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ARTICLE INFO ABSTRACT

Keywords: Background: To assist with forward progression during gait, persons with unilateral lower-limb amputation
Biomechanics typically perform more work within the unaffected versus affected limb. However, prior cross-sectional
Gait analysis (> 2years post-amputation) studies cannot necessarily elucidate the origin or evolution of these compensatory
Longitudinal mechanics.

Kinetics

Research question: Do lower limb joint kinetics change during the initial stages of independent ambulation
among persons with lower-limb amputation?

Methods: Nine males with unilateral lower-limb amputation (6 transtibial; 3 transfemoral) completed in-
strumented gait analyses (speed = 1.2m/s) at 2 and 12-months post-independent ambulation. Within the un-
affected limb, sagittal and frontal plane total positive and negative work, peak power, average positive power,
and percent contribution of each joint were compared between time points using paired t-tests.

Results: No differences existed between time points in total positive or negative work, at any joint (p > 0.038)
in either plane. Similarly, there were no differences in percent contribution by each joint to total average power
by sagittal (p > 0.15) or frontal (p > 0.32) planes.

Significance: Persons with unilateral lower-limb amputation do not alter power distribution among joints within
the unaffected limb during initial independent ambulation. However, compared to previous cross-sectional re-
ports, smaller peak powers in the unaffected hip and knee here suggest mechanical work increases with time
since amputation. Future research should longitudinally monitor segment mechanics to determine when dele-
terious strategies develop, as these have implications for joint degeneration and pain.

1. Introduction

By the year 2050, an estimated 3.5 million individuals in the United
States alone will be living with an amputation [1]. There is also a
growing cohort of approximately 2100 US Service Members living with
amputations resulting from traumatic injuries sustained during recent
conflicts and other non-combat activities [2]. Among these individuals,
particularly those with a lower-limb amputation (LLA), there is a con-
siderably high risk for developing deleterious musculoskeletal condi-
tions (i.e., low back pain, knee osteoarthritis) secondary to amputation
[3,4]. This is especially concerning for Service Members with LLA, who
are relatively young at the time of injury, and thus will likely experi-
ence decades of pain and functional limitations. Therefore, identifying
risk factors for these conditions early in the rehabilitation process (e.g.,
increased joint loading or increased muscular work during gait) can

serve as an indicator of aberrant motor strategies. Identifying these
strategies early allows for the implementation of interventions that can
mitigate or prevent deleterious effects of repeated exposure to altered
mechanics over time.

From prior cross-sectional studies, persons with unilateral LLA
regularly performed activities of daily living with both preferential use
of the unaffected limb and large proximal motions [5-8]. During gait
specifically, these altered movement strategies are characterized by
greater unaffected limb loading (including joint moments and powers),
and increased spinal loads [9-11]. Compared to uninjured populations,
persons with LLA performed significantly more (sagittal plane) con-
centric mechanical work in the unaffected hip and knee joints during
the stance phase of gait, this phenomenon exacerbated at faster walking
speeds, which is thought to be a compensatory strategy to aid forward
progression and account for absent and altered musculature in the
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affected limb [12]. Moreover, frontal plane hip power during single-
limb support is considered the primary mechanism of maintaining dy-
namic stability, and is reduced in the unaffected limb of persons with
LLA, thereby increasing the reliance on other joints or segments (i.e.,
trunk) to maintain mediolateral stability [13]. Together, these cross-
sectional reports suggest that, over time, persons with LLA develop and
utilize compensatory strategies which includes increased work within
the unaffected limb and trunk. However, the origin and evolution of
such changes remain largely unknown, considering the time elapsed
since amputation in prior studies is at minimum two years [11,14], and
in some cases greater than seven years [6,8,9].

Longitudinal evaluation of gait mechanics (e.g., joint powers and
work), particularly during the initial stages (i.e., first year) of in-
dependent ambulation, can identify when such compensatory strategies
originate, and therefore provide insight into the time points at which
targeted mitigation intervention(s) is most critical. The purpose of this
study was to evaluate joint powers and mechanical work in the un-
affected limb of persons with unilateral LLA during the first year of
independent ambulation. It was hypothesized that the overall (i.e.,
summed magnitude of all joints) joint power would not change over
time, rather a redistribution of power and work among joints within the
unaffected limb [12]. Specifically, there would be a shift in power and
work contributions from the more distal structures (i.e., ankle) to the
more proximal structures (i.e., hip) between early and late stages of
independent ambulation, as individuals accommodate to walking with
a prosthesis.

2. Methods
2.1. Participants

An a priori power analysis determined that 8-10 subjects were re-
quired to detect differences in hip and knee power with effect sizes of at
least d = 0.8 as statistically significant (a = 0.05, f = 0.20). This effect
size was calculated using data from Silverman et al [12], comparing the
hip power from the intact limb of persons with LLA to non-LLA controls.
Data from nine males with traumatic unilateral LLA (six transtibial,
three transfemoral) receiving standard-of-care rehabilitation at Walter
Reed Army Medical Center were retrospectively analyzed (Table 1).
Participants were excluded if they presented with: pain during activities
of daily living (> 4 out of 10), bilateral lower limb amputations, history
of traumatic brain injury, or the inability to walk without the use of an
assistive device (other than the prosthesis). All participants provided
written informed consent to procedures approved by the Walter Reed
Army Medical Center Institutional Review Board.

2.2. Protocol

Gait analyses were repeated at two time points, 2- and 12-months,
following initial independent ambulation after LLA (defined relative to
the ability to first walk 50-ft without the use of an assistive device).
These specific time points were intended to allow for initial learning
effects of walking with a prosthesis and minimize any influence of re-
sidual limb pain during initial ambulation [15]. At both time points,
participants wore shorts, their normal athletic shoes, prescribed energy
storage and return ankle prostheses, and unpowered microprocessor
knee prostheses (transfemoral LLA only). Participants walked along a
15m level walkway at a forced speed, which was calculated using

Table 1
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Froude number (0.4), a dimensionless speed based on lower limb
length. Of note, this equated to 1.2 ( = 5%) m/s for all nine participants
[16]. Gait speed was enforced using an auditory tone (“beep”), sig-
naling when speed fell within a + 5% range of the target speed. Full-
body kinematics were obtained by tracking (120 Hz) locations of 51
surface-markers (6DoF marker set) using a 23-camera motion capture
system (Vicon, Oxford, UK) while ground reaction forces were si-
multaneously sampled (1200 Hz) from six force platforms embedded
within the walkway (AMTI, Watertown, MA, USA).

2.3. Dependent measures and statistical analyses

Marker trajectories and ground reaction forces were low-pass fil-
tered at 6Hz and 50Hz, respectively, with a dual-pass 2" order
Butterworth filter. Joint powers (normalized to body mass) from the
ankle, knee, and hip of the unaffected limb were estimated using a
three-dimensional linked-segment model and iterative Newton-Euler
inverse dynamics in Visual 3D (C-Motion Inc., Germantown, MD, USA).
Mechanical work (positive/negative) was calculated as the total area
under the joint power curves, and respectively indicate mechanical
energy generation/absorption of the unaffected limb. Segment inertial
and anthropometric properties of the unaffected limb were calculated
according to the regression equations of Dempster [17]. Data were
time-normalized to stride (100% gait cycle), with a stride defined as
subsequent heel strikes of the unaffected limb. To obtain information
more closely related to the mechanical power during stance specifically,
joint positive work values were divided by step time to calculate
average positive mechanical joint power [18]. As positive power is
required to accelerate the center of mass and the lower limbs during
gait, the total average positive power output, and the contributions of
each joint to the total output, illustrate the average (as opposed to in-
stantaneous) power generated by the unaffected limb and the dis-
tribution among the joints during the stance phase of gait [18,19].
These values were then summed for each joint to determine power as a
percentage of the total average power. Total positive and negative work
and average positive mechanical joint power were compared between
time points using paired t-tests. Temporal-spatial aspects of gait were
included in the analysis to determine if they should be considered as
covariates, as they influence joint kinetics. All statistical analyses were
performed using SPSS (version 24; IBM Corp., Armonk, NY), with sig-
nificance set at p < 0.05; though Bonferroni corrections were applied
given multiple comparisons (p < 0.008 for work at each joint per plane
andp < 0.017 for average positive mechanical joint power per plane).
All values are reported as means * standard deviations.

3. Results
3.1. Temporal-spatial characteristics

Between time points, there were no differences in stride width
(t=0.78,p = 0.46,d = 0.14), stride length (t = 0.24,p = 0.82,d =
0.08), or step time (t = -1.34, p = 0.22, d = 0.19) (data included as

Supplementary Material). Therefore, temporal-spatial aspects of gait
were not considered as covariates in analyses.

3.2. Joint work

In the sagittal plane, there were no differences between time points

Mean (SD) participant characteristics. Level of amputation denoted as TTA: transtibial amputation, TFA: transfemoral amputation.

Level of Amputation N Age (yrs) Stature (cm) Body Mass (kg) Time between1® prosthesis and 2-month visit (months)
TTA 6 30.8 (9.3) 178.2 (3.1) 80.9 (10.3) 3.7 (1.7)
TFA 3 28.7 (5.0) 174.7 (7.8) 92.5 (11.3) 3.0(1.1)
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Fig. 1. Sagittal (A) and frontal (B) plane total positive and negative work at the
hip, knee, and ankle at 2- and 12-months post-independent ambulation.

in total positive or negative work in the hip (Figs. 1a and 2a), knee
(Figs. 1a, 2b), or ankle (Figs. 1a, 2c) (p > 0.038). Similarly, there were
no differences (p > 0.27) in total positive or negative work (Fig. 1b) at
any joint in the frontal plane (Figs. 2d-f).

3.3. Mean positive mechanical joint power

In general, magnitudes of instantaneous joint powers at the un-
affected limb hip, knee, and ankle were similar throughout the entire
stride between time points (Fig. 2). Many of these similarities were also
reflected in the average positive total power in the sagittal plane
(t=1.16,p = 0.28,d = 0.38), average positive hip power (t = 2.35,
p = 0.05,d = 0.65), average positive knee power (t = 0.02,p = 0.98),
and average positive ankle power (t = 0.16, p = 0.87). In the sagittal
plane, the percentage contribution of each unaffected lower limb joint
to the total average power was not different between time points at the
hip (¢t =1.60, p = 0.15, d = 0.41), knee (t=0.08, p= 0.94,d =
0.02), and ankle (t = -1.24, p = 0.25, d = 0.33) (Fig. 3).

The unaffected limb hip and ankle were the dominant sources of
power output at both the 2-month (42% and 37%, respectively) and 12-
month (39% and 40%, respectively) time points. Similarly, there were
no differences in frontal plane average total positive power (t = 1.03,
p = 0.33,d = 0.63), average positive hip power (t = 1.36,p = 0.21,d
= 0.79), average positive knee power (t = 1.30, p = 0.23, d = 0.38),
and average positive ankle power (t = -0.33, p = 0.75, d = 0.20). At
both time points, the hip provided the largest contribution (= 73% and
70%, respectively) to frontal plane total positive power output, while
the knee and ankle contributed noticeably less (knee = 15% at both

10

Gait & Posture 73 (2019) 8-13

time points; ankle = 12% and 15%, respectively). There were no dif-
ferences in hip (p = 0.32, d = 0.32), knee (p = 0.77, d = 0.07), or
ankle (p = 0.32, d = 0.24) percent contributions to total positive
power output over time in the frontal plane (Fig. 4).

4. Discussion

This study compared joint powers and work within the unaffected
limb of persons with unilateral LLA within the first year of independent
ambulation post-amputation. There were no changes in instantaneous
power or total work performed in the unaffected limb, nor a proximally-
oriented redistribution of power, which is contrary to the study hy-
pothesis. Furthermore, there were no longitudinal changes in the tem-
poral-spatial characteristics of gait Table 1.

4.1. Instantaneous power and joint work

The shapes of the instantaneous joint power curves (sagittal plane),
and the corresponding positive and negative joint work values, were
similar at both time points (Figs. 2 and 3). The minimal differences in
instantaneous sagittal plane peak powers between time points were less
than published MDCs (Table 2 in Supplement) for uninjured adults
walking at the same speed [20], further supporting the conclusion of no
change over time. While previous cross-sectional comparisons suggest
persons with LLA, compared to without LLA, favor use of the unaffected
limb during gait [6,7,9]; here, instantaneous peak powers (sagittal
plane) of the unaffected limb joints, regardless of level of amputation
(Fig. 2), were smaller compared to previous cross-sectional reports of
LLA joint powers [21,22]. The time since amputation in previous stu-
dies ranges from 1 to 23 years, potentially illustrating that persons with
LLA increase the mechanical work done by the unaffected limb joints as
time since amputation increases. Interestingly, the peak power gener-
ated at the unaffected ankle during push-off in the current cohort of
persons with LLA was larger (2.5 vs. 1.3 W/kg) than a previously re-
ported cohort walking at 1.2m/s; however, the peak knee and hip
powers of the current cohort were similar to the uninjured controls used
in that study [9]. This is in contrast to prior cross-sectional studies,
suggesting that the work performed at these joints may not elucidate
mechanical factors associated with increased prevalence of hip and
knee osteoarthritis among persons with LLA. This may be a compen-
satory strategy to account for decreased affected limb power (secondary
to muscle atrophy) over time. Therefore, no changes in instantaneous
power, total positive, and negative work were demonstrated between
time points in the unaffected limb. It is possible that there were changes
in affected limb gait mechanics between time points; however, this was
not investigated as this was not an objective of the current study.

Features of gait mechanics within the sagittal plane are often of
interest considering forward progression is the primary objective of
bipedal gait; however, aberrant frontal plane mechanics are associated
with postural and balance impairments and increased joint loading that
can lead to falls and joint degeneration [11]. The instantaneous frontal
plane joint powers, and corresponding total negative and positive work
performed at each joint, were similar at both 2-months and 12-months
(Fig. 2). While there are no published (to date) MDCs for frontal plane
lower limb joint powers, the effect sizes of the differences in positive
and negative work were considered small (d < 0.5), supporting the lack
of statistical significance (p > 0.27). Similar to Sadeghi et al (2001),
here, eccentric contraction of the hip abductors during midstance
produces an absorptive energy, providing a mechanism to maintain
stability during single-limb stance. [13] However, whereas Sadeghi
(2001) observed a concurrent increase in hip extensor power and de-
crease in hip abductor power on the unaffected limb, the current data
demonstrate persons with LLA, regardless of level of amputation, in the
initial year of rehabilitation concurrently increase hip abductor and
extensor powers (Fig. 2). An increased reliance on the hip to both
propel and stabilize the trunk during single-limb stance signifies the
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Fig. 2. Ensemble means of instantaneous powers of the: (A) hip, (B) knee, (C) ankle in the sagittal plane and ensemble averages of instantaneous powers of the: (D)
hip, (E) knee, (F) ankle in the frontal plane. TTA: persons with transtibial lower limb amputation; TFA: persons with transfemoral lower limb amputation.

importance of bilateral hip extensor and abductor strengthening ex-
ercises within the first year of rehabilitation.

4.2. Average positive mechanical joint power

Persons with LLA compensate for altered or absent affected limb
musculature by increasing power generation within the unaffected limb
[9,13,21,23]. In both planes, the total average positive power output
(i.e., sum of all three unaffected limb joints) minimally decreased
during the first year of independent ambulation, possibly the result of a
decreased reliance on the unaffected limb, and subsequent increased
utilization of the affected limb, to generate the power required for
forward progression of the center of mass. Considering it is likely there
are multiple factors influencing accommodation to walking with a
prosthesis, these results are perhaps not surprising given persons with
transtibial LLA are able to increase positive work performed by an
energy storage and return prosthesis over the course of three weeks

A

2 months

11

[24]. Consistent with previous work in uninjured populations [18], the
hip and ankle were the primary positive power sources, which is also
consistent with forward-dynamic simulations that adduce the hip ex-
tensors and ankle plantar-flexors are driving positive muscle work
during stance [18]. Contrary to our hypothesis, the relative contribu-
tions of the (sagittal) hip and ankle did not change over time, although,
the moderate to large effect size (d = 0.79) of the difference between
the percent contribution of the hip to the total average positive power
output suggests a shift to a more proximal strategy may be occurring.
This shift may not be completely surprising considering persons with
LLA demonstrate greater hip extensor power generation compared to
those without LLA during stance, posited as a compensatory strategy
secondary to limited prosthetic ankle push-off [13]. Furthermore, the
current findings suggest that persons with LLA utilize the knee to
generate about 50% more power (i.e., positive work) than uninjured
individuals walking at similar speeds (21% here compared to 14% as
reported by Farris and Sawicki 2011) (Fig. 3). The lack of prosthetic

B

12 months

Fig. 3. Percent contribution of hip, knee, ankle to sagittal plane average positive power at (A) 2 and (B) 12-months post independent ambulation.
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12 months

Fig. 4. Percent contribution of hip, knee, ankle to frontal plane average positive power at (A) 2 and (B) 12-months post independent ambulation.

ankle power leads to increased mechanical power demands at more
proximal joints (i.e., knee and hip), which propagates to increased
positive work demands on the unaffected limb. Thus, the lack of ankle
power generation at both the affected ankle and prosthesis impacts
workload of unaffected limb proximal musculature and should be
considered a goal of early stage rehabilitation interventions.

Cross-sectional studies have previously associated altered or aber-
rant (unaffected) limb mechanics with joint degeneration and muscu-
loskeletal pain conditions secondary to unilateral LLA [25,26]. The
increased risk of developing knee osteoarthritis within this population
is posited as the result of increased mechanical stress due to greater
demands or loading of the unaffected limb during gait [3,25]. Features
of the knee moment (i.e., peak or loading rate) are considered proxies
for joint loading during gait, with larger features characteristic of knee
osteoarthritis severity and progression; however, recent evidence sug-
gest changes in knee flexion moment may precede onset of the condi-
tion, while changes in knee adduction moment may not occur until pain
is present [27,28]. Here, the similarities in instantaneous power at the
knee between two and twelve months may reflect similarities in knee
moments (i.e., based on the power calculation used herein), which is
consistent with a lack of longitudinal changes in knee moments be-
tween zero and six months post-independent ambulation among per-
sons with LLA [28]. Thus, it appears that no longitudinal changes in
knee joint work occur within the first year of walking with a prosthesis;
however, it is possible that proximal changes (i.e., increased trunk
motion) are occurring concurrently, thereby influencing unaffected
limb joint dynamics [29,30]. Increased frontal plane trunk motion will
decrease medial compartment knee joint loading, although this likely
increases spinal loading and increases the risk for low back pain [29].
Therefore, alterations in both unaffected limb, trunk, and pelvis should
be monitored regularly to determine if maladaptive strategies have
been adopted, allowing for preventative or prophylactic intervention
prior to joint degeneration.

4.3. Limitations

The longitudinal evaluation of gait strategies among Service
Members with traumatic unilateral transtibial and transfemoral LLA is
novel and allows for the generalization of the results to similar young,
active populations; though caution is recommended, as the results of
the current study may not be generalizable to persons with LLA due to
causes other than trauma. The initial physical fitness levels and spe-
cialized and intensive rehabilitation of the individuals within this study
also may be associated with the outcomes demonstrated after ampu-
tation and may not necessarily reflect outcomes in populations other

12

than Service Members. The two and twelve month time points were
chosen as the result of convenience sampling and to mitigate the po-
tential of residual limb pain, which is most prevalent immediately after
amputation, affecting gait during the first weeks of independent am-
bulation (note, the mean pain level reported at the two-month time
point was 0.4 via visual analog scale) [15]. The general lack of differ-
ences between time points may be a function of small size and type II
error; however, the moderate effect sizes suggest differences may exist.
Moreover, while the study sample did not facilitate direct comparisons
between levels of LLA (i.e., transtibial compared to transfemoral),
considering the within-subjects design, it is not likely that inherent
differences in gait mechanics between persons with transtibial and
transfemoral LLA [9,14] affected the time point comparisons. Further,
any influences of gait speed, and other temporal-spatial parameters, on
joint powers were mitigated as participants were forced to walk at the
same speed at both time points. Of note, rehabilitation protocols be-
tween time points were not necessarily standardized for all participants,
yet, on average, all attended physical therapy sessions for two hours,
three times per week.

5. Conclusions

The current results suggest that during the first year of ambulation,
persons with unilateral LLA do not alter the distribution of power
among joints within the unaffected limb. It is possible these individuals
will maintain the current gait strategy until there is cause to alter it,
such as the development of joint pain in the unaffected limb. Future
research should nevertheless continue monitoring gait mechanics after
amputation and with continued use of a prosthesis, considering the
lower extremities and proximal segments (i.e., trunk and pelvis), and
the collective effects of these strategies on joint health.
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