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Abstract

Passively grasping an unseen artificial finger induces ownership over this finger and an illu-

sory coming together of one’s index fingers: a grasp illusion. Here we determine how intero-

ceptive ability and attending to the upper limbs influence this illusion. Participants passively

grasped an unseen artificial finger with their left index finger and thumb for 3 min while their

right index finger, located 12 cm below, was lightly clamped. Experiment 1 (n = 30) investi-

gated whether the strength of the grasp illusion (perceived index finger spacing and per-

ceived ownership) is related to a person’s level of interoceptive accuracy (modified

heartbeat counting task) and sensibility (Noticing subscale of the Multidimensional Assess-

ment of Interoceptive Awareness). Experiment 2 (n = 30) investigated the effect of providing

verbal or tactile cues to guide participants’ attention to their upper limbs. On their own, nei-

ther interoceptive accuracy and sensibility or verbal and tactile cueing had an effect on the

grasp illusion. However, verbal cueing increased the strength of the grasp illusion in individ-

uals with lower interoceptive ability. Across the observed range of interoceptive accuracy

and sensibility, verbal cueing decreased perceived index spacing by 5.6 cm [1.91 to 9.38]

(mean [95%CI]), and perceived ownership by�3 points on a 7-point Likert scale (slope

-0.93 [-1.72 to -0.15]). Thus, attending to the upper limbs via verbal cues increases the

strength of the grasp illusion in a way that is inversely proportional to a person’s level of inter-

oceptive accuracy and sensibility.

Introduction

Proprioception and the brain’s representation of the body are crucial to move autonomously

and to interact with the world [1, 2]. Closely related to this is the sense of body ownership, the

feeling that our body and its parts belong to us. Various illusions have been used to investigate

the neurophysiological and cognitive processes that underpin body ownership, most famous

of which is the rubber hand illusion [3]. In this illusion, a person’s hidden hand is brushed at
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the same time and in the same manner as a visible rubber hand. In many people, this induces a

sense of ownership over the rubber hand and a shift in the perceived location of their real, hid-

den hand. Initially thought to require congruent, ongoing, multisensory stimuli [4], we devised

two novel illusions —the rubber finger illusion [5] and the grasp illusion [5, 6]— to demon-

strate these bodily illusions of ownership can be induced by congruent, ongoing or static sti-

muli that activate a single class of sensory receptors, namely cutaneous receptors or muscle

spindles.

In both our illusions, the hands are hidden from view and spaced vertically 12 cm apart.

One hand passively grasps an artificial finger as the other hand has its index finger grasped by

two finger-like objects. In the rubber finger illusion, the hand grasping the artificial finger and

the index finger being grasped are moved synchronously (or asynchronously), akin to the

dynamic stimuli used in the rubber hand illusion. In the grasp illusion, there is a total lack of

ongoing, dynamic stimuli. There is nothing to look at, and there is no ongoing tactile or move-

ment stimuli to focus on. The grasp illusion is a more subtle, and thus possibly fragile, illusion,

which provides a unique opportunity to investigate other factors that may influence the

strength of bodily illusions of ownership.

The brain processes that determine whether or not a body part belongs to us are thought to

work by Bayesian causal inference [7, 8]. They weigh up prior experiences, the current internal

representation of the body, available sensory signals, the relevance, congruence and synchro-

nicity of these sensory signals. Based on these sources of information and their weightings, the

most plausible scenario, however anatomically or intellectually implausible, is selected. Given

the nature of the grasp illusion, a change in the weighting of the central representation of the

body may have a large impact on the strength of the illusion.

Preliminary work indicated people found it hard to focus on the static cutaneous stimuli

relevant to the grasp illusion. Thus, we standardised participants’ attention by having them

watch a video clip from a silent film as they passively grasp the artificial finger [6]. However,

what would happen if we had them attend to the configuration and position of their upper

limbs? A more veridical picture of their body should, in theory, render the illusory scenario

that ‘I am holding my right index finger with my left hand’ less plausible. However, attending

to the position of a hidden hand causes greater drift in its perceived location compared to

attending to a visual-based computer task [9]. If this is true, having participants focus of their

hidden hands may add uncertainty about their perceived location, which could see them rely

more heavily on tactile cues from the thumb and index finger in contact with the artificial fin-

ger, a shift that would favour the illusory scenario that the object they are grasping is the index

finger of the opposite hand [7, 10, 11]. The present study was designed to determine whether

attending to the upper limbs influences the strength of the grasp illusion.

However, people differ in their ability to attend to their body [12–17]. In general terms,

“Body awareness is the perception of bodily states, processes and actions that is presumed to

originate from sensory proprioceptive and interoceptive afferents and that an individual has

the capacity to be aware of. Body awareness includes the perception of specific physical sensa-

tions (e.g., awareness of heart activity; proprioception of limb position) as well as complex syn-

dromes (e.g., pain; sense of relaxation; ‘somatic markers’ of emotions)” [18]. Closely related is

the concept of interoception, which is the conscious perception of sensations arising from

inside the body that involves aspects such as heartbeat, respiration, satiety, and the autonomic

sensation relation to emotions [12, 13, 19]; although some prefer a broader definition that

includes somatosensation and proprioception [20].

Initially, the potency of the rubber hand illusion appeared to correlate with interoceptive
accuracy [21, 22]. This aspect of interoception relates to a person’s ability to detect and track
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internal bodily signals [23] and is typically assessed with a heartbeat counting task [24–26].

However, more recent studies have failed to replicate this finding [27–29].

Another important aspect of interoception is interoceptive sensibility, which relates to a per-

son’s ability to notice and be aware of internal bodily signals [23]. It is commonly assessed

with the Multidimensional Assessment of Interoceptive Awareness (MAIA-2) scale [14, 30].

To date, interoceptive sensibility has not been investigated in the context of the rubber hand

illusion. Given that interoceptive accuracy and interoceptive sensibility are not strongly corre-

lated with one another and thus likely distinct aspects of interoception [23, 31–34], we thought

it important to assess both as we investigated factors that may influence the strength of the

grasp illusion.

In a first experiment, we investigated whether individual differences in interoceptive accu-

racy and interoceptive sensibility were related to the strength of the grasp illusion. In a second

experiment, we used ongoing verbal or tactile cues to investigate whether having people attend

to the position and configuration of their hidden upper limbs influenced the strength of the

grasp illusion. We also investigated whether these attentional effects were influenced by peo-

ple’s interoceptive abilities, either accuracy or sensibility.

Methods

Participants

Thirty participants took part in Experiment 1 (18 males, mean age 34, SD 9.9; 28 right handed,

2 left handed) and thirty participants took part in Experiment 2 (17 males, mean age 33.7

years, SD 10.1, all right handed). Eleven participants performed both experiments. For these

participants, the time between experiments was at least six months. Sample size calculations

were not carried out. The number of participants was based on our previous study [6], where

the first experiment closely resembled the first experiment of the present study, and the second

experiment closely resembled the second experiment of the present study; in both cases we

obtained accurate estimates of investigated effects.

Participants were informed about the procedures, but remained naive to the exact hypothe-

ses tested. Also, participants were informed that their digits may come in to contact with

objects, but they were given no information about the nature of these objects. All participants

gave written informed consent. The experimental procedure was in accordance with the Dec-

laration of Helsinki (2018) and approved by the University of New South Wales Human

Research Ethics Committee.

Experimental set-up

The set-up used was identical to that used by Héroux et al. [6]. In brief, the participant was

seated in a stable chair at a table in an enclosed black booth. A monitor (height: 60 cm, width:

105 cm) was located approximately 70 cm in front of the participant, with the base of the mon-

itor level with the participant’s shoulders. The midline of their body was aligned with the cen-

tre of the monitor. The participant was instructed to keep both feet flat on the floor and to not

rotate their torso or head. An opaque cloth extended from the table to cover the participant’s

neck and shoulders; this blocked their view of their arms and the testing apparatus. Next, the

participant watched a 2-minute instructional video that outlined the experimental procedure

and described the two experimental measures: perceived index finger spacing and perceived

ownership (see Experimental measures section for details). The participant was instructed to

remain relaxed throughout the experiment and to keep their eyes open.

At the start of each trial, the participant had their arms relaxed by their side. The experi-

menter, who could not be seen by the participant, positioned the participant’s arms. The right
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hand was semi-pronated with the ulnar border of the forearm resting on the table. The left

arm was placed in the same posture on a support table directly above the right arm. The partic-

ipant kept their hands relaxed throughout the experiment. We call this a passive grasp because

there was no voluntary muscle activity and the participant’s digits and hands were resting in a

grasp posture. Both index fingers were extended so they pointed to the contralateral side (right

index pointed left and left index pointed right); they were separated vertically by 12 cm. The

tips of the index fingers were aligned in the anterior-posterior direction and were centred on

the body midline. The distal phalanx of the left and right index fingers overlapped in the hori-

zontal plane.

For the no-grasp condition, the participant’s hands were positioned as described above. In

the grasp condition, the participant’s hands were also positioned as described above, but the

tip of their right index finger was held in position by a clamp that applied light pressure to the

anterior and posterior aspect of the distal phalanx (see Fig 1). The experimenter also lightly

clamped the participant’s left thumb and index finger around an artificial finger as to passively

grasp it. The inner surface of both clamps was fitted with silicone, moulded in the shape of a

finger. The clamps were adjusted so that the participant reported equal pressure on their left

index finger and thumb, as well as on their right index finger. The artificial finger was vertically

aligned 12 cm above the right index finger. It was made from silicone and had a central metal

Fig 1. Experimental setup. There were two testing procedures, (A, Experiment 1 only) no grasp and (B) grasp. For the

no-grasp condition, the right and left index fingers were separated vertically 12 cm. For the grasp condition, the hands

were placed in the same position but the participant passively grasped an artificial finger with their left index finger

and thumb, while their right index finger was grasped by a silicone covered clamp (not depicted for clarity). The

testing apparatus and participant’s arms and hands were hidden from view.

https://doi.org/10.1371/journal.pone.0259988.g001
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bar (diameter 0.8 cm, length 3 cm) to mimic a bone. The duration of each experimental session

was approximately 15 min.

Experimental measures

As in our previous studies [5, 6], two measures quantified the grasp illusion: perceived vertical

spacing between the participant’s left and right index fingers (termed ‘perceived index finger

spacing’) and perceived ownership of the artificial finger. All measures were taken at the end

of the trials with the participant’s upper limbs still in position.

Perceived index finger spacing. In response to the question “Which line corresponds to

the vertical distance between the tips of your index fingers (left or right above)”, the participant

was asked to select from a series of 21 vertical lines presented on the monitor. The vertical

lines were labelled with letters and ranged in height from 0 cm to 20 cm, in 1 cm increments.

The lines were presented in a random order for each trial. When perceived index finger spac-

ing was different from 0 cm, the participant indicated if they felt their left or right index finger

was above.

Perceived ownership. For the grasp condition, the participant was asked about their level

of perceived ownership over the passively grasped artificial finger. Specifically, the participant

indicated how strongly they agreed or disagreed with the following statement: “I feel that I am

holding my right finger index with my left hand”. The participant rated their level of agree-

ment by selecting from a seven-point Likert scale (1–7): strongly disagree, disagree, somewhat

disagree, neither agree nor disagree, somewhat agree, agree, and strongly agree.

Interoceptive accuracy. Interoceptive accuracy was measured with the heartbeat counting

task using a modified version of the mental tracking method [25]. Heart rate was recorded

with a PulseSensor (World Famous Electronics, IIc.) attached to the participant’s non-domi-

nant index finger connected to an Arduino Uno microcontroller. To ensure the participant

could not feel their arterial pulse (confirmed by the participant), the cuff of the PulseSensor

was placed loosely around the finger. Additionally, the participant was instructed to not cross

their legs to avoid pulse-related cues. The participant was instructed to silently count the num-

ber of heartbeats they felt without physically measuring their heartbeat. The experimenter gave

a “start” cue and 40 seconds later a “stop” cue. The participant was then asked to indicate the

number of heartbeats they counted. The participant was not aware of the duration of the trial.

Importantly, the participant was instructed to only report the number of heartbeats felt, thus

zero was a possible answer. Emphasising that counted heartbeats must be felt minimised the

chance that the participant guessed an answer based on knowledge of their resting heartrate

and an estimate of the duration of the trial; these modified instructions improve the validity of

the heartbeat counting task [35–37]. The participant was not given any feedback in their per-

formance in the task. Performance on this task was measured as:

Heartbeat counting task score ¼ 1 �
ðjactual heartbeats � reported heartbeatsjÞ

actual heartbeats

Thus, possible values ranged from 0 to 1, where 0 represents not feeling a single heartbeat

(low interoceptive accuracy) and 1 represents feeling every heartbeat (high interoceptive

accuracy).

Interoceptive sensibility. Interoceptive sensibility was measured with the Noticing sub-

scale of the MAIA-2 scale [14, 30]. It assesses a person’s awareness of uncomfortable, comfort-

able, and neutral body sensations, and forms the Awareness of Body Sensations dimension of

the MAIA-2 scale. The Noticing subscale includes four questions scored on a 0 to 5 ordinal

scale, with 0 associated with the anchor word ‘never’ and 5 associated with the anchor word
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‘always’. The four questions are: ‘When I am tense I notice where the tension is located in my

body’, ‘I notice when I am uncomfortable in my body’, ‘I notice where in my body I am com-

fortable’, and ‘I notice changes in my breathing, such as whether it slows down or speeds up’.

The average score across the four questions was computed. Thus, possible values ranged from

0 to 5, with higher average scores reflecting greater interoceptive sensibility.

Experimental protocol

Experiment 1. This experiment assessed whether individual differences in interoceptive

accuracy and interoceptive sensibility were related to the strength of the grasp illusion. It con-

sisted of two conditions: no-grasp and grasp (see Fig 1). Each condition was tested on a sepa-

rate day, with at least two days between testing sessions. The order of conditions was

randomised across participants. Each trial began with the experimenter positioning the partici-

pant’s hands. Next, the participant viewed a 3 min video clip from a silent film, which stan-

dardised attention across participants and trials. The video clip on the second day was the

continuation of the same silent film. Immediately following the video clip, perceived index fin-

ger spacing (no-grasp and grasp conditions) and perceived ownership (grasp condition only)

were measured. Interoceptive accuracy (heartbeat counting task) and interoceptive sensibility

(Noticing subscale) were measured at the end of the testing sessions. The order of these mea-

sures was randomised across participants.

Experiment 2. This experiment assessed whether ongoing verbal or tactile cues designed

to have participants attend to the position and configuration of their upper limbs influenced

the strength of the grasp illusion. It also assessed whether these attentional effects are influ-

enced by a person’s interoceptive accuracy or sensibility. This experiment consisted of three

variations of the grasp condition from Experiment 1: control (video), verbal cueing, and tactile

cueing. Each condition was tested on a separate day, with at least two days between testing ses-

sions. The order of testing was randomised across participants. Interoceptive ability was mea-

sured at the end of the second and third testing session, with the heartbeat counting task on

one day and the Noticing subscale on the other. The order of these measures was randomised

across participants.

Control (video). This condition was identical to the grasp condition described in Experi-

ment 1, except that the participant was told they would be quizzed on the content of the 3-min

video clip. Immediately following the video clip, perceived index finger spacing and perceived

ownership were measured, followed by three questions about the video.

Verbal cues. This condition examined how verbal instructions designed to have the partici-

pant focus on their upper limbs influenced perceived index finger spacing and perceived own-

ership. Rather than watch a silent video clip, the participant wore headphones and listened to a

3-min body scan. The body scan asked the participant to focus on the location of, and sensa-

tions arising from, their shoulders, arms, elbows, forearms and hands. Approximately 10–15 s

were spent on each body part, with the full upper limb body scan repeated twice over the

3-min recording. The participant was instructed to focus on the body part in time with the ver-

bal instructions. Immediately after this, perceived index finger spacing and perceived owner-

ship were measured.

Tactile cues. This condition examined how tactile stimuli designed to have the participant

focus on their upper limbs influenced perceived index finger spacing and perceived ownership.

Rather than watching a silent video clip, the participant focused on the tactile stimuli applied

to their shoulders, arms, elbows, forearms and hands. The tactile stimuli were applied with a

smooth rounded wooden stick (8 mm diameter) moved over the skin at approximately 5 cm/s.

The tactile cueing of this condition was paired with the verbal cueing of the previous
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condition. To accomplish this, the experimenter listened to the recorded body scan through

headphones and applied the tactile cueing in sync with the verbal instructions. For example, if

the verbal body scan asked the participant to focus on their left forearm, the experimenter,

hearing the body scan through the headphones, stroked the participant’s left forearm. The par-

ticipant was instructed to focus on the tactile stimuli for the duration of the 3-min trial. Half-

way through the trial, participants were verbally reminded to attend to the tactile stimuli. At

the end of the trial, perceived index finger spacing and perceived ownership were measured.

Statistical analysis

All analyses were pre-planned and no additional exploratory analyses were conducted. Data

were analysed with an estimation approach based on confidence intervals [38–40]. In Experi-

ment 1 we quantified the effect of the grasp illusion on perceived index finger spacing and per-

ceived ownership (grasp condition only). For perceived index finger spacing, the mean [95%

CI] difference between the two conditions (grasp–no grasp) was calculated. For perceived

ownership, items from the Likert scale were paired to an integer scale ranging from 1 (strongly

disagree) to 7 (strongly agree) and the mean [95% CI] was calculated. Ordinary least-squares

multiple regression was used to determine whether interoceptive measures (heartbeat count-

ing task, Noticing subscale) were associated with the strength of the grasp illusion (grasp–no

grasp difference in perceived index finger spacing, perceived ownership).

Except for the addition of the interoceptive measures, Experiment 1 was identical to Experi-

ment 1 of our previous study [6]. Thus, to obtain more precise estimates of the effects associ-

ated with the grasp illusion, perceived index finger spacing and perceived ownership results

from both studies were pooled. This is equivalent to performing a two-study meta-analysis.

In Experiment 2, we quantified the effect of verbal and tactile cueing related to the position

and configuration of the upper limb on the grasp illusion by comparing results from the con-

trol (video) condition to those of the two cueing conditions. Specifically, we calculated mean

[95% CI] differences (control–verbal; control–tactile) for perceived index finger spacing and

perceived ownership. Ordinary least-squares multiple regression was used to determine

whether the interoceptive measures (heartbeat counting task, Noticing subscale) were corre-

lated with the effects of verbal or tactile cueing on the grasp illusion.

In Experiment 1, Pearson’s correlation was used to measure the association between the

two measures of the grasp illusion (perceived index finger spacing [grasp–no grasp] versus per-

ceived ownership over the artificial finger). In both experiments, Pearson’s correlations were

also used to measure the association between the measure of interoceptive accuracy (heartbeat

counting task) and interoceptive sensibility (Noticing subscale).

All primary values and all primary difference values are included in figures. All summary

values reported in text and figures are means and 95% CI, except for the mean ± standard devi-

ation which is reported for the age of participants. All data, code and generated outputs are

publicly available (S1 File).

Results

Experiment 1

This experiment examined how individual differences in interoceptive accuracy and sensibility

were related to the strength of the grasp illusion. Perceived index finger spacing was, on aver-

age, 11.3 cm [9.8 to 12.9] (mean [95%CI]) for the no-grasp condition and 6.8 cm [4.8 to 8.8]

for the grasp condition. Thus, participants perceived their index fingers to be 4.5 cm [2.8 to

6.2] closer together when grasping an artificial finger (Fig 2A). Furthermore, perceived owner-

ship was, on average, 4.2 [3.4 to 4.9] for the grasp condition (Fig 2B), slightly above ‘neither
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agree or disagree’ on the Likert scale. These results replicate those of our previous study [6].

The pooled estimates indicate that passively grasping an artificial finger for 3 min reduces per-

ceived index finger spacing by 5.3 cm [4.1 to 6.4] (Fig 2C) and is associated with a sense of per-

ceived ownership of 4.2 [3.7 to 4.7], between ‘neither agree or disagree’ and ‘somewhat agree’

(Fig 2D).

In line with previous results [5], perceived ownership over the artificial finger was nega-

tively correlated with perceived index finger spacing (r = -0.44, [95%CI -0.69 to -0.10]: greater

perceived ownership was associated with a greater coming together of the hands.

The average score for the Noticing subscale was 3.2 [2.9 to 3.6] and the average score on the

heartbeat counting task was 0.67 [0.57 to 0.78]. Values from these two measures were not cor-

related (r = 0.19, [95% CI -0.18 to 0.51]). Multiple regression analysis revealed that interocep-

tive accuracy and interoceptive sensibility were not related to the strength of the grasp illusion

(Table 1).

Fig 2. Experiment 1 results and meta-analysis. (A) Perceived index finger spacing for the no-grasp and grasp conditions for each participant (grey

lines). The difference in perceived index finger spacing is also plotted for each participant (black triangles; effect: grasp–no grasp). (B) Perceived

ownership for each participant. Also plotted are the pooled results of the current study (Butler et al., n = 30) and our previous study (Héroux et al. [6],

n = 30) for (C) the difference in perceived spacing (grasp–no grasp) and (D) perceived ownership. The pooled effect is depicted by the open diamonds.

All values are means [95% CI].

https://doi.org/10.1371/journal.pone.0259988.g002
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Experiment 2

This experiment examined whether directing a person’s attention to their upper limbs with

verbal or tactile cues affects the strength of the grasp illusion. Compared to attending to a

3-min silent video clip (control condition), 3 min of verbal cueing had little to no effect on per-

ceived index finger spacing (-1.1 cm [-2.6 to 0.4], (mean [95%CI]), Fig 3A or perceived

Table 1. Associations between interoceptive measures and the strength of the grasp illusion.

R2 Coefficient SE t P 95% CI

Grasp illusion—perceived spacing 0.03

Intercept 7.31 3.79 1.93 0.065 -0.47 to 15.09

Interoceptive sensibility –Noticing subscale -0.31 1.07 -0.29 0.777 -2.49 to 1.88

Interoceptive accuracy—Heartbeat counting -2.70 3.17 -0.85 0.401 -9.20 to 3.79

Grasp illusion—perceived ownership 0.01

Intercept 3.26 1.67 1.95 0.061 -0.17 to 6.69

Interoceptive sensibility –Noticing subscale 0.24 0.47 0.50 0.619 -0.73 to 1.20

Interoceptive accuracy—Heartbeat counting 0.21 1.39 0.15 0.881 -2.65 to 3.07

https://doi.org/10.1371/journal.pone.0259988.t001

Fig 3. Experiment 2 results. Perceived index finger spacing in the control (video) condition and the (A) verbal and (B) tactile cueing conditions for

each participant (grey lines). The difference in perceived index finger spacing is also plotted for each participant. Perceived ownership during the

control (video) condition and the (C) verbal and (D) tactile cueing conditions for each participant. The difference in perceived ownership for each

participant is also plotted (verbal–control). All values are means [95% CI].

https://doi.org/10.1371/journal.pone.0259988.g003
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ownership (0.2 [-0.5 to 0.9], Fig 3C). Similarly, 3 min of tactile cueing had little to no effect on

perceived index finger spacing (0.2 cm [-1.8 to 2.1], Fig 3B) or perceived ownership (0.1 [-0.6

to 0.9], Fig 3D).

However, regression analysis revealed that interoceptive accuracy was related to the effect

verbal cues had on the strength of the grasp illusion (Table 2, Fig 4A).

For perceived index finger spacing, performance in the heartbeat counting task was associated

with a model coefficient of 5.64 [1.91 to 9.38]. This indicates that, if we compare a person with

poor interoceptive accuracy who scored 0 on the heartbeat counting task to a person with good

interoceptive accuracy who scored 1 on this task, verbal cueing would be associated with an aver-

age difference in perceived index finger spacing of 5.6 cm between these two people. Fig 4A

shows each participant’s heartbeat counting score plotted against their difference in perceived

index finger spacing between the verbal cueing condition and the control (video) condition.

For perceived ownership, scores from the Noticing subscale were associated with a model

coefficient of -0.93 [-1.72 to -0.15]. This indicates that, for each 1-point increase in a partici-

pant’s average Noticing subscale score, the difference in perceived ownership between the ver-

bal cueing condition and the control (video) condition decreases by, on average, 0.93 on a

7-point Likert scale. Fig 4B shows each participant’s average Noticing subscale score plotted

against their difference in perceived ownership between the verbal cueing condition and the

control (video) condition.

Similar to the results of Experiment 1, there was no association between the measures of

interoceptive accuracy and sensibility (r = 0.17, [95% CI -0.20 to 0.50]).

Discussion

Our results indicate that the strength of the grasp illusion is not directly influenced by a per-

son’s interoceptive ability, whether it be interoceptive accuracy or interoceptive sensibility.

Moreover, verbal and tactile cues, in and of themselves, do not affect the strength of this illu-

sion. However, verbal cueing does increase the strength of the grasp illusion in people with

lower interoceptive accuracy and interoceptive sensibility. Thus, attending to the position and

Table 2. Associations between measures of interoception and the effects of attention on the grasp illusion.

R2 Coefficient SE t P 95% CI

Control vs verbal—perceived spacing 0.26

Intercept -3.19 2.67 -1.19 0.243 -8.67 to 2.29

Interoceptive sensibility –Noticing subscale -0.29 0.79 -0.37 0.714 -1.91 to 1.32

Interoceptive accuracy—Heartbeat counting 5.64 1.82 3.10 0.005 1.91 to 9.38

Control vs verbal—perceived ownership 0.23

Intercept 3.73 1.30 2.88 0.008 1.07 to 6.40

Interoceptive sensibility –Noticing subscale -0.93 0.38 -2.44 0.021 -1.72 to -0.15

Interoceptive accuracy—Heartbeat counting -0.94 0.89 -1.06 0.299 -2.76 to 0.88

Control vs tactile—perceived spacing 0.01

Intercept 0.07 4.12 0.02 0.987 -8.39 to 8.52

Interoceptive sensibility –Noticing subscale -0.22 1.21 -0.18 0.858 -2.71 to 2.72

Interoceptive accuracy—Heartbeat counting 1.51 2.81 0.54 0.595 -4.25 to 7.28

Control vs verbal—perceived ownership 0.04

Intercept 1.14 1.53 0.74 0.464 -2.01 to 4.29

Interoceptive sensibility –Noticing subscale -0.42 0.45 -0.92 0.366 -1.34 to 0.51

Interoceptive accuracy—Heartbeat counting 0.66 1.05 0.63 0.533 -1.49 to 2.81

https://doi.org/10.1371/journal.pone.0259988.t002
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Fig 4. Relationship between measures of interoception and the difference in grasp illusion between the control

(video) condition and the verbal cueing condition. (A) Multiple regression analysis revealed a relationship between

performance on the heartbeat counting task and the difference in perceived index finger spacing between the control

(video) and verbal cueing conditions (regression coefficient [95%CI]: 5.64 [1.91 to 9.38]). This indicates that,

compared to the control (video) condition, verbal cueing was associated with the hands feeling closer together in

participants with worse interceptive accuracy. (B) Multiple regression analysis revealed a relationship between average

score from the Noticing subscale and the difference in perceived ownership between the control (video) and verbal

cueing conditions (regression coefficient: -0.93 [-1.72 to -0.15]). This indicates that, compared to the control (video)

condition, verbal cueing was associated with a stronger illusion of owning the artificial finger in participants with

worse interoceptive sensibility. The dotted line represents no difference between the control (video) and verbal cueing

conditions.

https://doi.org/10.1371/journal.pone.0259988.g004
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configuration of ones upper limbs influences the strength of a bodily illusion of ownership in a

way that depends on a person’s interoceptive ability. The size of this interaction is substantial

and underscores the complexity of the physiological and cognitive processes that govern the

human sense of body ownership.

Experiment 1

This experiment replicated our initial results [6], and pooling data from both studies generated

more precise estimates of the grasp illusion. We also replicated the moderate relationship

between perceived index finger spacing and perceived ownership observed in our previous

study: perceiving one’s index fingers closer together is correlated with stronger ownership of

the grasped artificial finger.

Importantly, the strength of the grasp illusion was not related to a person’s level of intero-

ceptive accuracy, which is in line with some [27–29], but not all previous studies [21, 22].

Moreover, it was not related to scores from the Noticing subscale the MAIA-2 scale, which cap-

ture the Awareness of Bodily Sensations dimension of interoceptive sensibility. Based on the

available evidence, we believe that, in isolation, interoceptive abilities have little effect on the

strength of illusions of body ownership.

In the present study we focused on a single dimension of interoceptive sensibility. However,

others were possible. The subscales we considered but, in the end, deemed less relevant were

the Attention Regulation and Body Listening subscales. The Attention Regulation subscale,

which is correlated with the Noticing subscale (r = 0.56) [14], assesses a person’s ability to stay

focused when faced with numerous sensory stimuli competing for attention, whereas the Body
Listening subscale assesses whether a person ‘Actively listens to their body for insight’, with

two of its three statements asking about a connection between body sensations and emotions.

We also focused on a single ownership statement, an approach previously adopted by us

and others [4–6, 41]. A single statement allows perceived ownership to be assessed quickly, as

participants are still experiencing the grasp illusion. The original Botvinick and Cohen [3]

questionnaire included nine questions, which are typically administered after the rubber hand

illusion protocol is complete, sometimes after participants have removed their hands from the

experimental apparatus. Although it was never the intention, some groups include one or

more of these nine questions to control for, or assess, participant compliance and suggestibility

[42–44].

The experiential effects related to the rubber hand illusion can be ordered with respect to

how likely they are to be reported [45]. This ordering highlights two important points. First,

these effects are similar across people; they follow the same continuum. Second, a person’s sus-

ceptibility to the rubber hand illusion is what determines the number of questions they will

respond positively to. Thus, positive responses to questions 4 to 9 from the original rubber

hand illusion study [3] likely reflect a person’s susceptibility to this illusion, not their suscepti-

bility in general.

In future, additional MAIA-2 subscales could be assessed to investigate other links between

interceptive sensibility and illusions of body ownership. Similarly, it may be relevant to include

additional ownership questions, as this would capture people’s susceptibility to these illusions,

not just their presence or absence.

Experiment 2

Compared to the control video condition, verbal or tactile cueing did not, by themselves, alter

the overall strength of the grasp illusion. However, the effect of cueing varied greatly across

participants: what might account for this?

PLOS ONE Do interoception and attention affect body ownership and body representation in the grasp illusion?

PLOS ONE | https://doi.org/10.1371/journal.pone.0259988 November 17, 2021 12 / 17

https://doi.org/10.1371/journal.pone.0259988


Part of the answer appears to lie in individual differences in interoceptive accuracy and

interoceptive sensibility. In the present study, the more objective measure of interoception,

heartbeat counting, was related to the more objective measure of the grasp illusion, perceived

index finger spacing, while the more subjective measure of interoception, the Noticing sub-

scale, was related to the more subjective measure of the grasp illusion, perceived ownership. In

line with previous studies [23, 31, 32], these two measures of interoceptive ability were not cor-

related with one another. This supports the view that interoceptive accuracy and sensibility

represent relatively distinct facets of interoception. Furthermore, in both cases, lower intero-

ceptive ability was associated with a stronger grasp illusion. That is, verbal cueing increased

the strength of the grasp illusion in people less in tune with their bodily sensations.

In our sample of 30 participants, the lowest average score on the Noticing subscale was 1.2.

We did not have participants with the lowest level of interoceptive sensibility possible (i.e.,

average score of 0). However, if the relationship noted in the current study holds across the

entire range of potential scores, these people would experience an average increase of�4

points in perceived ownership with verbal cueing. Conversely, if we extrapolated our results to

people with the highest level of interoceptive sensibility, verbal cueing would actually decrease

perceived ownership by�1 point. Although interesting, this remains speculative. Future

experiments should include participants with extremely high and extremely low interoceptive

sensibility.

Why would being told to focus attention on the position and configuration of the hidden

upper limbs lead to stronger grasp illusions in people with low interoceptive ability? It may be

that, in people with low interoception, actively focusing on their upper limbs highlights just

how uncertain they are about the position and configuration of their upper limbs. Thus, these

individuals may give more importance to, or weight more heavily, tactile inputs directly related

to the illusion. Conversely, in people with high interoceptive ability, actively focusing on the

position and configuration of their upper limbs may bring additional certainty of their location

in space, which would reduce the likelihood that the object being grasped is their own index

finger.

Also important is the precision with which we estimated the interaction between interocep-

tive ability and verbal cueing on the grasp illusion. If we consider perceived index finger spac-

ing, the model coefficient for heartbeat counting scores during verbal cueing was 5.64 [1.92 to

9.38]. Thus, the true population effect could be as small as 1.92 or as large as 9.38. This is a lot

of uncertainty, an observation that also applies to the relationship between average scores on

the Noticing subscale and the effect of verbal cueing on perceived ownership (-0.93 [-1.72 to

-0.15]). While the precision of our estimates would be improved with a larger sample size, the

uncertainty associated with these estimates may suggest that other factors contribute to, or

mediate, the effect of verbal cueing on the strength of the grasp illusion.

One such factor is the inclusion of the digits involved in the grasp illusion into the body

scan. This could strengthen or weaken the illusion. However, our preliminary work found that

people had difficulty focusing on the static, cutaneous stimuli involved in the grasp illusion.

Thus, if future studies investigate this factor, it would be important to assess, or control for,

participant compliance with the task, something that is not yet commonplace in most studies

of bodily illusions of ownership.

Another factor to consider is proprioceptive accuracy. A recent study found a positive rela-

tionship (r = 0.30 to 0.33) between proprioceptive accuracy, as measured by a joint position

matching task, and the strength of the rubber hand illusion [28]. Superficially, it is not unrea-

sonable to think that a person with high proprioceptive accuracy has a better sense of where

their limbs are located in space. However, matching tasks do not assess the aspect of position

sense that allows us to determine where our limbs are located in space [46–48]. Thus, it would
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be informative to replicate these findings and determine whether they differ when a more rele-

vant aspect of position sense is assessed.

In future, if these and other relevant factors are considered in the same study, causal media-

tion analysis could be used to determine which factors drive a person’s susceptibility to illu-

sions of body ownership [49].

It is not entirely clear why tactile cueing did not have the same effect as verbal cueing. In

this experimental condition, participants were instructed to focus on the tactile stimuli. Thus,

their attention was likely consumed by the focal stimuli, not the location or configuration of

their upper limbs. This difference in what is being attended to may explain the limited effect

tactile cueing had on the grasp illusion. It may be that participants focused on the tactile sti-

muli and where it was happening on the body, without determining where it was happening in

the external world. In future, if we repeat this study, we plan to have participants focus on the

tactile stimuli applied to their upper limbs and where in space it was taking place, as this may

be a crucial distinction.

We used a heartbeat counting task to assess interoceptive accuracy [21, 25, 50]. Specifically,

we used the modified instructions for the mental tracking method [25, 35, 36] as this avoid

participants getting high scores based on knowing their resting heart rate and estimating the

duration of the trial [50, 51]. However, given the task was assessed only once, our measure of

interoceptive accuracy is susceptible to random measurement error.

Conclusion

Verbal cues that bring attention to the upper limbs are linked with stronger body ownership

illusions in people with low interoceptive ability. In future, studies of body ownership should

consider controlling participants’ attention and including measures of interoceptive ability—

both accuracy and sensibility—as experimental factors or covariates in their statistical analyses.

If our findings generalise to patient populations, a person’s interoceptive ability should be con-

sidered when optimising the therapeutic effect of body ownership illusions.

Supporting information

S1 File. Data, code and results. Directory structure with all data, code and generated outputs

for the present study. Please refer to the README.md file for details.

(ZIP)

Author Contributions

Conceptualization: Annie A. Butler, Lucy S. Robertson, Audrey P. Wang, Simon C. Gandevia,

Martin E. Héroux.

Data curation: Annie A. Butler, Lucy S. Robertson, Audrey P. Wang, Simon C. Gandevia,

Martin E. Héroux.

Formal analysis: Annie A. Butler, Lucy S. Robertson, Audrey P. Wang, Simon C. Gandevia,

Martin E. Héroux.

Funding acquisition: Simon C. Gandevia.

Investigation: Lucy S. Robertson, Audrey P. Wang, Simon C. Gandevia, Martin E. Héroux.

Methodology: Annie A. Butler, Lucy S. Robertson, Audrey P. Wang, Simon C. Gandevia, Mar-

tin E. Héroux.

PLOS ONE Do interoception and attention affect body ownership and body representation in the grasp illusion?

PLOS ONE | https://doi.org/10.1371/journal.pone.0259988 November 17, 2021 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259988.s001
https://doi.org/10.1371/journal.pone.0259988


Project administration: Lucy S. Robertson, Simon C. Gandevia, Martin E. Héroux.

Resources: Simon C. Gandevia, Martin E. Héroux.

Software: Martin E. Héroux.

Supervision: Audrey P. Wang, Simon C. Gandevia, Martin E. Héroux.

Validation: Annie A. Butler, Lucy S. Robertson, Audrey P. Wang, Simon C. Gandevia, Martin

E. Héroux.

Visualization: Annie A. Butler, Lucy S. Robertson, Audrey P. Wang, Simon C. Gandevia,

Martin E. Héroux.

Writing – original draft: Annie A. Butler, Lucy S. Robertson, Martin E. Héroux.

Writing – review & editing: Annie A. Butler, Lucy S. Robertson, Audrey P. Wang, Simon C.

Gandevia, Martin E. Héroux.

References
1. Cole J. Losing touch: a man without his body. Oxord, England: Oxford University Press; 2016.

2. Proske U, Gandevia SC. The proprioceptive senses: their roles in signaling body shape, body position

and movement, and muscle force. Physiol Rev. 2012; 92:1651–1697. https://doi.org/10.1152/physrev.

00048.2011 PMID: 23073629

3. Botvinick M, Cohen J. Rubber hands’feel’ touch that eyes see. Nature. 1998; 391:756. https://doi.org/

10.1038/35784 PMID: 9486643

4. Ehrsson HH, Holmes NP, Passingham RE. Touching a rubber hand: feeling of body ownership is asso-

ciated with activity in multisensory brain areas. J Neurosci. 2005; 25:10564–10573. https://doi.org/10.

1523/JNEUROSCI.0800-05.2005 PMID: 16280594

5. Héroux ME, Walsh LD, Butler AA, Gandevia SC. Is this my finger? Proprioceptive illusions of body own-

ership and representation. J Physiol. 2013; 591:5661–5670. https://doi.org/10.1113/jphysiol.2013.

261461 PMID: 24060991

6. Héroux ME, Bayle N, Butler AA, Gandevia SC. Time, touch and temperature affect perceived finger

position and ownership in the grasp illusion. J Physiol. 2018; 596:267–280. https://doi.org/10.1113/

JP274781 PMID: 29082527

7. Samad M, Chung AJ, Shams L. Perception of body ownership is driven by Bayesian sensory inference.

PLoS One. 2015; 10:e0117178. https://doi.org/10.1371/journal.pone.0117178 PMID: 25658822

8. Kilteni K, Maselli A, Kording KP, Slater M. Over my fake body: body ownership illusions for studying the

multisensory basis of own-body perception. Front Hum Neurosci. 2015; 9:141. https://doi.org/10.3389/

fnhum.2015.00141 PMID: 25852524

9. Wann JP, Ibrahim SF. Does limb proprioception drift? Exp Brain Res. 1992; 91:162–166. PMID:

1301369

10. Apps MA, Tsakiris M. The free-energy self: a predictive coding account of self-recognition. Neurosci

Biobehav Rev. 2014; 41:85–97. https://doi.org/10.1016/j.neubiorev.2013.01.029 PMID: 23416066

11. Zeller D, Litvak V, Friston KJ, Classen J. Sensory processing and the rubber hand illusion-an evoked

potentials study. J Cogn Neurosci. 2015; 27:573–582. https://doi.org/10.1162/jocn_a_00705 PMID:

25170795

12. Craig AD. How do you feel? Interoception: the sense of the physiological condition of the body. Nat Rev

Neurosci. 2002; 3:655–666. https://doi.org/10.1038/nrn894 PMID: 12154366

13. Craig AD. Interoception: the sense of the physiological condition of the body. Curr Opin Neurobiol.

2003; 13:500–505. https://doi.org/10.1016/S0959-4388(03)00090-4 PMID: 12965300

14. Mehling WE, Price C, Daubenmier JJ, Acree M, Bartmess E, Stewart A. The multidimensional assess-

ment of interoceptive awareness (MAIA). PLoS One. 2012; 7:e48230. https://doi.org/10.1371/journal.

pone.0048230 PMID: 23133619

15. Gandevia SC, Butler AA, Héroux ME. Heritability of major components of proprioception. J Appl Physiol.

2018; 125:971. https://doi.org/10.1152/japplphysiol.00274.2018 PMID: 29648518

16. Missitzi J, Geladas N, Misitzi A, Misitzis L, Classen J, Klissouras V. Heritability of proprioceptive senses.

J Appl Physiol. 2018; 125:972–982. https://doi.org/10.1152/japplphysiol.00544.2017 PMID: 29517423

PLOS ONE Do interoception and attention affect body ownership and body representation in the grasp illusion?

PLOS ONE | https://doi.org/10.1371/journal.pone.0259988 November 17, 2021 15 / 17

https://doi.org/10.1152/physrev.00048.2011
https://doi.org/10.1152/physrev.00048.2011
http://www.ncbi.nlm.nih.gov/pubmed/23073629
https://doi.org/10.1038/35784
https://doi.org/10.1038/35784
http://www.ncbi.nlm.nih.gov/pubmed/9486643
https://doi.org/10.1523/JNEUROSCI.0800-05.2005
https://doi.org/10.1523/JNEUROSCI.0800-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16280594
https://doi.org/10.1113/jphysiol.2013.261461
https://doi.org/10.1113/jphysiol.2013.261461
http://www.ncbi.nlm.nih.gov/pubmed/24060991
https://doi.org/10.1113/JP274781
https://doi.org/10.1113/JP274781
http://www.ncbi.nlm.nih.gov/pubmed/29082527
https://doi.org/10.1371/journal.pone.0117178
http://www.ncbi.nlm.nih.gov/pubmed/25658822
https://doi.org/10.3389/fnhum.2015.00141
https://doi.org/10.3389/fnhum.2015.00141
http://www.ncbi.nlm.nih.gov/pubmed/25852524
http://www.ncbi.nlm.nih.gov/pubmed/1301369
https://doi.org/10.1016/j.neubiorev.2013.01.029
http://www.ncbi.nlm.nih.gov/pubmed/23416066
https://doi.org/10.1162/jocn_a_00705
http://www.ncbi.nlm.nih.gov/pubmed/25170795
https://doi.org/10.1038/nrn894
http://www.ncbi.nlm.nih.gov/pubmed/12154366
https://doi.org/10.1016/S0959-4388(03)00090-4
http://www.ncbi.nlm.nih.gov/pubmed/12965300
https://doi.org/10.1371/journal.pone.0048230
https://doi.org/10.1371/journal.pone.0048230
http://www.ncbi.nlm.nih.gov/pubmed/23133619
https://doi.org/10.1152/japplphysiol.00274.2018
http://www.ncbi.nlm.nih.gov/pubmed/29648518
https://doi.org/10.1152/japplphysiol.00544.2017
http://www.ncbi.nlm.nih.gov/pubmed/29517423
https://doi.org/10.1371/journal.pone.0259988


17. Mehling WE. If it all comes down to bodily awareness, how do we know? Assessing bodily awareness.

Kinesiol Rev. 2020; 9:254–260. https://doi.org/10.1123/kr.2020-0021

18. Mehling WE, Gopisetty V, Daubenmier J, Price CJ, Hecht FM, Stewart A. Body awareness: construct

and self-report measures. PLoS One. 2009; 4:e5614. https://doi.org/10.1371/journal.pone.0005614

PMID: 19440300

19. Vaitl D. Interoception. Biol Psychol. 1996; 42:1–27. https://doi.org/10.1016/0301-0511(95)05144-9

PMID: 8770368
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