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Abstract

Lower extremity (LE) amputation patients who use prostheses have gait asymmetries and altered 

limb loading and movement strategies when ambulating. Subsequent secondary conditions are 

believed to be associated with gait deviations and lead to long-term complications that impact 

function and quality of life as a result. The purpose of this study was to systematically review the 

literature to determine the strength of evidence supporting gait training interventions and to 

formulate evidence statements to guide practice and research related to therapeutic gait training for 

lower extremity amputees. A systematic review of three databases was conducted followed by 

evaluation of evidence and synthesis of empirical evidence statements (EES). Eighteen 

manuscripts were included in the review, which covered two areas of gait training interventions: 1) 

overground and 2) treadmill-based. Eight EESs were synthesized. Four addressed overground gait 

training, one covered treadmill training, and three statements addressed both forms of therapy. Due 

to the gait asymmetries, altered biomechanics, and related secondary consequences associated 

with LE amputation, gait training interventions are needed along with study of their efficacy. 

Overground training with verbal or other auditory, manual, and psychological awareness 

interventions was found to be effective at improving gait. Similarly, treadmill-based training was 

found to be effective: 1) as a supplement to overground training; 2) independently when 

augmented with visual feedback and/or body weight support; or 3) as part of a home exercise plan. 
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Gait training approaches studied improved multiple areas of gait, including sagittal and coronal 

biomechanics, spatiotemporal measures, and distance walked.
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Introduction

In 2005, there were 1.6 million Americans with limb amputation(s) (1-3). Annually, 185,000 

people experience upper or lower extremity (LE) limb loss for many reasons, including 

diabetic and vascular complications, trauma, and malignancy (1). Lower limb amputations 

represent ≈86% of all limb amputations, and ≈357,000 individuals experienced amputation 

at the transfemoral level (2). Ninety-five percent of transfemoral amputations (TFA) are 

attributable to vascular disease, and the remaining five percent are due to trauma, 

malignancy, and congenital limb deficiencies (2). Further, non-white males, specifically 

African Americans, Hispanics, and Native Americans, have increased risk of LE amputation 

(1,3). From 1979 to 1996, there were reportedly 70% more TFA patients and 46% more 

transtibial amputations (TTA) in males than females (4). Moreover, those older than 65 years 

of age experience 6.5 and 2.7 times the number of TFAs and TTAs, respectively, compared 

to those younger than 65 (4). By 2050, the number of Americans with amputations is 

expected to increase from 1.6 million to 3.6 million (1,3).

An individual with LE amputation may face increased mortality and morbidity rates, 

decreased quality of life, and impaired function (5). Impaired function may include gait 

problems such as movement asymmetry (6). Amputee gait impairments have been 

objectively documented in multiple domains, including spatiotemporal and biomechanical 

parameters as well as in terms of bioenergetics (7-9). Gait parameters potentially altered in 

LE amputees include changes in magnitude and symmetry of forces and joint moments, 

event duration, and others (6). These deviations may contribute to decreased balance and 

increased metabolic costs as well as more insidious chronic issues, potentially including 

degenerative joint disease for example (6). TFA patients are impaired relative to non-

amputees due to the lack of muscles controlling their knees. TFA patients depend on a 

prosthetic knee joint that, despite technological advancements and functional improvements, 

limits function to some degree (10). The TFA gait pattern is described as having shorter 

stance and longer swing phases on the prosthetic side. Additionally, their gait speed and 

ability to change speed are also impaired (7,11). Gait patterns of LE amputees may also 

include lateral trunk flexion toward the prosthetic side secondary to weak hip abductors or 

decreased balance caused by socket instability and discomfort. Moreover, the TFA gait 

pattern may also include vaulting to assure prosthetic limb clearance during swing phase. 

The abnormalities of lateral trunk flexion and forces from vaulting may be contributing 

factors in the development of back pain, osteoarthritis, or other chronic overuse conditions 

(5,6,12,13). As previously mentioned, LE amputee gait impairments also include 
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significantly increased ambulatory energy requirements, which may impact overall activity 

and participation (8,12,14).

Interventions to mitigate gait deviations and improve quality of life for LE amputees include 

prescribing the proper componentry and participating in physical therapy for gait training. 

For example, to manage TFA patients with gait deviations, an appropriate prosthesis needs 

to be prescribed. This includes the choice of socket type (15); knee type, such as non-

microprocessor or microprocessor knee systems (MPK); and foot type to maximally benefit 

user lifestyle, budget, function, and quality of life. If patients frequently ascend and descend 

stairs in their homes and at work for instance, then perhaps an MPK that facilitates stair 

ambulation should be considered (16-18). There are numerous factors to consider when 

formulating the prosthetic prescription, including patient age, medical history, activity level, 

goals (e.g., functional, occupational, recreational, etc.), amputation length and level, 

strength, environments (e.g. home, work, recreational, etc.), aesthetic preference, and more. 

In addition to proper componentry, participation in physical therapy, including therapeutic 

exercise, neuromuscular re-education, and gait training, is beneficial for LE amputees to 

improve function and quality of life. Specifically, gait training reportedly improves 

spatiotemporal parameters, joint kinematics, and bioenergetic efficiency during gait for LE 

amputees (16,17,19). The purpose of this study was to systematically review the literature to 

determine the strength of evidence supporting gait training interventions and to formulate 

evidence statements to guide practice and research related to therapeutic gait training for LE 

amputees.

Methods

A multidisciplinary review team planned methodology in accordance with that used 

previously in prosthetic research (8) in addition to standards established by the Prisma 

Statement (20,21). Reviewers had graduate education or professional healthcare training in 

physical therapy or prosthetics. The team met on three occasions and outlined search 

methodology to include multiple databases and key search terms (primary and secondary) 

that would assure identification of available evidence to address gait training interventions 

for those with LE amputation. Search methodology was based upon a broad view of LE 

amputations with regard to gait training intervention. Preliminary test searches were 

conducted and outcomes previewed at pre-search meetings to assure adequate inclusion of 

key articles in terms of both quantity and quality within the topic of interest. The search 

statement was planned to be sensitive to include patients with LE amputation and gait 

training interventions. The search term sets sought to combine all levels of LE amputation 

with all forms of clinical gait training. Complete search term sets are listed in Table 1.

On December 15, 2014, the following databases were searched: 1.) MEDLINE (Pubmed), 

2.) the Cumulative Index to Nursing and Allied Health Literature (CINAHL)(Ovid), and 3.) 

Web of Science. The following date limits were implemented as part of the database search 

parameters: 2000 Jan 1 to 2014 Dec 14. One month after the initial search, the search was 

repeated by a pair of separate information scientists.
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Article Screening

Resulting references were exported to EndNote (vX6, Thompson, CA, USA) reference 

management software. Duplicate references were eliminated. Remaining articles were 

preliminarily sorted by article type. Exclusion criteria were selected to eliminate 

manuscripts that did not include gait training for adults with LE amputation who used 

prostheses. Foreign language articles were eliminated relative to prohibitive costs associated 

with translation. Manuscripts were screened for exclusion using the following initial criteria 

within EndNote:

1. Foreign language (i.e., non-English language)

2. Non-human subject (i.e., materials science, finite element studies)

3. Pediatric studies

Following the EndNote search using the aforementioned exclusion criteria, remaining 

intervention articles were divided up equally between reviewers. Each article was assigned a 

primary and secondary reviewer. The reviewers independently screened references according 

to inclusion/exclusion criteria and classified them as either: 1) pertinent, 2) not pertinent or 

3) uncertain pertinence. Full-text articles were reviewed for all citations classified as 

pertinent or uncertain pertinence. Disagreement regarding citations of uncertain pertinence 

were resolved by discussion at weekly follow-up meetings with the two other reviewers. 

Review of full-text articles and associated discussion led to group consensus and ultimate 

inclusion/exclusion. Exclusion criteria applied during the EndNote search were applied at 

this stage of screening. Inclusion criteria applied were:

1. Peer-reviewed manuscript

2. Gait training intervention for LE Amputees

3. Published within the aforementioned timeline

Quality Assessment

Evaluation of Internal and External Validity—Methodological quality of included 

publications was independently assessed by two reviewers according to the American 

Academy of Orthotists and Prosthetists (AAOP) State-of-the-Science Evidence Report 

Guidelines protocol (22). The AAOP Study Design Classification Scale was used to describe 

the design type of included studies (22). The State of the Science Conference (SSC) Quality 

Assessment Form was used to rate the methodological quality of studies classified as 

experimental (E1 to E5) or observational (O1 to O6) (22). The form identifies 18 potential 

threats to internal validity, with the first four threats not applicable for study classifications 

E3 to E5 and the first five threats not applicable for classifications O1 to O6. Threats to 

validity were evaluated and tabulated. The internal and external validity of each study was 

then subjectively rated as “high,” “moderate,” or “low” based on the quantity and 

importance of threats present. For internal validity, 0 to 3 threats was rated “high,” 4 to 6 

threats as “moderate,” and 7 to 13 or 14 threats as “low.” For external validity, the form 

identifies eight threats. For this study, 0 to 2 threats to external validity was rated “high,” 3 

to 5 threats as “moderate,” and 6 to 8 threats as “low.” Each study was then given an overall 
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quality of evidence of “high,” “moderate,” or “low” as outlined by the AAOP State-of-the-

Science Evidence Report Guidelines (22).

Following the quality assessment of each study, key data (e.g., demographic, 

anthropometric, outcomes, etc.) were extracted to assist in describing the studied subjects, 

interventions, and their relative effects. Overall ratings from the AAOP State-of-the-Science 

Evidence Report Guidelines were used to assign the level of confidence for the developed 

empirical evidence statements (EES) described in the following section.

Empirical Evidence Statements—Based on results from the included publications, 

EESs were developed that described study findings related to gait training interventions for 

LE amputees. 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 or conflicting as similarly outlined by others (23). These levels of evidence 

were somewhat adjustable in accordance with study quality, effect size, and other factors.

Analysis

Data pooling (i.e., meta-analyses) was conducted when homogeneous data were available. 

When data pooling was possible, mean difference with 95% confidence interval was 

calculated and significance determined a priori to be p ≤ 0.05 (24).

Sorting by Topic

Following procedures for screening and eligibility determination, full-text articles were 

sorted by reviewers into sub-topical areas.

Results

Literature Search, Sub-topics, and Study Designs

The search yielded 11,118 total manuscripts (Figure 1). Following screening, 11,100 

manuscripts were eliminated, leaving 18 articles that met eligibility criteria. The 18 

remaining articles, published from 2001 to 2014, were divided into two topical areas:

1. Overground Training (n = 13) (6,11,16,17,19,25-32)

2. Treadmill Training (n = 5) (12,33-36)

The two most represented journals were Prosthetics and Orthotics International (six 

publications) and the Journal of Prosthetics and Orthotics (three publications). All other 

journals had a single publication, and the group included a dissertation.

In terms of study design (22), the case study was most represented (n = 5). There were 11 

experimental studies and two expert opinion manuscripts (Table 2). None of the included 

studies had an economic analytic component.
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Funding

Eight of the 18 included studies (40%) were unfunded. Local government supported four 

(20%) of the studies. Industry and the U.S. National Institutes of Health each funded 10% of 

this research. The remaining studies were sponsored by a university, a hospital system, a 

non-profit organization, or the U.S. Department of Defense. Bias risk from a research 

funding perspective was considered low given that only 10% of the research was funded by 

industry, with the majority being either unfunded or government sponsored.

Study Demographics, Interventions, and Outcome Measures

Conclusions from this systematic review are drawn from 229 subjects (Table 3). Some 

subjects represent single projects in multiple manuscripts (11,27,28). A total of 145 persons 

with lower limb amputation served as experimental subjects. Their mean (interquartile range 

(IQR), range) age, height, and mass were: 48.2 years (29.5, 31 to 85), 1.7 m (0.04, 1.7 to 

1.8), and 80.6 kg (10.3, 67.4 to 99.3). There were 66 amputees who served as control 

subjects. Their mean (IQR, range) age, height, and body mass were: 48.7 years (27.8, 28 to 

66), 1.7 m (0.03, 1.7 to 1.76), and 73.2 kg (5.4, 68 to 82). Eighteen lower limb amputee 

subjects served as their own controls in cross-over design studies. Finally, an additional 18 

non-amputees served as controls with a mean age of 35.8 years, height of 1.7 m, and mass of 

72.5 kg. The etiology for amputation was comparable between traumatic and dysvascular 

cases and included some malignancy cases. In terms of level of amputation, 57% of the 

sample had TFA level amputation, 21% had TTA, 21% were mixed lower extremity samples, 

and 1% were bilaterally involved. Time since amputation was 5.9 years (9.2, 0.3 to 25.5). 

The median (mean, IQR, range) sample size was n = 9 (14, 20, 1 to 50).

Outcome measures assessed included symmetry of external work, spatiotemporal measures, 

biomechanical and bioenergetic outcomes, level of assist with functional tasks (i.e., sit to 

stand, stair climbing ability), walking test performance, ambulatory weight bearing, clinical 

performance measures (i.e., timed up and go test), perceptive measures (i.e., Activities-

specific Balance Confidence Scale, general self-efficacy scale), and performance against 

patient goals. Due to the varied levels of amputation, methods of data collection, training, 

and other factors, aggregation of data and meta-analysis were not possible.

Internal and External Validity—Threats to internal validity included lack of intervention 

blinding, inadequate reporting of eligibility criteria, and failure to include statistical analyses 

(i.e., expert opinions, editorials) (Table 4). Ten studies had low, six had moderate, and two 

had high internal validity. Conversely, sixteen studies had high and two had moderate 

external validity according to the AAOP rating tool (Table 5).

Evidence Statements—Eight EESs were synthesized from the results within the two 

topical areas previously identified (Table 6). One of the statements was supported by a single 

study, resulting in an insufficient level of confidence. Four statements had two to four studies 

supporting their synthesis, resulting in low confidence. One statement was supported by four 

studies, yielding moderate confidence, and two statements were supported by sufficient 

evidence to provide high confidence. Four statements address overground gait training 
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exclusively, one statement addresses treadmill gait training exclusively, and three statements 

address both overground and treadmill gait training.

Discussion

The purpose of this study was to systematically review the literature to determine the current 

strength of evidence regarding different gait training methods for lower limb amputees and 

to formulate evidence statements to guide current practice and future research related to gait 

training for persons with lower limb amputation. This search revealed limited literature on 

the subject, which is consistent with a recently published systematic review that identified 

eight studies investigating the effectiveness of exercise programs to improve gait 

performance in lower limb amputees (37). The difference in the number of studies may be 

due to the other review (37) limiting included articles to one-group cohort, pre- to post-test 

studies, two-group case-control trials, and control trials, whereas this review included all 

publications, including expert opinions. Though publications are limited, our literature 

review supported our hypothesis that multiple gait training modalities are effective to 

improve overall gait quality in lower limb amputees. Generally, gait training was described 

in two major categories: traditional overground and treadmill-based training. Beyond this, 

the evidence supports general themes with regard to benefits of therapeutic gait training.

Funding, Subjects, and Outcomes

A high number of these studies were unfunded. This is not surprising, as it is less common 

for commercial parties to have an interest in sponsoring the development or study of new 

gait therapies. This is likely because gait training therapies commonly represent services 

rather than products. Therefore, packaging gait training services for a profit is difficult. The 

highest amount of funding in this review was from local government, which may likely be 

connected to academia by way of investigators' academic affiliations. This is especially 

surprising given that federal sponsors, such as the U.S. National Institutes of Health, have a 

mission to apply knowledge to enhance health, lengthen life, and reduce disability. This 

body of work demonstrates that gait training reduces disability. Clearly, more federal 

funding is needed to further enhance this body of gait training research in lower limb 

amputees.

Subjects in the included studies tended to be community ambulators of approximately 48 

years of age who had lost their limbs to either trauma or vascular disease. Additionally, the 

cohort had a higher presence of transfemoral limb loss than other levels. These 

characteristics are a bit different than commonly cited epidemiologic studies, which describe 

most U.S. amputees as considerably older than 40 years and having lost their limbs to 

vascular disease, most likely at the transtibial level (1,38). These differences are not 

surprising given that transfemoral amputees may have greater impairment than more distal 

levels of amputation thus justifying heightened interest in gait training. Further, given that 

most subjects were community ambulators, it is feasible that the age and etiology would 

shift lower and toward trauma, respectively.

In terms of outcome measures, spatiotemporal, biomechanical, and bioenergetic measures 

are common and logical assessments to determine objectively if gait is improving following 
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therapy. Problematically, these tend to be more research laboratory tools and less clinically 

oriented. Therefore, inclusion of observational gait scales and perceptive and functional 

measures may facilitate improved translation into the clinical setting.

Overground Gait Training

Of the articles included in this review, 13 included some form of overground gait training. 

Multiple therapeutic gait interventions, including in-shoe auditory feedback (6,26), verbal 

and tactile cues (16,17,25,29,31), PNF (19), component specific training (16,17,25), early 

weight-bearing (30), early walking aids (32), part or whole task training (31), and combined 

PT and psychological awareness training (11,27,28), were identified in our literature review.

Sufficient evidence provided moderate confidence that gait training focused on practicing 

components of gait, while utilizing verbal and manual cues, prior to initiating the task as a 

whole was an effective strategy to improve overground ambulation and stair negotiation. 

Superiority of part task versus whole task training has long been debated (39-41). Here, it 

seems there is merit in both approaches. For instance, Highsmith et al. advocated one 

scenario where breaking down the subparts of a complex skill (i.e., stair ascent) enabled 

whole task mastery (17). Conversely, adding treadmill training as part of a home exercise 

plan incorporates whole task training that has also proved effective (33). This evidence 

statement is based on one randomized control trial (31), one case study (29), and two expert 

opinions (16,17).

Treadmill-Based Gait Training

Improved bioenergetic efficiency was the most prevalent finding for treadmill-based gait 

training that differed from traditional overground gait training (12,33,36). Lower limb 

amputees demonstrate a less efficient gait pattern as observed by higher O2 cost, which 

becomes more pronounced with higher level of amputation or bilateral involvement (42). 

This can lead to other gait implications, such as reduced self-selected walking speed, 

reliance on an assistive device, or gait deviations, as the amputee attempts to reduce energy 

expenditure while ambulating, therefore emphasizing the importance of improving 

bioenergetic efficiency for this population. Our findings support a low level of evidence that 

demonstrates improved bioenergetic efficiency was observed following a supervised 

treadmill training program that included a structured home exercise program, anti-gravity 

training system, or a virtual reality system that provides real-time visual feedback. Two out 

of the three articles to support this statement were case studies (12,36), making current 

evidence to support this statement low. Also, the finding that treadmill training is the 

superior gait training modality to improve bioenergetic efficiency is misleading, as none of 

the studies that included traditional overground gait training methods measured energy 

consumption or expenditure as a primary outcome measure. This is most likely explained by 

the convenience of measuring O2 consumption and gas exchange while participants are 

relatively fixed on a treadmill versus collecting this data while they ambulate over ground. 

Even so, it is unable to be determined at this time if improved bioenergetics can also be 

achieved with overground training methods or if this finding is limited to treadmill training. 

Therefore, future research is recommended.
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Lamberg et al. compared the effects of body-weight support treadmill training versus 

treadmill training without body-weight support (35). They found that treadmill training with 

and without body-weight support is effective to improve six-minute walk test distance and 

timed up and go test time; increase treadmill speed; and improve spatiotemporal parameters 

for lower limb amputees with no significant differences found between groups. This study 

reflects similar findings in patients post-stroke as published in a recent Cochrane review, 

which concluded that treadmill training with or without body weight support is effective to 

improve walking speed and endurance (43). These findings have also been demonstrated in 

patients with Parkinson's disease (44), traumatic brain injury (45), and in some patients 

following orthopedic surgery (46). All of these studies demonstrated carryover to 

overground training. Beyond providing activity repetitions, the effectiveness of treadmill 

training may be partially attributed to the patients' ability to practice walking in a safe 

environment, especially when utilizing a harness system with or without body-weight 

support to minimize risk for falls, which improves the patients' confidence when attempting 

to ambulate at increased speeds.

General Statements

Due to the high variability of gait training methods identified in the literature, a clear pattern 

of the most beneficial method of gait training was not able to be identified. Conversely, the 

literature revealed a high level of evidence to support that any of the therapeutic gait training 

programs administered under skilled supervision that increases time spent performing 

ambulatory activities beyond the patient's current functional daily ambulation was effective 

at improving walking function in lower limb amputees (6,11,12,16,17,19,25-36). Most 

studies assessed spatiotemporal, joint kinematics, bioenergetic efficiency, outcome 

measures, level of assistance, or a combination of these to demonstrate improvements in 

gait. Subsequently, evidence statements were able to be formed. It is also important to note 

that adverse or safety issues were not reported in connection with the gait training methods 

studied.

Spatiotemporal Gait Parameters

Current literature supports a high level of evidence that therapeutic gait training methods, 

including early ambulation with a walking aid (32); in-shoe auditory feedback devices 

(6,26); psychological awareness training (11); or treadmill training with or without body-

weight support (34,35), or as a part of a structured home exercise plan, are effective to 

reduce spatiotemporal gait deviations. Lower limb amputees demonstrate impaired 

spatiotemporal gait parameters, including decreased prosthetic limb stance phase duration, 

decreased intact limb step length, decreased cadence, and decreased self-selected walking 

speed compared to a healthy population (7,47). Changes in spatiotemporal gait parameters 

can lead to reduced energy efficiency (42) and increased joint stress of intact limb and trunk. 

Ephraim et al. reported that approximately 63% and 49% of amputees experienced back pain 

or pain of their intact limb, respectively (48). Also, reduced self-selected walking can make 

participation in functional and recreational activities difficult and lead to reduced safety 

when ambulating in the community, such as being able to cross the street in an appropriate 

amount of time (37). This reinforces the importance of reducing spatiotemporal gait 
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impairments to improve functional mobility, increase safety, and increase amputees' ability 

to participate in their typical functional and recreational activities.

Joint Kinematics and Loading

Two studies were identified, resulting in low level confidence to support improved frontal 

and sagittal plane joint kinematics when psychological awareness training was integrated 

into a typical gait training program (11,28). Two additional studies supported use of an 

auditory feedback device to improve involved side loading (6,26). In patients with lower 

limb amputation, joint loading in gait and in functional activities is known to be altered and 

possibly connected with long term secondary consequences (13,49). Therefore, gait training 

interventions to mitigate these sequelae are needed.

Limitations

Aggregation of data and meta-analyses were not possible due to the high variability in 

interventions administered and studied, levels of amputation, etiologies, and selection of 

outcome measures. Numerous text resources provide gait training intervention concepts; 

however, they are not peer-reviewed and therefore were not included in this review.

Conclusion

Due to the gait asymmetries, altered biomechanics, and related secondary consequences 

associated with lower extremity amputation, gait training interventions are needed. Eight 

evidence statements were synthesized over two general areas of gait training therapy: 

overground and treadmill training. Overground training with verbal or other auditory, 

manual, and psychological awareness interventions was found to be effective at improving 

gait. Similarly, treadmill-based training was found to be effective: 1) as a supplement to 

overground training; 2) independently when augmented with visual feedback and/or body 

weight support; or 3) as one part of a home exercise plan. Gait training approaches studied 

improved multiple areas of gait, including sagittal and coronal biomechanics, spatiotemporal 

measures, and distance walked. No adverse or safety events were reported in connection 

with the studied interventions.
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Figure 1. 
Study flow diagram.

Highsmith et al. Page 14

Technol Innov. Author manuscript; available in PMC 2017 January 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Highsmith et al. Page 15

Ta
b

le
 1

Se
ar

ch
 T

er
m

 S
et

s 
an

d 
D

at
ab

as
es

D
at

ab
as

e
M

E
D

L
IN

E
C

IN
A

H
L

W
eb

 o
f 

Sc
ie

nc
e

G
en

er
al

 S
ea

rc
h 

Te
rm

 S
et

G
ai

t[
m

es
h]

 O
R

 g
ai

t[
tia

b]
 O

R
 g

ai
t[

ot
] 

O
R

 s
tr

id
e[

tia
b]

 O
R

 s
tr

id
e[

ot
] 

O
R

 
tr

ea
dm

ill
* 

O
R

 w
al

k*
[t

ia
b]

 O
R

 r
un

ni
ng

 O
R

 s
te

p[
tia

b]
 O

R
 s

te
ps

[t
ia

b]
 O

R
 

st
ai

r*
 O

R
 r

am
p[

tia
b]

 O
R

 a
m

bu
la

t*
 O

R
 b

al
an

ce
[t

ia
b]

 O
R

 b
al

an
ce

[o
t]

 O
R

 
cl

im
b*

 O
R

 s
lo

pe
 O

R
 “

fu
nc

tio
na

l t
ra

in
in

g”

(M
H

 “
W

al
ki

ng
+

”)
 O

R
 g

ai
t O

R
 s

te
p 

O
R

 w
al

k 
O

R
 r

un
ni

ng
 

O
R

 s
ta

ir
* 

O
R

 (
M

H
 “

St
ai

r 
C

lim
bi

ng
”)

 O
R

 r
am

p 
O

R
 

am
bu

la
t*

 O
R

 b
al

an
ce

 O
R

 c
lim

b*
 O

R
 s

lo
pe

 O
R

 (
M

H
 

“F
un

ct
io

na
l T

ra
in

in
g”

)

G
ai

t O
R

 s
tr

id
e 

O
R

 tr
ea

dm
ill

* 
O

R
 

w
al

k*
 O

R
 r

un
ni

ng
 O

R
 s

te
p 

O
R

 s
te

ps
 

O
R

 s
ta

ir
*O

R
 r

am
p 

O
R

 a
m

bu
la

t*
 O

R
 

ba
la

nc
e 

O
R

 c
lim

b*
 O

R
 s

lo
pe

 O
R

 
“f

un
ct

io
na

l t
ra

in
in

g”

A
m

pu
t*

 S
tr

in
g

((
((

(“
L

ow
er

 E
xt

re
m

ity
”[

M
es

h]
 O

R
 lo

w
er

 e
xt

re
m

*[
T

IA
B

] 
O

R
 lo

w
er

 
ex

tr
em

*[
O

T
] 

O
R

 lo
w

er
 li

m
b*

[T
IA

B
] 

O
R

 lo
w

er
 li

m
b*

[O
T

] 
O

R
 le

g[
T

IA
B

] 
O

R
 le

g[
O

T
] 

O
R

 le
gs

[T
IA

B
] 

O
R

 le
gs

[O
T

] 
O

R
 h

ip
[T

IA
B

] 
O

R
 h

ip
[O

T
] 

O
R

 
hi

ps
[T

IA
B

] 
O

R
 h

ip
s[

O
T

] 
O

R
 th

ig
h*

[T
IA

B
] 

O
R

 th
ig

h*
[O

T
] 

O
R

 
fo

ot
[T

IA
B

] 
O

R
 f

oo
t[

O
T

] 
O

R
 f

ee
t[

T
IA

B
] 

O
R

 f
ee

t[
O

T
] 

O
R

 “
K

ne
e 

Jo
in

t”
[M

es
h]

 O
R

 k
ne

e[
T

IA
B

] 
O

R
 k

ne
e[

O
T

] 
O

R
 k

ne
es

[T
IA

B
] 

O
R

 k
ne

es
[O

T
] 

O
R

 “
A

nk
le

 J
oi

nt
”[

M
es

h]
 O

R
 a

nk
le

*[
T

IA
B

] 
O

R
 a

nk
le

*[
O

T
] 

O
R

 “
Fe

m
ur

”
[M

es
h]

 O
R

 f
em

ur
*[

T
IA

B
] 

O
R

 f
em

ur
*[

O
T

] 
O

R
 tr

an
sf

em
or

al
[T

IA
B

] 
O

R
 

tr
an

sf
em

or
al

[O
T

] 
O

R
 tr

an
sf

em
or

al
[T

IA
B

] 
O

R
 tr

an
sf

em
or

al
[O

T
] 

O
R

 
“T

ib
ia

”[
M

es
h]

 O
R

 ti
bi

a*
[T

IA
B

] 
O

R
 ti

bi
a*

[O
T

] 
O

R
 tr

an
st

ib
ia

l[
T

IA
B

] 
O

R
 

tr
an

st
ib

ia
l[

O
T

] 
O

R
 tr

an
s-

tib
ia

l[
T

IA
B

] 
O

R
 tr

an
s-

tib
ia

l[
O

T
] 

O
R

 
tr

an
sp

el
vi

c[
T

IA
B

] 
O

R
 tr

an
sp

el
vi

c[
O

T
] 

O
R

 tr
an

s-
pe

lv
ic

[T
IA

B
] 

O
R

 tr
an

s-
pe

lv
ic

[O
T

] 
O

R
 s

ym
e'

s[
T

IA
B

] 
O

R
 s

ym
e'

s[
O

T
] 

O
R

 s
ym

es
[T

IA
B

] 
O

R
 

sy
m

es
[O

T
])

))
A

N
D

((
“A

m
pu

ta
tio

n”
[M

es
h]

 O
R

 a
m

pu
t*

[T
IA

B
] 

O
R

 a
m

pu
t*

[O
T

] 
O

R
 

di
sa

rt
ic

ul
at

*[
T

IA
B

] 
O

R
 d

is
ar

tic
ul

at
*[

O
T

] 
O

R
 h

em
ip

el
ve

ct
om

*[
T

IA
B

] 
O

R
 

he
m

ip
el

ve
ct

om
*[

O
T

] 
O

R
 “

A
m

pu
te

es
”[

M
es

h]
 O

R
 “

A
m

pu
ta

tio
n 

St
um

ps
”

[M
es

h]
 O

R
 “

A
rt

if
ic

ia
l L

im
bs

”[
M

es
h]

 O
R

 a
rt

if
ic

ia
l l

im
b*

[T
IA

B
] 

O
R

 
ar

tif
ic

ia
l l

im
b*

[O
T

] 
O

R
 “

A
m

pu
ta

tio
n,

 T
ra

um
at

ic
”[

M
es

h]
 O

R
 “

Pr
os

th
es

es
 

an
d 

lm
pl

an
ts

”[
M

es
h:

no
ex

p]
 O

R
 r

es
id

ua
l l

im
b*

[T
IA

B
] 

O
R

 r
es

id
ua

l 
lim

b*
[O

T
] 

O
R

 li
m

b 
lo

ss
*[

T
IA

B
] 

O
R

 li
m

b 
lo

ss
*[

O
T

] 
O

R
 p

ro
st

he
*[

T
IA

B
] 

O
R

 p
ro

st
he

*[
O

T
] 

O
R

 s
tu

m
p*

[T
IA

B
] 

O
R

 s
tu

m
p*

[O
T

])
))

)

((
M

H
 “

L
ow

er
 E

xt
re

m
ity

+
”)

 O
R

 (
T

l l
ow

er
 e

xt
re

m
* 

O
R

 A
B

 
lo

w
er

 e
xt

re
m

*)
 O

R
 (

T
l l

ow
er

 li
m

b*
 O

R
 A

B
 lo

w
er

 li
m

b*
) 

O
R

 (
T

l l
eg

 O
R

 A
B

 le
g)

 O
R

 (
T

l l
eg

s 
O

R
 A

B
 le

gs
) 

O
R

 (
T

l 
hi

p 
O

R
 A

B
 h

ip
) 

O
R

 (
T

l h
ip

s 
O

R
 A

B
 h

ip
s)

 O
R

 (
T

l f
oo

t O
R

 
A

B
 f

oo
t)

 O
R

 (
T

l f
ee

t O
R

 A
B

 f
ee

t)
 O

R
 (

M
H

 “
K

ne
e 

Jo
in

t+
”)

 
O

R
 (

T
l k

ne
e 

O
R

 A
B

 k
ne

e)
 O

R
 (

T
l k

ne
es

 O
R

 A
B

 k
ne

es
) 

O
R

 (
M

H
 “

A
nk

le
 J

oi
nt

”)
 O

R
 (

T
l a

nk
le

* 
O

R
 A

B
 a

nk
le

*)
 O

R
 

(M
H

 “
Fe

m
ur

+
”)

 O
R

 (
T

l f
em

ur
* 

O
R

 A
B

 f
em

ur
*)

 O
R

 (
T

l 
tr

an
sf

em
or

al
 O

R
 A

B
 tr

an
sf

em
or

al
) 

O
R

 (
T

l t
ra

ns
-f

em
or

al
 

O
R

 A
B

 tr
an

s-
fe

m
or

al
) 

O
R

 (
M

H
 “

T
ib

ia
”)

 O
R

 (
T

l t
ib

ia
* 

O
R

 
A

B
 ti

bi
a*

) 
O

R
 (

T
l t

ra
ns

tib
ia

l O
R

 A
B

 tr
an

st
ib

ia
l)

 O
R

 (
T

l 
tr

an
s-

tib
ia

l O
R

 A
B

 tr
an

s-
tib

ia
l)

 O
R

 (
T

l t
ra

ns
pe

lv
ic

 O
R

 A
B

 
tr

an
sp

el
vi

c)
 O

R
 (

T
l t

ra
ns

-p
el

vi
c 

O
R

 A
B

 tr
an

s-
pe

lv
ic

) 
O

R
 

(T
l s

ym
e'

s 
O

R
 A

B
 s

ym
e'

s)
 O

R
 (

T
l s

ym
es

 O
R

 A
B

 s
ym

es
) 

O
R

 (
T

l t
hi

gh
* 

O
R

 A
B

 th
ig

h*
))

A
N

D
((

M
H

 “
A

m
pu

ta
tio

n+
”)

 O
R

 (
T

l a
m

pu
t*

 O
R

 A
B

 a
m

pu
t*

) 
O

R
 

(T
l d

is
ar

tic
ul

at
* 

O
R

 A
B

 d
is

ar
tic

ul
at

*)
 O

R
 (

T
l 

he
m

ip
el

ve
ct

om
* 

O
R

 A
B

 h
em

ip
el

ve
ct

om
*)

 O
R

 (
M

H
 

“A
m

pu
te

es
”)

 O
R

 (
M

H
 “

A
m

pu
ta

tio
n,

 T
ra

um
at

ic
”)

 O
R

 (
M

H
 

“L
im

b 
Pr

os
th

es
is

”)
 O

R
 (

T
l p

ro
st

he
* 

O
R

 A
B

 p
ro

st
he

*)
 O

R
 

(T
l a

rt
if

ic
ia

l l
im

b*
 O

R
 A

B
 a

rt
if

ic
ia

l l
im

b*
) 

O
R

 (
T

l l
im

b 
lo

ss
 O

R
 A

B
 li

m
b 

lo
ss

) 
O

R
 (

T
l r

es
id

ua
l l

im
b*

 O
R

 A
B

 
re

si
du

al
 li

m
b*

) 
O

R
 (

T
l s

tu
m

p*
 O

R
 A

B
 s

tu
m

p*
) 

O
R

 (
M

H
 

“P
ro

st
he

se
s 

an
d 

Im
pl

an
ts

”)
)

(L
ow

er
 A

N
D

 (
ex

tr
em

it*
 O

R
 li

m
b*

))
 

O
R

 le
g 

O
R

 le
gs

 O
R

 h
ip

 O
R

 h
ip

s 
O

R
 

fo
ot

 O
R

 f
ee

t O
R

 th
ig

h*
 O

R
 k

ne
e 

O
R

 
kn

ee
s 

O
R

 a
nk

le
* 

O
R

 f
em

ur
 O

R
 

tr
an

sf
em

or
al

 O
R

 tr
an

s-
fe

m
or

al
 O

R
 

tib
ia

* 
O

R
 tr

an
st

ib
ia

l O
R

 tr
an

s-
tib

ia
l 

O
R

 tr
an

sp
el

vi
c 

O
R

 tr
an

sp
el

vi
c 

O
R

 
sy

m
e'

s 
O

R
 s

ym
es

A
N

D
am

pu
t*

 O
R

 d
is

ar
tic

ul
at

* 
O

R
 

he
m

ip
el

ve
ct

om
* 

O
R

 a
rt

if
ic

ia
l L

im
b*

 
O

R
 r

es
id

ua
l l

im
b*

 O
R

 p
ro

st
he

* 
O

R
 

st
um

p*

Technol Innov. Author manuscript; available in PMC 2017 January 06.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Highsmith et al. Page 16

Table 2
Distribution of Included Studies by Study Design

Study Design Number of Publications

Meta-Analysis (S1) 0

Systematic Review (S2) 0

Randomized Control Trial (E1) 3

Controlled Trial (E2) 1

Interrupted Time Series Trial (E3) 3

Single Subject Trial (E4) 0

Controlled Before and After Trial (E5) 4

Cohort Study (O1) 0

Case-Control Study (O2) 0

Cross Sectional Study (O3) 0

Qualitative Study (O4) 0

Case Series (O5) 0

Case Study (O6) 5

Group Consensus (X1) 0

Expert Opinion (X2) 2

Total 18
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Table 6
Evidence Statements, Levels of Evidence and Overall Confidence

Evidence Statement Level of Evidence Overall Confidence

1.† Integration of psychological awareness training with a typical gait training 
program is effective at improving frontal and sagittal plane joint kinematics in 
unilateral transfemoral amputees.

Moderate (×2*)11,28

Low

2.† Integration of an in-shoe, auditory feedback device into a typical gait training 
program is effective at improving involved-side loading in lower limb 
amputees.

Low (×2)6,26

Low

3.†‡ Therapeutic overground or treadmill based gait training under skilled 
supervision is effective to improve spatiotemporal gait parameters in 
transfemoral and transtibial amputees.

Low (×5), Moderate (×3), 
High (×2)6,11,12,26,27,31-35 High

4.‡ Following lower extremity amputation, bioenergetic efficiency of gait may be 
improved with treadmill based gait training augmented either by reduced 
loading, real-time visual feedback, or a structured home-based program.

Low (×2), Moderate 
(×1)12,33,36 Low

5.†‡ Lower limb amputee gait training protocols including typical gait and prosthetic 
training procedures with verbal and tactile cues, ambulation on post-op day 1, 
and treadmill training with body weight unloading are effective to increase 
ambulatory distance with reduced assistance.

Low (×4)29,30,34,36

Low

6.† Gait training utilizing verbal and manual cues to practice gait components prior 
to whole task initiation is an effective strategy to improve overground 
ambulation and stair negotiation in lower limb amputees.

Low (×3), High 
(×1)16,17,29,31 Moderate

7.† Combining prosthetic component specific gait training with appropriate 
prosthetic foot prescription can promote higher external work symmetry in 
limited and unlimited community ambulating unilateral transtibial amputees.

Moderate (×1)37

Insufficient

8.†‡ Therapeutic gait training programs under skilled supervision, that maximize 
time spent performing ambulatory activities beyond current functional daily 
walking, are safe and effective at improving walking function in lower limb 
amputees.

Low (×10), Moderate (×6), 
High (×2)6,11,12,16,17,19,26-37

High

†
Denotes overground gait training.

‡
Denotes treadmill gait training.

*
Same study.
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