing aspects of the
illusion. For example, people who minimally experience the illu-
sion may only endorse the illusion of touch (feeling the touch on
the location where the rubber hand is touched), while those who
experience a stronger illusory experience may also endorse owner-
ship of the rubber hand (that the rubber hand is their hand).
However, specific hypotheses regarding the differential endorse-
ment of target items in clinical groups have not been previously
tested. Close examination of target item responses and attention
to dimensional symptomology can reveal trait markers across di-
agnostic thresholds that may influence illusion susceptibility.

To date, there has been one study examining illusory body
ownership using the RHI in people with current and remitted BPD

Highlights

• The rubber hand illusion allows measurement of self-disturbance.
• People with borderline personality disorder (BPD) had greater illusion susceptibility and this correlated with affective

symptoms.
• Interoception stabilizes representations of body ownership and is impaired in BPD.
• Illusion strength correlates with psychotic traits across levels of psychopathology.
• Predictive coding frameworks can probe mechanisms of altered body ownership in psychopathology.

2 | Neustadter et al.



(Bekrater-Bodmann et al. 2016). That study analyzed findings in a
synchronous version of the task only, and found increased subjec-
tive experience of the illusion, but similar proprioceptive drift, in
people with BPD compared to healthy controls (HCs). However,
group differences in the relative endorsement of target and non-
target items were not assessed. Additionally, the authors found a
small but significant correlation between illusory body ownership
and state and trait dissociation after controlling for BPD symptom
severity. We extend these findings by (i) testing group differences
in the relative endorsement of target vs. non-target items, (ii)
probing responses to individual target items to explore more gran-
ular group differences in illusory experience, (iii) directly testing
hypotheses about asynchronous stimulation, and (iv) exploring
relationships between illusory body ownership and BPD symptom
phenotypes and dimensional measures of maladaptive personal-
ity. In the current study, we conducted the RHI task with people
with BPD and HCs in temporally synchronous and asynchronous
conditions. We made the following hypotheses:

H1. Illusion strength would be greater in BPD vs. HC in both syn-
chronous and asynchronous conditions as measured by question-
naire response (H1.1) and proprioceptive drift (H1.2).
Given that there are interoceptive deficits in BPD, we hypothesized that rela-

tive overweighting of exteroceptive input would result in increased suscepti-
bility in both conditions, rather than specifically in the synchronous condition.

H2. The illusion of ownership (Q1), but not the illusions of percep-
tion (Q2) or causality (Q3), will be more strongly endorsed in BPD
than in HC.
Given self-disturbance in BPD, we hypothesized specific increased en-

dorsement of Q3 in BPD vs. HC.

H3. Illusion strength would positively correlate to psychotic-like
symptoms and traits.
We hypothesized that RHI illusion strength would correlate with
psychotic-like experiences across all participants, as well as the cognitive-

disturbance symptom cluster in BPD group.

Methods
Participants

This study was approved by the Yale Institutional Review
Board. Results for this study were collected as part of a larger
battery of experimental tasks. Results from those tasks as well
as the recruitment strategy for these participants are described
in detail elsewhere (Fineberg et al. 2018a,b). Briefly, women aged
18–65 were recruited from the community. HCs had no current
psychiatric conditions, and BPD participants had no current
substance dependence and no primary psychotic disorder
according to intake interview assessment (see Supplementary
material S1). We report results here from the 24 BPD and 21 HC
participants who completed RHI procedures.

Symptom and self-report scales

HC and BPD participants completed a series of well-validated
self-report symptom scales and structured clinical interviews in-
cluding: the Beck Anxiety Inventory (BAI) (Beck et al. 1988), the
Beck Depression Inventory (BDI-II) (Beck et al. 1996), the
Personality Inventory for DSM-5 (PID-5) (Krueger et al. 2012), the
Structured Clinical Interview for DSM-IV Personality
Questionnaire (Ekselius et al. 1994), and the Revised Diagnostic
Interview for Borderlines (DIB-R) (Zanarini et al. 1989). Please refer
to Supplementary material S2 for information on scale validation
and subscales.

Rubber hand illusion paradigm

Participants wore a non-latex glove on their right hand, sat in front
of a table, and placed their right hand into an open cardboard box
(Fig. 1). All participants underwent RHI procedures on their right
hand only as it was previously demonstrated that laterality and
handedness had no effect on the subjective experience of the illu-
sion or magnitude of proprioceptive drift, the two main outcomes
measures for the task in the current study (Smit et al. 2017).

In the box, the participant’s right hand was occluded from
their view, but not from the view of the experimenter who sat
across the table facing the participant. A gloved life-sized rubber
hand was positioned so that the hand was visible to the partici-
pant on the medial end of the box. A cloth was then draped over
the participant’s shoulder covering both the real right arm and
the arm of the rubber hand. In this setup, participants saw a
rubber hand and a box under which their real hand is hidden. A
cloth occluded the real arm and wrist up to the box edge, and
also hid the wrist of the rubber hand, giving the impression that
the rubber hand may extend from the participant’s arm under
the cloth. During measurements, the positions of the real and
rubber hands remained the same. Participants saw a ruler
which we placed on top of the box, and which they used to ver-
bally indicate the spatial location of their real index finger.
Before induction of the illusion, participants made an initial es-
timate of the spatial location on their hidden right index finger.
Each participant then underwent synchronous and asynchro-
nous versions of the task, each lasting 3 min. The order of condi-
tion administration varied across participants in each group.
In the synchronous condition, an experimenter used the brush
of a paintbrush to provide soft simultaneous touch at 1 Hz fre-
quency in the proximal to distal direction along the middle

Figure 1. Rubber hand illusion setup. Participant’s gloved right hand
is placed in cardboard box obstructing it from view. A life-like gloved
rubber hand is placed medial to the box. A cloth is draped across
right shoulder, covering the wrist of the rubber hand and the card-
board box proximally, where the participant’s real hand enters.
During illusion induction, the participant is instructed to visually
focus on the rubber hand while an experimenter provides brush-
strokes to the middle phalanges of the real hand (through an open-
ing in the cardboard box) and an equivalent location on the rubber
hand for 3 min. Hand localization (“drift”) estimates are taken at 30-s
intervals. The questionnaire is administered once after each stimu-
lation condition (synchronous, asynchronous).
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phalanges of the real index finger and an equivalent location on
the rubber hand. Procedures for the asynchronous condition
were identical except that brush strokes were offset in time by
0.5 s (resulting in alternating touch on the real and rubber
hands).

Measure of subjective experience of the illusion
After synchronous and asynchronous conditions, participants
completed a questionnaire adapted from Botvinick and Cohen
(1998) to assess their subjective experience of the illusion
(Table 1). Variations of this questionnaire have been used widely
in RHI research (Kaplan et al. 2014). Similar to previous studies,
the first three items (“target”) were used to create an index score
as they are more strongly and consistently endorsed than the
other items, and they reflect expected illusory experience
(Kaplan et al. 2014). The remaining items (“non-target”) have his-
torically been included to control for suggestibility and task de-
mand characteristics as they are endorsed only minimally by
healthy samples (Kaplan et al. 2014). However, they are often en-
dorsed in clinical psychiatric populations and during pharmaco-
logic challenges (e.g. ketamine) (Morgan et al. 2011). For each
condition, a cumulative “target item” score was created as the
average rating across items 1–3 and a cumulative “non-target
item” score was created as the average rating across items 4–9.
Significantly higher target scores compared to non-target scores
were used as an indicator of successful induction of the illusion.

Measure of proprioceptive drift
Proprioceptive drift refers to the extent to which participants es-
timated their hand as being closer to the rubber hand after in-
duction of the illusion. Participants estimated the position of
their hidden right index finger before stimulation, and then at
30-s intervals during stimulations (six times over 3 min of stim-
ulation) by referring to a numbered ruler placed on top of the
box. At each interval, participants were reminded not to move
their hand. At each interval, the position of the ruler was jit-
tered to prevent participants from anchoring on previous esti-
mates (Schütz-Bosbach et al. 2009). Proprioceptive drift was
calculated as the difference in estimated hand location between
the baseline estimate and average of the six post-trial estimates
for each condition. This value was used in subsequent analyses
of proprioceptive drift. Positive values refer to post-trial esti-
mates that are closer to rubber hand than the baseline estimate
and are consistent with successful induction of the illusion.

Planned statistical analyses

Parametric tests were conducted for analyses on main outcome
variables (subjective experience questionnaire and proprioceptive
drift) as values for skewness and kurtosis were all within�2 to 2, in-
dicating normal univariate distribution (George and Mallery, 1999).

A 2 � 2 repeated measures analysis of variance (ANOVA)
was used to assess impact of group (HC vs. BPD) and condition
(synchronous vs. asynchronous) on target item endorsement
(Hypothesis H1.1). To assess the relative endorsement of target
vs. non-target items, we performed a one-way analysis of co-
variance (ANCOVA) to assess for group differences (HC vs. BPD)
in target item endorsement in the synchronous condition (the
more illusion-inducing condition) using non-target item en-
dorsement as a covariate. A separate 2 � 2 repeated measures
ANOVA was used to assess impact of group and condition on
proprioceptive drift (Hypothesis H1.2).

Two separate 2 group � 3 target items ANOVAs were
employed to test for differential endorsement of individual tar-
get items in the synchronous and asynchronous conditions, re-
spectively (Hypothesis H2).

Lastly, we performed Pearson correlations to explore the
relationships between RHI measures and symptom scales that
were normally distributed. Two DIB-R subscales (affect and cog-
nition) demonstrated significant kurtosis, and as such,
Kendall’s tau correlation were used to explore the relationship
between target items and these symptom subscales.
Correlations were one-tailed to test for positive correlations un-
less stated otherwise.

Alpha values were set to 0.05 for primary analyses and, more
conservatively, to 0.01 for post hoc analyses and correlations. We
report effect sizes using Cohen’s D for t-tests, and partial g2 for
ANOVAs.

Results
Participant characteristics

Twenty-four women were enrolled in the BPD group, and 21
women were enrolled in the HC group. HC and BPD groups were
matched on age, years of education, and race (Table 2). The BPD
group was significantly more symptomatic on measures of BPD

Table 1: RHI questionnaire items (target items in bold)

Item Wording

1 It seemed as if I were feeling the touch of the paint brush in
the location where I saw the rubber hand touched.

2 It seemed as though the touch I felt was caused by the paint
brush touch the rubber hand.

3 I feel as if the rubber hand were my hand.
4 I felt as if my real hand was drifting toward the rubber hand.
5 It seemed as if I might have more than one right hand or arm.
6 It seemed as if the touch I was feeling came from some-

where between my own hand and the rubber hand.
7 It felt as if my real hand were turning “rubbery.”
8 It appeared visually as if the rubber hand was drifting to-

wards my hand.
9 The rubber hand began to resemble my own real hand, in

terms of shape, texture, or some other visual feature.

Table 2: Participant characteristics: mean results are reported
followed by standard deviations in parentheses

BPD HC Statistics

n 24 21
Age (years) 33.17 (12.47) 31.10 (13.13) t ¼ 0.54; P ¼ 0.59
Education (years) 13.96 (2.46) 15.02 (2.45) t ¼ �1.45; P ¼ 0.15
Race Chi square ¼ 3.19;

df ¼ 2; P ¼ 0.74Asian 8.30% 9.50%
Black 16.70% 28.60%
Hispanic 4.20% 19%
White 66.70% 42.90%
Not reported 4.20% 0%

BAI 24. 83 (12.80) 7.35 (10.05) t ¼ 4.92; P < 0.001
BDI 23.04 (12.71) 2.52 (4.52) t ¼ 7.39; P < 0.001
DIB-R (unscaled) 28.00 (6.55) 3.19 (4.17) t ¼ 14.90; P < 0.001
SCID-II self-report 9.75 (3.51) 0.95 (1.40) t ¼ 11.31; P < 0.001
BSL-23 36.25 (21.42) 3.95 (4.32) t ¼ 7.219; P < 0.001

Note: Groups were matched on age, education, and race. All participants were fe-

male. BPD group participants reported significantly more anxiety, depression,

and BPD symptoms than did HC participants.
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symptom severity (SCID-II, BSL, DIB-R), depression (BDI), and
anxiety (BAI) (Table 2).

Self-Report RHI questionnaire

H1.1 Subjective illusion strength would be greater in BPD vs. HC groups
in both synchronous and asynchronous conditions.

We tested for group differences in mean target item en-
dorsement (H1.1) using a 2 group � 2 condition repeated meas-
ures ANOVA (Fig. 2A and B). We found a significant main effect
of group (BPD > HC, F(1, 43) ¼ 11.94, P¼ 0.001, g2 ¼ 0.22) and of
task condition (synchronous > asynchronous, F(1, 43) ¼ 22.80,
P< 0.001, g2 ¼ 0.35). No significant interaction was found (F(1,
43) ¼ 1.72, P¼ 0.681, g2 < 0.01).

In the RHI literature, a standard set of items has been used
to test for group differences in target item endorsement that
may be accounted for by task demand characteristics or sug-
gestibility. Focusing on the more illusion-inducing (synchro-
nous) condition, We conducted a one-way ANCOVA to test for a
difference between BPD and HC groups in target item endorse-
ment while controlling for responses to non-target items. We
found that the effect of group remained significant when we
controlled for the non-target items (F(1, 42) ¼ 4.40, P¼ 0.042, g2 <

0.1) suggesting that group differences in target item responses
do reflect differences in the magnitude of illusory experience
rather than a non-specific positive response bias.

Confirming that the RHI was successfully induced in our
sample, t-tests demonstrated that both BPD and HC groups en-
dorsed target items more strongly than non-target items in the
synchronous condition (Fig. 2A, BPD: t(23) ¼ 5.64, P < 0.001,
d¼ 1.15; HC: t(20) ¼ 3.19, P ¼ 0.005, d ¼ 0.70). This result, together
with the finding above that target item endorsement is greater
in the synchronous condition compared to the asynchronous,
suggests that we were able to successfully induce the RHI in our
participants.

H2. Greater subjective illusion in BPD would be accounted for by the own-

ership illusion (Q3).

To examine hypothesis H2, we conducted two separate 2
group � 3 target items ANOVAs for the synchronous and asyn-
chronous conditions, respectively. We expected that group dif-
ferences in target item endorsement would be unique to Q3. In
the synchronous condition, we found a main effect of group
(F(1, 43) ¼ 8.92, P¼ 0.005, g2 ¼ 0.17) and item (F(1, 43) ¼ 17.37,
P< 0.001, g2 ¼ 0.29). The group � item interaction was not signif-
icant (F(1, 43) ¼ 0.33, P¼ 0.57). As described above, the main ef-
fect of group was that overall target item endorsement was
greater in BPD than control. Post hoc tests to examine the main
effect of items revealed that Q1 was significantly more endorsed
that Q2 (P¼ 0.002) and Q3 (P< 0.001), but that Q2 and Q3 were
not statistically significantly different in participant endorse-
ment (P¼ 0.124). In the asynchronous condition, we found a
main effect of group (F(1, 43) ¼ 7.56, P¼ 0.009, g2 ¼ 0.15) and item
(F(1, 43) ¼ 19.77, P< 0.001, g2 ¼ 0.32). The group � item interac-
tion was not significant (F(1, 43) ¼ 2.05, P¼ 0.15). As reported
above (and as in the synchronous condition), the main effect of
group is that target item endorsement in the asynchronous con-
dition was greater in BPD than control. Also here, as in the syn-
chronous condition, endorsement of Q1 was significantly
different from Q2 (P< 0.001) and Q3 (P< 0.001), but Q2 and Q3
were not statistically significantly differently endorsed (P¼ 0.44)

In summary, contrary to our hypothesis, group differences
in target item endorsement do not appear to be driven by a spe-
cific target item (no significant group � item interaction).
However, both groups endorse Q1 (tactile illusion) more than
they do Q2 (illusion of causality) or Q3 (illusion of ownership).

Proprioceptive drift

H1.2. Proprioceptive illusion strength would be greater in BPD vs. HC

groups in both synchronous and asynchronous conditions.

To test hypothesis H1.2., we explored group differences in
proprioceptive drift using a 2 � 2 repeated measures ANOVA
(group � condition) (Fig. 3). Main effects of group (BPD vs. HC, F(1,
43) <0.001, P¼ 0.99, g2 < 0.01) and of task condition (synchronous
vs. asynchronous, F(1, 43) ¼ 2.19 P¼ 0.15, g2 ¼ 0.05) were not sig-
nificant. However, a significant group � condition interaction

Figure 2. RHI questionnaire responses. Averaged mean scores for target and non-target items in synchronous (A) and asynchronous conditions
(B). Error bars denote standard error of the mean. Means for individual target items are displayed for both synchronous (C) and asynchronous
(D) conditions. *P< 0.05; **P<0.01.
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was found (F(1, 43) ¼ 6.48, P¼ 0.015, g2 ¼ 0.13). Post hoc paired
sample t-tests demonstrated that, contrary to our hypothesis,
while the HC group had significantly reduced proprioceptive drift
in the asynchronous condition (t(20) ¼ 2.90, P¼ 0.009, d¼ 0.63),
the BPD group had no significant difference in drift across condi-
tions (t(23) ¼ 0.75, P¼ 0.462, d¼ 0.094) (Fig. 3). To assess differen-
ces in drift estimates over time, we also conducted a 2 group (HC
vs. BPD) � 2 condition (sync vs. async) � 6 trial (6 post-
stimulation estimates) repeated measures ANOVA, which found
that the effect of trial reached only trend-level significance
(P¼ 0.051; see Supplementary material S3). We also found weak
to moderate relationships between target item endorsement and

proprioceptive drift that did not meet our significance cut-off of
P< 0.01 (see Supplementary material S4).

Symptom/trait correlations

H3. Illusion strength would positively correlate to psychotic-like symp-

toms and traits.

BPD symptoms
We investigated whether BPD symptom severity and BPD symp-
tom clusters relate to illusion strength in the clinical group.
To do so, we conducted one-tailed Pearson correlations between
DIB-R total (unscaled score) and subscale (affect, cognition, im-
pulsivity, and interpersonal relationship sections) scores
(unscaled) and the following RHI measures: target-item score,
item-3 (“I felt as if the rubber hand was my hand”) and proprio-
ceptive drift in the synchronous condition (statistics in Fig. 4).
We limited correlations to the synchronous condition to limit
multiple comparisons and to focus on the more illusion-
inducing condition. At the a¼ 0.01 level, we found that target-
item score and item-3 endorsement were related to the affect
and cognition subscales with correlations in the medium to
large effects range. Proprioceptive drift was not related to BPD
symptom severity or symptom clusters within the clinical
group.

Dimensional personality assessment
Next, we examined the relationship between RHI and dimen-
sional measures of maladaptive personality traits across all par-
ticipants. To do so, we conducted one-tailed Pearson
correlations between PID-5 personality trait domains (negative
affect, detachment, antagonism, disinhibition, and psychoti-
cism) and the following RHI measures: target-item score, item-3
(“I felt as if the rubber hand was my hand”) and proprioceptive

Figure 3. Proprioceptive drift. Mean drift toward rubber hand following
six 30-s trials of synchronous (sync) or asynchronous (async) stimula-
tion. Error bars represent standard error of the mean. *P< 0.05.

Figure 4. Relationship between synchronous condition illusion susceptibility, BPD symptom clusters, and maladaptive traits. On the left, correlation
coefficients between proprioceptive drift, target-item endorsement, item three endorsement in the synchronous condition, and clinical/personality
variables are presented. On the right side are the scatterplots for the relationship between average target item endorsement in the synchronous
condition and DIB-R affect in the BPD group (upper panel) and trait psychoticism as measured by PID-5 in the whole sample (lower panel). *P < 0.05,
one-tailed; ** P < 0.01, one-tailed. Note: DIB-R ¼ Diagnostic Interview for Borderlines-revised. DIB-R includes affect, cognition, impulsivity, and inter-
personal subscales. PID-5 ¼ Personality Inventory for DSM-5 which has scales for the following maladaptive traits: negative affect, detachment, an-
tagonism, disinhibition, and psychoticism. (s) Drift ¼ proprioceptive drift in synchronous condition. (s) targ ¼ average target-item response in
synchronous condition. (s) Q3¼ response to item 3 on RHI questionnaire in the synchronous condition: “I feel as if the rubber hand were my own.”
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drift in the synchronous condition (Fig. 4). At the a¼ 0.01 level,
only trait psychoticism was significantly related to the target-
item score and item-3 endorsement, with correlations observed
in the medium-effect range. Proprioceptive drift was not signifi-
cantly related to clinical traits at the P< 0.01 level.

Of note, six participants (four BPD and two HC) did not com-
plete the PID-5. The two HC participants were comparable to
other HCs in age, education, BDI, BAI, and RHI outcomes. The
four BPD participants were both highly symptomatic and
appeared to have higher target item endorsement in the syn-
chronous condition. Note that the very small sample size was
prohibitive of inferential statistics.

Discussion

In this study, we have extended the previous investigation of il-
lusory body ownership in BPD by directly assessing findings in
the asynchronous condition, analyzing differential endorsement
of self-report items, and identifying further associations with
clinical and personality trait variables. In the paragraphs to fol-
low, we will interpret RHI behavior in BPD within a predictive
coding account of bodily self (Apps and Tsakiris, 2014; Palmer
and Tsakiris, 2018), which posits that representations of self are
probabilistically generated through integration of top-down pre-
dictions about the body and bottom-up “prediction errors” of
sensory inputs across interoceptive and exteroceptive domains.

We hypothesized that compared to HC, people with BPD
would have greater target item endorsement (H1.1) and larger
proprioceptive drift (H1.2) in both synchronous and asynchro-
nous conditions. H1.1 was supported: BPD had greater target
item endorsement in both conditions. Contrary to H1.2, we found
a significant group � condition interaction on drift measure-
ments: BPD and HC had comparable drift during synchronous
stimulation. However, during asynchronous stimulation, BPD
had maintained drift while HC had significantly reduced drift.

As hypothesized, we found increased body plasticity in BPD
as measured by subjective endorsement of illusory experience.
Bekrater-Bodmann et al. (2016) reported increased subjective ex-
perience of the illusion; we clarified this finding by demonstrat-
ing that this group difference remained significant after
controlling for the endorsement of non-target items, suggesting
that increased target item response reflects alterations in the
magnitude of illusory experience. We also extend their findings
by demonstrating increased susceptibility in both synchronous
and asynchronous conditions, indicating that illusion susceptibil-
ity occurs generally, rather than specifically during synchro-
nous stimulation. While Bekrater-Bodmann et al. (2016)
employed asynchronous stimulation merely as a manipulation
check, others have compared RHI results across conditions (e.g.
Morgan et al. 2011; Eshkevari et al. 2012; Kaplan et al. 2014) to elu-
cidate possible mechanisms underlying abnormalities in illu-
sory body ownership. For example, Morgan et al. (2011) found
maintained illusory experience from synchronous to asynchro-
nous stimulation during ketamine (an NMDA antagonist) chal-
lenge in healthy participants. NMDA antagonism (a model for
early psychotic illness) is thought to weaken top-down signal-
ing, leading to over-weighting of bottom-up input, even when
the bottom-up signals are inconsistent (such as in the asyn-
chronous RHI condition). In BPD, illusion susceptibility across
synchronous and asynchronous conditions may similarly indi-
cate weak top-down signaling regarding body ownership.

RHI induction is hypothesized to arise from two processes
(Eshkevari et al. 2012): (i) visual capture, which occurs prior to

tactile stimulation, whereby rubber hand ownership is experi-
enced via integration of visual and proprioceptive inputs of the
fake and real hands, respectively; and (ii) temporal integration
of visual and tactile input during synchronous stroking.
Studying RHI in eating disorders, Eshkevari et al. (2012) inter-
preted maintained illusion susceptibility in the asynchronous
condition as a heightened sensitivity to visual capture over dis-
torted bodily signals. This interpretation was bolstered by the
finding that interoceptive deficits were a significant predictor of
illusory body ownership in eating disorders. Importantly, inter-
oception (i.e. the processing and awareness of internal bodily
signals) is theorized as a central modality in stabilizing mental
representations of bodily self in predictive coding frameworks
(e.g. Tsakiris 2017; Fotopoulou and Tsakiris 2017; Palmer and
Tsakiris 2018). Accordingly, the precision associated with pre-
diction error of sensory input—the confidence or uncertainty
ascribed to it—modulates the integration of bottom-up and top-
down information flow, such that low precision-weighted pre-
diction errors are less likely to update (top-down) prior beliefs.
In the RHI, the stability of body ownership is maintained by the
relative precision of interoceptive vs. exteroceptive input.
Reduced certainty, or “trustworthiness,” ascribed to interocep-
tive signals leads to the overweighting of exteroceptive input
(e.g. seeing the rubber hand) during the task, resulting in in-
creased susceptibility to the illusion (see Tajadura-Jiménez and
Tsakiris 2014 for empirical support). BPD is associated with defi-
cits in interoceptive processing (Müller et al. 2015). However, the
relationship between interoception and body plasticity was not
directly assessed in this study. Future research can assess the
extent to which interoceptive processing [e.g. as measured by
heartbeat evoked potentials (Müller et al. 2015; Khalsa et al.
2018), or heartbeat detection (Tsakiris et al. 2011), though see
Ring et al. 2015 for methodological limitations], mediates illu-
sory body ownership in BPD and serves as a common mecha-
nism of illusion susceptibility across personality, eating, and
body-image disorders, for which there are symptomatic and
clinical overlap (Rosenvinge et al. 2000; Sansone et al. 2010).

Contrary to H1.2, we found that BPD had comparable drift in
both task conditions, while HC had significantly reduced drift in
the asynchronous condition. While in previous studies, drift
has been used as a “behavioral proxy” of rubber hand ownership
(e.g. Tsakiris and Haggard 2005; Kammers et al. 2009), Rohde
et al. (2011) found subjective endorsement of the illusion and
drift to be separate and dissociable phenomena. In our sample,
drift magnitude did not significantly correlate with endorse-
ment of RHI questionnaire items. Interestingly, Kaplan et al.
(2014) found that individuals with BDD demonstrate similar
findings to our BPD sample such that they evidenced compara-
ble drift in both conditions. They interpret this result in light of
findings in healthy participants (Rohde et al. 2011), that proprio-
ceptive drift occurs to an equal extent during synchronous
stroking and in a “just vision” condition (wherein participants
estimate hand location after looking at rubber hand without
tactile stimulation), while asynchronous stroking reduces drift
by disrupting visio-proprioceptive integration. Kaplan et al.
(2014) posit that with regards to bodily awareness, people with
BDD are less susceptible to the illusion-extinguishing effects of
the asynchronous condition. If BPD shares a similar mechanism
underlying maintained drift across conditions with BDD, this
would be consistent with our proposed BPD self-model that is
biased towards incorporating (even inconsistent) exteroceptive
information in the setting of interoceptive deficits.

We hypothesized that greater subjective illusion strength in
BPD would be accounted for by the illusion of ownership (H2).
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Contrary to our hypothesis, we found no group by item interac-
tion: though there was a main effect of group (BPD > HC) and of
condition (Q1 > (Q2¼Q3)), the relative endorsement of the three
target items was similar as a function of group. These findings
are consistent with a predictive coding account of self-
recognition (Apps and Tsakiris 2014), wherein more abstract
multimodal self-representations are encoded at higher levels
within a hierarchical model of self-processing. Intermediate-
level beliefs are constrained by top-down expectations as well
as sensory bottom-up information lower in the hierarchy. We
propose that during synchronous stroking, the prediction error
caused by RHI procedures could be accounted for at the level of
a perceptual experience for healthy participants (i.e. endorse-
ment of Q1); whereas in BPD, RHI procedures lead to updating of
more abstract self-representations, and therefore endorsement
of causation and ownership illusions (Q2 and Q3 endorsement
was greater than “neutral”, in the “agree” range Fig. 2c).
Similarly, while asynchronous stroking was sufficient to eradi-
cate the illusion in HCs, the BPD group maintained an attenu-
ated experience of the illusion (Q1 endorsement in the “agree”
range, Fig. 2D) related to perceptual experience. One limitation
of this interpretation is that differences in individual item en-
dorsement may be due in part to how the questions are worded.
While descriptively, absolute endorsement of Q1>Q2>Q3, fu-
ture research may benefit from an expanded RHI questionnaire
to probe differentially encompassing aspects of the illusion,
e.g., the illusion of perception, causality, and ownership,
respectively.

Lastly, we performed exploratory correlations to assess the
relationship between clinical traits and illusory experience. We
hypothesized that psychotic-like experiences would be
uniquely related to RHI illusion strength (H.3). In addition to
linking illusion strength with psychotic-like experiences, we
also found strong associations with affective symptoms in both
the BPD group (as measured by the DIB-R affect subscale) and
across the whole sample (as measured by PID-5 trait negative
affect). While the link between psychotic-spectrum experience
and RHI has been demonstrated in other settings (e.g. Asai et al.
2011; Morgan et al. 2011), we are the first to demonstrate this as-
sociation within BPD, providing further evidence that body plas-
ticity may track psychosis-proneness trans-diagnostically.
Finding a link between dissociation and RHI susceptibility in
BPD, Bekrater-Bodman et al. (2016) posit that altered NMDA neu-
rotransmission may underlie altered body plasticity in the con-
dition. This suggestion is bolstered by neurochemical evidence
(Hoerst et al. 2010) implicating glutamatergic signaling in the an-
terior cingulate cortex (ACC) in BPD. Importantly, the ACC and
the insular cortex have been identified as central structures for
interoception (Müller et al. 2015). Computational perspectives
on mood and emotion suggest that emotional states reflect the
certainty (or precision) regarding the interoceptive consequen-
ces of action, such that negative emotions “contextualize events
that induce expectations of unpredictability” (Clark et al. 2018, p.
2278). Thus, state negative affect may contribute to overweight-
ing of exteroceptive input during RHI procedures in the setting
of low precision-weighted interoceptive input. Clarifying the
contribution of state (e.g. affect) and trait (e.g. emotion regula-
tion Müller et al. 2015) characteristics to the plasticity of body
ownership also may elucidate the relationship between emo-
tion arousal and clinical states such as the dissociation and de-
personalization associated with BPD (Korzekwa et al. 2009).
Alterations in body plasticity may also inform our understand-
ing of interpersonal difficulties in the condition. BPD is associ-
ated with a 2-fold increase in preferred interpersonal distance

in live dyadic contexts compared to HCs, suggesting alteration
in embodied peri-personal space (Fineberg et al. 2018). Given the
theoretical links between interoception, emotion, and theory of
mind (Ondobaka et al. 2017), targeting body awareness (e.g.
through mindfulness practice; Farb et al. 2012; Bornemann et al.
2015) may be an important focus, especially for people with BPD
whose symptom profiles are high in self-disturbance and
psychoticism.

The correlation we observe between illusion susceptibility
and psychotic-like traits here points at another mechanistic
path through predictive coding to the observed results. We have
written elsewhere about the critical role of priors in
explanation-making in the face of a chaotic environment. For
example, people with early psychosis suffer a barrage of diffi-
cult to explain perceptual experiences, likely related to aberrant
signaling of prediction errors. We and others have demon-
strated that top-down suppression of aberrant prediction error
is a mechanism of odd belief formation, especially delusions in
psychosis and psychotic-like states (Corlett et al. 2006; Honey
et al. 2008; Corlett et al. 2010; Corlett and Fletcher 2012). Strong
priors for predictable causality may, by this logic, drive accep-
tance of the rubber hand as one’s own hand (as a way of
explaining the conflicting visual and tactile cues). This may
serve as an alternative common mechanism of illusory body
ownership across a wide variety of people with psychotic-like
traits.

The findings from this work are best understood within the
context of several limitations. Sample size was small, and par-
ticipants were all women. The small sample size prohibits ex-
amination of the impacts of potentially interesting
demographics (race, sexual orientation, age) and co-morbidities
on outcome, as well as more stable estimates of the correlation
between illusory body ownership and measures of maladaptive
personality and BPD symptom clusters (Schönbrodt and
Perugini 2013). Inclusion of only biologically female, female-
identified participants for the study was important to decrease
potential sources of variability in results given the small sam-
ple, but does limit generalizability of results.

Another potential limitation of our study arises from our use
of non-target items to control for suggestibility while assessing
RHI subjective experience. While this questionnaire has been
used many times in RHI research, there is no consensus on how
it is best analyzed. A common method, which we follow, is to
create a target-item score which averages responses to the first
three items. The use of the remaining items to control for sug-
gestibility is thought to be justified by the finding that they are
less commonly endorsed by HC subjects (Kaplan et al. 2014).
However, the phenomenology of the RHI is nuanced, and may
include endorsement of statements of non-target items.
Furthermore, Thakkar et al. (2011) report a case study of an indi-
vidual with schizophrenia, who has an out-of-body experience
during RHI procedures, suggesting that the task may induce
atypical experiences in clinical populations. Thus, increased en-
dorsement of non-target items in BPD may reflect increased
suggestibility or a more expansive subjective experience arising
from RHI procedures. Future phenomenological and qualitative
research on induced illusory body ownership can clarify experi-
ential correlates of questionnaire item endorsement (Lewis and
Lloyd 2010).

Also, Lush et al. (2019) recently provided empirical evidence
that susceptibility to the RHI is predicted by self-report meas-
ures of hypnotizability. They posit that responses to the RHI,
and to tasks probing embodied phenomenology more generally,
are influenced by participants’ trait dispositions to generate
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experiences to meet expectancies—a top-down process they
call “phenomenological control.” Hypnotizability is a particular
instance of this process. Comparing relative responses to syn-
chronous and asynchronous conditions may not sufficiently ac-
count for these trait level differences, as participants may have
different illusion expectancies for each condition. We suggest
that future RHI research include measurement of phenomeno-
logical control (e.g. self-reported suggestibility) to assess the
contribution of this generalized process to observed differences
in embodied experience.

From a task setup perspective, we did not include a baseline
acclimation period to test for illusion induction from visual
stimulus alone prior to tactile stimulation. This has been done
in a non-clinical sample (Samad et al. 2015) and would enable
the direct assessment of the relative contribution of visual cap-
ture vs. integration of visuo-tactile stimulation in producing en-
hanced illusory experience in clinical populations. Furthermore,
in a computational model, Samad et al. (2015), demonstrated
that the perception of body ownership as measured by the RHI
can be described as a Bayesian causal inference. Future research
applying modeling techniques to clinical data can further probe
the extent to which increased body plasticity in BPD is driven by
weakening of top-down representations of body-schemas,
strong priors for rubber hand ownership, and/or bottom-up in-
tegration of interoceptive and exteroceptive input.
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