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Background: Unilateral below-knee amputees often develop comorbidities that include knee joint disorders
(e.g., intact leg knee osteoarthritis), with the mechanisms leading to these comorbidities being poorly
understood. Mechanical knee loading of non-amputees has been associated with joint disorders and shown
to be influenced by walking speed. However, the relationships between amputee knee loading and speed
have not been identified. This study examined three-dimensional mechanical knee loading of amputees
across a wide range of steady-state walking speeds.
Methods: Fourteen amputees and 10 non-amputee control subjects were analyzed at four overground
walking speeds. At each speed, intersegmental joint moment and force impulses (i.e., time-integrals over the
stance phase) were compared between the control, intact and residual knees using repeated-measures ANOVAs.

Findings: There were no differences in joint force impulses between the intact and control knees. The intact knee
abduction moment impulse was lower than the non-amputees at 0.6 and 0.9 m/s. The intact knee flexion
moment impulses at 0.6, 1.2 and 1.5 m/s and knee external rotation moment impulses at all speeds were
greater than the residual knee. The residual knee extension moment and posterior force impulses were
insensitive to speed increases, while these quantities increased in intact and control knees.
Interpretation: These results suggest the intact knees of asymptomatic and relatively new amputees are not
overloaded during walking compared to non-amputees. Increased knee loads may develop in response to
prolonged prosthesis usage or joint disorder onset. Further study is needed to determine if the identified
bilateral loading asymmetries across speeds lead to diminished knee joint health.
© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Limb loss prevalence in the U.S. is projected to dramatically
increase over the next 40 years, with the primary causes related to
dysvascular disease and traumatic injuries (Ziegler-Graham et al.,
2008). Unilateral below-knee amputees often develop comorbidities
that include joint disorders in both the intact and residual legs (e.g.,
Gailey et al., 2008) and chronic pain in their legs (e.g., Ephraim et
al., 2005) and lower backs (e.g., Burke et al., 1978; Ephraim et al.,
2005). Pain is most frequent in the intact leg knee joint, and long-
term prosthetic use is associated with increased prevalence of joint
disorders (for review, see Gailey et al., 2008). For example, the prev-
alence of osteoarthritis in unilateral amputees is higher in the intact
knee compared to the residual knee (Burke et al., 1978). In addition,
the development of intact-knee osteoarthritis in older unilateral
below-knee amputees (83%) is higher than in non-amputees (50%)
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(Lemaire and Fisher, 1994). However, the mechanisms leading to
the development of such disorders are unclear.

Previous studies seeking to identify these mechanisms in ampu-
tees have examined a variety of factors including bone mineral den-
sity (Royer and Koenig, 2005), strength (Lloyd et al., 2010) and
mechanical loading (Lloyd et al., 2010; Royer and Koenig, 2005;
Royer and Wasilewski, 2006) of the knee joint, which were generally
greater in the intact leg compared to the residual leg and non-
amputees. For example, sagittal plane knee strength of amputees was
found to be asymmetric compared to non-amputees (Lloyd et al.,
2010). However, frontal plane knee moments at self-selected walking
speeds (SSWS) and hip abduction strength were not significantly
asymmetric compared to non-amputees (Lloyd et al., 2010). Previous
studies investigating joint disorders in non-amputees have also exam-
ined mechanical loading of the knee in addition to other factors such as
joint laxity, varus alignment and serum hyaluronan level (Miyazaki
et al., 2002; Sharma et al., 1998). These studies have shown that
increased knee loading is associated with knee joint disorders
(Miyazaki et al., 2002; Sharma et al., 1998) and is proportional to dis-
ease severity (for review, see Foroughi et al., 2009; Mundermann et
al., 2004). In addition, other factors such as specific walking patterns
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(Fregly et al., 2009), gait retraining (Barrios et al., 2010) and altered
walking speed (Mundermann et al., 2004) have been shown to influ-
ence knee loading in non-amputees and may offer effective non-
invasive treatment interventions for amputees. However, the relation-
ships between these quantities, specifically knee loading and walking
speed in amputees, remain unclear. Since unilateral amputees com-
monly walk using passive prosthetic feet on their residual leg, which
cannot perform net positive work, compensation from other muscles
to provide body support and propulsion and differences in walking
mechanics as walking speed increases may influence the joint loads
that develop in amputees.

Studies analyzing sagittal plane mechanical loading during am-
putee walking have identified bilateral loading asymmetry between
the residual and intact legs. Greater intact leg ground reaction forces
(GRFs) and stance time (e.g., Sanderson and Martin, 1997; Silverman
et al., 2008) as well as intersegmental joint moments and powers
(e.g., Beyaert et al., 2008; Gitter et al., 1991) have been reported.
Some studies have suggested that reduced residual leg loads com-
pared to the intact leg are indicative of a mechanism to protect the
residual leg (e.g., Beyaert et al., 2008; Nolan et al., 2003), which
may have long-term detrimental consequences in the intact leg.
Other studies examining intersegmental joint forces between legs
have produced conflicting results. One study found a significantly
smaller peak horizontal force and no difference in vertical force of
the intact knee compared to non-amputees (Hurley et al., 1990),
while others found no significant difference in peak vertical and hor-
izontal forces of the intact knee compared to non-amputees, but
reported a significantly greater vertical force impulse (Lemaire and
Fisher, 1994). Thus, while studies have shown that the intact leg
experiences greater sagittal plane GRFs and joint moments and
powers, consistently greater intact leg intersegmental forces have
not been observed.

Previous analyses of frontal plane loading during amputee walking
have shown the intact knee abduction moment peak magnitude to be
significantly greater (~56%) than in the residual leg at their SSWS
(Royer and Koenig, 2005; Royer and Wasilewski, 2006). However,
there was no significant difference in knee loads compared to non-
amputees (Royer and Koenig, 2005). Others have shown up to a
44% difference in the abduction moment magnitude between intact
and residual knees, although they were not statistically compared
(Underwood et al., 2004).

Previous observational studies examining amputee knee loading
have emphasized loading magnitudes and typically do not control
walking speed. Recent studies analyzing below-knee amputee walking
have shown that differences in GRFs, joint work and muscle activity
between residual, intact and control legs are not always consistent
across walking speeds (Fey et al., 2010; Silverman et al., 2008), which
will influence both themagnitude and duration of knee loading charac-
teristics. In this study, we analyzed amputees and non-amputees
walking at different speeds to identify the influence of speed on knee
loading. Since the loading magnitude and duration change with
speed, both factors would influence the mechanical loading dose and
response characteristics. Therefore, in order to quantify this relation-
ship, knee loading impulses (i.e., the time-integral of the corresponding
load) were compared during stance of both amputees and non-
amputees.

The overall objective of this study was to examine three-
dimensional mechanical knee loading across a wide range of steady-
state walking speeds in below-knee amputees and non-amputees.
Four hypotheses were evaluated at each walking speed: (1) net inter-
segmental joint moment impulses and (2) force impulses of the intact
knee of amputees will be greater than non-amputee control subjects,
and (3) net intersegmental joint moment impulses and (4) force im-
pulses of the intact knee of amputees will be greater than in the resid-
ual knee. In addition, we expected the influence of walking speed on
moment and force impulses to be different between the residual and
intact knees of amputees, and between the intact knee of amputees
and non-amputee control subjects.

2. Methods

2.1. Subjects

Each subject provided informed consent to an Institutional Review
Board approved protocol. Subjects were pain free and asymptomatic of
joint disorders. Fourteen unilateral, below-knee amputees (11 traumatic,
3 vascular; 13 males, 1 female; 45 (9) years mean (standard deviation);
90.6 (18.6) kg; 1.76 (0.10) m) and 10 control non-amputees (7 males,
3 females; 33 (12) years; 70.9 (13.6) kg; 1.76 (0.11) m) were analyzed.
Time from amputation was ≥1.5 years and averaged 6 (3) years. The
vascular and traumatic amputee groups did not substantially differ in
terms of body weight or activity level, and all amputee subjects were at
least limited community ambulators. Each amputee used their ownpros-
thesis (9 energy storage and return, ESAR, and 5 solid ankle cushioned
heel, SACH, prosthetic feet). Prosthesis alignment and fit were verified
by a licensed prosthetist.

2.2. Procedures

Each subject walked along a 10-m walkway at four randomly-
ordered, steady-state speeds of 0.6, 0.9, 1.2 and 1.5 m/s. For each
walking trial, speed was measured using infrared timing gates. To be
included in the analysis, the speed was required to be within 0.06 m/s
of the target speed. Bilateral kinematic marker data (Silverman et al.,
2008) were measured at 120 Hz using an eight-camera motion capture
system (Vicon, OMG plc, Oxford, UK). Reflective markers were placed
on the C-7 vertebrae and bilaterally on the acromion, iliac crest, poste-
rior superior iliac spine, anterior superior iliac spine, greater trochanter,
lateral and medial femoral condyles, lateral and medial malleoli, heel,
dorsal foot, and the first, second and fifthmetatarsal heads. Tominimize
skin movement artifact, marker clusters were also placed bilaterally on
the shank and thigh. Markers on the foot of the residual legwere placed
symmetric to the intact leg. GRF data were measured at 1200 Hz using
four embedded force plates (Advanced Mechanical Technology, Inc.,
Watertown, MA, USA). Repeated trials were collected until at least
five complete gait cycles per foot were measured at each speed.

2.3. Data analyses

Inverse dynamics analysis was performed to calculate net inter-
segmental joint moments and forces using Visual3D (C-Motion, Inc.,
Germantown, MD, USA), which were expressed in the local orthogo-
nal femoral frame (Fig. 1). Kinematic data were low-pass filtered
using a 4th-order Butterworth filter with a cut-off frequency of
6 Hz, and GRF data were low-pass filtered with a cut-off frequency
of 20 Hz. Inertial properties of the residual leg were adjusted for the
amputees and were based on previous measurements of residual
limb mass and center-of-mass location for below-knee amputees
(Mattes et al., 2000). Residual shank mass was reduced to 50% of
the intact leg shank mass (2.3% body weight). Residual shank
center-of-mass location was moved more proximally to 25% of the
total shank length measured relative to the knee. Joint moments
and forces were normalized by each subject's body mass.

Knee intersegmental joint moment and force impulses (i.e., time
integral of the corresponding moment or force) were computed over
the stance phase (ipsilateral heel strike to toe off). Knee extension,
flexion, abduction, internal rotation and external rotation moment im-
pulses and lateral (positive x-direction), anterior (positive y-direction),
posterior (negative y-direction) and distal (negative z-direction) force
impulses of the residual, intact and control legs were compared at
each walking speed. Control subject data from the left and right legs
were averaged for the analyses.



Fig. 1. The local femoral reference frame used to express intersegmental moments
and forces was defined as positive x-direction oriented laterally, positive z-direction
oriented proximally and axially along the femur, and positive y-direction orthogonal
to x- and z-direction axes and oriented anteriorly.
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2.4. Statistical analyses

For each impulse tested, two, two-factor repeated-measures
ANOVAs were performed to compare quantities across legs, group and
speed (SPSS 16.0 GP, SPSS, Inc., Chicago, IL, USA). The two ANOVAs
included: (1) intact and residual legs (two-factor, leg and speed), and
(2) intact and control legs (two-factor, group and speed). The leg factor
consisted of two levels (residual leg, intact leg). The group factor
Fig. 2. Group average net internal joint moments (N*m/kg) of the residual, intact and cont
the intact and control knees (■) and between the intact and residual knees (□) are indicat
consisted of two levels (amputee, non-amputee). The speed factor con-
sisted of four levels (0.6, 0.9, 1.2 and 1.5 m/s). If a significant main or
interaction effect was found (α=0.05), pairwise comparisons were
made using a Bonferroni adjustment formultiple comparisons to deter-
mine which factors were significantly different. To further assess how
these impulses varied with respect to walking speed, a polynomial
decomposition was evaluated in each ANOVA to determine if there
was a significantly different linear trend with walking speed in the
intact, residual and control legs (α=0.05).

3. Results

3.1. Joint moments — intact to control comparison

The hypothesis that the intact knee moment impulses would be
greater than in the control subjects was not supported in any of the
moment impulses tested. In contrast, the knee abduction moment
impulse was significantly lower (group, P=0.039; speed*group,
Pb0.001) in the intact knee compared to control subjects at 0.6 and
0.9 m/s (P≤0.031) and showed a significantly different linear rela-
tionship between intact and control legs as walking speed increased
(Pb0.001, Figs. 2 and 3, Table 1).

3.2. Joint moments — intact to residual comparison

The hypothesis that the intact knee moment impulses would be
greater than in the residual knee was supported by the knee flexion
moment impulse (leg, P=0.001; leg*speed, P=0.033) at 0.6, 1.2
and 1.5 m/s (P≤0.009) (Figs. 2 and 3, Table 1). This hypothesis was
also supported by the knee external rotation moment impulse (leg,
P=0.001; leg*speed, P=0.025), which was larger in the intact knee
compared to the residual knee at all speeds (P≤0.041). In addition,
the knee extension moment impulse had a significant leg*speed
interaction effect (P=0.015) with a significantly different linear
rol knees across steady-state walking speeds. Significant pairwise differences between
ed.

image of Fig.�2


Fig. 3. Group average net internal joint moment impulses (N*m*s/kg) of the residual,
intact and control knees across steady-state walking speeds. Vertical bars represent
one standard deviation of the experimental data. Significant pairwise differences
between the intact and control knees ( ) and between intact and residual knees ( )
are indicated.
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relationship as speed increased between the intact and residual legs
(P=0.003, Fig. 3). The residual knee extension moment impulse
did not significantly change with speed, while the intact knee exten-
sion moment impulse increased as speed increased (0.6 to 1.5 m/s,
P=0.043; 0.9 to 1.5 m/s, P=0.019). However, there were no signifi-
cant pairwise differences between intact and residual knee extension
moment impulse. In addition, the internal rotation moment impulse
had a significantly different linear relationship as speed increased
between the intact and residual legs (P=0.025).

3.3. Intersegmental forces — intact to control comparison

The hypothesis that the intact knee force impulses would be
greater than in the control subjects was not supported, as there
were no significant differences found between the intact and control
knees at any speed (Fig. 4, Table 2).

3.4. Intersegmental forces — intact to residual comparison

The hypothesis that the intact knee joint force impulses would be
greater than in the residual knee was not supported in any of the
force impulses. Differences in lateral force impulses approached
Table 1
Group average, mean (standard deviation), net internal joint moment impulses (N*m*s/k
speeds. Significant pairwise differences (α=0.05) between intact and control knees and i

0.6 m/s

Extension (N∗m∗s/kg) Residual 0.099 (0.068)
Intact 0.058 (0.054)
Control 0.040 (0.020)

Flexion (N∗m∗s/kg) Residual − 0.051 (0.043)
Intact − 0.141 (0.126)
Control − 0.130 (0.086)

Abduction (N∗m∗s/kg) Residual − 0.186 (0.118)
Intact − 0.186 (0.105)
Control − 0.307 (0.073)

Internal rot. (N∗m∗s/kg) Residual 0.025 (0.017)
Intact 0.026 (0.017)
Control 0.012 (0.008)

External rot. (N∗m∗s/kg) Residual − 0.020 (0.013)
Intact − 0.044 (0.034)
Control − 0.067 (0.042)
significance (leg, P=0.062) between intact and residual knees
(Fig. 4, Table 2). Posterior force impulse had a significant leg*speed
interaction effect (Pb0.001) and significantly different linear rela-
tionships as speed increased between the intact and residual legs
(P=0.002, Fig. 4, Table 2), but therewere no differences between the in-
tact and residual legs at any speed. A significant speed effect (P=0.001)
was found in the posterior force impulse. However, as walking speed
increased, the posterior force impulse did not significantly change in
the residual knee and significantly increased with walking speed in
the intact knee (0.6 to 1.2 m/s, Pb0.001; 0.6 to 1.5 m/s, Pb0.001; 0.9
to 1.2 m/s, Pb0.001; 0.9 to 1.5 m/s, Pb0.001; 1.2 to 1.5 m/s, P=0.021).

4. Discussion

We expected that the amputee intact knee loadingwould be greater
than in the non-amputee subjects. In contrast, intact knee abduction
moment impulse was actually smaller compared to the control subjects
at 0.6 and 0.9 m/s (Figs. 2 and 3, Table 1) and no differences were found
in the intersegmental forces of the amputee and non-amputee knees.
Previously, an increased internal knee abduction (external knee adduc-
tion) moment magnitude was associated with osteoarthritis disease
progression (Miyazaki et al., 2002) and severity (Mundermann et al.,
2004) in non-amputees. However, the non-amputee subjects were
either already experiencing osteoarthritis and/or were substantially
older (Miyazaki et al., 2002; Mundermann et al., 2004; Sharma et al.,
1998). Thus, it is not clear whether the increased knee abduction
moment of osteoarthritic non-amputees contributes to disease onset
or is an adaptation resulting from disease onset and progression. An
increased intact knee abduction moment peak magnitude at SSWS
was previously shown in amputee subjects (Royer and Koenig, 2005;
Royer and Wasilewski, 2006) that were free of joint pain and of similar
age, 41 (10) years mean (standard deviation), to our amputee subjects,
45 (9) years. However, the post-amputation times for their subjects were
substantially larger compared to our amputee subjects (17 (11) years
compared to 6 (3) years). These previous studies along with our cur-
rent knee abduction moment results suggest that prolonged pros-
thetic usage and/or aging may lead to frontal plane knee loading
asymmetries over time.

In the sagittal plane, the larger intact knee flexor moment impulse
compared to the residual knee at 0.6, 1.2 and 1.5 m/s supported our
third hypothesis (Figs. 2 and 3, Table 1). Previously, these same sub-
jects showed increased residual leg quadriceps activity across walk-
ing speeds (Fey et al., 2010), which would act to reduce the residual
knee flexion moment and may provide additional body support in
the absence of the ankle plantar flexors (e.g., Neptune et al., 2004).
Increased residual leg hamstring activity was also shown in these
g) of the residual, intact and control knees during stance across steady-state walking
ntact and residual knees are indicated by the shaded regions.

0.9 m/s 1.2 m/s 1.5 m/s

0.081 (0.054) 0.089 (0.053) 0.086 (0.042)
0.067 (0.045) 0.085 (0.064) 0.100 (0.066)
0.060 (0.023) 0.091 (0.035) 0.111 (0.035)

− 0.068 (0.052) − 0.041 (0.030) − 0.042 (0.029)
− 0.076 (0.047) − 0.093 (0.060) − 0.090 (0.055)
− 0.089 (0.055) − 0.065 (0.039) − 0.063 (0.032)
− 0.149 (0.096) − 0.126 (0.081) − 0.110 (0.070)
− 0.114 (0.083) − 0.114 (0.069) − 0.103 (0.073)
− 0.190 (0.073) − 0.157 (0.075) − 0.135 (0.067)

0.019 (0.015) 0.017 (0.010) 0.019 (0.014)
0.026 (0.016) 0.027 (0.019) 0.030 (0.020)
0.015 (0.008) 0.020 (0.010) 0.025 (0.009)

− 0.019 (0.015) − 0.012 (0.008) − 0.014 (0.009)
− 0.026 (0.015) − 0.029 (0.020) − 0.029 (0.016)
− 0.039 (0.024) − 0.033 (0.017) − 0.030 (0.014)

image of Fig.�3


Fig. 4. Group average net internal joint forces (N/kg) of the residual, intact and control knees across steady-state walking speeds.
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subjects across all speeds (Fey et al., 2010), which would act to in-
crease hip extension and knee flexion moments. Based on these
results, increased residual leg hamstring activity may increase hip
extensor moments (e.g., Gitter et al., 1991; Silverman et al., 2008)
and have a smaller effect at the knee. Further work is needed to ex-
amine if the increased intact knee flexor moment impulse is unfavor-
able to intact knee health.

Significantly different linear relationships as walking speed in-
creased were found in the residual knee extension, abduction and
internal rotation moment impulses and posterior force impulse com-
pared to the intact knee. In addition, residual knee extension moment
impulse (Figs. 2 and 3, Table 1) and posterior force impulse (Fig. 4,
Table 2) did not significantly change as walking speed increased,
while they did increase in the intact and control knees. It is unclear
whether these different relationships with walking speed result in
less favorable loading conditions in the intact knee as amputees mod-
ulate speed. Future studies analyzing amputees during accelerated/
decelerated walking or typical maneuvering tasks such as standing
Table 2
Group average, mean (standard deviation), net internal joint force impulses (N*s/kg)
of the residual, intact and control knees during stance across steady-state walking
speeds. There were no significant differences between legs at any speed.

0.6 m/s 0.9 m/s 1.2 m/s 1.5 m/s

Lateral
(N*s/kg)

Residual 1.26 (0.44) 1.01 (0.34) 0.88 (0.31) 0.77 (0.28)
Intact 1.50 (0.35) 1.19 (0.27) 1.09 (0.25) 0.95 (0.20)
Control 1.54 (0.49) 1.19 (0.37) 1.02 (0.34) 0.86 (0.28)

Anterior
(N*s/kg)

Residual 0.40 (0.31) 0.41 (0.31) 0.36 (0.24) 0.38 (0.21)
Intact 0.51 (0.42) 0.47 (0.30) 0.44 (0.24) 0.45 (0.16)
Control 0.69 (0.46) 0.58 (0.36) 0.54 (0.28) 0.50 (0.21)

Posterior
(N*s/kg)

Residual −0.36 (0.27) −0.33 (0.21) −0.35 (0.18) −0.40 (0.18)
Intact −0.27 (0.24) −0.30 (0.23) −0.39 (0.23) −0.46 (0.22)
Control −0.14 (0.17) −0.17 (0.16) −0.23 (0.14) −0.32 (0.15)

Distal
(N*s/kg)

Residual −6.81 (0.83) −5.82 (0.63) −4.98 (0.44) −4.41 (0.30)
Intact −7.07 (0.85) −5.92 (0.49) −5.12 (0.43) −4.56 (0.42)
Control −7.30 (0.82) −6.17 (0.64) −5.33 (0.56) −4.71 (0.54)
and hopping on their intact leg may provide insight since ~40% of
day to day walking in adults located in urban environments are
short duration bouts of less than twelve steps (Orendurff et al.,
2008). This is especially important for below-knee amputees since
they are commonly classified as limited community ambulators,
which are characterized by a reduced walking range (Johnson et al.,
1995). Thus, amputees may experience increased intact leg loading
demands during these types of non-steady-state activities or perform
these activities with greater regularity, which may be detrimental to
knee joint health.

No differences in intersegmental joint force impulses were found
between legs. An important limitation of analyzing intersegmental
joint forces is that they underestimate net joint contact forces by
not accounting for co-contraction of antagonistic muscles or com-
pressive forces due to ligaments (e.g., Zajac et al., 2002). Therefore,
differences in knee contact forces may exist. However, intersegmental
forces do quantify the contributions of GRFs and body segment iner-
tial forces to the net knee contact force, and therefore provide useful
insight into knee loading. Since studies have identified increases in
intact leg GRFs compared to the residual leg (e.g., Nolan et al., 2003;
Silverman et al., 2008), it was reasonable to expect larger knee inter-
segmental forces would develop. Previous studies examining inter-
segmental joint forces of amputees between intact and control legs
have produced conflicting results and found either a smaller intact
knee intersegmental horizontal force and no difference in vertical
forces when testing younger amputees (36 (7) years; Hurley et al.,
1990), or found no significant difference in peak vertical and horizon-
tal forces of the intact knee and a significantly greater vertical force
impulse when testing elderly amputees (72 (4) years; Lemaire and
Fisher, 1994). These previous studies and our intersegmental force
results again suggest that longer prosthetic use and/or aging may
play a role in developing higher intact knee loading over time.

An interesting finding was that as walking speed increased, we
observed the highest degree of symmetry between the residual and
intact knee moments and forces at 0.9 m/s (Fig. 2, Table 1). This
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finding is consistent with a previous work (Nolan et al., 2003) that
tested amputees walking at 0.5, 0.9 and 1.2 m/s and found that the
highest degree of vertical ground reaction force symmetry occurred
at 0.9 m/s. Other studies have shown that amputees exhibit a slower
SSWS (e.g., Waters et al., 1976) and an increased metabolic cost at a
given walking speed compared to non-amputees, which is minimized
at their slower SSWS (e.g., Genin et al., 2008; Waters et al., 1976).
Since the highest degree of loading symmetry occurs at a slower
walking speed compared to the SSWS (~1.3 m/s) of non-amputees
(e.g., Waters et al., 1976), unilateral amputees may prefer slower
walking speeds to maintain a higher degree of bilateral knee loading
symmetry in addition to reducing metabolic cost.

A potential limitation in this study is the amputees analyzed
included multiple etiologies (traumatic, n=11; vascular, n=3).
Also, amputees walked using their own clinically prescribed prosthe-
ses which included ESAR (n=9) and SACH (n=5) feet. To assess
whether this influenced our results, the analyses were performed
on two subsets of amputees (i.e., only traumatic amputees and only
amputees that used ESAR feet). We found that the statistical results
were similar and our overall conclusions remained unchanged.

5. Conclusions

In summary, intact knee mechanical loading during steady-state
walking was similar or even lower at some speeds compared to the
control subjects. Thus, in terms of intersegmental joint moments
and forces, it does not appear that the intact knee is at a higher risk
of overloading compared to non-amputees. However, there were sag-
ittal and transverse plane bilateral loading asymmetries in the flexion
and external rotation moment impulses, which were larger in the in-
tact knee at multiple speeds. In addition, the residual knee extension
moment impulse and posterior force impulse were insensitive to
walking speed increases, while these quantities increased in the in-
tact and control knees. Future modeling studies are needed to quanti-
fy the contributions of muscles, ligaments and external loads to the
knee contact forces (e.g., Winby et al., 2009) to determine if these
bilateral asymmetries across speed lead to less favorable intact knee
loading that contributes to joint disorders over time. In addition,
factors other than mechanical loading and walking speed such
as non-steady-state task demands and frequency, bone mineral den-
sity (Royer and Koenig, 2005), joint laxity and varus alignment
(Miyazaki et al., 2002; Sharma et al., 1998), joint contact geometry
and localized stress distribution (Koo and Andriacchi, 2007), and spe-
cific walking patterns (Fregly et al., 2009) may also play important
roles in the development of joint disorders in lower-limb amputees
that warrants further research.
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