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Abstract

Background: Subjects with a unilateral transtibial amputation (UTA) that
have used prosthesis for over five years have a higher occurrence rate of
osteoarthritis at the knee and hip joints of the intact limb.

Objective: To research the joint internal moments of the hip, knee, and
ankle in the sagittal and frontal planes during gait in persons with UTA.

Methods: 25 individuals with UTA (50.26 years + 13.76) and 25 subjects
without amputation (46.71 years + 13.76) participated in this study. Gait
analysis was carried out using a Vicon® Motion System (Oxford Metrics, Oxford,
UK) with eight 100 Hz cameras with infrared strobes, two 1000 Hz AMTI® force-
plates.

Results: People with UTA walk with a greater hip extensor moment in
both intact and prosthetic limbs. The hip abductor moment was lower on the
prosthetic limb compared to the intact limb and the control group. At the knee
joint, the subjects with UTA walked with a reduced knee extensor and valgus
moment on their prosthetic limb compared to the control group. At the ankle
joint, the statistical analysis showed that the individuals with UTA walked with
a reduced plantarflexor moment during the stance period on the intact limb
compared to the people without amputation.

Conclusions: Subjects with UTA walk with a different joint kinetic pattern in
the sagittal and frontal planes compared to non-disabled individuals.

Introduction

The prevalence of limb amputation is expected to increase in
the coming year!. Subjects with a unilateral transtibial amputation
(UTA) that have used prosthesis for over five years have a higher
occurrence rate of osteoarthritis (OA) at the knee and hip joints of
the intact limb?. The literature has showed that the increased rate
of OA occurs both for persons with vascular UTA and for subjects
with trauma UTA. In this sense, modifications in walking pattern
with alterations of ground reaction forces have been documented.
The increased joint load exhibited by amputees with prosthesis may
result in abnormal joint loading that, over time, may lead to joint
pain and degeneration®*.

Previous studies have only explained a small part of the
adaptations that occur due to unilateral transtibial amputation
during walking. The effects of unilateral transtibial amputation on
the lower limb kinetics have not been sufficiently investigated.
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Beyaert et al.® and Grumillier et al.® showed that the
hip and knee extensor moments were increased in the
intact limb and decreased in the prosthetic limb compared
to able bodied subjects. Recently, Orekhov et al.* showed
that the amputee knee extension moment was higher in
the intact limb compared to the prosthetic limb during
gait. In addition, Molina-Rueda et al.”® observed that the
abductor hip moment was also increased in the intact limb
and decreased in the prosthetic limb compared to controls.
These alterations in joint moments could cause pain and an
increased risk of osteoarthritis®.

The gait functions (progression, energy conservation
and shock absorption) are possible by kinetic patterns
that occur in the frontal and sagittal planes'’. Therefore, a
detailed examination of the joint moments carried out by
the individuals with UTA during gait, is essential to produce
new physical therapy guidelines and new approaches
which could improve the quality of life of these people and
reduce their disability.

The purpose of this study was to research the internal
joint moments of the hip, knee, and ankle in the sagittal
and frontal planes during gait in subjects with unilateral
transtibial amputation.

Methods

Participants

Subjects with UTA were selected via consecutive non
probabilistic sampling. The inclusion criteria for persons
with amputation were as follows: regular users of the
prosthesis, able to stand and walk independently without
walking aids, and free from phantom limb pain. The
exclusion criteria were presence of a known neurologic
disorder, vestibular problems, marked visual deficiency,
impaired cognitive function, and history of recent trauma,
peripheral arterial disease affecting the lower limbs,
fractures, and surgeries to the lower limb.

Ethical aspects

All participants provided a written informed consent
prior to participation in this investigation, which was
approved by the Ethics Committee at Rey Juan Carlos
University (Madrid, Spain) and warranted its accordance
with the Declaration of Helsinki.

Procedure

Gait analysis was carried out using the Vicon® Motion
System (Oxford Metrics, Oxford, UK). This system is a
three-dimensional motion analysis system consisting of
eight 100 Hz cameras with infrared strobes, two 1000 Hz
AMTI® force-plates (Watertown, USA), and a data station
(Vicon MX control®) where the information was gathered
and processed’®.

Special lightweight surface markers were attached
directly to the skin or the prosthesis and placed over
standardized landmarks on the intact side, prosthetic
side and pelvis, or corresponding spots on the prosthesis
(anterior and posterior superior iliac spines (left and
right), lateral thigh, lateral femoral condyle, lateral shank,
lateral malleoli, second metatarsal head, and posterior
heel) according to the biomechanical model of the Vicon®
Plug-in Gait!! as is mentioned in’%.

After the instrumentation, the individuals were
instructed to walk along the 8-meter walkway while
wearing their usual shoes (not athletic training shoes) and
prosthesis. The participants were asked to walk at a self-
selected comfortable gait speed.

Data analysis

We analyzed the peak of the lower limb internal moments
during the stance period, with special regard to the hip
extensor moment, the hip flexor moment, the hip abductor
moment, the knee extensor moment, the knee flexor
moment, the knee valgus momentand the ankle plantarflexor
moment. We studied spatio-temporal parameters, such as
walking velocity, cadence, and stride length.

The Vicon® Nexus software v1.8.5 was used to calculate
outcome measures based on the biomechanical model
of the Vicon® Plug-in Gait'’. Joint moment calculations
were determined from synchronized coordinate and force
data using an inverse dynamics approach’?. Joint kinetics
was normalized to body weight, and all parameters were
normalized to 100% of the gait cycle. Internal moments
were calculated and interpreted as the forces developed
by the muscle and ligaments counteracting the moments
produced by the ground reaction force®3.

Five gait cycles of the prosthetic side, the intact side,
and the control side were averaged for the data analysis.
The foot contact events were defined automatically, using
the “autocorrelation events” option of the Vicon® Nexus
software v1.8.5.

Statistical analysis

Statistical analysis was performed using SPSS 22.0.
Shapiro and Wilk’s W-statistic was used to screen all data
for normality of distribution. The subjects were height/
weight matched. Single-factor analysis of variance (ANOVA)
and Bonferroni’s adjustment a posteriori tests were used to
compare the sound side, prosthetic side, right control side,
and left control side. Walking speed comparisons between
the controls and persons with UTA were determined using
Student’s t-test. A significance level of 0.05 was used for all
statistical comparisons.

Sample size calculation

To obtain a sample size estimation, we used the software
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G*Power 3.1.9.2. The effect size was estimated at 0.75. The
alpha error and the statistical power were set to 0.05 and
0.80, respectively. According to these parameters, it was
estimated that 23 subjects would be required for each
group (subject with amputation vs. control group).

Results

The participants included 25 individuals with UTA (23
men, 2 women; 12 traumatic, 10 vascular, and 3 tumoral;
50.26 years = 13.76; 80.02 kg + 13.79; 173.17 cm # 8.55)
and 25 non-amputees as control (21 men, 4 women; 46.71
years = 13.76; 72.49 kg + 9.73; 172.33 cm * 8.36).

The subjects with UTA were wearing prostheses before
being included (19 energy storage and return; 6 single-
axis feet prostheses; 25 patients had total surface bearing
(TSB) prostheses). The post-amputation time prior to data
collection was greater than or equal to 1 year (10.17+9.29
year, on average) for all individual with amputation. The
persons were tested in their original prostheses and
alignment. No statistically significant differences among
groups were found for spatio-temporal parameters (table 1).

Joint internal moments are summarized in the table 2.
Figure 1 highlights the joint internal moments of the hip,
knee, and ankle joints. The five graphs show the comparison
between subjects with UTA and control individuals. For the
controls, we checked that the curves were the same for gait
cycles on the right and left sides. Therefore, we chose to
illustrate the mean curves obtained for the right-side gait
cycles.

Joint internal moments were statistically different
among prosthetic limb, intact limb, and controls (table 2).
We observed an increased hip extensor moment on the

intact limb (vs. control: DM: .20Nw/kg; CI95% between .02
to .38; p=.02) and on the prosthetic limb (vs. control: DM:
.22Nw/kg; CI195% between .03 to .40; p=.014) during the
stance period.

The hip abductor moment was lower on the prosthetic
limb compared to the intact limb (DM: .24Nw/kg; CI95%
between .05 to .44; p<.001) and the control group (DM:
.25Nw/kg; CI95% between .05 to .45; p=.007). The hip
abductor moment on the intact limb was like the control

group.

At the knee joint, the subjects with UTA walked with
a reduced knee extensor and valgus moment on their
prosthetic limb compared to the control group (extensor
moment: DM: .22Nw/kg; CI95% between .02 to .41; p=.02;
valgus: DM: .15Nw/kg; CI95% between .02 to .27; p=.011).
No significant differences were observed between the knee
moments on the intact limb and the knee moments of the
control group during walking.

At the ankle joint, the statistical analysis showed that
the people with UTA walked with a reduced plantarflexor
moment during the stance period on the prosthetic limb
(DM: .36Nw/kg; C195% between .17 to .55; p<.001) and on
the intact limb (DM: .21Nw/kg; CI95% between .008 to .39;
p=.04) compared to the persons without amputation.

Discussion

According to the results, asymmetric ankle, knee, and
hip joint moments are presented in subjects with UTA.

The hip extensor moment was greater on the intact
and prosthetic limbs compared to the control group.
Furthermore, to protect the knee stability individuals
with UTA develop compensatory motor strategies on their

Table 1: Comparison between groups: spatio-temporal data

PARAMETERS Subjects with UTA

1.13 (+.12)
104.71 (+7.67)

Velocity (m/s)
Cadence (steps / min)

1.20 (+.14)
109.35 (+6.78)

Subject with UTA vs. Control

Control group

DM C195% p
071 (-.03)-(.17) 183
4.64 (-1.31)- (10.60) .180

Data are expressed in Mean (+SD) * p<.001 using Student’s t-test. DM is difference of means. 95%Cl is confidence interval of 95%. GC is gait

cycle

Table 2: Comparison between groups: kinetic data (joint internal moments)

Joint moments Prosthetic Intact Control Prosthetic vs. Intact Prosthetic vs. Control Intact vs. Control
(peaks) Nm/kg limb limb group DM CI95% p DM CI95% p DM Cl95% p
Hip extensor 43(+.29) .41(+.26) .21(+.14) .01 -16t0.19 1.00 .22 .03t0.40 | .014* | 20 | .02t0.38  .02*
Hip flexor -77 (£.47) -.91(+.39) -.84 (+.27) -.13 -41to.15 .79 -06 -.22to.36 1.000 @-.06 -.23t0.35 1.00
Hip abductor .67 (£.25) | .91(+.34) .92 (+.14) .24 .05t0.44 <.001* 25 .05t0.45 | .007* .01 -18t0.20 1.00
Knee extensor .0053 (+.14) | .16 (+.34) .23 (+.25) .16 -.03to.35 .13 22 | .02to.41 .02* .06 -12to.26 | 1.00
Knee flexor -35(+.21) -.27 (+.24) -.31(+.16) -.08 -23t0.06 .55 -05 -20to.11 1.00 @ -03 -19to.11 | 1.00
Valgus flexor .28 (£.19) | .40(+.16) .43 (+.13) .11 -.01to.23 .06 .15  .02to.27 .011% .04 -.08t0.16 1.00
Ankle plantar flexor| 1.23 (+.36) |1.39 (+.18) 1.59 (+.16)| .16 -.02to.35 .10 @ .36 .17t0.55 <.001* .21  .008t0.39 .04*

Data are expressed in Mean (xSD) * p<.001 using one-way ANOVA (Bonferroni post hoc). DM is difference of means. 95%Cl is confidence

interval of 95%. GC is gait cycle
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Figure 1: Joint moments plots during the gait cycle

=
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a) Hip moment in the sagittal plane; b) Hip moment in the frontal plane; c) Knee moment in the sagittal plane; d) Knee moment in the frontal
plane; e) Ankle moment in the sagittal plane. The red line is prosthetic limb, the blue line is intact limb, and the green line is control. Y axis

shows Nm/kg and X axis shows the gait cycle (0-100%)

prosthetic limb through higher extensor forces at the hip
joint. In addition, subjects with UTA overload their intact
lower limb. Therefore, they develop compensatory motor
strategies in the sagittal plane which are intended to unload
and stabilize their prosthetic limb. These strategies, despite
providing stability, may increase the risk of suffering
degenerative joint disorders*>, These findings are
coherent with previous research!®'’. In the frontal plane,
the hip abductor moment on the intact limb was similar to
the joint moment registered in controls. It is possible that
the overload of the intact lower limb is mainly assumed
by the hip extensor forces in comparison to abductor
forces. On the other hand, the hip abductor moment was
significantly decreased on the prosthetic limb which
could indicate a medio-lateral instability in these people.
Proper regulation of medio-lateral balance is associated
with the hip work, particularly in the frontal plane where
individuals with lower limb amputation are more unstable.
In this sense, rehabilitation interventions should focus on
hip muscle abductors to regulate mediolateral balance!®.

Atthe knee joint, the internal moments of the intactlimb
were similar to those performed by non-amputated people.
However, the knee extensor and valgus moments were
lower in the prosthetic lower limb compared to the intact
side. The joint moments registered for the amputated limb
are likely to occur due to muscle weakness. Sibley et al.”’,
in a recent study, showed a decrease of the knee-extension
moment in the prosthetic limb during gait in persons with
UTA. This finding was accompanied by lower quadriceps
muscle strength (60-76%) and neural activation (32-
44%), slower contractile properties and altered muscle
architecture in the amputated limb.

Considering the kinetic behavior of both lower limbs
in the subjects with UTA and their relationship with the
joint internal moments of non-amputated individuals, it
is possible that the main strategy of motor compensation
developed by people with UTA takes place in the intact
lower limb at the hip joint in the sagittal plane, through a
greater extensor moment, which is even higher than that
developed by controls. These compensatory movements
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may contribute to poor ambulatory outcomes and the
development of secondary pain conditions?® such as back
pain, and intact limb joints pain?"?%2. However, the reduced
joint internal moments observed on the prosthetic limb
may contribute to increased instability. According to
these findings, rehabilitation treatments following the
amputation should include exercises for the strengthen
of hip and knee muscles and for the balance training in
the frontal plane in order to avoid joint instability, future
degeneration and muscle dysfunction described in these
subjects!®2,

Another finding observed in individuals with UTA was
the decrease of the ankle plantarflexor moment on the
intact lower limb, compared to non-amputated persons.
This kinetic pattern observed at the ankle joint could
be explained by muscle fatigue. Yeung et al.?*, observed
in six people with UTA, that the intact limb ankle rocker
progression and push-off were significantly reduced during
walking. This may be due to the fatigue of the intact limb
plantar flexors muscles in response to a decreased load on
their prosthetic limb and the overload on the intact limb.
The overload on the ankle joint at the intact limb may cause
musculoskeletal alterations. In this sense, various studies
have described findings of overload in the intact lower limb
in amputee subjects.

This study has several limitations that should be
mentioned. First, the placing of knee and ankle markers
on the prosthesis at a location corresponding to the
intact side might have affected the calculation of the joint
centers. Additionally, the heterogeneous cohort and small
sample size impeded the control of potential confounders,
such as different times since amputation and since the
current and first prosthesis prescription, differences in
ages, differences in etiology of amputation and different
prosthetic components.

Conclusions

Individuals with UTA walk with a greater hip extensor
moment in both intact and prosthetic limbs compared to
controls. The hip abductor moment and the knee extensor
and valgus moments are reduced on the prosthetic limb.
The ankle plantarflexor moment was decreased on the
intact lower limb compared to controls, which may be
indicative of fatigue.
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