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Abstract—Following amputation, people with transfemoral
amputation (TFA) and transtibial amputation (TTA) adapt with
asymmetrical movements in the spinal and lower-limb joints.
The aim of this review is to describe the trunk, lumbopelvic,
and hip joint movement asymmetries of the amputated limb of
people with TFA and TTA during functional tasks as compared
with the intact leg and/or referent leg of nondisabled controls.
Electronic databases were searched from inception to February
2014. Studies with kinematic data comparing (1) amputated
and intact leg and (2) amputated and referent leg of nondis-
abled controls were included (26 articles). Considerable het-
erogeneity in the studies precluded data pooling. During stance
phase of walking in participants with TFA, there is moderate
evidence for increased trunk lateral flexion toward the ampu-
tated limb as compared with the intact leg and increased ante-
rior pelvic tilt as compared with nondisabled controls. None of
the studies investigated spinal kinematics during other func-
tional tasks such as running, ramp walking, stair climbing, or
obstacle crossing in participants with TFA or TTA. Overall,
persons with TFA adapt with trunk and pelvic movement
asymmetries at the amputated limb to facilitate weight transfer
during walking. Among participants with TTA, there is limited
evidence of spinal and pelvic asymmetries during walking.

Key words: activity of daily living, adaptation, amputation,
biomechanics, compensation, functional task, kinematics, lower
limb, transfemoral, transtibial.

INTRODUCTION

Lower-limb amputation, including transfemoral ampu-
tation (TFA) and transtibial amputation (TTA), is
increasingly common secondary to vascular and nonvas-
cular etiology [1-2]. Owing to the lack of intact knee and/
or ankle joints, persons with TFA and TTA compensate by
increased loading on the intact leg as compared with the
amputated leg during walking [3-5]. Further, the mechani-
cal limitations of the prosthesis to fully weight bear on the
amputated limb and the loss of lower-limb musculature
leads to compensatory movements in the hip [6], pelvis [7],
and trunk [8-9] segments during walking. Such compensa-
tory movements are asymmetric in nature, with either
increased or decreased motion occurring in the joints of the
amputated limb as compared with the intact limb and/or
referent limb of nondisabled controls [3,5,9]. The terms
“movement adaptations” [3,6], “compensatory move-
ments” [10—11], and “asymmetrical movements” [5,9]

Abbreviations: LBP = low back pain, TFA = transfemoral
amputation, TTA = transtibial amputation.
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are often used interchangeably in the amputation literature.
While movement asymmetries are a form of adaptation fol-
lowing lower-limb amputation, the potential exists that
some of the lumbopelvic and lower-limb movement
asymmetries could be “maladaptive,” potentially pre-
disposing this population to musculoskeletal disorders
such as low back pain (LBP) and osteoarthritis [12—13].

LBP is a common musculoskeletal condition following
lower-limb amputation [14—15]. Evidence from prevalence
studies confirm that LBP is reported as “more bothersome”
than other comorbid conditions such as phantom limb pain
and osteoarthritis [16—17]. Further, a majority of respon-
dents with LBP consistently report the presence of LBP for
more than 3 yr, which suggests the chronic ongoing nature
of LBP in this population [15].* Potential biomechanical
contributing factors for ongoing LBP in this population
include proximal movement asymmetries at the trunk and
lumbopelvic segments secondary to walking with a pros-
thesis [12]. Increased lumbar transverse rotation has been
reported during walking in persons with TFA and LBP as
compared with persons with TFA without LBP (p < 0.05,
effect size 1.03) [18]. Despite the cross-sectional study
design, the result provides initial evidence for proximal
movement asymmetries associated with LBP in people
with lower-limb amputation. Such movement and muscle
asymmetries in the trunk and lumbopelvic segments could
lead to fatigue of spinal musculature and/or cumulative
stress of osteoligamentous structures, potentially resulting
in spinal instability and LBP [12,19].

Previous systematic reviews have focused mainly on
the spatiotemporal parameters and kinetic variables of
lower-limb joints during walking [4,20]. Soares et al.
reviewed the biomechanical parameters in persons with
TTA; however, firm conclusions could not be drawn from
this literature review due to the lack of quality assess-
ment of the included studies [20]. Recently, Sagawa et al.
reviewed the interlimb movement asymmetries of per-
sons with TFA during stance phase of walking and
reported decreased hip motion at the amputated limb in
the sagittal plane as compared with the intact limb (p <
0.05); nevertheless, the aim of the review was not spe-
cific to kinematics because it investigated various biome-
chanical parameters such as spatiotemporal parameters,

*Devan H, Ribeiro D, Carman A, Hendrick P, Hale L. Functional
activity and low back pain in people with lower limb amputation: A
national survey. Disabil Rehabil. In review.

kinetics, and electromyography [4]. Further, the review
included studies conducted on participants with both uni-
lateral and bilateral amputation [4]. A recent review
reported the muscle compensatory strategies of persons
with TFA and TTA during walking [3]; however, it solely
investigated kinetic variables such as joint moment,
power, and work of lower-limb joints.

Proximal movement asymmetries at the trunk and
lumbopelvic segments during walking have received less
attention in the lower-limb amputation literature. In addi-
tion to walking, it is equally important to investigate other
daily tasks such as climbing stairs, walking uphill and
downhill, and running. Understanding the proximal move-
ment asymmetries at the trunk and lumbopelvic segments
will inform future prospective studies specifically investi-
gating the potential causal relationship between those
movement asymmetries and musculoskeletal disorders
such as LBP in this population. The aim of this review is to
describe the trunk, lumbopelvic, and hip joint movement
asymmetries of the amputated limb during functional tasks
as compared with the intact and/or referent limbs of people
with TFA and TTA.

METHODS

Eligibility Criteria

Our review was limited to observational studies,
including cross-sectional, case series, and case studies,
because they provide background information for future
case-control and prospective studies [21]. Studies involv-
ing adults with unilateral TFA and TTA due to all causes of
amputation were included. Participants had to be indepen-
dent while performing functional tasks, which included
every day activities such as, but not limited to, walking,
stair climbing, lifting or bending, sit-to-stand, and running.
The main outcome variable included kinematics of trunk,
lumbopelvic, and/or hip joint during functional tasks. For
the purpose of the review, asymmetry is defined as a statis-
tically significant difference between the amputated limb
and the intact limb and/or the joint segments of nondis-
abled controls [3—4]. For trunk and lumbopelvic segments,
studies comparing amputated and intact sides and persons
with amputation and nondisabled controls were included.
For hip joint, studies comparing amputated and intact legs
and amputated and referent legs of nondisabled controls
were included [3]. Studies solely investigating postural
control and physiological parameters of participants and



3

comparing different prosthetic foot components during
functional tasks were excluded. Peer-reviewed articles
published in languages other than English and conference
proceedings without full text were excluded.

Literature Search

A comprehensive search strategy was devised (Appen-
dix, available online only) in consultation with a liaison
librarian, including the key words “amputation,” “adapta-
tion,” “asymmetry,” “compensation,” and ‘“kinematics.”
The following databases were searched: MEDLINE (via
Ovid), EMBASE, AMED (via Ovid), PsycINFO (via
Ovid), Cochrane Library (via Ovid), PubMed, CINAHL,
Academic Search Complete, SPORTDiscus (via EBSCO),
Scopus, Science Direct, Web of Science, Google Scholar,
and ProQuest (conference papers and proceedings) from
inception to week 3 of February 2014. The primary investi-
gator (H.D.) conducted a hand search of references from
the included studies and previous systematic reviews [3—
4,20]. The primary investigator also created electronic
alerts for the search strategy in major databases such as
PubMed, CINAHL, Scopus, and Web of Science to identify
potential articles published until March 2014.

2% <

Study Selection

All the references from electronic databases were
exported to Endnote X5 (Thomson Reuters; Philadelphia,
Pennsylvania). Two reviewers (H.D. and P.S.) indepen-
dently searched the electronic databases. Following dupli-
cates exclusion, both reviewers independently screened
the titles and abstracts for relevancy. Next, full-text arti-
cles were screened for potential inclusion. Throughout the
process, a third reviewer (A.C.) was available to settle any
disagreement between the reviewers.

Risk of Bias in Individual Studies

The included articles were assessed for methodologi-
cal quality based on the modified Down and Black quality
assessment tool (Table 1) [22]. This assessment tool was
chosen due to its high interrater (r = 0.75) and test-retest
(r=0.88) reliability [22]. Because our review primarily
investigated laboratory-based biomechanical studies, items
8,9, 14,17, 19, 21, 24, and 26 in the scale were removed
because they are specific to randomized controlled trials.
The modified tool had 19 items. Items 13 and 23 were
modified, and the term “interventions” was replaced with
“functional tasks.” Item 4 was modified into “Are the
methods clearly described?” Based on previous research,
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the percentage of total quality scores was classified as high
(>75%), moderate (50%—74%), and low (<50%) quality
[23]. Two reviewers (H.D. and P.S.) independently
assessed the quality of included articles; any disagreement
was resolved by mutual discussion and a third reviewer
(A.C.) was available to resolve any disagreements.

Data Collection Process

The following information was extracted based on a
standardized form of the Cochrane Collaboration of Sys-
tematic reviews [24] by the primary investigator (H.D.)
and verified by second reviewer (P.S.): study design,
functional task, participant characteristics (age, cause and
years since amputation, and type of prosthesis), instru-
mentation, and outcome measures. For trunk and lumbo-
pelvic joint segments, both total motion from the
segment and the data from the amputated and intact sides
of a particular segment were extracted. For hip joint, total
range of motion from the amputated and intact legs of
persons with lower-limb amputation were extracted. The
trunk motion was defined as movements occurring only
at the thoracic segment including both upper and lower
thoracic segments [25]. Only the kinematic data at com-
fortable walking speed and with a neutral prosthetic
alignment were extracted, because walking speed could
influence the joint kinematics [26].

Synthesis of Results

The mean difference and 95 percent confidence inter-
vals of kinematic data between the intact and amputated
limbs and/or referent limbs of nondisabled controls from
individual studies was calculated using Reference Man-
ager 5.2 (Thomson Reuters). For studies without such
information, the primary investigator (H.D.) extracted the
data from graphs, and where necessary, the authors were
contacted via email for additional information. Due to the
age of the included articles, this was not always possible.
Since we observed considerable variations in presenting
the results of kinematic data and limited studies investigat-
ing a functional task, pooling study results was not possi-
ble. Thus, a descriptive summary of results is presented.
The Cochrane Back Review Group rating scale was modi-
fied to summarize the level of evidence as strong (consis-
tent findings from multiple high-quality studies), moderate
(consistent findings from one high-quality study and one
or more moderate- to low-quality studies or multiple
moderate- to low-quality studies), limited or conflicting
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Table 1.

Modified Down and Black quality assessment scale items.

Reporting (8 items)

Scoring Criteria

Score

1. Is the hypothesis, purpose, and/or objective of the
study clearly described?

2. Are the main outcomes to be measured clearly
described in the “Introduction” or “Methods” sections?

3. Are the patient characteristics included in the
study clearly described?

4. Are the methods clearly described?

5. Are the distributions of principal confounders in
each group of subjects to be compared clearly
described?

6. Are the main findings and/or results of the study
clearly described?

7. Does the study provide estimates of the random
variability in the data for the main outcomes?

10. Have actual probability values been reported for
the main outcomes except where the probability
value is less than 0.001?

Yes/No

If the main outcomes are first mentioned in the
“Results” section, the question should be answered

73 ”»

no.

Clear description of inclusion and exclusion criteria.
(Studies should specify whether the participants
were healthy with no pathology, illness, or injury
affecting their functional task.)

A. Equipment:
1. Make.
2. Model.
3. Manufacturer.
B. Data collection:
4. Sample rate.
5. Number of cameras.
C. Procedure:
1. Instructions given.
2. Familiarization/practice.
3. Placement of markers.
D. Data processing:
4. Smoothing/filtering.
5. Normalization.

Principal confounding factors:
1. Age, height, weight.
2. Cause of amputation.
3. Years since amputation.
4. Limb-length discrepancy.

5. Residual limb problems and other comorbidities.

6. Side of amputation.
7. Level of amputation.
8. Type of prosthesis.

Tables and graphs should be clearly presented so
that the reader can check the major analyses and
conclusions.

Normal distribution: SD, SE, or 95% CI. Non-normal
distribution: interquartile range. If the distribution of
the data was not described, it must be assumed that
the estimates used were appropriate and the question
should be answered “yes.”

Actual p-value (e.g., p = 0.035 rather than p <
0.05).

Yes =1, No=0.

Yes =1, No=0.

Yes = 1, No or Unclear = 0.

4A + 4B = 0.5 mark: Adequate (=3/5) = 0.5, No or
Inadequate = 0; 4C + 4D = 0.5 mark: Adequate
(=3/5) = 0.5, No or Inadequate = 0.

Adequate (>4/8) = 1, No or Inadequate = 0.

Yes =1, No=0.
Yes=1,No=0.
Yes =1, No=0.

External Validity (3 items)

Scoring Criteria

Score

11. Were the subjects asked to participate in the
study representative of the entire population from
which they were recruited?

12. Were those subjects who were prepared to partici-
pate representative of the entire population from
which they were recruited?

The study must describe how the participants were
recruited. Study would be representative if they
comprised the entire source population, an
unselected sample of consecutive patients, or a
random sample. When a study does not report the
proportion of the source population from which the
sample is chosen then the question should be
marked as “unable to determine.”

The proportion of those who agreed should be
stated. Validation that the sample was representa-
tive would include demonstrating that the distribu-
tion of the main confounding factors was the same
in the study sample and the source population.

Yes = 1, No = 0, Unable to Determine = 0.

Yes = 1, No = 0, Unable to Determine = 0.
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Modified Down and Black quality assessment scale items.

External Validity (3 items)

Scoring Criteria

Score

13. Were the physical tasks investigated representa-
tive of daily functional tasks?

The study should represent some measures to emu-
late the task analyzed being generalizable to daily
functional tasks. For example, self-selected pace of
walking or use of standardized stair length and width.

Yes = 1, No = 0, Unable to Determine = 0.

Internal Validity (Bias) (4 items)

Scoring Criteria

Score

15. Was an attempt made to blind those measuring
the main outcomes of the study?

16. If any of the results of the study were based on
“data dredging,” was this made clear?

18. Were the statistical tests used to assess the main
outcomes appropriate?

20. Were the main outcome measures used accurate
(valid and reliable)?

Any analysis that had not been planned at the out-
set of the study should be clearly indicated. If no
retrospective unplanned subgroup analyses were
reported, then mark “yes.”

The statistical techniques used must be appropriate
to the data.

For studies where the outcome measures are clearly
described, and studies which refer to other biome-
chanical validation studies or other 3D models, the
question should be answered “yes.”

Yes = 1, No = 0, Unable to Determine = 0.

Yes = 1, No = 0, Unable to Determine = 0.

Yes = 1, No = 0, Unable to Determine = 0.

Yes = 1, No = 0, Unable to Determine = 0.

Internal Validity—Confounding (Selection Bias)
(3 items)

Scoring Criteria

Score

22. Were cohorts of participants in study group and
control group recruited at the same time?

23. Were study subjects randomized to different
functional tasks?

25. Was there adequate adjustment for confounding

in the analyses from which the main findings were
drawn?

For a study that does not specify the time period
over which participants were recruited, the question
should be marked “unable to determine.”

In studies with a single functional task, the scoring
will be “not applicable.”

If the effect of main confounding factors was not
investigated or confounding was demonstrated but
no adjustment was made in the final analyses, the
question should be marked as “no.”

Yes = 1, No = 0, Unable to Determine = 0.

Yes = 1, No = 0, Not Applicable = NA.

Yes =1, No =0, Unable to Determine = 0.

Power (1 item)

Scoring Criteria

Score

27. Did the study report power calculation?

Yes = 1, No = 0, Unable to Determine = 0.

Total: 19 items, 19 marks.

3D = three-dimensional, CI = confidence interval, SD = standard deviation, SE = standard error.

evidence (findings from one high-, moderate-, or low-
quality study or inconsistent findings from multiple stud-
ies), and no evidence (no studies) [27].

RESULTS

Study Selection

The electronic search strategy resulted in 2,679 arti-
cles (Figure). After title, abstract, and full-text screening,
21 articles were included for the final review [6—7,9,28—
45]. Five additional articles were included by searching
the references of included articles (n = 3) [8,18,46] and
from our recent electronic search in February 2014 (n =
2) [47-48]. No additional articles satisfying the inclusion
criteria were retrieved from the electronic alerts. Of the
final 26 articles, 9 investigated kinematics in persons

with TFA [8-9,18,29-30,35,38—40] and 12 in persons
with TTA [6,28,31-34,36,41-42,45-47]; 5 investigated
both persons with TFA and TTA [7,37,43-44,48].

Study Characteristics

Participants

Table 2 and 3 present summaries of included studies
investigating persons with TFA and TTA, respectively.
Most of the included studies (n = 23) adopted a cross-
sectional study design, with the exception of three studies
that had a case series design [7,9,30]. Most of the
included studies (n = 17) recruited a minimum of 10 par-
ticipants for the study [8-9,18,28,31-35,37,40-43,46—
48]. The majority (82%) of amputations were due to
either trauma or tumors.



6

JRRD, Volume 52, Number 1, 2015

Lack of kinematic data (n = 5)

Results already presented (n = 2)
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Figure.
Search results.

Outcome Variables

Overall, 16 studies investigated kinematics during
walking [6-9,18,29,32-33,35,38-41,45,47-48] and 4 stud-
ies investigated kinematics of stair climbing [28,34,37,42],
with few studies investigating the kinematics of other
functional tasks, i.e., obstacle crossing (n = 2) [43,46],
ramp walking (n = 2) [31,44], and running (n = 2) [30,36].
During walking, overall 11 studies investigated pelvis (n =
7) [7-8,29,35,38-40], lumbar spine (n = 1) [18], and trunk
(n = 4) [8-9,40,48] kinematics in participants with TFA.
Only three studies investigated pelvis (n = 1) [7] and trunk
(n = 2) [47-48] kinematics in participants with TTA. For
functional tasks such as stair climbing, ramp walking,
obstacle crossing, and running, only lower-limb kinemat-
ics at the hip, knee, and ankle joints were investigated.

Risk of Bias Within Studies
Table 4 presents the scores of included studies. Most of
the studies (n = 20) were classified as moderate quality [6—

9,28-34,36-39,44-48], with four classified as high quality
[19,41-43] and two classified as low quality [35,40]. The
total quality assessment score was 12.0 + 2.8 (mean = stan-
dard deviation). The percentage agreement scores between
the two reviewers were good (Cohen kappa: 0.67). Only
four studies scored >50 percent in both external validity
and internal validity sections [18,33,41,43]. None of the
included studies reported power calculation and all scored
poorly for this question.

Results of Studies in Persons with Transfemoral
Amputation

Trunk and Lumbopelvic Kinematics During Walking
Table 5 presents the results of individual studies and
a summary of evidence.
Trunk kinematics. Four studies investigated the trunk
motion in participants with TFA [8-9,40,48]. Three studies
investigated the side-to-side differences in persons with
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Summary of included studies assessing persons with transfemoral amputation (TFA).

Participants

Outcome Measures

. - Age, yr Time Since . .
Study Design  Activity No. (mean + SD : Prosthesis Type Instrumentation
Cause of ~ Amputation, Joint  Comparison Plane
or range) Amputation yr (mean £ P
TFA Control  TFA Control SD) Knee Foot
Bacetal., Cross- Walking 8 10 40+8 24+£2 NA NA NA NA 7-camera Vicon  Pelvis, hip, INT vs Sagittal,
2007 [29] sectional (30 markers, knee CON frontal
3 DOF)
Burkettetal., Case Running 4 — 29+4 — NA 12+13  Ottobock (3), Flexfoot (2), 4-camera Pelvis, hip, AMP vs Sagittal,
2003 [30] series USMC M+INDSLF motion knee INT frontal
24800 (1) 135(2) (12 markers,
3 DOF)
Goujon- Cross- Walking 27 33 51 44 Trauma (24), 27+17  Monoaxial — 12-camera Trunk, AMP vs Sagittal,
Pilletetal.,  sectional tumor (2), (19), poly- Vicon pelvis CON frontal,
2008 [8] congenital (1) centric (8) (46 markers, horizontal
6 DOF)
Hendershot ~ Cross- Walking 20 20 29+7 28+5 Trauma 3+1 NA NA 23-camera Trunk AMP vs Sagittal,
& Wolf, sectional Vicon CON, AMP frontal,
2014 [48] (30+ markers, vs INT horizontal
6 DOF)
Jaegersetal., Case Walking 11 2 36 NA  Trauma or NA Monoaxial ~ Multiflex Electrogoniome- Trunk, hip, AMP vs Sagittal,
1995 [9] series tumor (3), polycen- ters (trunk, hip,  knee INT frontal
tric (8) and knee angles)
Michaud Case Walking 3 — 52+18 — Traumaor NA Hydraulic Flexfoot (2), CODA 3 sys- Pelvis AMP vs Frontal
etal, 2000  series tumor Seattle foot  tem (2 markers, INT
[71 (1) 1 DOF)
Morgenroth ~ Cross- Walking 17 6 49  32+8 Trauma (14), NA NA NA 10-camera Lumbar AMP vs Sagittal,
etal., 2010  sectional tumor (1), Vicon spine CON frontal,
[18] congenital (1), (41 markers, horizontal
vascular (1) 6 DOF)
Rabuffetti Cross-  Walking 14 7 19-54 24-51 NA NA NA NA 4-camerasystem Pelvis, hip AMP vs Sagittal
etal., 2005 sectional (12 markers, 3 INT
[35] DOF)
Schmalz Cross- Stair 12 12 37+8 30+ 10 Trauma NA Ottobock C-Leg 4-camera Knee, ankle AMP vs Sagittal
etal., 2007 sectional descending PRIMAS INT
[37] (8 markers,
3 DOF)
Sjodahl Cross- Walking 9 18 33 36 Trauma or 10+6 Pneumatic Flexfoot S-camera Vicon Hip, knee, AMP vs Sagittal
etal., 2002 sectional tumor (6), mechani- (6), Seattle (21 markers, ankle INT, AMP
[38] cal (3), foot (2), 3 DOF) vs CON
hydraulic (2) multiflex
ankle (1)
Sjodahl Cross- Walking 9 18 33 36 Trauma or 10+6 Pneumatic Flexfoot S-camera Vicon  Pelvis, hip, AMP vs Frontal,
etal., 2003  sectional tumor (6), mechani- (6), Seattle (21 markers, knee INT, AMP  horizontal
[39] cal (3), foot (2), 3 DOF) vs CON
hydraulic (2) multiflex
ankle (1)
Tazawa, Cross- Walking 12 — NA — NA NA NA NA 6-camera Vicon Pelvis, trunk AMP vs Sagittal,
1997 [40] sectional (12 markers, INT frontal,
6 DOF) horizontal
Vrieling et Cross- Obstacle 8 10 46+ 15 45+9 Trauma (4), U NA NA Electrogoniome- Hip, knee, AMP vs Sagittal
al., 2007 [43] sectional crossing tumor (3), ters (hip, knee,  ankle INT, AMP
vascular (1) and ankle joints) vs CON
Vrielinget ~ Cross-  Ramp 7 10 44 45  Trauma (4), U Graph-lite Multiflex Electrogoniome- Hip, knee, AMP vs Sagittal
al., 2008 [44] sectional walking tumor (3) (3), C-Leg (3), SACH ters (hip, knee,  ankle INT, AMP
(1),3R60 (1), (2),C-Walk and ankle joints) vs CON
Safelife (1), (1)
Total Knee
o

AMP = amputated limb, CON = nondisabled control, DOF = degrees of freedom, INT = intact limb of person with amputation, NA = not available, SACH = solid
ankle cushion heel, SD = standard deviation, U = unknown.
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Table 3.
Summary of included studies assessing persons with transtibial amputation (TTA).
Participants Outcome Measures
. - Age, yr Time Since :
Study Design  Activity No. (mean + SD) Cause of  Amputation, Prosthesis Instrumentation . .
. Joint Comparison  Plane
Amputation yr (mean £ Foot Type
TTA Control TTA  Control SD)
Alimusaj et Cross- Stair 16 16 50+12 31+10 Trauma (13), 25+21  ProprioFoot Vicon (number of  Hip, knee, AMP vs Sagittal
al., 2009 [28] sectional  climbing tumor (3) cameras and mark- ankle CON
ers = NA, 6 DOF)
Fradetetal.,  Cross- Ramp 16 16 50+12 31410 Trauma (13), 25+21  ProprioFoot Vicon (number of  Hip, knee, AMP vs Sagittal
2010 [31] sectional  walking tumor (3) cameras and mark- ankle CON
ers = NA, 6 DOF)
Gates et al., Cross- Walking 13 11 28+4 NA  Trauma NA Monoaxial energy ~ 20-camera system  Hip, knee, AMP vs Sagittal
2012 [32] sectional storing (55 markers, ankle CON, AMP
6 DOF) vs INT
Hill et al., Cross- Obstacle 10 — 38+5 — Trauma 2+04  Flexfoot (4), 5-camera Vicon Trunk, hip, ~AMP vsINT Sagittal
1997 [46] sectional  crossing Re-Flex Pylon (3), (14 markers, knee, ankle
Seattle foot (2), 3 DOF)
Safe foot (1)
Kovacetal.,  Cross- Walking 12 12 406 37+5 Trauma 10+1 Dynamic foot (7), ~ 8-camerasystem  Hip,knee, = AMPvsINT  Sagittal,
2010 [33] sectional Greissenger (2), (markers = NA, ankle frontal
Flexfoot (2) 6 DOF)
Michaud et Case Walking 6 — 41+13 — Trauma or NA Flexfoot (2), CODA 3 system Pelvis AMP vs INT  Frontal
al., 2000 [7]  series tumor Greissenger (1), (2 markers, 1 DOF)
Seattle foot (1),
Carbon Copy II (1)
Powers etal., Cross- Stair 10 14 51+15 34+11 Trauma (8), 15+£15  Seattle Light Foot ~ 6-camera Vicon Pelvis, hip, ~AMP vs Sagittal
1997 [34] sectional  climbing vascular (2) (23 markers, knee, ankle CON
6 DOF)
MolinaRueda Cross- Walking 15 15 56+ 14 48+ 14 Trauma (12), NA Flexfoot (7), 8-camera Vicon Pelvis, trunk  AMP vs Frontal
etal, 2013 sectional tumor (3) Ceterus (2), (23 markers, CON
[47] Variflex (2), SACH 6 DOF)
(1), Talux (1), Trias
(1), Quantum (1)
Sanderson &  Cross- Running 6 6 407  33+£7 NA 12£9 Flexfoot Single video cam-  Hip, knee, = AMPvsINT,  Sagittal
Martin, 1996  sectional era (markers =NA, ankle AMP vs
[36] 3 DOF) CON
Sanderson &  Cross- Walking 6 6 40+7 33+7 Trauma 12 Flexfoot Single video cam-  Hip, knee, =~ AMPvsINT,  Sagittal
Martin, 1997  sectional era (10 markers, ankle AMP vs
[6] 3 DOF) CON
Schmalz et Cross- Stair 8 12 51+14 30+10 Trauma (7), 27+17 C-Leg 4-camera PRIMAS Knee, ankle AMP vs INT  Sagittal
al.,, 2007 [37] sectional  climbing tumor (1) (8 markers, 3 DOF)
Vanicek etal., Cross- Walking 11 — 56+13 — Trauma (6), 7+7 Multiflex (7), 10-camera Qualy-  Hip, knee, AMP Sagittal,
2009 [41] sectional vascular (3), Variflex (2), sis (28 markers, ankle (fallers) vs frontal
congenital (2) Dynamic (1), 6 DOF) AMP (non-
Ceterus (1) fallers)
Vanicek etal., Cross- Stair 11 — 56+13 — Trauma (6), 7+7 Multiflex (7), 10-camera Qualy-  Hip, knee, AMP Sagittal
2010 [42] sectional  climbing vascular (3), Variflex (2), sis (28 markers, ankle (fallers) vs
congenital (2) Dynamic (1), 6 DOF) AMP (non-
Ceterus (1) fallers)
Vrielingetal., Cross- Obstacle 12 10 50+1245+9 Trauma (6), 17+14 NA Electrogoniome- Hip, knee, AMPvVsINT,  Sagittal
2007 [43] sectional  crossing tumor (4), ters (hip, knee, and  ankle AMP vs
vascular (2) ankle joints CON
Yeungetal.,  Cross- Walking 6 — 53+9 — Trauma (5), — SACH (5), ESAR  8-camera Vicon Hip, knee, AMP vs INT Sagittal
2012 [45] sectional vascular (1) 1) (24 markers, ankle
6 DOF)

AMP = amputated limb, CON = nondisabled control, DOF = degrees of freedom, ESAR = energy storage and return, INT = intact limb of person with amputation,
NA = not available, SACH = solid ankle cushion heel, SD = standard deviation.
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Table 4.
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Methodological quality of included studies. Quality rating criteria: high (=75%), moderate (50%—-74%), and low (<50%).

Modified Down and Black Scale Items

Internal Validity

Study Reporting External Validity (Bias) Confounding Power Total
1 2 3 45 6 7 10 % 11 12 13 % 1516 18 20 % 22 23 25 % 217 %
Alimusaj et al., 2009 [28] 1111111 0 8 0O 1 3 011 1 75 0 1 0 33 0 0 63
Bae et al., 2007 [29] 1 111 1 1 1 0 8 0 0 0 o o0 1 1 1 75 0 0 1 33 0 0 58
Burkett et al., 2003 [30] 11111 1 1 0 100 001 33 01 1 1 75 NA NA NA NA NA NA 73
Fradet et al., 2010 [31] 1111111 0 8 0O 1 3 011 1 75 0 0 0 0 0 0 58
Gates et al., 2012 [32] 111 1 1 1 1 1 8 0 0 1 33 0 I 1 1 75 0 1 0 33 0 0 68
Goujon-Pillet et al., 2008 [8] ! 111111 1 100 O0OT1 3 011 1 75 0 NA 1 50 0o 0 72
Hendershot & Wolf,2014(48] 1 1 1 1 1 1 1 1 100 0 0 1 3 0 1 1 1 75 0 NA 1 50 o 0 72
Hill et al., 1997 [46] 11111100 75 0OT1 3 011 1 75 0 1 0 33 0 0 58
Jaegers et al., 1995 [9] 111111 1 1 100 001 33 01 1 0 50 0 NA 0 O NA NA 65
Kovac et al., 2010 [33] 01 1 1 1 0 1 1 75 1 0 1 67 0 0 1 1 50 0 NA 1 50 0 0 6l
Michaud et al., 2000 [7] 11111100 75 0O 1 33 01 1 1 75 NA NA NA NA NA NA 67
Morgenroth et al., 2010 [18] 1 1111 1 1 1 100 1 1 1 100 1 I 1 1 100 I NA I 100 0 0 9%
Powers et al., 1997 [34] 1111111 0 8 0O 1 3 011 1 75 0 NA NA 0 0 65
Rabuffetti et al., 2005 [35] 1 0 0 0 0 1 1 1 50 0 0 I 3 0 1 0 I 50 0 NA 0 0o 0 39
Molina Rueda etal.,201347] 1 1 1 1 1 1 1 0 8 0 0 1 3 o0 1 1 1 75 0 NA 0 0 0 6l
Sanderson & Martin, 199636] 1 1 1 1 1 1 1 NA 100 0 O I 33 0 1 1 1 75 0 1 0 33 0 0 67
Sanderson & Martin, 19976 1 1 1 1 1 1 1 1 100 0 O 1 33 0 1 1 1 75 0 1 0 33 0 0 68
Schmalz et al., 2007 [37] 1 111 1 1 1 0 8 0 0 0 o o0 1 1 1 75 0 0 0 0 0 0 53
Sjodahl et al., 2002 [38] 1111 1 1 0 1 8 0 1 1 67 0 I 1 1 75 0 NA 0 O 0o 0 67
Sjodahl et al., 2003 [39] 1111111 0 8 01 1 67 01 1 1 75 0 NA 0 0 0 67
Tazawa, 1997 [40] 111101 0 0 63 00 1 3 01 0 0 25 0 NA 0 0 0 39
Vanicek et al., 2009 [41] 1 11111 1 1 100 1 01 67 01 1 1 75 I NA 1 100 0 0 83
Vanicek et al., 2010 [42] 1111111 1 100 O0OT1 3 0111 75 1 NA 1 100 0 o0 78
Vrieling et al., 2007 [43] 1 11111 1 1 100 1 01 67 01 1 1 75 0 1 1 67 0o 0 79
Vrieling et al., 2008 [44] 1111111 1 100 O0OT1 3 0111 75 0 0 1 33 0 0 68
Yeung et al., 2012 [45] ! 11111 1 1 100 1 01 67 01 1 1 75 0 NA 0 O 0o 0 72

NA = not applicable.

TFA [9,40,48]. During stance phase of the amputated limb,
increased trunk lateral flexion toward the amputated limb
(p < 0.05) was reported as compared with the intact limb.
Two studies compared the sagittal and frontal trunk motion
among participants with TFA and nondisabled controls
and reported increased trunk motion (p < 0.05) in sagittal
and frontal plane during walking [8,48].

Pelvic kinematics. Frontal plane—Five studies inves-
tigated pelvic obliquity during walking [7—8,29,39-40].
Three studies investigated the differences in pelvic oblig-
uity between the intact and prosthetic limbs [7,39—40]. Dur-
ing the loading response phase of walking, the magnitude
of pelvic obliquity on the amputated side was smaller than
on the intact side (p > 0.05) [39]. Further, during single-leg
support phase of both limbs, a hip-hiking pattern was
observed with the pelvis of the swing limb adopting a more

elevated position than the stance limb (p > 0.05) [39]. There
was a concomitant ipsilateral leaning of the trunk region
during this single-leg support phase [7,39,48]. Two studies
compared the pelvic obliquity among persons with TFA
and nondisabled controls and concluded increased total pel-
vic obliquity (p < 0.05) in persons with TFA (Table 6)
[8,29]. Sagittal plane—Three studies investigated pelvic tilt
during walking [8,35,38]. Only one study investigated the
differences in pelvic tilt between amputated and intact legs
specifically during initial contact phase of walking [35].
The results showed a significant increase in anterior pelvic
tilt of the amputated limb as compared with the intact limb
[35]. Among studies comparing pelvic tilt of participants
with TFA and nondisabled controls, two studies reported
increased pelvic tilt (p < 0.05) as compared with nondis-
abled controls [8,38]. Transverse plane—Three studies
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Table 5.
Summary of evidence: During walking for persons with transfemoral amputation.
Study Comparison MeezgSE/loffg:)ence Findings SLET;S:;EIEO]C
Trunk
Sagittal Plane
Goujon-Pillet et al., 2008 [8] AMP vs CON 3(2-4) AMP > CON Limited
Hendershot & Wolf, 2014 [48] AMP vs CON 3.7 (2.74.7) AMP > CON —
Frontal Plane
Goujon-Pillet et al., 2008 [8] AMP vs CON 4 (3-5) AMP > CON —
Hendershot & Wolf, 2014 [48] AMP vs CON 4 (3-5) AMP > CON Moderate
Hendershot & Wolf, 2014 [48] AMP vs INT 3.6 (2.5-4.7) AMP > INT —
Jaegers et al., 1995 [9] AMP vs INT 5(1-9) AMP > INT —
Horizontal Plane
Goujon-Pillet et al., 2008 [8] AMP vs CON 3 (1-5) AMP > CON Limited
Pelvis
Frontal Plane
Bae et al., 2007 [29]* AMP vs CON -5(-12t02) NS Limited
Goujon-Pillet et al., 2008 [8] AMP vs CON 2 (0.5-3) AMP > CON —
Sagittal Plane
Rabuffetti et al., 2005 [35] AMP vs INT g.2f AMP > INT Moderate
Goujon-Pillet et al., 2008 [8] AMP vs CON 4 (2-6) AMP > CON —
Sjodahl et al., 2002 [38]* AMP vs CON 8f AMP > CON —
Transverse Plane
Goujon-Pillet et al., 2008 [8] AMP vs CON -0.2 (-4 to 3) NS Limited
Lumbar Spine
Sagittal Plane
Morgenroth et al., 2010 [18] AMP vs CON 10 (4-15) AMP > CON Limited
Hip
Sagittal Plane (flexion)
Jaegers et al., 1995 [9] AMP vs INT 5(-1to1l) NS —
Rabuffetti et al., 2005 [35] AMP vs INT -147 AMP < INT Limited
Sagittal Plane (extension)
Jaegers et al., 1995 [9] AMP vs INT 7 (3-11) AMP > INT Limited
Rabuffetti et al., 2005 [35] AMP vs INT -7t AMP < INT —
Frontal Plane
Jaegers et al., 1995 [9] AMP vs INT 2 (-2 to0 6) NS Limited

*Data extracted from graph.

TUnable to calculate 95% CI for these studies.

AMP = amputated limb, CI = confidence interval, CON = control, INT = intact limb of person with amputation, NS = not specified.

investigated the transverse rotation of the pelvis during
walking [8,39-40]; two of those studies investigated the
differences in transverse rotation between amputated and
intact limb [39—40]. Both studies reported reduced pelvic
transverse rotation of the amputated limb (i.e., when the

amputated limb is in terminal stance) when compared with
the intact limb (p > 0.05) [39-40]. The only study that
investigated the total pelvic transverse rotation reported no
difference between participants with TFA and nondisabled
controls (p > 0.05) [5].
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Table 6.
Summary of evidence: During walking for persons with transtibial amputation.
Study Comparison Meezgslg/i)ffg)ence Findings SuEr\r/]in;er:Zeof
Pelvis
Frontal Plane
Molina Rueda et al., 2013 [47] AMP vs CON -0.3(-2.41t0 1.8) NS Limited
Trunk
Frontal Plane
Hendershot & Wolf, 2014 [48] AMP vs CON 2 (0.8-3) AMP > CON —
Molina Rueda et al., 2013 [47] AMP vs CON 2 (0.2-3.6) AMP > CON Limited
Hendershot & Wolf, 2014 [48] AMP vs INT 1.6 (0.2-3) AMP > INT —
Hip
Sagittal Plane (peak flexion)
Kovac et al., 2010 [33] AMP vs INT -1.4(-8.4t05.6) NS —
Vanicek et al., 2009 [41] (non-fallers) AMP vs INT 6 (2.9 to 14.9) NS —
Vanicek et al., 2009 [41] (fallers) AMP vs INT 0.6 (-9.0t0 10.2) NS Limited
Yeung et al., 2012 [45] AMP vs INT -0.8(-13to 11.4) NS —
Sagittal Plane (peak extension)
Gates et al., 2012 [32] AMP vs INT 3.5(0.5-6.5) AMP > INT Limited
Kovac et al., 2010 [33] AMP vs INT -1.2(-9.2t0 6.8) NS —
Frontal Plane (peak abduction-swing)
Kovac et al., 2010 [33] AMP vs INT 3.70 (0.4-7.0) AMP > INT —
Vanicek et al., 2009 [41] (fallers) AMP vs INT 1.2 (-3.9t06.3) NS Limited
Vanicek et al., 2009 [41] (non-fallers) AMP vs INT 39(-1.2t09) NS —
Frontal Plane (peak adduction-stance)
Kovac et al., 2010 [33] AMP vs INT 2.6 (—0.5t05.7) AMP <INT —
Vanicek et al., 2009 [41] (fallers) AMP vs INT 2.6 (-2.7t07.9) NS Limited
Vanicek et al., 2009 [41] (non-fallers) AMP vs INT 5.4 (0.2-10.6) AMP <INT —

AMP = amputated limb, CI = confidence interval, CON = control, INT = intact limb of person with amputation, NS = not specified.

Lumbar spine kinematics. Only one study investi-
gated the lumbar spine motion between persons with
TFA and nondisabled controls [18]. This study reported
increased lumbar extension (10°) in participants with
TFA (n = 17) as compared with nondisabled controls (n =
6) (p <0.05).

Hip Kinematics During Walking

Sagittal plane. During initial contact phase, two
studies reported limited hip flexion of the amputated limb
compared with the intact limb (p > 0.05) (Table 6) [9,38].
During the terminal stance phase, increased hip extension
at the amputated limb (p > 0.05) was observed as com-
pared with the intact limb [9]. In contrast, Rabuffetti et al.
reported limited hip extension at the amputated limb

compared with the intact limb (p < 0.05) in the terminal
stance phase [35].

Frontal plane. Two studies reported hip frontal
motion during walking [9,39]; only one of the studies
investigated the interlimb movement differences and
concluded no significant difference between the ampu-
tated and intact legs [9]. The other study graphically pre-
sented the frontal hip motion and reported that the
amputated hip was held in an abducted position as com-
pared with the intact leg throughout the stance phase of
walking [39].

Hip Kinematics During Other Functional Tasks
Running. A case series of four participants investi-
gated the differences in kinematic variables such as total hip
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sagittal motion and pelvic transverse rotation during run-
ning between amputated and intact legs [30]. Asymmetry
indices for pelvis and hip joints between amputated and
intact legs were reported for individual participants.
Decreased pelvic transverse rotation at the amputated limb
was reported as compared with the intact limb (p < 0.05).
Decreased hip flexion at the amputated limb was reported
as compared with the intact limb (p < 0.05), which
resulted in a shorter step length during running for all four
participants.

Ramp walking. On uphill walking, decreased hip
flexion at the amputated limb compared with the intact
limb was reported (p < 0.05) [44]. On downhill walking,
persons with TFA compensate by increased hip extension
on the amputated side compared with the intact leg (p >
0.05).

Stair climbing. During stair descent, limited hip
flexion of the prosthetic limb compared with the intact
limb was reported (p > 0.05) [37].

Obstacle crossing. In persons with TFA, reduced hip
flexion at the leading prosthetic limb was reported as
compared with the leading prosthetic limb of persons
with TTA (p <0.05) [43].

Results of Studies in Persons with Transtibial
Amputation

Trunk and Lumbopelvic Kinematics During Walking

Table 6 presents the results of individual studies and
a summary of evidence.

Trunk kinematics. Frontal plane—Two studies
investigated frontal trunk motion [47—48]. Both showed
increased trunk lateral flexion toward the amputated side
during the stance phase of the amputated limbs (p < 0.05)
[47—48].

Pelvic kinematics. Frontal plane—Two studies
investigated the side-to-side differences in pelvic oblig-
uity [7,47]; there was no difference in the pelvic obliquity
between the intact and amputated limb (p > 0.05) [7,47].

Hip Kinematics During Walking

Sagittal plane. At the hip joint, four studies investi-
gated the sagittal hip motion during walking (Table 6)
[32-33,41,45]. The results suggest a slight increase in
peak hip extension during the stance phase as compared
with the intact leg (p > 0.05). In terms of hip flexion,
there was no difference in peak hip flexion between the
amputated and intact legs.

Frontal plane. Three studies investigated hip frontal
plane motion [33,41,47]. Studies comparing the ampu-
tated and intact legs reported that the amputated leg was
held in abduction throughout the gait cycle as compared
with the intact leg (p < 0.05) [33,47]. Only one study
investigated the total hip frontal motion and reported no
difference between participants with TTA and the refer-
ent leg of nondisabled controls [41].

Hip Kinematics During Other Functional Tasks

Running. The only study that investigated the sagit-
tal hip motion during running reported decreased peak
hip extension during stance phase of the amputated limb
(p < 0.05) as compared with the intact limb [36].

Ramp walking. Two studies investigated the inter-
limb differences in hip sagittal motion during ramp walk-
ing [31,44]. During ramp ascent and descent, both studies
report that the hip joint of the amputated limb was less
extended during late stance phase (p > 0.05) [31,44].

Stair climbing. During stair ascent, increased peak
hip flexion was reported in the stance phase of the ampu-
tated limb (p < 0.05) as compared with the intact limb
[28,34,37,42]. On stair descent, increased peak hip flex-
ion was reported as compared with the intact leg (p <
0.05) [28,34,37].

Obstacle crossing. Two studies compared the obsta-
cle crossing compensatory strategies in participants with
TTA and reported increased trunk forward leaning during
obstacle crossing (p > 0.05) [43,46].

DISCUSSION

Summary of Evidence

The primary purpose of this review was to investi-
gate the asymmetrical movements of the trunk, lumbo-
pelvic, and hip joints in people with TFA and TTA.
Walking was the most common functional task investi-
gated in both participants with TFA and TTA. In partici-
pants with TFA, during stance phase of walking,
moderate evidence exists for the presence of increased
trunk lateral flexion toward the amputated limb (within-
subject comparison) (p < 0.05) [8-9,40,48] and increased
pelvic anterior tilt (p < 0.05) [8,35,38]. In participants
with TTA, limited evidence exists for spinal, pelvic, and
hip asymmetries during walking. None of the studies
investigated spinal kinematics in both participants with
TFA and TTA during other functional tasks (i.e., running,
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ramp walking, stair climbing, and obstacle crossing).
Investigating the spinal kinematics during functional
tasks other than walking will help us better understand
compensatory movement strategies and the potential
links to LBP in this population.

In terms of methodological quality, most of the
included studies presented with limitations regarding their
external validity. This was primarily due to the lack of
reporting of the recruitment strategies of study participants.
Poor external validity scores suggest that a convenience
sample of participants was recruited for the study, which
may limit the generalizability of study results. The other
subscore that scored poorly in most of the included studies
was the selection bias (internal validity) section. This was
due to poor reporting of the timeframe during which study
and control group participants were recruited for the study.
Moreover, none of the studies reported a power calculation
and justified their sample size, which may increase the
potential for a type Il error. These results concur with a sim-
ilar previous review that concluded low-quality scores in
the external validity and selection bias subscores [3].

Spinal and Pelvic Kinematics During Walking in Persons
with Lower-Limb Amputation

Lumbopelvic and trunk asymmetries are more pro-
nounced during the stance phase in persons with TFA.
Limited evidence exists to suggest decreased pelvic
obliquity on the amputated side (i.e., decreased pelvic
drop on the contralateral side) as compared with the
intact leg [7,39—40]. Similarly, decreased pelvic obliquity
(p > 0.05) is reported in persons with TTA [7]. Pelvic
obliquity is a normal shock-absorbing mechanism during
initial stance phase of walking [7]; decreased pelvic
obliquity may potentially be a compensatory strategy as a
result of decreased or absent knee flexion of the ampu-
tated limb in persons with TFA and TTA [7]. Further, this
movement adaptation could be due to simultaneous ipsi-
lateral trunk flexion toward the amputated limb [47] and
inability to plantarflex the prosthetic ankle [6]. Stance-
control prosthetic knee joints (e.g., microprocessor-
controlled knee) and shock-absorbing pylons reportedly
influence the pelvic obliquity by shortening the leg
length during initial stance phase in people with TFA and
TTA and thus warrant further investigation [7].

Among persons with TFA, during single-leg support
phase (including mid-stance and terminal stance) of the
amputated limb, various compensations occur at the lum-
bopelvic and trunk segments. Moderate evidence from
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the included studies suggests increased anterior pelvic tilt
(p <0.05) in persons with TFA as compared with nondis-
abled controls [8,35,38]. This movement pattern is sug-
gested to compensate for restricted hip motion secondary
to socket-pelvis constraints [35]. Further, this compensa-
tory strategy is proposed to enhance prosthetic knee sta-
bility during the stance phase [38]. The only high-quality
study of this review reported increased lumbar spine
extension (p < 0.05) in persons with TFA as compared
with nondisabled controls during the stance phase of
walking [18]; however, the study included participants
with and without a history of LBP. Nevertheless, there
was no reported difference in the sagittal plane motion
between the groups [18]. These results suggest that par-
ticipants with TFA compensate for the limited hip motion
by increasing anterior pelvic tilt and lumbar extension.
Increased lumbar extension has been postulated to alter
the mechanical loading of facet joints, thereby contribut-
ing to degenerative changes in the lumbar spine [49].
While conflicting evidence exists for lumbar extension as
a contributing factor to LBP in the general population
[49], such dynamic increase in lumbar motion during
walking as a possible contributing factor to LBP warrants
further research [35]. Moderate evidence from the
included studies also suggests increased trunk lateral
flexion (p < 0.05) toward the amputated limb as com-
pared with the intact limb during single-leg support phase
[8-9,40,48]. It has been proposed that decreased strength
of the hip abductor muscles in the amputated limb is the
cause for this compensatory strategy [9]; nevertheless,
this claim remains untested [12]. During terminal stance
of the amputated limb (i.e., simultaneous initial contact
of the intact limb), findings from the graphs of the
included studies suggest limited pelvic transverse rota-
tion of the amputated limb as compared with the intact
limb [7,39-40]. This compensatory strategy appears to
prepare the amputated limb for swing phase [39].

Hip Kinematics During Walking in Persons with Lower-
Limb Amputation

Among participants with TFA, during the preswing
phase of the amputated limb (i.e., double support phase),
limited evidence exists for rapid transitional movement of
the hip joint from extension to flexion (p > 0.05) [9,35,38].
The intact leg, which is in stance at the same time, appears
to compensate by increasing hip and knee joint flexion.
This compensatory strategy might be performed to lower
the center of gravity and increase the step length of the
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intact leg [9,38]. Conflicting results exist in terms of
increased or decreased hip extension of the amputated
limb during terminal stance phase of walking [9,35,38].
The conflicting results could be due to the differences in
socket designs (i.e., quadrilateral socket, ischial contain-
ment socket) of the participants. A recent study investigat-
ing the hip kinematics using different socket designs
showed limited hip range of motion regardless of socket
design in persons with TFA during walking [50]. In addi-
tion, hip flexor tightness and hip flexion contracture have
been implicated for limited hip extension in persons with
TFA [14,51]. Although nonsignificant, the findings from
the included studies suggest that the hip joint of the ampu-
tated limb remains abducted throughout the stance phase,
possibly because of increased stride width and compensa-
tory trunk leaning movements [9,39]. Further, hip abduc-
tion contracture secondary to weak hip adductor muscles
in the amputated limb could also lead to increased hip
abduction during walking [51].

In participants with TTA, the hip joint of the amputated
limb remains abducted throughout the gait cycle similar to
participants with TFA (p < 0.05) [33,41]. This is possibly
due to ipsilateral trunk lean toward the amputated limb dur-
ing stance phase [47-48]. Another common movement
strategy observed in this population is increased hip exten-
sion (p > 0.05) during stance phase of the amputated limb.
This compensatory strategy is reasoned as a protective
strategy to minimize the loading of the amputated limb and
as a compensation of weak knee extensor muscles
[6,10,41]. Studies have shown decreased knee muscle
strength in the amputated limb as compared with the intact
limb in persons with TTA [52]. Further, to compensate for
the decreased loading of the amputated limb, increased hip
muscle activity at the amputated limb has also been
reported [11].

Hip Kinematics During Other Functional Tasks in Persons
with Lower-Limb Amputation

Overall, the compensatory strategies during various
functional tasks in participants with TFA have been primar-
ily through the hip joint of the amputated limb. Limited hip
flexion of the amputated limb (p < 0.05) during running and
uphill walking appears to result in a shorter step length
[30]. Moreover, increased hip extension of the amputated
limb (p < 0.05) during stair descending and downhill walk-
ing implies the amputated limb assumed an extended pos-
ture [44]. Whether such hip joint compensatory movements
together with lumbopelvic compensatory movements

(i.e., increased anterior pelvic tilt) putatively contribute to
LBP warrants further investigation [12].

In participants with TTA, increased hip flexion (p <
0.05) and limited hip extension (p > 0.05) of the amputated
limb was reported during early and late stance phase of
stair climbing and ramp walking. These results suggest
that the amputated limb adopted an extended posture. Fur-
ther, persons with TTA were found to compensate with
anterior trunk lean (p > 0.05) to facilitate anterior progres-
sion during these tasks [34,42]. Owing to the limited pros-
thetic ankle range of motion in persons with TTA, the
movement asymmetries observed at the amputated limb are
possibly to adjust the center of mass during stair climbing
and ramp walking [28]. Recent studies investigating the
effects of the modified prosthetic ankle (microprocessor-
controlled ankle) during ramp walking and stair climbing
appears to enhance patient safety and improve lower-limb
kinematics with the modified prosthetic ankle [28,31].
Whether such improvements in lower-limb kinematics
during these tasks may have an effect on lumbopelvic
kinematics warrants further research.

Within- and Between-Subject Comparisons

Nine studies investigated trunk and pelvic motion [7—
9,18,35,39-40,47-48]. Five studies investigated within-
subject differences [7,9,35,39—40] and two studies utilized
a nondisabled control group [8,18], with two studies
reporting both [47-48]. Given the complexity in measur-
ing three-dimensional spinal motion, it is not always feasi-
ble to compare the intact and amputated sides. An alternate
for that is to compare persons with amputation and nondis-
abled controls to provide a better understanding of norma-
tive movement patterns.

Methodological Considerations

Although most of the included studies (n = 22) utilized
optoelectronic motion capture systems, only 13 studies
employed a 6 degrees of freedom modeling strategy to cal-
culate joint angles [8,18,28,31-34,40-42,45,47-48]. The
other studies utilized a 3 degrees of freedom strategy (n =
10) and 1 degree of freedom strategy (n = 2). The advan-
tages of investigating joint motion via 6 degrees of free-
dom include lesser chances of introducing error in the data
and independent tracking of joint segments [53]. Further,
the included studies employed different marker sets and
different modeling strategies, resulting in considerable
variation in the study results (i.e., 3 vs 6 degrees of free-
dom). A recent study conducted in the general population
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comparing the kinematic data from different marker sets
reported significant differences in the results for pelvic
range of motion [53]. The results highlight the need for
interpreting caution when comparing the results of differ-
ent marker sets from the studies of our review [54]. In
addition to different marker sets, inaccurate marker place-
ment accounts for a major source of measurement error in
computing joint kinematics [26]. Apart from one study
[55], none of the included studies reported the examiner
who placed the markers on the study participant, which
further limits the validity and comparability of results.
While most of the included studies reported placing mark-
ers in the prosthesis corresponding with the landmarks of
the intact leg [8,28-31,34-39,47], this method of marker
placement may not be accurate given the differences in
functional mechanisms of prosthetic components [56].

Nine studies reported verification of prosthetic align-
ment by a certified prosthetist [8,28,31-34,40,46—47]. Opti-
mal prosthetic alignment is important for maintaining
adequate socket comfort and functioning with a prosthesis
[14]. Improper prosthetic alignment has been shown to
significantly increase the hip muscle activity during walk-
ing in persons with TFA [57]. While relative movements
between the residual limb and socket are inevitable, no
study reported whether participants report socket comfort
or not during the time of testing. Uncomfortable socket fit
may result in functional limb length discrepancy, poten-
tially influencing spinal kinematics in persons with lower-
limb amputation [56]. In addition to socket fit, eight studies
presented the data of residual-limb length of participants
[6-9,30,32,36,46]; however, the effect of short versus long
residual-limb length influencing spinal kinematics warrants
further research. Comprehensive kinematic models incor-
porating the socket-pelvis movements during analysis
could improve the validity of kinematic data [56]. In addi-
tion, considerable variation existed in the reported kine-
matic data in the included studies, which limited the
comparability of study results. These variations included
lack of description of kinematic data [38-39] and inade-
quate presentation of results such as presenting only graphs
without actual joint data [37]. Because both kinematic and
kinetic data are crucial to the understanding of movement
adaptation strategies, explicit reporting and discussion of
both kinetic and kinematic results are necessary to enable
comparison of study results.

Clinical and Research Implications
While cross-sectional studies provide necessary infor-
mation to understand the movement asymmetries [21],
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longitudinal studies specifically investigating the trunk and
lumbopelvic movement asymmetries, such as increased
trunk lateral flexion and anterior pelvic tilt during walking
and other tasks (i.e., stair climbing, ramp walking, and run-
ning) over a period of time, are warranted to identify the
potential causal relationship with LBP [12]. In addition,
studies investigating the effects of various socket design
and different types of prosthetic knee and ankle compo-
nents on spinal and pelvic kinematics may have potential
implications for improved prosthesis design and functional
performance. In terms of methodological considerations, a
need exists for developing a standardized marker place-
ment and modeling strategy in the amputation research to
enhance the validity and comparability of kinematic stud-
ies [56]. Although challenges in recruiting participants in
the amputation research are evident [58], future studies
should consider explicit reporting of the recruitment strate-
gies of study participants to enhance the validity of results.

Strengths and Limitations

To our knowledge, this is the first comprehensive
review investigating spinal movement asymmetries during
functional tasks in persons with TFA and TTA. Neverthe-
less, the results of our review must be interpreted with cau-
tion. First, several definitions for the term asymmetry exist
in the literature [59—60]. We opted to define asymmetry as a
statistically significant difference between the amputated
and intact legs or comparing the amputated and referent
joint segments of nondisabled controls based on similar pre-
vious systematic reviews [3—4]. For trunk and lumbar spine
segments, it may not be always feasible to compare the
intact and amputated sides given the complexity of measur-
ing spinal motion, so we deemed it appropriate to compare
persons with amputation and nondisabled controls to pro-
vide a better understanding of normative movement pat-
terns. Queries related to clinically significant difference
between the joint segments of amputated and intact legs jus-
tifies further research using longitudinal study designs. Sec-
ond, although two reviewers independently searched the
electronic databases, we included only articles published in
English owing to a limited availability of translation ser-
vices, which may have introduced publication bias. Further,
during title screening of articles, we excluded articles that
primarily investigated kinetics during a functional task;
however, kinematic data were also presented in a few of
those articles [61-62], which may have limited the number
of final articles for our review. A secondary search through
references of the included articles and previously published
reviews [3—4] strengthened our search strategy. The cause of
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amputation of participants in most of the included studies
(82%) was either trauma or tumors. The results may not be
generalized to those with amputation following vascular
causes such as peripheral vascular disease and diabetes, who
may present with differing gait kinematics due to their slow
walking velocity [63]. All of the included studies reported
self-selected walking velocity of study participants, which
ranged between 1.1 and 1.4 m/s. Due to differences in walk-
ing velocity, the results of those studies may bias the find-
ings of our review. However, the values were within the
acceptable limits [64—65], so we believe this may not affect
the overall interpretation of our results. Due to considerable
variations in the prosthetic components used in the included
studies, the confounding effects of using different prosthetic
components on kinematic variables may have limited our
understanding of the data. Last, we excluded articles com-
paring the different types of prosthetic components, which
may have altered our results, but we considered this to be
beyond the scope of this review.

CONCLUSIONS

This review identified limited studies specifically
investigating spinal and pelvic asymmetries during walking
and other functional tasks in persons with TFA and TTA.
Moderate evidence exists for the presence of increased
trunk lateral flexion toward the amputated limb in partici-
pants with TFA together with increased anterior pelvic tilt
during stance phase of walking. Limited evidence exists for
the presence of spinal and pelvic asymmetries in people
with TTA. In terms of other functional tasks such as run-
ning, ramp walking, stair climbing, and obstacle crossing,
no study investigated spinal kinematics. While aiming to
minimize movement asymmetries is never possible in this
population, further cross-sectional and longitudinal studies
are warranted to investigate the spinal and pelvic compen-
satory strategies during walking and other functional tasks
and explore its potential links to LBP. Explicit reporting of
participant recruitment strategy and gait data in future stud-
ies will enhance the comparability of results.
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