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Differential experiences

of embodiment

between body-powered

and myoelectric prosthesis users

Susannah M. Engdahl?, Sean K. Meehan? & Deanna H. Gates*3"*

Prosthesis embodiment, the perception of a prosthesis as part of one’s body, may be an important
component of functional recovery for individuals with upper limb absence. This work determined
whether embodiment differs between body-powered and myoelectric prosthesis users. In a sample
of nine individuals with transradial limb absence, embodiment was quantified using a survey
regarding prosthesis ownership and agency. The extent to which the prosthesis affected the body
schema, the representation of the body’s dimensions, was assessed using limb length estimation.
Because body-powered prostheses offer proprioceptive feedback that myoelectric prostheses do
not, it was hypothesized that both measures would reveal stronger embodiment of body-powered
prostheses. However, our results did not show differences across the two prosthesis designs. Instead,
body schema was influenced by several patient-specific characteristics, including the cause of limb
absence (acquired or congenital) and hours of daily prosthesis wear. These results indicate that
regular prosthesis wear and embodiment are connected, regardless of the actual prosthesis design.
Identifying whether embodiment is a direct consequence of regular prosthesis use would offer
insight on how individuals with limb absence could modify their behavior to more fully embody their
prosthesis.

Rehabilitation professionals who care for individuals with upper limb absence have long argued that patients who
perceive a prosthesis as part of their body, rather than an auxiliary tool, might accept it more readily into their
lives'. Unfortunately, average rejection rates for body-powered (BP) and myoelectric (MYO) prostheses are 26%
and 23%, respectively®. These high rejection rates could suggest that patients struggle to embody their prostheses.

Embodiment of a prosthesis is a complex phenomenon that may be considered on both implicit and explicit
levels®. An object may be implicitly embodied if some of its properties are processed in the same way as the prop-
erties of one’s own body*. In particular, this includes spatial properties (i.e., if the space surrounding the object is
processed as body space) and motoric properties (i.e., if the object moves like a body part and is perceived to be
under one’s control). Embodiment may also be experienced more explicitly, as evidenced by affective reactions
towards the object, perceptions of ownership, and other subjective feelings*.

Both implicit and explicit embodiment of upper limb prostheses has been documented in the literature. For
example, several studies have demonstrated that prosthesis users perceive their residual limb to be longer when
wearing a prosthesis™® and overestimate how far they can reach with it*. These findings reflect changes to the body
schema, or representation of one’s bodily dimensions, in response to prosthesis use. Wearing a prosthesis also
expands peripersonal space boundaries outward from the residual limb to include the prosthesis®. Furthermore,
people who wear a prosthesis frequently report an increased sense of agency over the device and demonstrate
reduced sway when wearing it”. More explicit experiences of prosthesis embodiment have been identified through
phenomenological analysis, showing that embodiment commonly involves decreased awareness of the prosthesis
over time, perceptual integration of the phantom and prosthetic limbs, and viewing the prosthesis as a bodily
structure rather than a tool®. While personal anecdotes about the perceptual experience of using a prosthesis help
clarify the process through which a prosthesis may become embodied, it should be noted that these experiences
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Phantom
Duration of occupies
Cause of limb prosthesis Daily prosthesis | same space as
D Age (years) |Sex |ID | Age(years) |Sex |absence Affected limb | Prosthesis type ownership wear prosthesis?
BP (V(})llunktary— 10 months 6h No
Ccol |34 M | POl |32 M | Acquired Right open hook)
MYO (iLimb) 5 months 5h Yes
co2 |48 F |po2 |52 F | Acquired Right BP (voluntary- 7 1 nthe 8h No
open hook)
Co3 57 F P03 |55 F Congenital Right hMaEg) (single DoF 33 years 2h n/a
C04 63 F P04 | 66 F Congenital Right MYO (bebionic) 6 months 3h n/a
C05 23 F P05 |26 F Congenital Left MYO (bebionic) 10 months 8h n/a
Co6 |29 M | P06 |29 M | Acquired Right BP (voluntary- 2 years 10h Yes
open hook)
) ) BP (vzlunliary- 7 years 10h Yes
co7 |43 M |P07 |46 M | Acquired Right open hook)
MYO (iLimb) 2 years 0Oh Yes
3{;5(6‘7;)11(1)1:1:?17‘ 23 years 14h No
Co8 41 M P08 |54 M Acquired Left -
hMazg) (single Dok 23 years 6h No
C09* |64 M |P09 |72 M | Acquired Right BP (voluntary- 4 1 i 4h Yes
open hook)

Table 1. Participant characteristics. *Data from C09 was excluded due to noncompliance with instructions.

occur within broader social and cultural contexts that moderate an individual’s relationship with their prosthesis’.
Fully understanding the experience of prosthesis use requires consideration of these external factors’.

Regardless of what method is used to characterize embodiment, it is fundamentally dependent on the interac-
tion between afferent and efferent signals'®. Congruence between tactile, visual, and proprioceptive signals'! that
are easily interpretable and concordant with a sense of agency is particularly important. The process of embodi-
ment occurs as the brain extracts statistical correlations from multisensory inputs to create the perception that
the information is arriving from a single plausible spatiotemporal source (i.e., the embodied object)'2. Embodi-
ment of a prosthesis also becomes more likely when a prosthesis user perceives that this sensory information
comes from the interface between the residual limb, the prosthesis, and the surrounding environment"’. Sensory
feedback from a prosthesis can be delivered to the user through visual/auditory or proprioceptive/somatic
pathways'®. In BP prostheses, movement of a terminal device is activated by body movements (glenohumeral
flexion or scapular abduction) via a harness and Bowden cable system. Because the state of the physiological
limb is mechanically linked to the state of the prosthetic limb, the user receives information about the state of
the prosthesis through the same physiological pathways that are used to activate the prosthesis'>'®. The resulting
sense of extended physiological proprioception in the prosthetic limb!” may minimize the conscious attention
needed to control the prosthesis.

In contrast, the terminal device of a MYO prosthesis is actuated by a battery-driven motor controlled using
surface electromyography signals recorded from the residual limb. The motors are typically velocity-controlled
such that the output speed is directly proportional to the amplitude of the electromyography signal. Because the
user is in control of the terminal device’s velocity rather than its position, they may need to constantly monitor
the prosthesis visually. Indeed, studies of visuomotor behavior in upper limb prosthesis users have shown that
the gaze is fixed on the hand or the area of the object to be grasped for the majority of task completion time'®*.
However, visual feedback involves slower reaction times compared to tactile feedback® and also must be con-
sciously interpreted, placing a higher cognitive demand on the user?'. Some sources of auditory and incidental
somatic feedback (e.g., vibration from the motor, socket pressures) from the prosthesis are also available, but
may not be accessible to all MYO users?>%.

Since prosthesis embodiment originates from the integration of multisensory inputs, but the availability of
sensory input differs based on prosthesis design, it is possible that the extent of embodiment differs with pros-
thesis design as well. In particular, BP prostheses may be embodied more strongly than MYO prostheses since
BP prostheses offer inherent proprioceptive feedback that MYO prostheses do not. Therefore, the purpose of
this work was to compare the experiences of embodiment between BP and MYO prosthesis users. Embodiment
was assessed using a survey about ownership and agency and a limb length estimation task to understand both
implicit and explicit experiences. We hypothesized that both methods would reveal stronger embodiment of BP
prostheses than MYO prostheses. To provide a reference for interpreting the performance of prosthesis users on
the limb length estimation task, we also assessed the performance of individuals without upper limb absence.

Methods

Subjects. We recruited nine adults with unilateral transradial limb absence through the University of Michi-
gan Orthotics and Prosthetics Center (Table 1). All participants had previous experience using an upper limb
prosthesis. Three participants used BP only, three used MYO only, and three used both BP and MYO. Age- and
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Figure 1. Conditions for the limb length estimation task. Participants performed the limb length estimation
task by placing their arm inside an opaque tube with a sliding indicator affixed to the exterior. They performed
this task using their dominant or intact limbs (a), their prosthetic limb (b), and their residual limb (c). For each
condition, they estimated (red arrows) where they perceived the end of their hand, prosthesis (P-PT), residual
limb (P-RL, NP-RL), or where the prosthesis would be if they were wearing it (NP-PT).

sex-matched controls without upper limb absence were recruited from an online database (https://umhealthre
search.org/). Exclusion criteria for all participants included a history of serious neurological, visual, or musculo-
skeletal impairments (other than limb loss for prosthesis users). Study procedures were reviewed and approved
by the Institutional Review Board of the University of Michigan Medical School. The study was carried out in
accordance with the approved protocol. All participants provided written informed consent prior to participa-
tion.

Surveys. Participants completed a subset of a survey about prosthesis embodiment’, including four ques-
tions about ownership of the prosthesis (i.e., experiencing the prosthesis as part of the body) and three questions
about the sense of agency over the prosthesis (i.e., feeling control over movement of the prosthesis). All questions
were scored on a five-point Likert scale, where higher scores reflect an increased sense of ownership or agency.
The ownership questions and the agency questions were averaged into separate composite scores.

Satisfaction was measured using the Satisfaction with Device scale from the Orthotics and Prosthetics Users
Survey (OPUS)*, as well as the Aesthetic Satisfaction scale, the Functional Satisfaction scale, and an 11-point
Likert scale question on overall prosthesis satisfaction from the Trinity Amputation and Prosthesis Experience
Scales—Revised (TAPES-R)%.

Participants were asked to provide several self-reported measures, including how long they had owned their
prosthesis and how many hours per day they wore their prosthesis. For participants who experienced phantom
limb sensations, they were also asked whether the phantom limb occupied the same space as the prosthesis when
it was donned. If applicable, participants answered all questions separately for their BP and MYO prostheses.

Limb length estimation. Participants completed a limb length estimation task® in which one limb was
placed inside an opaque tube (length: 91.4 cm, diameter: 13.5 cm) until it made contact with a fixed plate. Using
the opposite limb, participants moved a sliding indicator along the outside of the tube to the position where they
perceived the end of their hidden limb. Participants were blindfolded while they completed the task.

Control participants performed the task with their dominant (right) limb (Fig. 1a). Prosthesis users com-
pleted the task with their intact (Fig. 1a) and amputated limbs, both with and without the prosthesis. When the
prosthesis was worn (Fig. 1b), participants indicated where they perceived the end of the prosthesis (P-PT) and
the end of the residual limb (P-RL). When the prosthesis was not worn (Fig. 1¢), participants indicated where
they perceived the end of the residual limb (NP-RL) and where they imagined the end of the prosthesis would
be if they were wearing it (NP-PT).

Each of these four conditions offers unique information about the participants’ perceptual adaptations to
limb absence and prosthesis use. It is necessary for the user to know where the prosthesis ends when wearing
it to perform functional tasks, so the P-PT condition illustrates how well their body schema has adapted to
include the prosthesis. Although estimation errors of the prosthesis length indicate limitations in how the body
schema has adapted, overestimation of residual limb length while wearing the prosthesis (P-RL) can actually be
interpreted as evidence of embodiment. Overestimation would indicate that the residual limb is perceived to
extend outwards into the space occupied by the prosthesis. This overestimation may not be retained when the
prosthesis is removed, so participants were also asked to estimate residual limb length without the prosthesis
(NP-RL). Importantly, removing the prosthesis also eliminates any somatosensory cues that could be used when
the prosthesis is worn to help determine where it ends. As such, the NP-PT condition shows whether participants
could still locate the end of their prosthesis in the absence of somatosensory cues they might normally rely on.

During the limb length estimation task, participants were asked to keep their fingers fully extended and touch
the plate with their fingertips. However, some of the prosthesis users had trouble with this position either because
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Limb length including BP Limb length including MYO
ID Intact limb length (cm) | Residual limb length (cm) | prosthesis (cm) prosthesis (cm)
P01 46.2 22.5 44.0 44.9
P02 33.6 15.9 35.4 n/a
P03 40.6 14.9 n/a 36.0
P04 43.5 11.0 n/a 334
Po5 38.4 8.8 n/a 28.5
P06 48.0 12.0 38.0 n/a
P07 43.9 16.5 36.2 41.5
P08 46.0 14.0 425 42.5
P09 45.9 18.5 41.7 n/a

Table 2. Limb lengths for prosthesis users.

it was difficult to fit the hand inside the tube or because the fingers passively flexed when touching the plate. In
these cases, the prosthesis users were asked to make a fist instead. For prosthetic hooks or hands without finger
extension, participants instead touched the plate with the most distal part of the terminal device.

For each of the four conditions, the plate was fixed at 10 randomly-chosen locations between a lower bound
of 5 cm and an upper bound of the participant’s limb length (Table 2). All limb lengths were measured prior to
data collection with the participant’s limb held loosely by their side. Measurements were taken from the lateral
epicondyle of the humerus to the tip of the middle finger (if applicable) or the most distal point of the residual
limb or terminal device. The limb length estimation error was the difference between the plate position and
the indicated position, such that negative errors represented underestimation and positive errors represented
overestimation.

Statistical analysis. To establish the validity of the limb length estimation error measure, differences in
limb length estimation error between the controls’ dominant limbs and the prosthesis users’ intact limbs were
assessed using unpaired t-tests. Ownership scores, agency scores, and limb length estimation error were com-
pared between BP and MYO users with linear mixed models having the form

Yij = (bo + uoj) + b1X;j + € (1)

where Xj; denotes the ith prosthesis type for the jth subject and Yj; is the corresponding outcome measure. In
this model, by is the intercept of the overall model, Uoj is the variability of intercepts around the overall model
for the jth subject, by is the slope of the overall model, and ¢;; is the residual error. Subject was included in the
model as a random effect. The variance-covariance structure for the random effects assumes all random effects
are independent. All linear mixed models converged successfully. Additionally, we assessed the magnitude of
the differences between BP and MYO prostheses using Hedges’ g as a measure of effect size:

_ X1 — X2 ] 3
£= s* 4(ny +mny) —9 @
. \/("1 — Dsi2 4+ (ny — Ds? 3)
ny+ny; —2

where s* was the pooled standard deviation weighted for sample size. Effect sizes are considered small for g>0.2,
medium for g> 0.5, and large for g>0.8%. For the effect size calculations, the samples were not independent
because the participants using both prosthesis types were counted in each group (i.e., group 1 contained 6
instances of BP use and group 2 contained 6 instances of MYO use). Preliminary analysis of the results revealed
differences in limb length estimation error between participants with congenital absence and acquired limb loss.
Given the small sample size (three congenital, six acquired), we did not conduct formal statistical tests for these
comparisons and report only the effect size. We also calculated Spearman rank-order correlations between limb
length estimation error and self-reported measures of ownership, agency, duration of prosthesis ownership, hours
of daily prosthesis wear, and satisfaction with the prosthesis.

Results

Ownership scores were comparable between the two prosthesis types (F(1,3.49) =0.00; p=0.99; g=0.11; Fig. 2).
There was not a statistically significant difference in agency scores between the two prosthesis types (F(1,
7.73)=2.51; p=0.15), although there was a medium effect size for this comparison such that BP users had higher
agency scores compared to MYO users (g=0.73).

As expected, estimation errors were highly similar between the dominant limbs for controls and the intact
limbs for prosthesis users (dominant: — 1.3 +2.0 cm; intact: —1.9+2.1 cm; p=0.63; Fig. 3a). Estimation errors
for the residual limb and prosthesis varied considerably between participants (see Supplementary Fig. S1 for
individual data).

SCIENTIFIC REPORTS |

(2020) 10:15471 |

https://doi.org/10.1038/s41598-020-72470-0



www.nature.com/scientificreports/

| HH BP  HH MYO
5, ) )

mean score
w

[e]

Ownership Agency

Figure 2. Self-reported embodiment. Mean ownership and agency scores for BP and MYO users. Error bars
represent standard deviation across subjects and individual points represent individual participant scores.

There were no significant differences in estimation error between BP and MYO prostheses (Table 3, Fig. 3b).
However, there were differences in estimation error between participants with acquired limb loss and congenital
limb absence for some conditions (Fig. 3c). Regardless of the prosthesis type, participants with acquired limb loss
overestimated their residual limb length while wearing their prosthesis more than participants with congenital
limb absence (P-RL, congenital mean: 4.4+ 5.1 cm; acquired mean: 9.8+2.8 cm; g=1.31). All three participants
with congenital limb absence accurately estimated their residual limb length when not wearing their prosthesis,
but all participants with acquired limb loss overestimated it (NP-RL, congenital mean: 0.9+ 0.9 cm; acquired
mean: 5.7 £2.2 cm; g=2.25). When wearing the prosthesis, the participants with congenital limb absence under-
estimated their prosthesis length, while the participants with acquired limb loss tended to overestimate it (P-PT,
congenital mean: —4.4+2.9 cm; acquired mean: 2.4 +2.6 cm; g=2.24). Participants with congenital limb absence
also underestimated their prosthesis length while not wearing it to a greater extent than the participants with
acquired limb loss (NP-PT, congenital mean: — 6.0 4.6 cm; acquired mean: — 0.6 5.2 cm; g=0.97).

There was a significant positive correlation between hours of daily prosthesis wear and prosthesis length esti-
mation error while not wearing it (p=0.62; p=0.03; Fig. 4a). Hours of daily prosthesis wear was also positively
correlated with residual limb length estimation error while not wearing a prosthesis (p =0.65; p=0.02; Fig. 4b).
Residual limb length estimation error while not wearing a prosthesis was positively correlated with agency as well
(p=0.78; p=0.003; Fig. 4c). No other self-reported outcomes (i.e., ownership, duration of prosthesis ownership,
and satisfaction with the prosthesis) were significantly correlated with limb length estimation error.

Discussion

The purpose of this work was to compare experiences of embodiment between BP and MYO prosthesis users.
We hypothesized that BP users would experience stronger embodiment than MYO prosthesis users due to the
availability of proprioceptive feedback in BP prostheses. Our results generally failed to support this hypothesis.
Rather, they suggest that the experience of prosthesis embodiment is dependent on other patient-specific char-
acteristics beyond the type of prosthesis that is used.

There were no statistically significant differences in the sense of prosthesis ownership and agency between BP
and MYO users. However, there was a trend towards a stronger sense of agency for the BP users. Ownership and
agency are the result of distinct cognitive processes?, so it is reasonable that prosthesis users would experience
these two senses differently. Ownership is thought to depend on multisensory integration?®?, such that spati-
otemporal congruence between visual and somatic signals received from a limb allows for a sense of ownership
to develop. We expected that ownership might be stronger for BP users given their purported improved access to
somatic signals from the prosthesis, but our results do not support this idea. Interestingly, others have suggested
that ownership is a less essential component of prosthesis embodiment in comparison to agency’.

In contrast, the sense of agency depends on comparison between the efferent copy and sensory feedback®®?!.
When the efferent copy and feedback match, an individual will perceive that the movement has been performed
as intended and will feel a sense of agency over the movement. If the feedback does not match what is expected,
the individual will fail to recognize themselves as the source of the movement®’. Although there was not a
statistically significant difference in agency between the groups, the range of scores for MYO users was much
wider. In cases where MYO users have difficulty feeling agency over their prosthesis, it is possible that they are
not receiving adequate sensory feedback to make a comparison with the expected outcome of their movement.
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Figure 3. Limb length estimation error. (a) Average limb length estimation for the dominant (‘0’) limbs of
controls, as well as the intact limbs for all prosthesis users (<’). (b) Average limb length estimation error for
BP (solid squares) and MYO (open squares) prosthesis users. (c) Average limb length estimation error for
participants with acquired limb loss (solid triangles) and congenital (open triangles) limb absence. Error bars
represent standard deviation across subjects.

Condition | BP mean (cm) | MYO mean (cm) | F value Pvalue | Effect size
P-PT 1.9+29 -0.4+49 F(1,1.52)=0.38 | 0.62 0.51
P-RL 9.1+2.1 7.7+5.6 F(1,1.89)=4.12 | 0.19 0.29
NP-RL 51+23 4.0+3.5 F(1,6.62)=2.59 | 0.15 0.35
NP-PT -0.8+6.5 -3.0+45 F(1,6.06)=0.49 | 0.51 0.35

Table 3. Average estimation error for BP and MYO prosthesis users.

Additionally, MYO users often experience uncertainty in controlling their prosthesis if the electrodes are not
optimally interfaced with the residual limb during loading®. Any unwanted activations of the prosthesis, as well
as electromechanical delays of the motors in the terminal device, may contribute to a reduced sense of agency.
BP users likely experience less uncertainty when operating the prosthesis given the direct mechanical linkage
between the harness and terminal device.

BP and MYO users experienced similar levels of embodiment according to the limb length estimation task.
If embodiment was stronger for BP users, we might have expected to see larger overestimation error when
participants estimated their residual limb length while wearing a prosthesis. Estimation error for this condition
actually appears to be more dependent on the cause of limb absence (acquired or congenital) than prosthesis
type. Nonetheless, the overall magnitude of our results are consistent with a previous study demonstrating that
children wearing MYO prostheses overestimated their residual limb length by an average of 7.9 cm (range:
0.6-14.8 cm) when wearing their prosthesis’. The average overestimation error across all of our prosthesis
users was similar (mean: 8.4 cm, range: 0.1-15.9 cm). McDonnell et al. did not formally report differences in
overestimation error for their participants with acquired limb loss and congenital limb absence. However, the
nine participants in their cohort with congenital limb absence had similar overestimation error to the three
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Figure 4. Correlations between limb length error and participant characteristics. Correlations between (a)
NP-PT error and hours of daily prosthesis wear, (b) NP-RL error and hours of daily prosthesis wear, and (c)
NP-RL and agency scores.

participants with acquired limb loss (congenital mean: 8.1+4.3 cm, acquired mean: 7.1 +5.6 cm). This finding
contrasts with our result that participants with acquired limb loss overestimated to a greater extent than par-
ticipants with congenital limb absence. These differences could be related to participant-specific characteristics
such as age or amount of prosthesis experience. The participants in McDonnell et al’s study were children (mean:
12.3£5.2 years) who may have a more malleable body schema in comparison to the adult participants from this
study. Since the children’s experience with the prosthesis was unreported, it is unclear how this factor may relate
to differences in study findings.

Extension of the perceived residual limb length to more closely match the prosthesis length can be inter-
preted as evidence of spatial embodiment*, as the body schema is updated to account for the dimensions of the
prosthesis. Similar malleability in perceived residual limb length with prosthesis use® and perceived arm length
with tool use* has been documented during a tactile distance perception task. In the case of tool use, it has been
proposed that this malleability is a consequence of sensory feedback resulting from actions performed with the
tool. When the tool contacts an external object, sensory cues are delivered to the upper limb through the tool.
This creates a perceptual expansion of the space in which body-related sensory information is located*. Thus,
the body representation expands to incorporate the tool or prosthesis so that the body is prepared to respond
appropriately to stimuli that might interact with the body®.

It is important to note that substantial overestimation of limb length did not occur for either the prosthesis
users’ intact limb or the controls’ dominant limb. For both the intact and dominant limb, there was a similar
estimation of limb length. McDonnell et al. also reported that a group of 39 control subjects underestimated their
limb lengths, although the dominant limbs were not analyzed separately®. The similarities between the intact
and dominant limbs validate the estimation task and further support the idea that overestimating the residual
limb length is a consequence of wearing the prosthesis, rather than a general tendency of our participants to
overestimate their bodily dimensions.

An alternative explanation of the residual limb length overestimation while wearing a prosthesis could relate
to the way the experiment was performed. A study of individuals with paraplegia found that they consistently
overestimated their shoulder width to be closer to the width of their wheelchair®. Interviews following testing
revealed that participants reported using the wheelchair as a reference point for estimation (i.e., visualizing the
wheelchair width and subtracting to arrive at shoulder width). This strategy differs from the one employed by
healthy controls, who reported using their own body as a reference point. In our study, participants were always
asked to estimate their prosthesis length immediately prior to estimating their residual limb length. Because they
moved the slider from the position where they perceived their prosthesis inwards towards where they perceived
their residual limb, it is possible that they were conditioned to use the prosthesis as a frame of reference. However,
the fact that participants with congenital limb absence underestimated their prosthesis length while wearing it
contradicts this idea. This finding could indicate that they were using their residual limb as a frame of reference,
thus perceiving the prosthesis to be closer to the residual limb length and shorter than it really was. As we did
not ask participants what strategy they used, it is difficult to speculate further.
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Despite the lack of differences between BP and MYO users, it is noteworthy that participants with congenital
limb absence underestimated their prosthesis length while participants with acquired limb loss were more likely
to overestimate it. This finding could reflect differences between groups in the way the body schema changes
to account for whether the prosthesis is worn. Indeed, it has been repeatedly demonstrated that humans retain
multiple coexisting body representations that are differentially accessed based on the current body state—with
or without a prosthesis®® or tool***°. For participants with acquired limb loss, the consistent overestimation
of residual limb length with and without their prosthesis may reflect the ability to more readily incorporate
the device into a pre-amputation body schema. In contrast, participants with congenital limb absence lack a
pre-amputation schema for the residual limb. They need to generate a new body representation that incorpo-
rates the extra limb length afforded by the prosthesis, which is an experience-dependent process. For the two
congenital users who had less than one year of experience using a prosthesis (P04 and P05), their ability to
accurately estimate residual limb length when the device was not being worn (mean error: 1.6 £2.1 cm) suggests
that an extended body schema for the residual limb has not been developed. In contrast, the propensity of the
participant with congenital limb absence with 33 years of prosthesis experience to overestimate residual limb
length (within-subject mean: 10.1+2.1 cm) would suggest an extended body schema for the residual limb has
been developed. This participant still retained the ability to accurately estimate residual limb length when the
prosthesis was not worn, suggesting that she could transiently adopt either body schema depending on the avail-
ability of the prosthesis. Although there was no significant correlation between duration of prosthesis ownership
and estimation error for this mixed sample of individuals with acquired limb loss and congenital limb absence,
this relationship should be investigated in a larger sample with a greater range of prosthesis experience while
accounting for the cause of limb absence.

There was also a trend towards greater underestimation of the prosthesis length when not wearing the prosthe-
sis for participants with congenital limb absence in comparison to those with acquired limb loss. However, there
was considerable variability between participants. The estimation error was quite small in seven cases (range:
— 1.2 to 1.4 cm), although the error range across all participants was nearly 20 cm. It appears that this variability
may be related to the amount of daily prosthesis wear, rather than just prosthesis type or cause of limb absence.
In particular, the participants who used their prostheses least often tended to underestimate prosthesis length by
at least 5 cm, while the more frequent users estimated more accurately. It should be noted that the magnitude of
overestimation was quite large for P07, who reported using their BP prosthesis for 10 h per day and overestimated
prosthesis length by 9.6 cm. Following removal of P07, the correlation coefficient maintains a similar moderate
positive relationship, although it is no longer statistically significant (p=0.54, p=0.09). This suggests that P07
contributes to the reported relationship but is not driving it. The observed relationship between daily prosthesis
wear and limb length estimation error is consistent with a previous report where prosthesis users with higher
levels of prosthesis integration (which was assessed partially based on the number of hours the prosthesis was
worn each day) had lower error when estimating how far they could reach with their prosthesis in comparison
to the intact limb>. Together, these findings indicate that increased daily wear of a prosthesis improves a user’s
ability to determine where the prosthesis ends, even when not actively using it.

The idea that frequent and long-term use of a prosthesis can contribute to embodiment has been supported
through both phenomenological®® and behavioral”*’ methods. This prior work is concordant with our finding
that residual limb length overestimation while wearing the prosthesis (i.e., spatial embodiment) was positively
correlated with hours of daily wear. This indicator of spatial embodiment was also positively correlated with
agency. A post-hoc analysis revealed that agency and hours of daily wear were also significantly correlated
(p=0.697, p=0.01). The relationship between increased prostheses wear frequency and agency was also reported
by Imaizumi et al.”. Taken together, these findings indicate that extensive practice with a prosthesis can contribute
to both implicit and explicit embodiment.

There are several limitations to this study. First, the prosthesis length estimation errors may have been related
to how prosthesis length was measured—especially for the MYO users who performed the task with a fist rather
than extended fingers. The point on the prosthesis that participants were asked to locate might not have been the
one that they generally used to interact with objects, so the length that they were asked to estimate may not equal
the length that they actually perceive. Additionally, we did not investigate whether our participants’ experience of
embodiment was influenced by the presence of phantom limb sensations, which are common among individu-
als with upper limb absence*!. Similarly to intact limbs, phantom limbs have distinct spatial characteristics*?
and can be voluntarily moved*® with an accompanying sense of agency that is dependent on the synchronicity
of visual feedback*. Some individuals perceive an intersection of their prosthetic and phantom limbs such that
the phantom “becomes” the prosthesis, thereby facilitating embodiment of the prosthesis®®. While it is possible
that phantom limb sensations could have affected the measures of embodiment used in this study, we could not
explore this question in depth as only 6 participants reported experiencing phantom limb sensations (Table 1).
Furthermore, embodiment was quantified using a limited set of outcome measures. Given the diversity in ways
that embodiment could be measured®, it would be worthwhile to assess whether differences in embodiment
between BP and MYO prosthesis users can be detected through other methods.

There are also several noteworthy limitations regarding the study design. In addition to the small sample size,
the data set was partially paired because only three out of nine participants used both BP and MYO prosthe-
ses. Linear mixed models offer the advantage of retaining all data in estimating the model effects, whereas the
unpaired samples would be discarded in a paired t-test. However, linear mixed models may be more susceptible
to type I errors for small sample sizes compared to other methods, such as the optimal pooled t-test, that pool
weighted estimates of variance from paired and unpaired samples®. A fully within-subjects comparison would
have reduced confounding effects from patient characteristics such as duration of prosthesis ownership or cause
of limb absence, and thus would have been the ideal design. We initially planned to only recruit people who used
both devices for this reason, but it was difficult to do this in practice. Although patients are likely to benefit from
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having more than one type of prosthesis, prosthesis provision in the United States is often more dependent on
reimbursement policies than actual patient need*. These reimbursement policies also vary considerably in their
extent of coverage, creating unequal access to prostheses between individual patients. As such, we decided to
recruit participants who have only one prosthesis in order to achieve a larger sample size.

In conclusion, this study demonstrated that the experience of prosthesis embodiment is minimally affected
by the type of prosthesis that is worn. Instead, it appears that the cause of limb absence and the amount of daily
prosthesis wear may play a more substantial role. Future work should explore the relationship between embodi-
ment and a wider variety of patient-specific characteristics to better understand how prosthesis users learn to
perceive, or could be trained to perceive, their prosthesis as part of their body. Ultimately, this information may
contribute to an improved understanding of how individuals become functionally successful with a prosthesis.
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