Volume 52, Number 3, 2015

Pages 247-262

JRRD

Differences in myoelectric and body-powered upper-limb prostheses:

Systematic literature review

Stephanie L. Carey, PhD;'" Derek J. Lura, PhD;? M. Jason Highsmith, DPT, PhD, CP, FAAOP?

1pepartment of Mechanical Engineering, University of South Florida, Tampa, FL; 2Department of Bioengineering and
Software Engineering, U.A. Whitaker College of Engineering, Florida Gulf Coast University, Fort Myers, FL; 3school
of Physical Therapy & Rehabilitation Sciences, Morsani College of Medicine, University of South Florida, Tampa, FL

Abstract—The choice of a myoelectric or body-powered
upper-limb prosthesis can be determined using factors includ-
ing control, function, feedback, cosmesis, and rejection.
Although body-powered and myoelectric control strategies
offer unique functions, many prosthesis users must choose one.
A systematic review was conducted to determine differences
between myoelectric and body-powered prostheses to inform
evidence-based clinical practice regarding prescription of these
devices and training of users. A search of 9 databases identi-
fied 462 unique publications. Ultimately, 31 of them were
included and 11 empirical evidence statements were devel-
oped. Conflicting evidence has been found in terms of the rela-
tive functional performance of body-powered and myoelectric
prostheses. Body-powered prostheses have been shown to have
advantages in durability, training time, frequency of adjust-
ment, maintenance, and feedback; however, they could still
benefit from improvements of control. Myoelectric prostheses
have been shown to improve cosmesis and phantom-limb pain
and are more accepted for light-intensity work. Currently, evi-
dence is insufficient to conclude that either system provides a
significant general advantage. Prosthetic selection should be
based on a patient’s individual needs and include personal pref-
erences, prosthetic experience, and functional needs. This work
demonstrates that there is a lack of empirical evidence regard-
ing functional differences in upper-limb prostheses.

Key words: amputation, artificial limb, control, cosmesis,
external power, function, prosthesis, rehabilitation, transhumeral,
transradial.
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INTRODUCTION

In 2005, an estimated 1.6 million people in the
United States were living with an amputation. This num-
ber is expected to increase to over 2.3 million by 2020
[1]. A more recent report already estimates an increase to
1.7 million people in just over 3 yr [2]. A retrospective
study examining amputations sustained by U.S. service-
members from January 2001 through July 2011 reported
that 14 percent of amputations involved the upper limb
and that 10 percent of these involved more than one
amputation [3]. In 2004, interviews with members of the
Amputee Coalition of America found nearly one-third of
persons with amputation reported being dissatisfied with

Abbreviations: AAOP = American Academy of Orthotists
and Prosthetists, ADL = activity of daily living, BP = body-
powered, EES = empirical evidence statement, EMG = electro-
myography, fMRI = functional magnetic resonance imaging,
MYO = myoelectric, OIF/OEF = Operation Iraqi Freedom/
Operation Enduring Freedom, ROM = range of motion, SHAP =
Southampton Hand Assessment Procedure, TD = terminal
device.
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the comfort of their device, while 18.4 percent of respon-
dents reported being fit with a new prosthesis at least
once a year [4]. Some reports suggest as many as 50 per-
cent of persons with upper-limb amputation choose not to
wear a prosthesis [5—-6], often citing that the functional
advantage or cosmesis did not outweigh the discomfort
or inconvenience of the device.

Reports of rejection rates of upper-limb prostheses
vary in the literature from 0 to 50 percent [6-14].
According to one source, primary indicators of prosthesis
rejection include lack of perceived functional gains, pros-
thesis weight, and socket discomfort [11], and higher
rejection rates correlate with higher amputation levels,
congenital limb loss, females, and students [15]. The role
of the user in selecting the device and the timeliness of
delivery are significant factors in prosthesis acceptance
[13]. Even a small change in the artificial limb can have
significant effect on the overall body movements [16]
and ultimately lead to a reduction in the rate of use of the
intact body segments, possibly reducing overuse injuries.
Limited function of prostheses may cause awkward aber-
rant movements not normally experienced by persons
without amputation, called compensatory motion [17-18].
These aberrant motions have been cited as one of the fac-
tors influencing the discontinuation of prosthetic use [14].

Prosthetic prescription currently depends to varying
degrees on patient input, the prosthetist’s experience with
available components, literature on component function,
manufacturer’s claims, and reimbursement methods.
Availability and prescription of prosthetic components
can depend on medical insurance coverage and payer
restrictions. Externally powered upper-limb prostheses
cost substantially more than body-powered (BP) prosthe-
ses [14]. Myoelectric (MY Q) prostheses users also incur
a higher cost for fitting, training, and maintenance [14].
Major private insurers as well as government health plans
limit prosthetic and rehabilitation coverage and require
justification to show the necessity of the prosthetic
device to restore “normal” function in activities of daily
living (ADLs) [2]. Beyond possible payment challenges,
it is clear that the two dominant prosthetic choices for
persons with upper-limb amputation are the BP and
MYO systems [13,19]. Because BP and MY O prostheses
are the predominant prosthetic options for persons with
upper-limb amputation, the purpose of this systematic
review was to identify evidence statements regarding dif-
ferences between them in the following areas: functional-
ity, control and feedback, cosmesis, and rejection that

could be used to support the clinical management of per-
sons with upper-limb amputations.

METHODS

Literature Search

A systematic search of the literature was conducted
in July 2013 using the following databases: PubMed
(1947—present), CINAHL (1981—present), RECAL Leg-
acy (1900-2007), Cochrane Database of Systematic
Reviews (1992—present), Cochrane Clinical Trials Regis-
try (1992—present), EMBASE (1974—present), PMC-NIH
Research Publication Database (2000—present), Web of
Science (1900-present), and Google Scholar (early
1900—present). The databases were searched using broad
key words related to upper-limb prostheses. The key
words were combined into search statements. The fol-
lowing key words were used to search the databases:
myoelectric, body-powered, hybrid, externally powered,
transradial, transhumeral, upper limb, prosthesis, artifi-
cial limbs, voluntary opening, and voluntary closing. A
detailed description of model statements are described in
Hafner [20]. EndNote bibliographic software, (version
X6, Thomson Reuters; Philadelphia, Pennsylvania) was
utilized to build the reference library. Additional articles
extracted from authors’ knowledge of literature in the
field, from manually reviewing references of articles
identified in the electronic search, and from standard lit-
erature email updates were added.

Inclusion and Exclusion Criteria

Inclusion and exclusion criteria were established in
order to select publications that were relevant to the
review’s purpose statement, which was to compare BP
and MYO prostheses to help guide evidence-based clini-
cal decisions. Articles published prior to the search on
July 10, 2013, that were editorial, case study/series,
observational research designs, experimental research
designs, or literature reviews were included. Conference
proceedings, white papers, theses, dissertations, progress
reports, non-English articles, publications prior to 1993,
partial hand/finger articles, surgical articles, modeling
articles, pediatric articles, and electromyography (EMG)-
only articles were excluded from the review. All articles
identified by the initial search were reviewed by at least
one reviewer to determine whether the article should be
reviewed based on the inclusion and exclusion criteria.
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Digital copies were obtained of those articles that met the
inclusion criteria for full text review and evaluation.

Assessment of Methodological Quality

The study design and methodological quality of those
publications that met the inclusion and exclusion criteria
were independently assessed by at least two of three
reviewers according to the protocol developed by the
American Academy of Orthotists and Prosthetists
(AAOP) state-of-the-science evidence report guidelines
[20]. Reviewers discussed pertinent issues until consen-
sus on study design and methodological quality was
obtained for the included publications. There were three
instances when two of the reviewers were contributing
authors to the reviewed publications [17-18,21]. Because
of a perceived conflict of interest, the third reviewer
assessed the methodological quality of these studies.

Each reviewer rated each study according to the
AAOP study design classification scale that describes the
type of study design. The state-of-the-science conference
guality assessment form was used to rate the method-
ological quality of studies classified as experimental
(E1-E5) or observational (O1-06). The form identifies
18 potential threats to internal validity, with the first four
threats not applicable for study classifications E3—-E5 and
the first five threats not applicable for classifications O1-
06 [20]. Threats were evaluated and tabulated.

Section 6 of the SIGN 50 Methodology Checklist 1:
Systematic Reviews and Meta-analyses [22] was used to
rate the methodological quality of studies classified as
structured reviews (S1-S2). This checklist assesses 11
potential threats to internal validity (section 1) and has 3
areas for overall assessment of the study. Based on the
results of the checklist, the overall assessment of the
study may be scored as high quality, acceptable, or unac-
ceptable. The overall ratings from the AAOP state-of-
the-science evidence report guidelines and from the
Methodology Checklist 1 were used in assigning confi-
dence to the developed empirical evidence statements
(EESs) described in following section.

Empirical Evidence Statements

Based on results from the included publications,
EESs were developed that compared BP and MYO pros-
theses. Reviewers rated the level of confidence of each
EES as “high,” “moderate,” “low,” or “insufficient”
based on the number of publications contributing to the
statement, the methodological quality of those studies,
and whether the contributing findings were confirmatory
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or conflicting as similarly outlined by other reviews [23].
Note that in addition to peer-reviewed studies, editorials
and systematic reviews were also included to the moder-
ate and low confidence level descriptions because of the
lack of observational and experimental studies available
in the literature on the topic. In some cases, multiple pub-
lications described the same study with the same group of
subjects and investigators, and therefore the results of
both publications did not strengthen the confidence of the
EES derived from the study.

RESULTS

Literature Search

The literature search yielded 457 articles. An addi-
tional five publications extracted from authors’ knowl-
edge of literature in the field and from standard literature
email updates were added. Of these 462 unique publica-
tions, 418 were excluded after screening the inclusion
and exclusion criteria. Forty-four were reviewed and
scored for content and quality. Upon further review, an
additional 13 articles were excluded because of lack of
evidence relevant to the topic, resulting in 31 publica-
tions included in the qualitative synthesis (Figure). The
included publications spanned the years from 1993 to 2013,
with the majority of the publications occurring in 2012.
The distribution of the publications selected showed the
majority from the Department of Veterans Affairs (VA)-
sponsored Journal of Rehabilitation Research & Devel-
opment, followed closely by two orthotic and prosthetic
peer-reviewed journals: Prosthetics and Orthotics Inter-
national and Journal of Prosthetics and Orthotics.

Study Demographics

Specific characteristics of the included publications
are shown in Table 1. The reviewed studies were classi-
fied into 9 of the 15 potential study designs described by
the AAOP study design classification scale [20]. The dis-
tribution of the studies by study design is shown in Table 2.
Sample sizes ranged from 1 to a maximum of 1,216 adults
from one study [27] that surveyed individuals using vari-
ous types of prostheses. The median subject size was 12
(including case studies). The average age of participants of
the reviewed studies that reported subject age was 43.3 yr.
Outcome measures reported in the reviewed publications
included motion analysis, including range of motion
(ROM); joint angles during ADLs; kinematics and com-
pensatory motion; reaching/pointing velocity and accuracy;
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Records Identified through database searching
PubMed, CINAHL, RECAL Legacy, Cochrane,
EMBASE, PMC-NIH, Web of Science, Google

Additional records identified
through other sources

Scholar (n=457) / (0=5)
Total Unique Publications
(n=462)
Title and abstract screening Records Excluded
Application of inclusion’/exclusion (n=418)
criteria
v
Full-text publications Full-text publications
assessed for eligibility 2| excluded, with reasons
(n =44) (n=13)

N

Y

(=

Publications included
in qualitative synthesis

31)

Figure.
Results of literature search and application.

Box and Blocks (and modified); pinch forces; rejection
rates; nine hole peg test; the Southampton Hand Assess-
ment Procedure (SHAP); and surveys that included the
Trinity Amputation and Prosthesis Experience Scales, the
Orthotics and Prosthetics Users Survey, and custom sur-
veys. The majority of the studies (21/31) was declared
unfunded or did not specify funding.

Outcome Measures for Assessment of Upper Limb

A wide variety of outcome measures were used in the
assessment of upper-limb prostheses. In the included arti-
cles, there were very few measures repeated in multiple

studies (Table 1). Assessments tended to fall into three
categories: (1) surveys, (2) laboratory and clinical func-
tional assessments, or (3) analysis of use and ability to
perform ADLs. Of the 31 included studies, 24 were
experimental or observational and included information
on the study methods.

Surveys were the most common assessment, used in
12 of the 24 relevant included articles. The majority of
surveys were modified or designed for the study and
were not used in multiple studies, making it difficult to
make direct comparisons. Functional and laboratory
assessments were the next most common methods of
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Table 1.
Characteristics of included studies.
Study Prosthesis Sample M_egn Outcome Overall Quality
Study 7 ; Participant .
Design Types Size Measures of Evidence
Age (yr)
Carey et al. (2009) [21] E4 Body-Powered, 1 32 Joint angles during ADLs Moderate
Myoelectric
Hebert et al. (2012) E4 Body-Powered, 1 28 Modified Box and Blocks Moderate
[24] Myoelectric
Cupo and Sheredos E5 Hybrid 7 55 Elbow control, terminal Moderate
(1996) [25] device control, elbow lock
control, ease of use, reliabil-
ity, appearance, battery
charging procedure, cable
control, noise level, weight,
safety, comfort, training,
durability
Cupo and Sheredos E5 Body-Powered 16 56 Custom survey Low
(1998) [5]
Kitayama et al. (1999) E5 Body-Powered 12 Not Reported Force to open TD at various Low
[26] elbow flexion angles. Hook
opening force and angle.
Cable operating efficiency
Atkins et al. (1996) 03 All Amputations 1,216 45 Custom survey Low
[27]
Biddiss et al. (2007) 03 Passive, 145 43 Prosthesis use and rejection Moderate
[19] Body-Powered, rates
Myoelectric
Bouwsema et al. (2012) 03 Myoelectric 6 36 SHAP and kinematics High
[28]
Dudkiewicz et al. 03 Cosmetic, 33 41 Etiology Moderate
(2004) [29] Body-Powered
Gaine et al. (1997) [12] 03 Body-Powered, 557 Not Reported Custom survey: satisfaction, Low
Myoelectric function, employment
Hafshejani et al. (2012) 03 Body-Powered, 40 53 TAPES-Functional Low
[30] Myoelectric limitation
Hafshejani et al. (2012) 03 Body-Powered, 40 53 TAPES-Psychosocial Low
[31] Myoelectric adaptation
Hafshejani et al. (2012) 03 Body-Powered, 40 53 TAPES-Prosthetic Low
[32] Myoelectric satisfaction
Kejlaa (1993) [33] 03 Passive, 66" 53 Custom survey: Potential Moderate
Body-Powered, disuse factors
Myoelectric
Lotze et al. (1999) 03 Cosmetic, 14 47 fMRI, Multidimensional Moderate
[34] Myoelectric Pain Inventory, interviews
McFarland et al. 03 All Combat 97 45 Custom survey Moderate
(2010) [35] Wounded

Persons with
Amputation
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Table 1. (cont)

Characteristics of included studies.

Study Stu_dy* Prosthesis Sar_nple Partig?s:;:t Age Outcome OveraII_QuaIity
Design Types Size () Measures of Evidence
Bouffard et al. (2012) 04 Body-Powered, 12 57 PLP, PLS. Used semi- Moderate
[36] Myoelectric structured interview on
PLP and PLS as well as
QUEST?29 survey, Gronin-
gen Questionnaire
Carey et al. (2008) 05 Myoelectric 7 49 Joint angles during ADLs Moderate
[17]
Daly (2000) [37] 05 Myoelectric 13 Not Reported ROM, pull-off force Low
Meredith (1994) [38] 05 Body-Powered, 3 57 Nine hole peg test (timed Moderate
Myoelectric coordination), Jebsen-
Taylor Test (unilateral ADL
hand function), Box and
Blocks Test (timed manipu-
lation and precision)
Berbrayer and Farra- 06 Passive, 1 31 Increased ADL capabilities  Low
day (1994) [39] Myoelectric
Highsmith et al. 06 Activity- 1 Not Reported Performance of activity Low
(2009) [18] Specific: USF
Kayak Hand
Hung and Wu (2005) 06 Activity- 1 Not Reported ADL Independence Low
[40] Specific: Utensil
Kyberd et al. (1993) 06 Myoelectric 1 Not Reported Task completion times Low
[41]
Biddiss and Chau S2 Body-Powered, N/A N/A Rejection rates, patterns of High
(2007) [13] Myoelectric wear
Dougherty (2013) [8] X2 Body-Powered, N/A N/A N/A Low
Myoelectric,
Hybrid
Huang et al. (2001) [9] X2 Body-Powered, N/A N/A N/A Low
Myoelectric,
Hybrid
Lim (1997) [10] X2 Body-Powered, N/A N/A N/A Low
Myoelectric
Miguelez (2002) [42] X2 Myoelectric N/A N/A N/A Low
Uellendhahl (2000) X2 Myoelectric N/A N/A N/A Low
[43]
Williams (2011) [44] X2 Body-Powered, N/A N/A N/A Low
Myoelectric,
Hybrid

*Study design classification descriptions can be found in Table 2.

TStudy’s total sample number included persons with amputations that did not use prosthesis or rejected prosthesis after one use.

ADL = activity of daily living, fMRI = functional magnetic resonance imaging, N/A = not applicable, PLP = phantom limb pain, PLS = phantom limb sensation,
QUEST = Quebec User Evaluation of Satisfaction with Assistive Technology, ROM = range of motion, SHAP = Southampton Hand Assessment Procedure, TAPES =
Trinity Amputation and Prosthesis Experience Scales, TD = terminal device, USF = University of South Florida.
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Table 2.
Distribution of included studies by study design.

Number of
Publications
Meta-Analysis (S1) 0
Systematic Review (S2)

Randomized Control Trial (E1)
Controlled Trial (E2)

Interrupted Time Series Trial (E3)
Single-Subject Trial (E4)

Controlled Before and After Trial (E5)
Cohort Study (01)

Case-Control Study (02)
Cross-Sectional Study (O3)
Qualitative Study (0O4)

Case Series (O5)

Case Study (O6)

Group Consensus (X1)

Expert Opinion (X2)

Total

Study Design

I':OOOOI\)OOOH

OO O~ Wk

w
[uy

assessing upper-limb prostheses and accounted for 9 of
the 24 relevant included articles. Kinematic evaluation of
upper-limb prosthesis was the most common laboratory
assessment and was used by Carey et al. [17,21] and
Bouwsema et al. [28]. Bouwsema et al. also conducted
the SHAP [28]. The nine hole peg test and Jebsen-Taylor
test were conducted by Meredith [38], and a Box and
Blocks test was conducted by Meredith [38] and Hebert
and Lewicke [24]. Daly evaluated socket effect on ROM
and socket pull-off force [37]. Kyberd et al. evaluated
task completion times [41]. Kitayama et al. evaluated
force required to open the terminal device (TD) at vari-
ous elbow flexion angles and cable operating efficiency
[26]. Lotze et al. analyzed functional magnetic resonance
imaging (fMRI) to assess correlations with phantom limb
pain and prostheses use [34]. Reported and observed abil-
ity to use prostheses to complete activities was also used
to assess prostheses performance, and was used in 3 of
the 24 relevant included articles. Berbrayer and Farraday
reported an increase in ADL capabilities [39]. Highsmith
et al. reported the successful design of a custom TD for
kayaking [18]. Hung and Wu described increased inde-
pendence in use of utensil prostheses for ADLs [40].

Methodological Quality Assessment

Of the included publications,18 were rated as “low,”
11 were rated as “moderate,” and 2 were rated as “high”
for overall quality of assessment (Table 3). A number of
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threats to internal validity were prevalent in the studies,
with the most common threats being not blinding inter-
vention (IV-6) or not reporting effect size (IV-15). There
were also a number of threats to external validity, the
most common threats being sample characteristics not
adequately described (EV-1) or conclusions not properly
placed in context to existing literature (EV-7). One sys-
tematic review [13] was included and received a high
quality rating using section 6 of the Sign 50 [22] method-
ology checklist. Six publications (Table 2) were expert
opinions and were therefore give a low quality of evi-
dence and were not included in the internal and external
scoring shown in Table 3.

Empirical Evidence Statements

Eleven EESs were created based on the findings of
the 31 included studies in order to address the areas of
interests: functionality, control and feedback, cosmesis
and psychosocial issues, and rejection. The EES state-
ments were divided into the following five categories:
activity/sport specific, body-powered, control, myoelec-
tric, and rejection rates. The reviewers agreed on a level
of confidence for each EES based on the accumulated
supporting evidence for each statement. Table 4 shows
the distribution of empirical evidence-based statements
based on level of confidence, indicating that the majority
of the statements were low and none were high.

DISCUSSION

The purpose of this systematic review was to identify
and evaluate the body of literature that compared BP and
MYO prostheses and to synthesize the knowledge obtained
into clinically useful evidence. In this 21 yr review
period, 31 articles were available to support evidence
statements regarding differences between MYO and BP
prostheses. This is a crude publication rate of 1.5 articles
per year, which does not seem considerably different
from other areas of prosthetics and rehabilitation. Exam-
ples include a recent review of microprocessor knees that
yielded 18 articles in a 14 yr review period (crude rate of
1.3 articles/year) [45] or spinal rehabilitation that yielded
11 randomized trials in a 13 yr review period (0.8 trials
per year) [46]. The difference is that the reviews on
microprocessor knees and spinal rehabilitation were
reviewing only very specific studies (i.e., comparative
effectiveness only), whereas this review included all
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Table 3.
Internal and external validity of included studies.
Study Internal Validity External Validity

Study Design "5 6 7 8 9 10 11 12 13 14 15 16 17 18 Total 1 2 3 4 5 6 7 Total
Careyetal. (2009)[21] E4 N/A @ o o e o o ® Low © e o e o o ® High
Hebert and Lewicke E4 N/A e o e o o ® Mod e o o o ® Mod
(2012) [24]
Cupo and Sheredos E5 NA ® ° e o o ® low © o o e o o o High
(1998) [5]
Cupo and Sheredos E5 N/A e o e o ® |ow © @ e o ® Mod
(1996) [25]
Kitayamaetal. (1999) E5 N/A ® e o o ® lLow e o o o ® Mod
[26]
Atkins et al. (1996) 03 N/AN/A ° e o o Low e o Low
[27]
Biddiss et al. (2007) 03 N/AN/A e o e o o o ® ©¢ ¢ Mod © ©¢ ©¢ o e e e o High
[19]
Bouffard et al. (2012) 04 N/AN/A o e o o o ® low ©¢ e o o e @ e High
[36]
Bouwsema et al. 03 N/AN/A o e o o o o o ® ¢ o High ©¢ ¢ ©¢ ¢ e e e e High
(2012) [28]
Dudkiewicz et al. 03 N/AN/A o o o o o ® low ©¢ © o o e o o High
(2004) [29]
Gaineetal. (1997) [12] 03 N/AN/A e o e o o Low ° Low
Hafshejanietal. (2012) O3 N/A N/A L] e o o o e o o |ow e o ° ® Mod
[30]
Hafshejanietal. (2012) 03 N/A N/A ° e o o o e o o |[ow o o ) ® Mod
[31]
Hafshejanietal. (2012) O3 N/A N/A ° e o o o e o o |[ow e o ) ® Mod
[32]
Kejlaa (1993) [33] 03 N/AN/A e o e o ® low © o o o ® e o High
Lotze etal. (1999) [34] O3 N/AN/A e o [ o o e o o Mo e 6 o o o o o High
McFarland et al. 03 N/AN/A o o e o o o ° ® Mod © ©¢ ©¢ @ e @ e e High
(2010) [35]
Bouffard et al. (2012) 04 N/AN/A ° e o o o ® low © o o o e e o High
[36]
Carey etal. (2008) [17] O5 N/AN/A e o o e o o o e ¢ ¢ Mod © ©¢ o o e e o o High
Daly (2000) [37] 05 N/AN/A e e o e o o o o Low ® ® ® Mod
Meredith (1994) [38] 05 N/AN/A e o o o ® low ©¢ e e e e e e e High
Berbrayer and Farra- 06 N/AN/A e o e o ® Low e o ® Mod
day (1994) [39]
Highsmithetal. (2009) 06 N/AN/A e o e o ® Low ° ® Low
[18]
Hung and Wu (2005) 06 N/AN/A e o e o ® Low o o ® Low
[40]
Kyberdetal. (1993) [41] 06 N/AN/A o o o o ® Low ° ® Low

*Study design classification descriptions can be found in Table 2.
Mod = moderate, N/A = not applicable.

study design types as well as editorials. The experiments
included in this 14 yr review had a comparable publica-
tion rate of 0.2 articles/year, making the publication rate
of upper-limb prostheses seem quite low.

Task-Specific Upper-Limb Prostheses

A statement regarding activity-specific prostheses
was produced with regard to EESs available from the lit-
erature on the subjects of BP and MYOQO prostheses.

Despite the lower-quality evidence supporting the state-
ment, activity-specific prostheses clearly have a role in
athletic pursuits since persons with upper-limb amputa-
tion can successfully participate in athletic endeavors
with the use of passive, specialized TDs. Ironically, while
athletic TDs are generally passive, they can enable partic-
ipation in high-demand, high-stress activities [18]. Fur-
ther study would be useful to clarify whether an entirely
specialized prosthesis (i.e., suspension, socket) would
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Table 4.
Empirical evidence statements

Empirical Evidence Statement Supporting Studies Lev_el of Category

Confidence

Activity-specific prostheses provide functional 2 Low [18,40] Low Activity/Sport-
advantage. Specific
Depending on functional needs, control scheme familiar- 5 Low [9-10,39,43-44] Moderate BP
ity and user preference, either BP prostheses with con- 5 Moderate [17,21,24,29,38]
ventional hook or MYO are advantageous compared
with each other or other alternatives.
Compared with MYO prostheses, BP prostheses are 3 Low [9,43-44] Low BP
more durable, require shorter training time, require less
adjustments, are easier to clean, and function with less
sensitivity to fit.
BP prostheses provide more sensory feedback than MYO 3 Low [9,43-44] Low BP
prostheses.
Improvements in BP prosthetic operation may be made 2 Low [5,26] Low BP
within harness and cabling systems. 1 Moderate [19]
Intuitive prosthetic control may require use of multiple 5 Low [8,27,41,43-44] Moderate Control
control strategies, such as BP, MYO, or hybrid, that 2 Moderate [25,33]
require less visual attention and ability to make coordi- 1 High [28]
nated motions of two joints but should be evaluated for
each individual upper-limb prosthesis user.
Cosmesis is improved with MY O prosthesis over BP 3* Low [9,30-32,43] Low MYO
prostheses. 1 Moderate [38]
Prosthetic rehabilitation plan addressing critical factors 2 Low [12,42] Low MYO
such as EMG site selection, controls and task training,
and comfort by cohesive team will improve function and
long-term success of electrically powered prosthesis
users.
Roll-on sleeve improves suspension and increases range 1 Low [37] Insufficient MYO
of motion compared with self-suspending sockets.
Regular MY O prosthetic use supports reduced cortical 2 Moderate [34,36] Low MYO
reorganization and phantom-limb pain intensity.
Proportion of rejections are not different between BP or 3 Moderate [13,19,35] Insufficient Rejection

MY O prostheses.

*Hafshejani et al. was counted as one low-confidence study because one study was published in three articles [30-32].

BP = body-powered, EMG = electromyography, MYO = myoelectric.

improve success and participation level compared with
adapting a BP or other multifunction prosthesis for the
activity by exchanging the general-purpose TD with the
specialized TD.

Body-Powered Upper-Limb Prostheses

Collectively, studies disagree as to whether BP or
MYO prostheses are ultimately superior to one another
functionally. For instance, users indicate BP prostheses
are better suited for working conditions that include light
sitting work or combined sitting/standing work but could
also include exceedingly heavy work [9,43]. In contrast,

MYO prostheses tend to be used for only light work
[9,33]. In specific tasks, MYO prostheses incorporating a
hand reportedly offer the ability to handle larger-diameter
objects and the ability to grasp small objects [9].

Ten studies of varying quality and design (Table 4)
suggest that, depending on functional needs, control
scheme familiarity, and user preference, either BP with a
conventional hook or MYO prostheses are advantageous
compared with each other or other alternatives [9-
10,17,21,24,29,38-39,43-44]. The range of study designs
supporting this statement includes expert opinion, obser-
vational, and experimental designs. In the observational
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work by Kejlaa, it is reported that BP prostheses may be
used for a larger range and a typically more demanding
level of work than MYO and passive alternatives [33].
BP prostheses presently have a key role among users who
may be involved with heavy work in unforgiving envi-
ronments or among users who are generally more func-
tionally minded and have less regard for cosmesis.

Evidence indicated that BP prostheses are more dura-
ble and require less training and fewer adjustments than
externally powered alternatives. BP prostheses, further,
are noted to be easier to clean and maintain functionality
with less adverse effect to function in the presence of loss
of fit. Confidence in this statement is low because it is
supported by multiple expert opinion articles [9,43-44];
however, implications for this statement are considerable.
BP hooks are also declared to be simple, robust, and
well-suited for manual labor [43]. When healthcare costs
are a factor, the facts that BP systems require less training
and that they are more durable than alternatives also have
appeal and can assure enhanced functionality with poten-
tially less healthcare financial resources. Blough et al.
projected costs over the lifespan of veterans who lost
their upper limb(s) in service during the Vietham war
compared with veterans and servicemembers from Oper-
ation lIragi Freedom/Operation Enduring Freedom (OIF/
OEF) [47]. They reported that upper-limb prosthetic
costs over the lifespan for Vietnam veterans with unilat-
eral upper-limb loss who owned and used 1.0 £ 0.8
devices at a time were $131,900. Conversely, veterans
from OIF/OEF who had unilateral upper-limb loss used
1.8 + 1.7 devices at a time and had projected lifetime
costs of $823,239 for prosthetic care. These prosthetic
projections are helpful but predicated on multiple
assumptions and do not clarify the specific devices uti-
lized. More recently, Resnik et al. reported externally
powered upper-limb prostheses range in cost from
$25,000 to $75,000, which is substantially higher than
BP prostheses ranging from $4,000 to $10,000 [2]. Insur-
ance reimbursement has also changed considerably in
that time. Nevertheless, while these upper-limb pros-
thetic costs demonstrate that MYQO prostheses are more
expensive and require more training [9], a detailed
healthcare economic analysis of upper-limb prosthetic
costs related to both device provision and training is pres-
ently needed to clarify financial differences and the asso-
ciated cumulative financial effect on the user.

Several experts independently attribute continued
success of BP prostheses at least partially to improved feed-

back related to operation of the device and its interaction
with objects. BP users reportedly offer some positional
information to users even in dim or no light conditions
[44]. This is in contrast to externally powered systems
whereby control is via myosignaling, which offers no
feedback comparable to BP actuation, which tells the
user how much a split hook is presently open. Proprio-
ceptive feedback is another reported benefit of cable-
actuated devices whereby kinetic and kinematic data are
exchanged between prosthesis and residual limb during
manipulation [9,43]. An additional means of feedback
associated with BP system use is visual information [9].
Visual feedback is the primary source of functional feed-
back during manipulation with a MYO prosthesis [43]
but is one of many forms of feedback available to BP users.
Some experts state that a BP prosthesis with a hook TD
provides an unobstructed view of objects of interest
[44,48] and that the cable/harness system provides haptic
feedback [43-44], allowing the user to sense the amount
of opening of the hook. While all reporting experts seem
to agree that BP prostheses ultimately improve sensory
feedback, confidence in the associated evidence state-
ment is low because all associated literature was ulti-
mately via expert opinion. Controlled experimentation is
needed to confirm these anecdotal experiences.

There is still room for functional improvement of BP
systems. Biddiss et al. report that consumer design priori-
ties for BP prosthesis users include improved comfort,
reduced mass, and further functional enhancements [19].
Specifically in regard to function, users express desire for
improved wrist movement and control, overall maneu-
verability, coordination, and sensory feedback. Other
issues identified with BP systems include increased
movement and task-completion time compared with the
sound limb [6]. Although not specifically reported in lit-
erature, these additional gross body movements coupled
with the need to utilize the same activation force regard-
less of task may lead to bodily injury over time. So, while
BP systems currently prevail in the area of sensory feed-
back, users express interest in further improvements here.
Finally, increased grasp force is also of interest for BP
system users [19]. Despite users’ interest in having
improvements to BP systems in these areas, little
advancement has been made recently. Kitayama et al.
added a pulley in the cabling system of a BP prosthesis to
decrease the TD opening force at different elbow posi-
tions and to enable full TD opening at larger elbow flex-
ion angles [26]. A low-friction cable liner was also
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utilized to increase cable operating efficiency regardless of
length of residuum or level of amputation. Collectively,
these studies demonstrate that while there are certain
functional benefits associated with BP prosthetic use,
improvements are still necessary to maximize user’s
functionality and quality of life.

Optimizing Upper-Limb Prosthetic Control

Moderate evidence indicates that in order to improve
intuitive prosthetic control, multiple control strategies
may need to be implemented. Intuitive control strategies
should require less visual attention, allow for coordinated
motions of two joints, and should be evaluated for each
individual prosthesis user. Experts suggest that MYO
control or any other control scheme (i.e., BP, hybrid con-
trol) should not be deemed singularly optimal but rather
one of several control options considered in clinical prac-
tice depending on patient attributes, goals, and functional
needs [43]. According to experts, MY O control offers lit-
tle proprioceptive feedback or information to the user
regarding joint position, speed of movement, and grip
force [43-44,49]. Conversely, when someone has already
accepted a MYO prosthesis as their primary system, they
tend to report improved sensory feedback, including pro-
prioception, in connection with the prosthesis [14]. Wil-
liams states that users ultimately should not have to think
about how to control their prostheses [44]. Davalli et al.
describe early technological designs integrating tactile
and thermal feedback for MYO prosthesis users [50].
Pattern recognition control systems that allow multiple
movements have the potential to provide more reliable
MY O prostheses via self-recalibration, improved mainte-
nance, and increasing functional use time and wear [51].
Engeberg and Meek developed an enhanced visual feed-
back system for slip prevention, but it was only tested on
nondisabled users, so it was not included in this system-
atic review [52]. This visually based slip detection sys-
tem may add proprioception to future externally powered
upper-limb prostheses. Both BP and MYO prosthesis
users prioritize wrist movement, improved control mech-
anisms that require less visual attention, and the ability to
make coordinated motions of two joints [27]. It is impor-
tant to note that over 260 articles were excluded because
of their focus on development of specific control algo-
rithms or EMG processing but did not test these with
actual prosthetic devices or prosthesis users.

CAREY et al. Upper-limb prosthesis differences

Myoelectric Powered Upper-Limb Prostheses

MYO prostheses with hand TDs reportedly improve
cosmesis compared with BP prostheses with hook TDs
[9,43]. Other studies show that users concerned with cos-
mesis prefer a MYQO prosthesis [31,38]. Silcox et al.
reported that the highest percentage of persons with
MYO systems used their prostheses in social situations
more than users of BP and passive cosmetic systems
[14]. MYO prosthesis users also reportedly have
improved psychosocial and social adaptation compared
with BP users [31], likely because of aesthetic design of
MYO prostheses, which have greater resemblance to an
anatomical upper limb. Also from a cosmetic perspec-
tive, BP prostheses include harness suspension systems
with cable controls that can be visible through and dam-
aging to the user’s clothing in addition to irritating the
axilla [9]. The combination of these factors may influ-
ence prosthetic choice for users concerned with cosme-
sis. With low confidence, reviewers agreed evidence
supported the statement that cosmesis is improved with a
MY O prosthesis.

Some experts also suggest that a prosthetic rehabili-
tation plan addressing critical factors such as EMG site
selection, controls and task training, and comfort by a
cohesive team will improve function and long-term suc-
cess of electrically powered prosthesis users [12,42]. A
questionnaire of 55 upper-limb prosthesis users [12] and
an expert opinion [42] support this statement with low
evidence. Others suggest that rehabilitation is vital to
functional integration of upper-limb prostheses [10] and
that the functional and psychological needs of the user
and knowledge of prosthetic options are important to
effectively manage an upper-limb amputation [7]. Daw-
son et al. developed a MYO training system that was
tested on only five nondisabled subjects and emphasized
the need for investigating the effect of training tools on
clinical outcomes [53]. All this suggests that it is not just
the prosthetic device itself that influences functionality,
psychosocial issues, and rejection, but that a clinical team
needs to work with the users on specific issues for opti-
mal performance of a MYO prosthesis.

Phantom limb pain is any sensation in the amputated
part of the arm that is perceived as painful [36,54]. Phan-
tom limb pain may begin immediately postamputation
and is problematically high, with an estimated 50 percent
prevalence in persons with upper-limb amputation [15].
Phantom limb pain may be intense in affected persons
with initial mean intensity as high as 3.8 + 2.3 out of 6



258

JRRD, Volume 52, Number 3, 2015

postamputation as measured with the multidimensional
pain intensity scale [34,55]. In a sample of 14 persons
with transradial amputation, Lotze et al. reported that
frequent and extensive MYO prosthetic use, which
includes muscular training, ongoing stimulation and
visual feedback, might be beneficial both in limiting cor-
tical reorganization and in reducing phantom limb pain
[34]. Investigators postulated increased phantom pain
causing decreased prosthesis use is unlikely because no
patient reported increased phantom pain with prosthetic
use or cited pain as a reason for prosthetic discontinu-
ance. Using qualitative and survey methodologies, Bouf-
fard et al. evaluated a sample of 12 persons with upper-
limb amputation (85% transradial, 15% transhumeral)
[36]. Their findings were not in agreement with those of
Lotze et al. regarding strictly beneficial effects of pros-
thetic use, specifically MYO use, relative to phantom
limb pain. That is, most subjects in their study reported
that increased prosthetic use resulted in increased phan-
tom limb pain. This disagreement in findings may be par-
tially due to differences in the type of prostheses used.
The Bouffard et al. study was of the O4 category and the
Lotze et al. study was of a higher study design category
(03). Further, the Lotze et al. study used robust outcome
measures (i.e., fTMRI and West Haven-Yale Multidimen-
sional Pain Inventory) and achieved statistically signifi-
cant differences to support their conclusions. Both
studies were of moderate quality but disagreed in their
conclusions. Ultimately, both conclusions suggest some
effect of MY O prosthetic use on phantom pain.

Although not mentioned in the literature, users may
prefer MY O prostheses in the near future with improve-
ments in the shape and articulations of prosthetic hands
as well as improved connections to the neuromusculo-
skeletal networks. The use of a MYO prosthesis may also
provide an exercise regimen for overall upper-limb
health over time.

Differences in Rejection Between Body-Powered and
Myoelectric Prostheses

Rejection of upper-limb prostheses is a complex
issue. Biddiss and Chau suggested an enormous pitfall
facing upper-limb prosthetic developers, potentially con-
tributing to rejection, is the desire to design prosthetic
componentry with emerging technologies in advance of
clearly defining the needs and desires of upper-limb pros-
thesis users [13]. Users may reject an upper-limb prosthesis
for a multitude of reasons [35]. The overall mean rejec-

tion rate from 22 studies associated with MY O prosthetic
use was 23 percent (range: 0%-75%) [13]. Reasons for
rejecting MYO prostheses included issues related to
mass, wear temperature, durability, reliability, and
increased reliance on visual attention [35]. BP upper-
limb prostheses, seemingly more popular in the United
States than other countries presently, continue to be a
popular choice for initial fittings and long-term use. The
overall mean rejection rate for BP prostheses reported
from 11 studies was 26 percent (range: 16%—-66%) [13].
Some evidence suggests that rejection of BP systems
with a hand TD may be as high as 80 to 87 percent
[33,56]. Reasons cited for the higher rejection of BP hand
TDs include slower movement, poor grasp force,
increased mass, and energy expense for operation. Con-
versely, BP hook TDs remain popular for their function-
ality, durability, low mass, and improved visual access to
objects of interest during manipulation [9,13,43]. Despite
the considerable differences in BP TDs, BP prostheses
are generally associated with user complaints including
increased wearing temperature, clothing damage, poor
cosmesis, and cable and harness maintenance issues.
From their review of 25 yr of literature, Biddiss and Chau
ultimately concluded there was no difference in rejection
rates between BP and MYO prostheses among adults
[13]. In disagreement with this conclusion, however, a
study of 242 upper-limb prosthesis users of varied etiol-
ogy, demographics, and prosthetic use experiences
resulted in different rejection rates. In this study, rejection
was 50 percent among BP prosthesis users compared
with 39 percent among MYO and hybrid systems [19].
McFarland et. al. reported 57 percent of veterans with
amputation surveyed that rejected a prosthesis, used a
MYO or hybrid control, compared with 40 percent who
used a BP system [35]. These are considerably different
rates of rejection than those reported from the systematic
review of 25 yr of literature [13,19]. Because of this dis-
agreement, evidence supporting the conclusion that rejec-
tion is similar between BP and MYOQO prostheses is
presently insufficient, thereby warranting further investi-
gation. Future research should address the role of inter-
face design and fabrication on upper-limb prosthetic
function, rejection rates, and cosmesis.

Limitations

Due to the later introduction of MYO systems rela-
tive to BP systems, there was earlier familiarity and a
predominance of BP systems that is not readily
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accounted for in the articles available in this review.
Moreover, given the increase in publications in recent years,
it seems that perhaps more funding may be catalyzing
research and development in the area of upper-limb pros-
thetics. Thus, rapid development could have a transfor-
mative effect on this area of practice, necessitating
further literature review sooner rather than later. Never-
theless, limitations to this systematic review must be con-
sidered. For instance, given the low number of controlled
experiments, all study designs had to be included, which
decreases the confidence in many of the evidence state-
ments. Related to this issue, the high number of observa-
tional studies increased the external validity but threatens
the internal validity of this body of literature on the sub-
ject of differences between BP and MY O prostheses. One
approach would be to consider including more years of
literature, but the consistency of practice and technology
is questionable if such an approach is taken. Finally, in
order to have a more focused set of evidence statements,
this review elected to exclude bilateral and pediatric care
because clinical management of these groups of patients is
different and merit separate investigation.

CONCLUSIONS

This report is a systematic review of publications
related to upper-limb prostheses with the goal of identify-
ing evidence comparing currently available MYO and BP
prosthetic devices. Eleven EESs were generated address-
ing the areas of interest: control, function, feedback, cos-
mesis, and rejection. Conflicting evidence has been
found in terms of the relative functional performance of
BP and MYO prostheses. Several specific domains have
been established that show advantages of each type of
prosthesis. Activity-specific passive and BP prostheses
can provide significant advantages to prostheses users
and are typically lower cost than alternatives. BP prosthe-
ses have been shown to have advantages in durability;
training time; and frequency of adjustment, maintenance,
and feedback. Some evidence demonstrated BP pros-
thetic control can be improved by optimizing harness and
cabling systems. MYO prostheses have been shown to
provide a cosmetic advantage, are more accepted for
light-intensity work, and may positively affect phantom
limb pain when used actively. MYO prostheses can be
improved with more advanced control methods; how-
ever, there is little evidence of these methods transition-
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ing into larger controlled studies and further into clinical
practice.

Outside of surveys, there is little evidence addressing
the functional capabilities of prostheses users and fewer
studies making a direct comparison of prostheses in a
controlled setting. A few standardized tests to directly
evaluate prostheses function were found in multiple stud-
ies. Currently, evidence is insufficient to conclude that
either the current generation of a MY O or a BP prosthesis
provides a significant general advantage. Selection of a
prosthesis should be made based on a patient’s individual
needs with regard to domains where differences have
been identified. A patient’s personal preferences, pros-
thetic experience, and functional needs are all important
factors to consider. This work demonstrates that there is a
lack of empirical evidence regarding functional differ-
ences in upper-limb prostheses.
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