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Perceptual correlates of successful
body—prosthesis interaction

In lower limb amputees:
psychometric characterisation

and development of the Prosthesis
Embodiment Scale

Robin Bekrater-Bodmann

Prostheses are used to at least partly restore the body after limb amputation. Making the user
accepting the prosthetic device as part of his or her body, i.e., inducing prosthesis embodiment, has
been identified as major aim of prosthetic treatment. However, up to now, there is no consensus
about the psychometric nature of prosthesis embodiment in limb amputees. In the present study, 118
unilateral lower limb amputees using a prosthesis were asked to complete an online questionnaire
targeting prosthesis embodiment. Principal axis factoring revealed the factor structure of prosthesis
embodiment, i.e., Ownership/integrity, Agency, and Anatomical Plausibility, which resembles

the embodiment structure previously identified for normally-limbed participants. The majority of
amputees achieved prosthesis embodiment as assessed with the final version of the newly developed
Prosthesis Embodiment Scale. Internal consistency was excellent, and test-retest reliability was
satisfying, while the instrument was also sensitive for new prosthetic equipment. Validation on the
basis of relationships to prosthesis satisfaction and adjustment to prosthesis use was performed. The
Prosthesis Embodiment Scale could be a valuable tool for the assessment of perceptual correlates of
successful body—prosthesis interaction in rehabilitative and research contexts, the latter which might
further benefit from the comparability of psychometrically evaluated data.

The amputation of a limb represents the most serious breach of one’s physical integrity. For centuries, prosthetic
devices have been used to—at least partly—restore the body after limb amputation. Since the beginnings of
prosthetics, prosthetic treatment predominantly addressed aspects of functionality and cosmetics'. Psychological
outcomes of using a prosthesis, however, only recently attracted increased scientific attention.

For example, low prosthesis satisfaction, including factors such as appearance and functionality, has been
identified as crucial predictor for prosthesis rejection in upper limb amputees?, and has further been related
to body image disturbances in lower limb amputees®. Remarkably, there is evidence for perceptual interaction
between the amputee’s body and the prosthesis. Thus, prosthesis users tend to overestimate their residual limb’s
length?, and other results suggest that prostheses expand the users’ peripersonal space encompassing the residual
limb°. These results indicate that the prosthesis can be represented at least as extension of the body; however,
the question remained open whether the artificial limb can also be perceived as integral part of the body, that
is, whether or not true embodiment for the prosthesis can be achieved. This difference is anything but trivial,
since it has been proposed that prosthesis embodiment, rather than perceiving the device as mere tool attached
to the body, is an important perceptual correlate of successful body-prosthesis interaction®’, and might thus
constitute a crucial marker of prosthesis satisfaction and adjustment to prosthesis use (e.g.,"*?).
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The basis for the scientific investigation of processes underlying embodiment dated back more than 20 years
ago. In their seminal study, Botvinick and Cohen'® showed that a visible rubber hand can be perceived as
belonging to a normally-limbed participant’s body by synchronous visuotactile stimulation together with the
participant’s hidden hand, known as the so-called rubber hand illusion (RHI). Subsequent studies, using the RHI
paradigm or its derivatives, revealed the universality of the underlying processes, since the induction of embodi-
ment is not restricted to the upper limbs, but can also be elicited for other parts of the body, including the lower
limbs, by using multimodal sensory or sensorimotor stimulation applied to a corresponding artificial counterpart
(e.g.,'%*5; for a review see'”). Embodiment has been related to behavioural (e.g.,!®!®), peripheral physiological
(e.g.,'”?), and central neurophysiological measures (e.g.,'?), which validated subjective experiences. It has been
assumed that the processes underlying embodiment are fundamental also for everyday self-experiences and the
formation of a bodily sense of self*!. Accordingly, embodiment has been proposed to be a basic neurobiologi-
cal mechanism involved in the discrimination between oneself and others*' and might have a self-protective
function?. The pivotal nature of the phenomenon is emphasized by evidence for embodiment-like behaviour
even in non-primate mammals®.

What, however, is the psychometric structure of embodiment in humans? Longo et al.'® experimentally
induced the RHI in a sample of more than one hundred normally-limbed participants and asked them to com-
plete a questionnaire targeting their experiences. By applying principal component analysis, the authors particu-
larly identified an embodiment component which was consisting of three separable sub-dimensions: ownership
refers to the experience that the artificial limb is belonging to one’s own body; location refers to perceived spatial
congruence between the felt and the observed limb or the felt and observed touch; and agency refers to the sense
of being in control of the artificial limb. The embodiment component was selectively related to behavioural
measures of the illusion'®, suggesting validity of psychometric findings. The dimensions of embodiment have
been repeatedly identified as crucial contributors to bodily self-experiences (e.g.,>**); however, whether or not
the psychometrics of embodiment assessed in short-term and experimental contexts apply for long-term and
real-life prosthesis use, remains unknown?’.

Impaired physical integrity, by all means, does not suspend the normal processes underlying embodiment. As
Ehrsson et al.?® reported, even upper limb amputees can be induced to perceive the RHI when the residual limb
is tactilely stimulated in synchrony with an observed artificial limb. Accordingly, it has been proposed that the
RHI could be an experimental model for prosthesis embodiment”?. Empirical evidence for perceptual prosthesis
embodiment in amputees, however, remains scarce. Murray?®, for instance, conducted qualitative interviews on
phenomenological aspects of prosthesis use in 35 participants with upper or lower limb loss (eight of which
reported congenital limb absence). The author identified several themes related to embodied prosthesis experi-
ences, which in the amputee sample involved topics such as adjustment to prosthesis use, altered body mechan-
ics, attention spent to the device, and the prosthesis being a tool versus a part of the body. Wijk and Carlsson™®,
on the other hand, found evidence for the perception of prosthesis agency, but not prosthesis ownership, in a
content analysis of 13 interviews with prosthesis-using participants, six of which with congenital limb absence.
The qualitative nature of these studies in combination with small and heterogenous samples, however, does
not allow for eventual conclusions about the phenomenon. In their sample of more than 200 upper and lower
limb amputees using a prosthesis, Giummarra et al.’! identified 29% who embodied their device. However, this
categorization was mainly based on qualitative reports on perceived superposition of the phantom limb on the
prosthesis, and perceptual correlates of embodiment were not systematically assessed. Since there is evidence
that phantom limb awareness is neither a necessary nor sufficient condition for prosthesis embodiment'®, the
study might thus crucially underestimate the prevalence of the phenomenon. Moreover, due to unavailability of
a validated instrument targeting prosthesis embodiment, previous studies used inconsistent measures including
aspects not related to bodily self-experiences in the narrow sense (e.g.,"*?), crucially impeding the comparability
and interpretability of findings.

The present study aimed at evaluating the transferability of psychometrics reported for embodiment experi-
ences in normally-limbed participants to limb amputees using prostheses. Thus, the study had two main aims:
(a) describing the psychometric structure of prosthesis embodiment, and (b) developing an instrument for the
reliable and valid assessment of prosthesis embodiment experiences from a patient-oriented point of view. For
this purpose, a sample of 118 lower limb amputees was asked to complete a literature-based 13-item questionnaire
targeting perceptual correlates of body-prosthesis interaction. Item selection mainly based on previously reported
items'® that appeared to be particularly suitable for inferring the underlying latent dimensions of embodiment
in normally-limbed participants. The resulting Prosthesis Embodiment Scale was further evaluated regarding its
reliability in terms of internal consistency and test-retest stability, and validity in terms of prosthesis satisfaction
and adjustment to prosthesis use.

Results

Initial item analysis. Analysis of the 13 items (see Table 6) is provided in Table 1. Items showed a wide
range of difficulty which is desirable for a psychometric instrument. However, items #4 and #10 showed dis-
criminatory power below the acceptable value of 0.50% each, creating doubts whether they sufficiently discrimi-
nate between different levels of prosthesis embodiment. Item #4 (Resemblance) refers to visual characteristics
of the prosthesis, requiring the comparison of the device’s appearance with an actual limb. Based on the item
analysis, the appropriateness of this item appears doubtful for leg amputees, which could be due to the fact that
many lower limb prostheses, especially the modular ones, have rather a technical visual appearance not really
resembling an actual leg. Accordingly, the item might target visual evaluation of the prosthesis cover rather
than ownership experiences in the narrow sense, and thus, only unlikely reflects a reliable measure of prosthesis
embodiment. Similarly, item #10 (Touch) might apply only for a minority of amputees who potentially show
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Item # Item label Mean® | SD | Median® | IQR | Diff. | DP

1 Ownership 1.37 | 1.88 2.00 3.00 (073 |0.83
2 Belongingness 1.90 | 1.55 2.00 1.00 |0.82 |0.73
3 Affiliation 1.39 | 1.79 2.00 2.00 073 |0.83
4 Resemblance -097 |1.96 | —1.50 |4.00 |0.34 |0.45
5 Self-observation | —0.25 |2.01 0.00 |4.00 |046 |0.58
6 Integrity 1.03 | 1.93 2.00 3.00 [0.67 |0.79
7 Completeness 1.15 | 1.81 2.00 |[3.00 [0.69 |0.82
8 Location 2.19 | 1.15 3.00 1.00 |0.87 |0.52
9 Posture 1.15 | 1.59 2.00 2.00 |[0.69 |0.62
10 Touch -0.17 |2.09 0.00 4.00 |047 |0.46
11 Volition 2.14 | 1.22 2.50 1.00 |0.86 |0.55
12 Controllability 2.33 | 1.06 3.00 1.00 |0.89 0.55
13 Vividness 1.40 | 1.64 2.00 2.00 (073 |0.75

Table 1. Descriptive item analysis. SD standard deviation, IQR interquartile range, Diff. item difficulty, DP
discriminatory power of item. *Item scores potentially range from — 3 to +3.

vision-touch synesthesia®, i.e., the rare condition of perceiving a tactile sensation via a visually applied touch.
Since both items probably induce invalid variance in the data and their relationship to embodiment remains
unknown, they were excluded from further analyses.

Principal axis factoring. Principal axis factoring (PAF) was conducted on the eleven remaining items with
oblique rotation. An initial analysis was run with Kaiser’s criterion (factor eigen values >1). All extracted com-
munalities were 20.30 (M =0.65; SD=0.21). The Kaiser-Meyer—-Olkin (KMO) measure verified sampling ade-
quacy for the analysis, KMO =0.87, and all KMO values for individual items were > 0.76, which is well above the
acceptable limit of 0.50%. Bartlett’s test of sphericity, y%ss=1,011.85, p<.001, indicated that correlations between
items were sufficiently large for conducting PAE. Two factors had eigen values over Kaiser’s criterion and in
combination explained 65.37% of the variance. However, visual inspection of the scree plot indicated that there
could be a third factor which missed Kaiser’s criterion. The results of subsequent parallel analysis confirmed
presence of a third factor (eigen value of 0.47, simulated M=0.33, 95% confidence interval (CI)=0.23-0.44)
which together with the other two factors explained 70.25% of the variance.

Therefore, another PAF was performed, by specifically targeting a three-factor solution. The level of
extracted communalities improved (all >20.38; M=0.70; SD =0.16; mean values > 0.70 have been assumed to
be acceptable®). The factor loadings after rotation (pattern matrix) indicated that ten of the eleven items load
sufficiently high on a single factor each (all factor loadings > 0.62), while concurrently loading low on the other
two factors (all factor loadings between — 0.15 and 0.37). The items (#1, #2, #3, #5, #6, and #7) that clustered on
factor 1 target experiences of both ownership and physical integrity, so that this factor was labelled Ownership/
Integrity. The items (#11 and #12) that clustered on factor 2 represented Agency. Items (#8 and #9) loading on
factor 3 referred to anatomical plausibility of body-prosthesis structure in space, so that this factor was termed
Anatomical Plausibility hereafter. Item #13 (Vividness) did not load sufficiently high on any factor (all factor
loadings between 0.30 and 0.37).

Running a final PAF by excluding item #13 (all extracted communalities >0.38 (M =0.71, SD=0.17); KMO
measure for sampling adequacy =0.85; all KMO values for individual items > 0.72; Bartlett’s test of sphericity,
% 245 =896.00, p<.001) revealed an identical three-factor solution (71.10% explained variance) which was also
confirmed by parallel analysis (eigen value of 0.44 for the third factor, simulated M =0.28, 95% CI=0.19-0.38; the
scree plot with simulated eigen values from the parallel analysis is given in Fig. 1). The factor loadings (pattern
matrix) of this final PAF are given in Table 2, where also the data of the structure matrix can be found.

Further analyses examining the factor structure of the final set of items provided support for the 3-factor
structure underlying prosthesis embodiment. These results can be found in the supplement (Supplementary
results: Factor structure; Confirmatory factor analyses; Figures SI and S2).

Prosthesis Embodiment Scale scoring. The ten items identified in the principle factor analysis consti-
tuted the Prosthesis Embodiment Scale for Lower Limb Amputees (PEmbS-LLA). The PEmbS-LLA total score was
defined as the mean of these items. A majority of participants (85.75%) affirmed perceptual embodiment for
their prosthesis, as indicated by positive PEmbS-LLA total scores. The PEmbS-LLA total score was characterized
by substantial negative skewness and kurtosis, and thus, its distribution significantly differed from normality
according to the Shapiro-Wilk test (W,,3=0.91, p<.001). Reverse square root transformation was performed
which normalized distribution (W,;3=0.98, p=.17). Note that the transformed PEmbS-LLA total score (re-
reversed) range is 0 to V6 (= 2.45). Raw and transformed PEmbS-LLA total scores are given in Table 3, and its
distributions are further visualized in Fig. 2. The PEmbS-LLA sub-scale scores can be found in the supplement
(Supplementary results: Scoring of the the PEmbS-LLA sub-scales; Table S1).
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Figure 1. Scree plot of the final principal axis factor analysis (3-factor solution), with simulated means
and their 95% confidence interval (CI, upper limit) resulting from parallel analysis. Labels of embodiment
dimensions are provided.

Factors
Item # Item label Ownership/integrity | Agency Anatomical plausibility
1 Ownership 0.855 (0.903) 0.042 (0.488) | 0.044 (0.572)
2 Belongingness 0.854 (0.804) 0.088 (0.470) - 0.156 (0.386)
3 Affiliation 0.902 (0.916) 0.012 (0.471) 0.013 (0.560)
5 Self-observation | 0.629 (0.610) —0.077 (0.251) | 0.034 (0.388)
6 Integrity 0.796 (0.835) 0.021 (0.438) 0.047 (0.533)
7 Completeness 0.665 (0.840) —0.006 (0.424) | 0.297 (0.695)
8 Location 0.025 (0.478) —0.044 (0.219) | 0.789 (0.790)
9 Posture 0.087 (0.534) 0.219 (0.440) 0.558 (0.680)
11 Volition —0.043 (0.495) 0.996 (0.993) | 0.059 (0.348)
12 Controllability 0.069 (0.495) 0.872 (0.899) | —0.024 (0.294)
Explained variance (%) 54.32 11.34 5.44

Table 2. Pattern matrix for the final principal axis factor analysis with oblique rotation (3-factor solution).
Given are the factor loadings as regression coefficients (correlation coefficients of the structure matrix

are further provided in parentheses). Bold fond indicates the items’ factor affiliation based on regression
coefficients.

Reliability: internal consistency and test-retest stability. For the PEmbS-LLA, Cronbach’s alpha
was 0.91, suggesting excellent internal consistency”. Internal consistency for the PEmbS-LLA sub-scales can be
found in the supplement (Supplementary results: Reliability: internal consistency and test-retest stability of the
Prosthesis Embodiment Scale’s sub-scales).

Test-retest reliability of the PEmbS-LLA was evaluated by a second assessment at least 2 months after first data
collection. This was done in two independent samples: temporal stability of prosthesis embodiment was estimated
by two assessments (T1 and T2) with the identical prosthesis (n=32); and contextual stability was examined
by two assessments with different devices each, due to new prosthetic equipment in the meantime (n=16). For
this purpose, the difference in prosthesis embodiment (transformed PEmbS-LLA total score) between the first
and second assessment (T2 minus T1) was compared against 0. This difference as well as the absolute individual
amount of variation were further compared between both samples. Furthermore, Pearson correlations were
performed using the transformed data of T1 and T2.

Prosthesis embodiment neither significantly changed by time (mean (M) =— 0.04, standard deviation
(8D)=0.29, t;; =— 0.85, p=.40) nor by context (M=-0.13, SD=0.44, t;5=— 1.17, p=.26), and both samples did
not differ significantly from each other (,; 3o=0.70, p=.49). The absolute variation in prosthesis embodiment
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Prosthesis Embodiment Scale total score
Raw data® Transformed data®
Mean 1.44 131
SD 1.22 0.52
Median 1.60 1.27
IQR 1.33 0.59
Skewness -1.13 0.08
SE skewness 0.22 0.22
Kurtosis 1.00 -0.03
SE Kurtosis 0.44 0.44

Table 3. Characteristics of raw and transformed total scores for the Prosthesis Embodiment Scale for Lower
Limb Amputees. SD standard deviation, IQR interquartile range, SE standard error. *Non-transformed data,
po‘ifntial range from — 3 to + 3. ®Reversed square root transformed data, back reversed, potential range from 0
to V6 (= 2.45).
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Figure 2. Distribution of the total score of Prosthesis Embodiment Scale for Lower Limb amputees (PEmbS-
LLA) for raw (a) and transformed data (b).

between both assessments, however, differed significantly in the two samples (t,,=— 2.34, p=.024), with pros-
thesis embodiment being more stable over time (M =0.21, SD=0.21) than across contexts (M =0.36, SD=0.26).
This suggests that new prosthetic equipment induces more changes in prosthesis embodiment than the mere
passing of time with the same device, but there is no general tendency in which direction (less or more) pros-
thesis embodiment will shift.

Temporal stability was good for the PEmbS-LLA (r3,=0.84). Partial correlation controlling for time between
first and second assessment did not change temporal stability (r,,=0.84, p <.001). Contextual stability was lower
(r14=0.55, p=.03). Again, controlling for time between both assessments did not change the contextual stability
(r;3=0.55, p=.03). The comparison between Fisher’s Z-transformed correlation coeflicients for both stability
measures revealed significantly stronger temporal compared to contextual stability (Z=1.81; one-tailed p=.04).

Test-retest stability correlations showed a comparable pattern for the Ownership/Integrity sub-scale, but were
only partly comparable for the Agency and Anatomical Plausibility sub-scales (see Supplementary results: Reli-
ability: internal consistency and test-retest stability of the Prosthesis Embodiment Scale’s sub-scales).

Further validation. Since the distributions of the sub-scales of prosthesis satisfaction and adjustment to
prosthesis use significantly differed from normality (W,3=0.76-0.97, all p<.011), Spearman correlations with
the transformed PEmbS-LLA total score data were performed. All measures showed significant medium-sized
(p between 0.34 and 0.47, all py,,;<.001) correlations in the expected direction. Statistical details are provided in
Table 4. The pattern of results was comparable for the PEmbS-LLA sub-scales (see Supplementary results: Fur-
ther validation; Table S2; particularly note the additional and specific correlation between Agency and advanced
locomotor capability as well as the specific correlation between Ownership/Integrity and social adjustment).

Discussion

The present study sought to elucidate the perceptual correlates of successful body-prosthesis interaction in terms
of prosthesis embodiment in lower limb amputees. More specifically, the study aimed at (a) the description of
the psychometric structure of prosthesis embodiment and (b) the development of an instrument for the reli-
able and valid assessment of prosthesis embodiment experiences. Based on previous findings'®, the Prosthesis
Embodiment Scale for Lower Limb Amputees (PEmbS-LLA; final German and English versions are provided in
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Mdn (IQR) | Correlation with PEmbS-LLA total score® | ppon¢
Aesthetic prosthesis satisfaction 2.00 (0.67) | 0.342 <0.001
Functional prosthesis satisfaction 2.40 (0.60) | 0.389 <0.001
General adjustment 3.80(0.60) | 0.424 <0.001
Social adjustment 3.60 (1.00) | 0.386 <0.001
Adjustment to limitation 2.80 (1.20) 0.467 <0.001

Table 4. Correlation of the Prosthesis Embodiment Scale’s total score and selected variables related to
prosthesis acceptance. Mdn median, IQR interquartile range, PEmbS-LLA Prosthesis Embodiment Scale for
Lower Limb Amputees, py,,¢ Bonferroni-corrected p value. *Spearman correlation coefficient (p).

the supplement (Supplementary materials); note the diverging item numbering) was developed and its sub-
dimensions, i.e., Ownership/Integrity, Agency, Anatomical Plausibility, were identified using a factor-analytical
approach. Data suggest that most amputees experience some level of prosthesis embodiment, as indicated by
positive PEmbS-LLA scores. The PEmbS-LLA showed good to excellent reliability in terms of internal consistency
and test-retest stability with the same prosthetic device. However, the PEmbS-LLA also seems to be sensitive
to new prosthetic equipment. Content and construct validity appear to be given, based on the factor-analytical
approach and meaningful relationships to prosthesis satisfaction and adjustment to prosthesis use. The present
study’s results might be of utmost theoretical and practical interest, since they empirically suggest for the first time
that lower limb prosthesis embodiment (a) can be perceptually achieved in most amputees, (b) is qualitatively
comparable to experimentally induced embodiment experiences in normally-limbed participants, (c) represents
a temporally stable, but contextually transient phenomenon, and (d) is related to positive rehabilitative outcomes.

Previous studies on prosthesis embodiment are scarce’, and the few published reports either collected quali-
tative data in small and heterogenous samples (e.g.,>*"), categorized participants based on questionable criteria
(e.g.,’"), or used inconsistent measures to assess the phenomenon (e.g.,*>*®). Therefore, it remained unclear
whether embodiment of a prosthesis could be perceived at all”?’. The present study’s results are indicative of a
high prevalence of prosthesis embodiment in lower limb amputees: about 86% of participants affirmed the pres-
ence of prosthesis embodiment, as indicated by positive PEmbS-LLA total scores. This suggests that—although
there is considerable variance in interindividual experiences—the majority of lower limb amputees can at least
perceptually achieve some level of prosthesis embodiment. Previous research emphasized the dimensional nature
of body perception®, suggesting that specific aspects of prosthesis embodiment may distribute on a continuum
and not being discrete as to be present or absent*. Thus, it remains an open question at which perceptual level—as
assessed with the PEmbS-LLA—substantial prosthesis embodiment has been reached.

Exploratory factor analysis revealed a 3-factor structure underlying prosthesis embodiment. Additional sta-
tistical approaches in terms of hierarchical structure analysis*! and confirmatory factor analysis (see supplement)
supported the rejection of a single-factor prosthesis embodiment model in favour of a multi-factorial model.
Although both a 2-factor and a 3-factor model were statistically supported by confirmatory factor analysis,
results from hierarchical structure analysis and parallel analysis suggest validity of a 3-factor model of prosthe-
sis embodiment. This interpretation of results not least fits theoretical considerations insofar that the 3-factor
structure of the PEmbS-LLA reproduces that structure previously identified for the RHI'®, which is remarkable
given the differences in participants’ physical integrity (amputated vs normally-limbed), the targeted limb (leg
vs arm), the context (real-life vs experimental), and temporal characteristics (long-term vs short-term). The
conformity of factorial findings suggests perceptual universality and high robustness of the underlying processes,
and further supports previous authors who proposed substantial similarity in the processes underlying both
experimentally-induced and prosthesis embodiment?”*>**. However, the findings regarding the factor structure
underlying prosthesis embodiment have to be replicated and further validated in prospective studies before
conclusiveness can be assumed.

There is an ongoing debate whether experiences related to prosthesis use reflect tool-mediated extension of
the body representation or true perceptual embodiment of the device. Although tool use changes central body
and peripersonal space representations (e.g.,***’; for a review see*®), perceptual embodiment cannot be achieved
for tools?”*”#%, This might be related to different neurophysiological mechanisms underlying the representation
of the body and body extensions. For experienced upper limb prostheses users, it has recently been shown that
pictures of prosthetic hands activate hand-selective visual brain areas®’. Upper limb prosthesis use has further
been associated with structural alterations in posterior parietal cortex®, a region which has also been related
to embodiment experiences in normally-limbed participants'? and upper limb amputees®'. Whether or not
these neural underpinnings are also involved in prosthesis embodiment, however, remains open and has to be
elucidated in prospective studies.

Remarkably, prosthesis embodiment appears to be a temporally stable perception. This is in line with results
regarding the temporal stability of experimental embodiment experiences®. Interestingly, contextual stability of
prosthesis embodiment appeared to be significantly weaker, suggesting a crucial mediating role of the prosthetic
device for the induction of embodiment experiences. Results related to contextual stability (r=0.55), that is,
invariance of prosthesis embodiment across different prosthesis contexts, indicates that about 30% of observed
variance in prosthesis embodiment (determination coefficient of 0.30) could be explained by stable individual
responses to the device in terms of a perceptual trait. The difference to temporal stability (r=0.84; determination
coeflicient of 0.71) further suggests that prosthetic features could account for another 40% of the variance. What
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could these prosthesis features be? Bekrater-Bodmann et al.>> showed that contextual variations reducing mul-
timodal sensory conflicts can enhance the intensity of embodiment, and the combination of sensory and motor
feedback has been identified as having additive effects on behavioural proxies of embodiment in experimental
contexts'®. Evidence for amputees, however, is scarce. In (multiple) case or small-sample studies on upper®>**
and lower limb amputees™ it has been shown that appropriate multimodal sensory or sensorimotor feedback is
capable to enhance prosthesis embodiment, and neurotactile feedback, alone or in combination with congruent
visual stimulation, appeared to be particularly promising®*’. However, it has to be noted that the sample sizes
for analysing temporal and contextual stability in the present study were small and its validity has to be further
explored in prospective studies using proper sample sizes (cf.,’®), before of which the present test-retest stability
findings have to be considered exploratory and thus preliminary.

Once the requirements of prosthesis embodiment have been identified, the knowledge can also be used to
improve rehabilitative outcomes of prosthesis use. Imaizumi et al.*® showed that embodied arm prostheses are
positively associated with stabilized body posture, and Gouzien et al.*? found a significant positive relationship
between peripersonal space extent in a reachability judgement task and upper limb prosthesis embodiment.
However, the investigated amputee samples were small in both studies (#=9 and 12, respectively). Including
a large sample of amputees, the results of the present study revealed that lower limb prosthesis embodiment is
positively associated with prosthesis acceptance in terms of prosthesis satisfaction and adjustment to prosthesis
use, suggesting that prosthesis embodiment might contribute to everyday psychosocial functioning and could
reduce the risk of prosthesis rejection®. However, the causal direction of the associations remains unknown, and
has to be further investigated in future experimental studies. Furthermore, behavioural validation of rehabilita-
tive outcomes, such as functional capacity or gait analyses, is required, so that the present results can only be
considered preliminary validation. If confirmed, the PEmbS-LLA might be of rehabilitative value, since it could
reveal perceptual deficits associated with prostheses use, at an early stage of prosthetic equipment or in the long
run, which otherwise might be easily overlooked.

Several limitations of the present study have to be considered. Firstly, it has to be noted that the term pros-
thesis embodiment has previously been used in wider concepts, including cognitive, cultural, social, or gender
perspectives"?’; the present study, however, uses the term exclusively to refer to the phenomenology of incorpo-
rating the prosthesis into the amputee’s body representation®, and thus sought to investigate only one of several
embodiment dimensions. With the introduction of the PEmbS-LLA, the present study provides a psychometri-
cally evaluated and theoretically sound reliable and valid instrument which can be used in prospective studies
on prosthesis embodiment in order to enhance the conclusiveness of results; though, future studies have to
investigate the relationship of different embodiment dimensions to each other in order to specify their influence
on prosthesis acceptance. Secondly, factoring highly depends on the item pool entered into the analyses's, and
this pool was limited due to the present study purposes. The limited number of items resulted in two PEmbS-LLA
sub-scales composed of only two items each (Agency and Anatomical Plausibility), which has been proposed to
be potentially problematic®. These sub-dimensions further contributed only marginally to the total amount of
explained variance. Moreover, good to excellent reliability was particularly evident for the PEmbS-LLA total
score. Based on these findings, the author of the present study recommends using the PEmbS-LLA total score
for prospective research or clinical purposes, unless there are weighty scientific or practical-clinical reasons
for using its sub-scale scores (for instance, for specific research questions or when participants are not able to
walk with their prosthesis). Thirdly, the present study’s validation of prosthesis embodiment solely relies on
subjective data targeting prosthesis acceptance; however, the gold standard requires a multitrait-multimethod
approach®. Previous studies associated experimentally induced embodiment in the RHI paradigm with altered
proprioception (e.g.,'*'®) or peripheral physiological anxiety responses to applied threats (e.g.,'°). However, these
measures have been developed for normally-limbed participants and often require the existence of a physical
counterpart’, so that future studies need to develop new objective measures to evaluate the level of prosthesis
embodiment in limb amputees. Recently, Di Pino et al.’ reported a case of an upper limb amputee equipped with
a prosthesis with intraneural sensory feedback. Behavioural experiments suggested an extension of peripersonal
space over a training period of 1 month, representing an implicit measure of prosthesis embodiment. Applying
such tasks to lower limb amputees, and combining them with measures of perceptual prosthesis embodiment
as assessed with the PEmbS-LLA, might be viable to substantiate the findings of the present study. Fourthly,
before general validity of the present results can be assumed, they should be replicated in an independent sample
of lower limb amputees. This should also be done for more representative samples; for instance, the reason for
amputation in the present sample showed a bias to accidents (almost 70%) which is strikingly different to the
general population of lower limb amputees®. Moreover, it remains open whether the present results apply also
for other prosthesis-using populations such as persons with upper limb amputation or with congenital limb
deficiency. Since the PEmbS-LLA based on results of RHI embodiment in normally-limbed participants'® and
showed high consistency to these findings, it can be assumed that the experiences are universal, which probably
allows for population-specific adaptations of the Prosthesis Embodiment Scale. Prospective studies, however,
have to confirm the general applicability of the new instrument, which is also true for its translations to other
languages than German.

In conclusion, the present study’s results suggest that prosthesis embodiment is a highly prevalent condition
achieved in lower limb amputees. Qualitatively, prosthesis embodiment resembles experiences reported for
experimental investigations in normally-limbed participants. The underlying perceptual mechanisms appear
to represent a universal and temporally stable trait; however, characteristics of the prosthesis might crucially
contribute to embodiment experiences. The newly developed Prosthesis Embodiment Scale might help to validly
and reliably evaluate the perceptual correlates of successful body-prosthesis interaction in clinical and scientific
contexts; the rehabilitative value of prosthesis embodiment has yet to be determined in the future.
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Characteristics n | %
Left-sided amputation 69 | 58.47
Amputation of dominant limb* 43 | 39.81
Level of amputation

Foot amputation 4 | 339
Transtibial amputation 58 |49.15
Knee exarticulation 3 | 254
Transfemoral amputation 53 | 44.92
Hip exarticulation or hemipelvectomy 0 | 0.00

Reason for amputation (multiple responses allowed)

Accidents 82 | 69.49
Injuries 17 | 14.41
Cancer 17 | 14.41
Infections 14 | 11.86
Peripheral vascular diseases 8 | 678
Other reasons 10 | 847

Phantom limb sensations

Presence of phantom limb awareness” 71 | 60.17

Presence of phantom limb pain® 60 |50.85

Table 5. Amputation-related characteristics of the present sample. n number. 108 valid cases (ten missing
data due to not-remembering) for the question Which leg did you use to kick an object, for example a ball, prior
to amputation? *In the last four weeks

Methods
Procedure. Lower limb amputees were recruited using the PHANTOMMIND data base (initial description
by Bekrater-Bodmann et al.®'; permission to use the data base was obtained from the responsible authorities),
flyers distributed to professionals working in prosthetic rehabilitation centres, and calls via print and social
media. Inclusion criteria were (a) an age between 18 and 80 years, (b) unilateral acquired major lower limb
amputation, (c) owning a prosthesis to compensate for limb loss, (d) access to the internet, and (e) sufficient
comprehension of the German language. Congenital limb deficiency was an exclusion criterion in the present
study. Recruited amputees were screened via telephone interview for eligibility to participate. Afterwards, the
consent form was sent postally or via email. The study was approved by the ethics review board of the Medical
Faculty Mannheim, Heidelberg University, and adhered to the Declaration of Helsinki in its current form.
Written informed consent was obtained from all participants. After return of the signed consent form, a
pseudonymized link to an online questionnaire battery (in German language) was provided. The battery was
implemented in Gorilla Experiment Builder (https://gorilla.sc/) and was composed of questionnaires on demo-
graphics, amputation and prosthesis information, phantom phenomena, as well as instruments on prosthesis
acceptance, psychosocial functioning, and body image. Unless items were optional, participants were forced to
respond. For the present study’s purposes, prosthesis embodiment data as well as information on demographics,
amputation, prosthesis use and satisfaction, and adjustment to the prosthesis were used. For evaluating the stabil-
ity of prosthesis embodiment experiences (see below), the questionnaire targeting prosthesis embodiment was
postally sent once again to a sub-sample of participants along with a reply-paid envelope on average ~ 3 months
after participation in the online study.

Sample description. From May to December 2019, 126 participants were recruited from which eight had
to be excluded due to missing data in prosthesis embodiment items. Thus, 118 prosthesis-using unilateral major
leg amputees (75.42% male; mean (M) age=>56.30 years, standard deviation (SD)=9.83, range 30-76 years)
were enrolled in the present study. On average, the amputation dated back M=28.93 years (SD=15.00, range
4 months to 64 years). Further clinical details of the sample are provided in Table 5.

Corrected for longer breaks (> 1 month), the participants used a prosthesis for M =28.75 years (SD=14.94,
range 0-64 years; one missing data). Participants were further asked for certain features of their current main
prosthesis, defined as the prosthesis that is used most of the time, if more than one prosthesis is owned. The
main prosthesis, compared to other potential prostheses, was used for M =95.43% of the time (SD=9.95, range
50-100%, four missing data). This prosthesis was used for M =54.61 months (SD =63.50, range 0-304 months).
Based on the amputees’ information about the main prosthesis’ manufacturer and model, 44.92% of participants
used a modular prosthesis, which represents the gold standard in prosthetic treatment for leg amputees®>. How-
ever, a majority (54.69%) was not able to provide sufficient information about prosthesis manufacturer and/
or model, suggesting a far higher percentage of modular prostheses. Two participants stated that they had an
osseointegrated prosthesis. Almost all participants (92.37%, one missing data) used their main prosthesis on a
daily basis, with 86.44% using it from morning to evening. Functional prosthesis use, defined as the averaged
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(Hypothetical) embodiment dimensions | Item # | Longo et al.'® Present study Adapted items’ abbreviation
OT have put on my prosthesis
. Please look at your prosthesis for about 60 s
During the block... O T have looked at my prosthesis for about
60 s and I am ready to continue
... it seemed like the rubber hand was nx L .
1 hand Y The prosthesis is my leg Ownership
2 © rirtleseemed like the rubber hand belonged The prosthesis belongs to me Belongingness
Ownership 3 - it seemed like the rubber hand was part | 3, prosthesis is a part of my body Affiliation
of my body
... it seemed like the rubber hand began to The prosthgsis resembles my intact leg in
4 terms of skin tone, freckles or other visual Resemblance
resemble my real hand features
... it seemed like I was looking directly at my | I feel as if I was looking directly at my own .
5 own hand, rather than at a rubber hand leg, rather than at a prosthesis Self-observation
6 — It feels as if I had two legs Integrity
7 — My body feels complete Completeness
... it seemed like the rubber hand was in the The prosthesis is in the localtul)n where | .
8 . would expect my leg to be, if it was not Location
location where my hand was
amputated
9 ... it seemed like my hand was in the location | The posture of the prosthesis corresponds to Posture
where the rubber hand was that of a real leg
Location Please look at your prosthesis and touch it
for about 10 s
O touched my prosthesis for about 10 s and
T am ready to continue
... it seemed like the touch I felt was caused L .
10 by the paintbrush touching the rubber hand I feel a touch sensation in the prosthesis Touch
Please stand up and walk around the room
for about 30 s
O T have walked around the room for about
30 s and I am ready to continue
1 ... it seemed like I could have moved the The prosthesis is moving the way I want it Volitio
Agency rubber hand if I had wanted to move tHon
12 - it seemed like [was in control of the I am in control of the prosthesis Controllability
rubber hand
13 _ The movement of the prosthesis feels like an Vividness
actual movement
Table 6. Original and adapted items and its affiliation to hypothetical embodiment dimensions.

reported percentage of using the prosthesis during walking, standing, and sitting activities, was M =91.89%
(SD=17.34, range 6-100%).

Development of the Prosthesis Embodiment Scale: selection and adaptation of items. The
development of the Prosthesis Embodiment Scale for Lower Limb Amputees (PEmbS-LLA) based on items identi-
fied by Longo et al.!® which have been empirically related to an underlying embodiment dimension in normally-
limbed participants. For each of these items, an equivalent with as synonymous as possible content was gener-
ated, based on the present study author’s expertise in amputee and body perception research, discussions with
professionals, and additional literature search. Items were pre-tested in an independent sample of eight subjects
using a lower limb prosthesis and were found to be comprehensible. Original and adapted items are provided in
Table 6. Note that each item was designed in a way that it could be applied to amputees with or without phan-
tom limb awareness, i.e., with or without the sensation that the missing limb is still present. Participants were
asked to complete the questionnaire with their donned main prosthesis, which they had to confirm beforehand.
In contrast to the original scale'®, the adapted scale was initially composed of three parts preceded by a short
introduction each which asks the participant to observe or touch the prosthesis or walk through the room for a
few seconds. Embodiment items were randomly presented in fixed groups, along with other items on prosthesis
evaluation, which are not considered in the present study’s context. As in the original study®, each item was pre-
sented along with a seven-point Likert scale, ranging from — 3 (strongly disagree) to + 3 (strongly agree). Specific
information about item selection and adaptation is provided below.

Ownership Original items targeting ownership ask for experiences of belongingness of the artificial limb to
the body as well as its visual resemblance with a real limb. The adaptation of items (#1-5) preserves this mean-
ing. Item #4 (Resemblance) was further specified in order to avoid ambiguity'’. Moreover, two additional items
(#6 and #7, Integrity and Completeness) were introduced based on the following theoretical considerations: if
ownership for the prosthesis is achieved, participants should feel as if they have two legs, and if so, they should
feel as being physically complete. While these items do not make sense for normally-limbed participants in the
RHI paradigm due to obvious reasons, in amputees, successful body-prosthesis interaction in terms of embodi-
ment should be manifested in the perception of an intact body.
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Location The PEmbS-LLA was developed in an attempt to be suitable for all limb amputees using a prosthesis,
regardless of whether or not phantom limb awareness is reported. This is why the present instrument completely
resigns items involving the interaction between the prosthetic device and the phantom. Original item #8 and #9,
however, focus on perceived co-location of the real and the artificial limb, which in a word-for-word adaption for
amputees would ask for co-location between the phantom and the prosthesis. Though, phantom limb awareness
is characterized by substantial intra- and interindividual variance®** and it remains unclear whether or not this
perceptual feature is interacting with prosthesis embodiment experiences"”!. In order to develop an instru-
ment whose use is not limited to prosthesis users perceiving a phantom, the adapted items #8 (Location) and #9
(Posture) focus on the plausibility of anatomical aspects of the prosthesis in (peripersonal) space, which has been
shown to play an important role in embodiment processes®~*’. By all means, this does not exclude the possibility
that these items also assess perceptual phantom-prosthesis interactions in those who experience a phantom limb.
The adaptation of item #10 followed similar theoretical considerations. The original item asks for perceived touch
referral from the actually stimulated real limb to the artificial one. In amputees, comparable tactile stimulation
cannot be applied due to obvious reasons. However, the phenomenon of vision-touch synaesthesia, i.e., the tactile
sensation of a merely visually applied touch, has been related to embodiment experiences in the RHI paradigm
before*, and there is evidence that about 20-30% of amputees experience the related mirror-touch synaesthesia
phenomenon (e.g.,%), that is, an observed touch to the amputees intact limb or another person’s limb is tactilely
perceived by the amputee. Comparable effects could contribute to prosthesis embodiment as well. Thus, adapted
item #10 (Touch) focus on the tactile sensation of touch visually applied to the prosthesis.

Agency While the original study'® assessed agency for the artificial limb in a static paradigm, for the amputee
adaptation, participants were asked to make a few steps before responding to the agency-targeting items. This
led to replacing the subjunctive in the original items by definitive statements about perceived controllability and
volition in adapted items. Furthermore, an additional item (#13) asks for the vividness of movement’’, which
was not included in the original study, but has been shown to be of potential relevance in amputees’”.

Item analysis. Item analysis was applied to initially check for adequacy of used items. Means, standard
deviations, medians, interquartile ranges as well as item difficulties and discriminatory power of items are pro-
vided. All analyses reported in the main text were performed with IBM SPSS v22.

Principal axis factoring. Principal axis factoring (PAF) was performed to identify the factor structure
underlying prosthesis embodiment. PAF was selected in favour of principal component analysis, since this
method is better suited for psychological models due to considering residual and error variance in the data’.
Furthermore, PAF does not require multivariate normal distribution’® which is often unlikely for psychological
variables, and the effects of non-normal distribution on the number of extracted factors and the estimated load-
ing matrix is negligible’®. Although the PEmbS-LLA development based on previously reported psychometric
findings'®, for prostheses, the factor structure is yet unclear, so that initially exploratory factoring was applied;
however, confirmatory factor analyses were performed post hoc (see below). Factor structure was evaluated
based on extracted eigen values, visual inspection of the scree plot, and parallel analysis” using raw data per-
mutation (1,000 permutations, 95% confidence interval for simulated eigen values). PAF was conducted with
oblique rotation (direct oblimin, delta=0), allowing for an intercorrelated factor structure, which appears more
plausible for psychological variables than orthogonal rotation resulting in independent factors. Maximum num-
ber of iterations was set to 20. Extracted communalities, Kaiser-Meyer—Olkin measure for sampling adequacy as
well as for individual items, Bartlett’s test of sphericity, and explained variances are reported. For the final PAF,
the factor loadings (pattern matrix and structure matrix) are provided. Conclusive factor loadings were defined
as item loadings > 0.50 (regression coefficients as provided by the pattern matrix) on a single factor while show-
ing lower loadings for the other factors™.

In order to give more in-depth insights into the nature of latent variables underlying the PEmbS-LLA, the
hierarchical structure of the factors was further examined based on correlations among factor scores as path coef-
ficients between adjoining factor hierarchies*!, and confirmatory factor analyses were performed for evaluating
the most meaningful factor solutions. Methodological details of these additional analyses are provided in the
supplement (see Supplementary methods: Factor structure; Confirmatory factor analyses).

Scoring of the Prosthesis Embodiment Scale and its sub-scales. The mean value of PEmbS-LLA
items served as total score, and its distribution was evaluated using the Shapiro-Wilk test. If there was reason to
assume significant deviation from normal distribution, transformation was considered.

Reliability: internal consistency and test-retest stability. Internal consistency of the PEmbS-LLA
was evaluated with Cronbach’s alpha. Internal consistency measures have been shown to be robust against non-
normally distributed data in sample sizes n>100"".

For test-retest stability testing purposes, 59 participants (50.00% of the sample, randomly selected) were
re-contacted after initial participation and asked to complete the questionnaire targeting prosthesis embodi-
ment a second time. Forty-one participants replied with valid data. Unexpectedly, nine subjects stated that they
received new prosthetic equipment in the meantime (shaft bedding adjustment, module replacement, or new
device). Since this new prosthetic context might have influenced prosthesis embodiment experiences, but also
could provide important information about its stability, 107 participants were asked once again for potential
new prosthetic equipment in the context of a bi-annual update about project progress several weeks later. Seven
participants replied in the affirmative, and completed again the questionnaire targeting prosthesis embodi-
ment. Thus, n=32 amputees participated in the analysis of temporal stability (test-retest reliability with identical

SCIENTIFIC REPORTS |

(2020) 10:14203 | https://doi.org/10.1038/s41598-020-70828-y



www.nature.com/scientificreports/

prostheses), while n=16 participants were included in the analysis of contextual stability (test-retest reliability
with different prostheses). Both samples were independent (no overlap). The mean time between first (T1) and
second assessment (T2) for the temporal (M=104.06 days, SD=23.77, range 69-202 days) and contextual sta-
bility (M =121.81 days, SD=49.00, range 66-234 days) was more than 3 or 4 months, respectively, and at least
2 months for each participant. First, the difference between both assessments (T2 minus T1) was compared
against 0 using one-sample ¢ tests for each sample. This value was further compared between both samples using
an independent ¢ test. Additionally, the absolute amount of variation from T1 to T2 was compared between the
groups, representing a measure of instability of prosthesis embodiment experiences. Furthermore, Pearson cor-
relation coefficients’® between T1 and T2 were calculated. In order to control for differences in time between
first and second assessment, partial correlations including the individual time between the two assessments were
performed. Test-retest reliability coefficients between 0.80 and 0.95 are desired for the psychometric quality of
scales”. Statistical comparison of stability correlation coeflicients was performed by their transformation to
Fisher’s Z scores®. If not stated otherwise, two-tailed p values are reported.

Statistical procedures for internal consistency and test-retest stability for PEmbS-LLA sub-scales can be found
in the supplement (see Supplementary methods: Reliability and further validation of PEmbS-LLA sub-scales).

Furthervalidation. For further validation, clinically relevant measures related to prosthesis satisfaction and
adjustment to prosthesis use were correlated with prosthesis embodiment as assessed by the PEmbS-LLA. The
Trinity Amputation and Prosthesis Experience Scales-Revised®' (TAPES-R) is a widely used instrument developed
to multidimensionally assess prosthesis acceptance in lower limb amputees. For the present study, a German
translation of the TAPES-R was used (provided by the Center for Orthopedic and Trauma Surgery, Heidelberg
University Hospital, Heidelberg, Germany). Scoring of selected TAPES-R scales based on the original authors’
guidelines. The Aesthetic (three items) and Functional Satisfaction (five items) sub-scales were used to assess
prosthesis satisfaction [3-point response scale for each item: 1 (not satisfied); 2 (satisfied); 3 (very satisfied)].
For each sub-scale, the items were averaged, so that high scores are indicative of satisfaction with the respective
feature (potential scores range from1 to 3 each). Furthermore, the sub-scales General Adjustment, Social Adjust-
ment, and reversed Adjustment to Limitation (5 items each) were used. Each item was answered using a 4-point
Likert scale ranging from 1 (strongly disagree) to 4 (strongly agree). Higher scores are indicative of successful
adjustment to prosthesis use, potentially ranging from 1 to 4 for each sub-scale. Spearman correlations were
applied (p values were Bonferroni-corrected for multiple testing, i.e., pgons)-

Procedures for further validation of the PEmbS-LLA sub-scales can be found in the supplement (Supplemen-
tary methods: Reliability and further validation of PEmbS-LLA sub-scales).

Data availability

The dataset analysed for the current study is available from the author on reasonable request.

Received: 15 March 2020; Accepted: 4 August 2020
Published online: 26 August 2020

References

1. Murray, C. D. Embodiment and prosthetics. In Psychoprosthetics (eds Gallagher, P. et al.) 119-129 (Springer, Berlin, 2008).

2. Biddiss, E. & Chau, T. Upper-limb prosthetics: critical factors in device abandonment. Am. J. Phys. Med. Rehabil. 86, 977-987
(2007).

3. Murray, C. D. & Fox, J. Body image and prosthesis satisfaction in the lower limb amputee. Disabil. Rehabil. 24, 925-931 (2002).

4. McDonnell, P. M, Scott, R. N., Dickison, J., Theriault, R. A. & Wood, B. Do artificial limbs become part of the user? New evidence.
J. Rehabil. Res. Dev. 26, 17-24 (1989).

5. Canzoneri, E., Marzolla, M., Amoresano, A., Verni, G. & Serino, A. Amputation and prosthesis implantation shape body and
peripersonal space representations. Sci. Rep. 3, 2844. https://doi.org/10.1038/srep02844 (2013).

6. Murray, C. D. An interpretative phenomenological analysis of the embodiment of artificial limbs. Disabil. Rehabil. 26, 963-973
(2004).

7. Niedernhuber, M., Barone, D. G. & Lenggenhager, B. Prostheses as extensions of the body: progress and challenges. Neurosci.
Biobehav. Rev. 92, 1-6 (2018).

8. MacLachlan, M. Embodiment: Clinical, Critical and Cultural Perspectives on Health and Illness (Open University Press, London,
2004).

9. De Pino, G. et al. Sensory- and action-oriented embodiment of neurally-interfaced robotic hand prostheses. Front. Neurosci. 14,
389 (2020).

10. Botvinick, M. & Cohen, J. Rubber hands ‘feel’ touch that eyes see. Nature 391, 756 (1998).

11. Crea, S., D’Alonzo, M., Vitiello, N. & Cipriani, C. The rubber foot illusion. J. Neuroeng. Rehabil. 12, 77. https://doi.org/10.1186/
$12984-015-0069-6 (2015).

12. Ehrsson, H. H., Spence, C. & Passingham, R. E. That’s my hand! Activity in premotor cortex reflects feeling of ownership of a limb.
Science 305, 875-877 (2004).

13. Ehrsson, H. H., Holmes, N. P. & Passingham, R. E. Touching a rubber hand: feeling of body ownership is associated with activity
in multisensory brain areas. J. Neurosci. 25, 10564-10573 (2005).

14. Sanchez-Vives, M. V,, Spanlang, B., Frisoli, A., Bergamasco, M. & Slater, M. Virtual hand illusion induced by visuomotor correla-
tions. PLoS ONE 29, 10381. https://doi.org/10.1371/journal.pone.0010381 (2010).

15. Kalckert, A. & Ehrsson, H. H. Moving a rubber hand that feels like your own: a dissociation of ownership and agency. Front. Hum.
Neurosci. 6, 40. https://doi.org/10.3389/fnhum.2012.00040 (2012).

16. Huynh, T. V., Bekrater-Bodmann, R., Frohner, J., Vogt, J. & Beckerle, P. Robotic hand illusion with tactile feedback: unravelling the
relative contribution of visuotactile and visuomotor input to the representation of body parts in space. PLoS ONE 14, €0210058.
https://doi.org/10.1371/journal.pone.0210058 (2019).

17. Riemer, M., Trojan, J., Beauchamp, M. & Fuchs, X. The rubber hand universe: on the impact of methodological differences in the
rubber hand illusion. Neurosci. Biobehav. Rev. 104, 268-280 (2019).

SCIENTIFIC REPORTS |

(2020) 10:14203 | https://doi.org/10.1038/s41598-020-70828-y


https://doi.org/10.1038/srep02844
https://doi.org/10.1186/s12984-015-0069-6
https://doi.org/10.1186/s12984-015-0069-6
https://doi.org/10.1371/journal.pone.0010381
https://doi.org/10.3389/fnhum.2012.00040
https://doi.org/10.1371/journal.pone.0210058

www.nature.com/scientificreports/

18.

19.

20.

21.

28.
29.

30.

31.
32.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.
67.

Longo, M. R., Schiiiir, E,, Kammers, M. P. M., Tsakiris, M. & Haggard, P. What is embodiment? A psychometric approach. Cogni-
tion 107, 978-998 (2008).

Armel, K. C. & Ramachandran, V. S. Projecting sensations to external objects: evidence from skin conductance response. Proc.
Biol. Sci. 270, 1499-1506 (2003).

Moseley, G. L. et al. Psychologically induced cooling of a specific body part caused by the illusory ownership of an artificial coun-
terpart. Proc. Natl. Acad. Sci. U.S.A. 105, 13169-13173 (2008).

Ehrsson, H. H. Multisensory processes in body ownership. In Multisensory Perception (eds Sathian, K. & Ramachandran, V. S.)
179-200 (Academic Press, London, 2020).

. De Vignemont, F. & Alsmith, A. ]. T. The Subject’s Matter: Self-Consciousness and the Body (MIT Press, Cambridge, 2017).
. Wada, M., Takano, K., Ora, H., Ide, M. & Kansaku, K. The rubber tail illusion as evidence of body ownership in mice. J. Neurosci.

36,11133-11137 (2016).

. Gallagher, S. Philosophical conceptions of the self: implications for cognitive science. Trends Cogn. Sci. 4, 14-21 (2000).

. Legrand, D. The bodily self: the sensori-motor roots of pre-reflective self-consciousness. Phenom. Cogn. Sci. 5, 89-118 (2006).

. Blanke, O. Multisensory brain mechanisms of bodily self-consciousness. Nat. Rev. Neurosci. 13, 556-571 (2012).

. Makin, T. R,, de Vignemont, F. & Faisal, A. A. Neurocognitive barriers to the embodiment of technology. Nat. Biomed. Eng. 1, 1-3

(2017).

Ehrsson, H. H. et al. Upper limb amputees can be induced to experience a rubber hand as their own. Brain 131, 3443-3452 (2008).
Giummarra, M. ], Gibson, S. J., Georgiou-Karistianis, N. & Bradshaw, J. L. Mechanisms underlying embodiment, disembodiment
and loss of embodiment. Neurosci. Biobehav. Rev. 32, 143-160 (2008).

Wijk, U. & Carlsson, I. Forearm amputees’ views of prosthesis use and sensory feedback. J. Hand Ther. 28, 269-277 (2015).
Giummarra, M. J. et al. Corporeal awareness and proprioceptive sense of the phantom. Br. J. Psychol. 101, 791-808 (2010).
Gouzien, A. et al. Reachability and the sense of embodiment in amputees using prostheses. Sci. Rep. 7, 4999. https://doi.org/10.1038/
$41598-017-05094-6 (2017).

. Doéring, N. & Bortz, J. Forschungsmethoden und Evaluation fiir Human- und Sozialwissenschaftler (Springer, Berlin, 2006).
. Davies, A. M. & White, R. C. A sensational illusion: vision-touch synaesthesia and the rubber hand paradigm. Cortex 49, 806-818

(2013).

. Field, A. Discovering Statistics Using IBM SPSS Statistics (SAGE Publications, Thousand Oaks, 2009).

. MacCallum, R. C., Widaman, K. E, Zhang, S. & Hong, S. Sample size in factor analysis. Psychol. Methods 4, 84-99 (1999).

. George, D. & Mallery, P. IBM SPSS Statistics 19 Step by Step: A Simple Guide and Reference (Pearson, London, 2012).

. Imaizumi, S., Asai, T. & Koyama, S. Embodied prosthetic arm stabilizes body posture, while unembodied one perturbs it. Conscious.

Cogn. 45, 75-88 (2016).

. De Vignemont, F. Embodiment, ownership and disownership. Conscious. Cogn. 20, 82-93 (2011).
. Apps, M. A. & Tsakiris, M. The free-energy self: a predictive coding account of self-recognition. Neurosci. Biobehav. Rev. 41, 85-97

(2014).

. Goldberg, L. R. Doing it all bass-ackwards: the development of hierarchical factor structures from the top down. J. Res. Personal.

40, 347-358 (2006).

. De Preester, H. & Tsakiris, M. Body-extension versus body-incorporation: is there a need for a body-model?. Phenom. Cogn. Sci.

8,307-319 (2009).

. Bekrater-Bodmann, R., Foell, J. & Flor, H. Relationship between bodily illusions and pain syndromes. Pain Manag. 1, 217-228

(2011).

. Berti, A. & Frassinetti, F. When far becomes near: remapping of space by tool use. J. Cogn. Neurosci. 12, 415-420 (2000).

. Cardinali, L. et al. Tool-use induces morphological updating of the body schema. Curr. Biol. 19, R478-479 (2009).

. Holmes, N. P. Does tool use extend peripersonal space? A review and re-analysis. Exp. Brain Res. 218, 273-282 (2012).

. Botvinick, M. Neuroscience. Probing the neural basis of body ownership. Science 305, 782-783 (2004).

. De Preester, H. Technology and the body: the (im)possibilities of re-embodiment. Found. Sci. 16, 119-137 (2011).

. van den Heiligenberg, F. M. Z. et al. Artificial limb representation in amputees. Brain 141, 1422-1433 (2018).

. Preifiler, S. et al. Plasticity in the visual system is associated with prosthesis use in phantom limb pain. Front. Hum. Neurosci. 7,

311. https://doi.org/10.3389/fnhum.2013.00311 (2013).

Schmalzl, L., Kalckert, A., Ragné, C. & Ehrsson, H. H. Neural correlates of the rubber hand illusion in amputees: a report of two
cases. Neurocase 20, 407-420 (2014).

Bekrater-Bodmann, R., Foell, J., Diers, M. & Flor, H. The perceptual and neuronal stability of the rubber hand illusion across
contexts and over time. Brain Res. 1452, 130-139 (2012).

D’Alonzo, M., Clemente, F. & Cipriani, C. Vibrotactile stimulation promotes embodiment of an alien hand in amputees with
phantom sensations. IEEE Trans. Neural Syst. Rehabil. Eng. 23, 450-457 (2015).

Page, D. M. et al. Motor control and sensory feedback enhance prosthesis embodiment and reduce phantom pain after long-term
hand amputation. Front. Hum. Neurosci. 12, 352. https://doi.org/10.3389/fnhum.2018.00352 (2018).

Petrini, F. M. et al. Enhancing functional abilities and cognitive integration of the lower limb prosthesis. Sci. Transl. Med. 11, 512.
https://doi.org/10.1126/scitranslmed.aav8939 (2019).

Rognini, G. et al. Multisensory bionic limb to achieve prosthesis embodiment and reduce distorted phantom limb perceptions. J.
Neurol. Neurosurg. Psychiatry 90, 833-836 (2019).

Schiefer, M., Tan, D,, Sidek, S. M. & Tyler, D. J. Sensory feedback by peripheral nerve stimulation improves task performance in
individuals with upper limb loss using a myoelectric prosthesis. J. Neural Eng. 13, 016001 (2016).

Schonbrodt, E D. & Perugini, M. At what sample size do correlations stabilize?. J. Res. Personal. 47, 609-612 (2013).

Campbell, D. T. & Fiske, D. W. Convergent and discriminant validation by the multitrait-multimethod matrix. Psychol. Bull. 56,
81-105 (1959).

Moxey, P. W. et al. Epidemiological study of lower limb amputation in England between 2003 and 2008. Br. J. Surg. 97, 1348-1353
(2010).

Bekrater-Bodmann, R. ef al. Post-amputation pain is associated with the recall of an impaired body representation in dreams-results
from a nation-wide survey on limb amputees. PLoS ONE 10, e0119552. https://doi.org/10.1371/journal.pone.0119552 (2015).
Beckerle, P,, Willwacher, S., Liarokapis, M., Bowers, M. P. & Popovic, M. B. Prosthetic limbs. In Biomechatronics (ed. Popovic, M.
B.) 235-278 (Academic Press, London, 2019).

Hunter, J. P, Katz, ]. & Davis, K. D. The effect of tactile and visual sensory inputs on phantom limb awareness. Brain 126, 579-589
(2003).

Hunter, J. P, Katz, J. & Davis, K. D. Stability of phantom limb phenomena after upper limb amputation: a longitudinal study.
Neuroscience 156, 939-949 (2008).

Lloyd, D. M. Spatial limits on referred touch to an alien limb may reflect boundaries of visuo-tactile peripersonal space surround-
ing the hand. Brain Cogn. 64, 104-109 (2007).

Ide, M. The effect of ‘anatomical plausibility’ of hand angle on the rubber-hand illusion. Perception 42, 103-111 (2013).
Costantini, M. & Haggard, P. The rubber hand illusion: sensitivity and reference frame for body ownership. Conscious. Cogn. 16,
229-240 (2007).

SCIENTIFIC REPORTS |

(2020) 10:14203 | https://doi.org/10.1038/s41598-020-70828-y


https://doi.org/10.1038/s41598-017-05094-6
https://doi.org/10.1038/s41598-017-05094-6
https://doi.org/10.3389/fnhum.2013.00311
https://doi.org/10.3389/fnhum.2018.00352
https://doi.org/10.1126/scitranslmed.aav8939
https://doi.org/10.1371/journal.pone.0119552

www.nature.com/scientificreports/

68. Ramachandran, V. S. & Rogers-Ramachandran, D. Synaesthesia in phantom limbs induced with mirrors. Proc. Biol. Sci. 263,
377-386 (1996).

69. Ramachandran, V. S. & Brang, D. Sensations evoked in patients with amputation from watching an individual whose corresponding
intact limb is being touched. Arch. Neurol. 66, 1281-1284 (2009).

70. Diers, M. et al. Illusion-related brain activations: a new virtual reality mirror box system for use during functional magnetic
resonance imaging. Brain Res. 1594, 173-182 (2015).

71. Foell, J., Bekrater-Bodmann, R., Diers, M. & Flor, H. Mirror therapy for phantom limb pain: brain changes and the role of body
representation. Eur. J. Pain 18, 729-739 (2014).

72. Thurstone, L. L. Multiple Factor Analysis (University of Chicago Press, Chicago, 1947).

73. Leech, N. L., Barrett, K. C. & Morgan, G. A. IBM SPSS for Intermediate Statistics: Use and Interpretation (Routledge, London, 2014).

74. Kasper, D. & Unli, A. On the relevance of assumptions associated with classical factor analytic approaches. Front. Psychol. 4, 109.
https://doi.org/10.3389/fpsyg.2013.00109 (2013).

75. O’Connor, B. P. SPSS and SAS programs for determining the number of components using parallel analysis and velicer's MAP test.
Behav. Res. Methods Instrum. Comput. 32, 396-402 (2000).

76. Stevens, J. P. Applied Multivariate Statistics for the Social Sciences (Routledge, London, 2009).

77. Sheng, Y. & Sheng, Z. Is coefficient alpha robust to non-normal data?. Front. Psychol. 3, 34. https://doi.org/10.3389/fpsyg.2012.00034
(2012).

78. Rousson, V., Gasser, T. & Seifert, B. Assessing intrarater, interrater and test-retest reliability of continuous measurements. Stat.
Med. 21, 3431-3446 (2002).

79. Nunnally, J. C. Psychometric Theory (McGraw-Hill, New York, 1978).

80. Snedecor, G. W. & Cochran, W. G. Statistical Methods (Iowa State University Press, Iowa City, 1980).

81. Gallagher, P, Franchignoni, F.,, Giordano, A. & MacLachlan, M. Trinity amputation and prosthesis experience scales: a psychometric
assessment using classical test theory and Rasch analysis. Am. J. Phys. Med. Rehabil. 89, 487-496 (2010).

Acknowledgements

Open Access funding provided by Projekt DEAL. This work was funded by the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation)—BE 5723/4-1 as well as an EFIC Griinenthal Grant (E-G-G 2018).
The author thanks Francesca D. Kilian for assistance in developing the online questionnaire battery and Isabelle
Schweisthal for her efforts in participant recruitment.

Author contributions
R.B.B. wrote the manuscript.

Competing interests
The author declares no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-70828-y.

Correspondence and requests for materials should be addressed to R.B.-B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:14203 | https://doi.org/10.1038/s41598-020-70828-y


https://doi.org/10.3389/fpsyg.2013.00109
https://doi.org/10.3389/fpsyg.2012.00034
https://doi.org/10.1038/s41598-020-70828-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Perceptual correlates of successful body–prosthesis interaction in lower limb amputees: psychometric characterisation and development of the Prosthesis Embodiment Scale
	Anchor 2
	Anchor 3
	Results
	Initial item analysis. 
	Principal axis factoring. 
	Prosthesis Embodiment Scale scoring. 
	Reliability: internal consistency and test–retest stability. 
	Further validation. 

	Discussion
	Methods
	Procedure. 
	Sample description. 
	Development of the Prosthesis Embodiment Scale: selection and adaptation of items. 
	Item analysis. 
	Principal axis factoring. 
	Scoring of the Prosthesis Embodiment Scale and its sub-scales. 
	Reliability: internal consistency and test–retest stability. 
	Further validation. 

	References
	Acknowledgements


