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Abstract

Background Individuals with osteoarthritis (OA) of the
lower limb find normal locomotion tiring compared with
individuals without OA, possibly because OA of any lower
limb joint changes limb mechanics and may disrupt
transfer of potential and kinetic energy of the center of
mass during walking, resulting in increased locomotor
costs. Although recovery has been explored in
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asymptomatic individuals and in some patient populations,
the effect of changes in these gait parameters on center of
mass movements and mechanical work in patients with OA
in specific joints has not been well examined. The results
can be used to inform clinical interventions and rehabili-
tation that focus on improving energy recovery.
Questions/purposes We hypothesized that (1) individuals
with end-stage lower extremity OA would exhibit a
decrease in walking velocity compared with asymptomatic
individuals and that the joint affected with OA
would differntially influence walking velocity, (2) indi-
viduals with end-stage lower extremity OA would show
decreased energy recovery compared with asymptomatic
individuals and that individuals with end-stage hip and
ankle OA would have greater reductions in recovery than
would individuals with end-stage knee OA owing to
restrictions in hip and ankle motion, and (3) that differ-
ences in the amplitude and congruity of the center of mass
would explain the differences in energy recovery that are
observed in each population.

Methods Ground reaction forces at a range of self-se-
lected walking speeds were collected from individuals with
end-stage radiographic hip OA (n = 27; 14 males, 13
females; average age, 55.6 years; range, 41-70 years), knee
OA (n = 20; seven males, 13 females; average age, 61.7
years; range, 49-74 years), ankle OA (n = 30; 14 males, 16
females; average age, 57 years; range, 45-70 years), and
asymptomatic individuals (n = 13; eight males, five
females; average age, 49.8 years; range, 41-67 years).
Participants were all patients with end-stage OA who were
scheduled to have joint replacement surgery within 4
weeks of testing. All patients were identified by the
orthopaedic surgeon as having end-stage radiographic
disease and to be a candidate for joint replacement surgery.
Patients were excluded if they had pain at any other lower
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extremity joint, previous joint replacement surgery, or
needed to use an assistive device for ambulation. Patients
were enrolled if they met the study inclusion criteria. Our
study was comparative and cohorts could be com-
pared with each other, however, the asymptomatic group
served to verify our methods and provided a recovery
standard with which we could compare our patients.
Potential and kinetic energy relationships (% congruity)
and energy exchange (% recovery) were calculated. Linear
regressions were used to examine the effect of congruity
and amplitude of energy fluctuations and walking velocity
on % recovery. Analysis of covariance was used to com-
pare energy recovery between groups.

Results  The results of this study support our hypothesis
that individuals with OA walk at a slower velocity than
asymptomatic individuals (1.4 £ 0.2 m/second, 1.2-1.5 m/
second) and that the joint affected by OA also affects
walking velocity (p < 0.0001). The cohort with ankle OA
(0.9 £ 0.2 m/second, 0.77-0.94 m/second) walked at a
slower speed relative to the cohort with hip OA (1.1 £ 0.2
m/second, 0.96-1.1 m/second; p = 0.002). However, when
comparing the cohorts with ankle and knee OA (0.9 £ 0.2
m/second, 0.77-0.94 m/second) there was no difference in
walking speed (p = 0.16) and the same was true when
comparing the cohorts with knee and hip OA (p = 0.14).
Differences in energy recovery existed when comparing the
OA cohorts with the asymptomatic cohort and when
examining differences between the OA cohorts. After
adjusting for walking speeds these results showed that
asymptomatic individuals (65% =+ 3%, 63%—-67%) had
greater recovery than individuals with hip OA (54% =+ 10%,
50%-58%; p = 0.014) and ankle OA (47% =+ 13%, 40%—
52%; p = 0.002) but were not different compared with
individuals with knee OA (57% =+ 10%, 53%—62%; p =
0.762). When speed was accounted for, 80% of the variation
in recovery not attributable to speed was explained by
congruity with only 10% being explained by amplitude.
Conclusions OA in the hip, knee, or ankle reduces
effective exchange of potential and kinetic energy, poten-
tially increasing the muscular work required to control
movements of the center of mass.

Clinical Relevance The fatigue and limited physical
activity reported in patients with lower extremity OA could
be associated with increased mechanical work of the center
of mass. Focused gait retraining potentially could improve
walking mechanics and decrease fatigue in these patients.

Introduction
Lower limb osteoarthritis (OA), affecting the knee, hip, and

ankle, is a debilitating disease that affects millions of
people older than 45 years in the United States [8, 16, 26].
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People affected by OA report general pain and fatigue after
daily activities and walk at reduced speeds relative to
asymptomatic adults [3, 24-27, 29], Fatigue related to hip
and knee OA also is associated with higher cardiac and
ventilatory costs of gait [3, 29]. In addition, the exchange
of potential energy and kinetic energy which is associated
with changes in the timing and magnitude of center of mass
energy fluctuations, and which in turn can be influenced by
walking speed, joint motion, and footfall timing
[4-7, 14, 15], appears to be reduced in patients with mild to
moderate knee OA perhaps leading to higher levels of
muscular work [9, 27].

The center of mass during normal walking on a rela-
tively stiff leg follows the cycle of an inverted pendulum
allowing stored gravitational potential energy of the center
of mass at midstance to be converted to kinetic energy to
further drive the center of mass forward and upward
[4-7, 13-15]. The efficiency of energy exchange (%
recovery) between potential energy and kinetic energy can
be as much as 70% during preferred-speed walking [4-7].
When energy exchange is efficient, it can reduce the
amount of muscular effort needed to accelerate and
decelerate the center of mass [4-7, 11, 12, 14, 15, 19].
Energy exchange is affected by age and disease
[2, 10, 13, 18, 27, 28]. However, the effect of OA in all
three major lower extremity joints on the mechanical work
of the center of mass is poorly understood. Although cal-
culation of energy recovery is a long-standing technique
that has been applied to studies of nonhuman animals and
asymptomatic humans [4-7, 15], only a few studies have
examined gait in subjects older than 45 years and gait as
affected by disorders [10, 13, 18], and those who have
examined OA have examined the effect of knee OA on
recovery [11, 27]. There is little information regarding the
effect of hip and ankle OA on recovery, although it can be
predicted from models of energy recovery [4-7, 27].

Percentage recovery can be affected by fluctuations in
the relative magnitude of potential and kinetic energy and
the phase relationships (% congruity; the amount of time
during the stride when the potential and kinetic energy
curves change in the same direction) (Fig. 1)
[1,4-7, 14, 15, 27]. Magnitude and congruity of potential
energy and kinetic energy fluctuations can be influenced by
mechanical factors such as changes in stride length and
restrictions in hip, knee, and ankle motion, which are
common to individuals with lower extremity OA [25].

The goals of this study were to (1) examine the effect of
end-stage lower extremity OA (hip, knee, or ankle) on
walking speed in comparison to an asymptomatic cohort,
(2) examine patterns of energy exchange between patients
with lower extremity OA in specific joints and in com-
parison to an asymptomatic cohort, and (3) examine the
aspects of center of mass movements that drive energy
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In this idealized example:

Amplitude of positive change in KE and PE are equal.

The direction of change (congruence) in KE and PE is opposite.
Energy recovery is 100% and TE has no fluctuations.

Time to Complete One Stride

Fig. 1 The association of potential energy (PE), kinetic energy (KE),
and total energy (TE) of the center of mass in a theoretical model of
100% recovery is presented. When the positive fluctuations of
potential energy and kinetic energy are of the same amplitude and
moving in opposite directions at all times during the stride (100% out
of phase calculated as 0% congruity), it leads to a pattern in which
total energy does not fluctuate. In this example, recovery (as

recovery in each population. We hypothesized that indi-
viduals with lower extremity OA would exhibit a decrease
in velocity compared with an asymptomatic cohort and that
walking speed would be different between the OA cohorts
based on the joint affected. In addition, we hypothesized
that the OA cohorts would have decreased energy recovery
during walking compared with an asymptomatic cohort and
that individuals with hip and ankle OA would have a
greater reduction in recovery compared with individuals
with knee OA owing to restrictions in hip and ankle motion
previously reported in these populations [25]. Finally, we
hypothesized that congruity in the movement of the center
of mass would explain the differences in energy recovery
when comparing these study cohorts.

Materials and Methods

Ninety individuals were recruited from the orthopaedic
clinic during a course of 18 months, 30 with diagnosed ankle
OA, 27 with diagnosed hip OA, 20 with diagnosed knee OA,
and 13 asymptomatic individuals with an age range for the
entire sample between 41 and 71 years old (Table 1). All

calculated following the methods described in the text) would be
100%. The points in the gait cycle are indicated on a schematic of the
pendular model of human walking in the lower left with the mass of
the body concentrated at one end. Disruption in amplitude or
congruity (and shape) of potential energy and kinetic energy can lead
to reduced recoveries.

patients with OA were diagnosed by board-certified ortho-
paedic surgeons (MB, DA, SW, JD, JN, ME) as having
unilateral OA in a single joint and the absence of pain in all
other lower extremity joints. Establishing comparable levels
of OA severity across joints is challenging. Kellgren-
Lawrence grades can be determined for patients with knee
OA, but currently, no established OA grading systems have
been validated and accepted for the ankle and hip. Therefore,
to provide a consistent recruitment strategy, we included
only individuals with end-stage, symptomatic OA who were
scheduled for a total joint arthroplasty within 4 weeks of
testing. Individuals were excluded if they were unable to
ambulate without the use of an assistive device, had pain in
more than one lower extremity joint on either limb, or had
prior lower extremity joint replacement surgery.

Although this was a comparative study across end-stage,
symptomatic OA populations and an asymptomatic group
may be unnecessary, we included this group to verify our
methods as this was a relatively new approach and used
data from multiple force plates [27]. Considerable data
exist examining energy recovery in asymptomatic young
people [4-7, 18] and an older population [18], and we
wanted to ensure that our methods yielded results
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Table 1. Demographic comparisons between the four study groups

Demographic Asymptomatic group Hip OA group Knee OA group Ankle OA group p value
(n=13) (n=27) (n = 20) (n = 30)

Age (years) 498 £ 74 556 £ 62 61.7 £ 6.5 57 +54 < 0.0001%* ~
41-67 41-70 49-74 45-70

Mass (kg) 703 £ 9.3 85.3 £20.4 88.4 £ 21.7 88.9 £ 19.8 0.030 *
56-87 59-127 53-125 58-134

Height (m) 1.67 + 0.19 1.73 + 0.09 1.69 £ 0.09 1.69 £ 0.10 0.402
(1.07-1.85) (1.58-1.93) (1.58-1.83) (1.53-1.85)

BMI (kg/m® 26.2 + 8.6 283+ 54 30.7 £ 6.6 308 £52 0.084
(21.3-54.1) (20.4-43.7) (21.3-46.0) (21.3-40.1)

Sex M = 8 (62%) M = 14 (52%) M =7 (35%) M = 14 (47%)
F =5 (38%) F = 13 (48%) F =13 (65%) F = 16 (53%)

OA = osteoarthritis; mean + SD (range) for age, mass, height, and BMI; *difference between asymptomatic and all OA groups; +difference
between asymptomatic and ankle OA cohorts; Adifference between knee OA and hip OA cohorts.

consistent with these studies before we explored energy
recovery in patients with OA. In addition, the asymp-
tomatic cohort was included to obtain a relative measure of
the effect of OA in any joint and to be able to provide a
reference recovery value for comparison. The asymp-
tomatic cohort was a sample of convenience based on
available individuals who were selected to reduce, to the
extent possible, differences in age and gender in the OA
cohorts. Asymptomatic individuals had to be pain-free with
no history of lower extremity joint surgery and no clinical
diagnosis of lower extremity OA. Before this study all
participants signed informed consent as part of a larger
study of gait patterns that had been approved by the
medical center’s institutional review board.

Although individuals in the asymptomatic cohort were
on average younger (p = 0.035, < 0.0001, and 0.002,
respectively, for hip, knee, and ankle OA cohorts) com-
pared with any individuals in the OA cohort in this study,
their age range overlapped that of individuals in all of the
OA cohorts (Table 1). There were also differences in body
mass (p = 0.024) between the asymptomatic individuals
and the ankle OA cohort, but no difference in weight
existed between OA cohorts and no differences existed in
BMI between any cohorts including asymptomatic indi-
viduals (Table 1). Moreover, the range of body mass of the
asymptomatic individuals overlapped the range of body
masses of all the OA cohorts.

An eight-camera motion analysis system sampling at 120
Hz (Motion Analysis Corporation, Santa Rosa, CA, USA)
was used in conjunction with four force plates embedded in
the walkway sampling at 1200 Hz (AMTI, Watertown, MA,
USA) to collect ground reaction forces during self-selected
speed level walking. Each participant was asked to wear
form-fitting shorts and a shirt and to walk barefoot during
testing to control for changes in the ground reaction forces
associated with variations in footwear. A modified Helen-

@ Springer

Hayes marker set was used for testing [29], but only the
sacral marker was used for this analysis to calculate walking
velocity. Seven walking trials were collected along a 10-m
walkway at self-selected speeds. For a walking trial to be
accepted and used for analysis, the individuals had to con-
tact three isolated force plates and maintain a constant speed
throughout the trial. Participants were asked to walk at a
comfortable speed that was similar to the speed they would
walk when grocery shopping.

Outcome Measures

The outcomes were calculated and assessed in a fash-
ion similar to assessment in an earlier study [22] and are
briefly summarized here. Potential energy and kinetic
energy fluctuations were calculated from all three compo-
nents of ground reaction force for complete strides using
multiple force plates. Integration of the acceleration data
provided velocity, whereas double integration provided the
displacement of the center of mass, which were used to
calculate the kinetic energy of the center of mass in all
three planes and the potential energy of the center of mass
in the vertical plane. As much as was possible with a
population with a confirmed disorder, only steps that could
be considered steady state were used based on inclusion
criteria described. The percent of center of mass energy
recovery (% R) was calculated according to the formula
[1, 5-7, 9, 10, 27] (KE = kinetic energy, PE = potential
energy, TE = total energy):

SAKE + SAPE — SATE
R— | 1
% SAKE t SAPE 100 (1)

Percentage congruity (% C), the percent of time
throughout the stride in which potential energy and
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Table 2. Differences in walking speed between the study groups

Variable Asymptomatic group  Hip OA group Knee OA group Ankle OA group p value
(n=13) (n=27) (n =20) (n = 30)

Velocity (m/second) 1.4 £+ 0.2 (1.2-1.5) 1.1 £ 0.2 (0.96-1.1) 0.9 + 0.2 (0.85-0.94) 0.9 £ 0.2 (0.77-0.94) < 0.0001%"

% Recovery 65.0 & 3.0 (63-67) 54.0 & 10.0 (50-58) 57 £ 10.0 (53-62) 47.0 £ 13.0 (40-52) <0.0001% " *

% Congruity 10 £+ 3.5 (7.8-12) 17.6 & 10.0 (13.5-22)  16.6 £ 8.5 (11.8-21)  26.9 £ 10.9 (22.8-31.1) < 0.0001** *

OA = osteoarthritis; mean = SD (95% CI) for velocity, energy recovery, and % congruity in the sample of asymptomatic individuals and those
with isolated osteoarthritis of the hip, knee, and ankle; *difference between asymptomatic and all OA groups; +difference between ankle OA and
hip OA cohorts; #difference between asymptomatic and hip and ankle OA cohorts; ~difference between knee and hip OA cohorts; e difference

between knee and ankle OA cohorts.

kinetic energy changed in the same direction, is a measure
of phase relationships between the energy curves with high
values indicating in-phase curves, and also was calculated
following the equation for congruity described by Ahn
et al. [1].

d d
%C = (EPE X EKE) * 100 (2)

Amplitude differences between kinetic energy and
potential energy oscillations were calculated by
determining the amplitude differences (kinetic energy—
potential energy) between the oscillation peaks throughout
the stride and then the differences were averaged.

Statistical Analysis

The participant mean across all trials for each variable was
determined and used for statistical analysis. Parametric
Pearson correlation analyses were performed to determine
the associations between center of mass percent recovery
and congruity, energy oscillation amplitude differences,
and velocity. Regression lines and R* values were calcu-
lated for the variables of interest which included velocity,
recovery, congruity, and amplitude. Center of mass percent
recovery was averaged across 0.25-m/second increments of
velocity from 0.5 to 2.0 m/second to graphically compare
individuals across speed pools. Independent t-tests were
run to compare the mean recoveries for the symptomatic
and asymptomatic individuals at the self-selected walking
speed. An alpha level of 0.05 was used to indicate statis-
tically significant differences between groups. All
statistical analyses were performed using JMP®, Version
Pro 10.0.0 (SAS Institute Inc, Cary, NC, USA).

Results

The results of this study support our hypothesis that indi-
viduals with OA walk at a slower velocity than

asymptomatic individuals and that the joint affected by OA
also affects walking velocity. All of the OA cohorts walked
at a slower speed than the asymptomatic population (1.38
+ 0.22 m/second; 95% CI, 1.25-1.5; p < 0.0001), with
individuals with hip OA (1.05 £ 0.22 m/second; 95% (I,
0.97-1.3), or knee OA walking the fastest (0.95 £ 0.20 m/
second; 95% CI, 0.85-1.05) of the OA cohorts, while the
ankle OA cohort walked the slowest (0.86 £ 0.23 m/sec-
ond; 95% CI, 0.78-0.94). The ankle OA cohort walked at a
lower speed relative to the hip OA cohort (p = 0.002).
However, when comparing the ankle OA cohort with the
knee OA cohort there was no difference in walking speed
(p = 0.16) and the same was true when comparing the knee
OA and hip OA cohorts (p = 0.14) (Table 2). Each of the
OA cohorts achieved a maximum walking speed (ankle
OA= 1.36 m/second; knee OA= 1.29 m/second; hip
OA=1.39 m/second) at or near the average walking speed
of the asymptomatic cohort (mean asymptomatic velocity =
1.38 m/second) (Table 2).

Differences in energy recovery existed when comparing
the OA cohorts with the asymptomatic cohort and when
examining differences between the OA cohorts. The mean
values for percentage recovery during self-selected walk-
ing speed was 54% =+ 10% for the cohort with hip OA,
57% =+ 10% for the knee OA cohort, 47% + 13% for the
ankle OA cohort, and 65% =+ 3% for the asymptomatic
cohort (Fig. 2). After adjusting for walking speeds these
results showed that asymptomatic individuals had greater
values of recovery than individuals with hip OA (p =
0.014) and ankle OA (p = 0.002) but not greater values than
individuals with knee OA (p = 0.762). In addition, the knee
OA cohort showed greater values of recovery than the hip
OA cohort (p = 0.033). The knee OA cohort also showed
higher recovery compared with the ankle OA cohort (p =
0.005) (Fig. 2). Thus overall, individuals with knee OA had
the least loss of recovery compared with other OA groups,
whereas individuals with hip OA and ankle OA had simi-
larly low values of recovery.

The results of our study indicate that congruity in center
of mass movement is associated with energy recovery in
the OA cohorts, but not for the asymptomatic cohort.

@ Springer
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However, oscillation amplitude does not appear to be
associated with changes in energy recovery for any of the
study cohorts. A strong negative relationship exists
between center of mass percent recovery and congruity
(Fig. 3) for all OA groups, with an R? of 0.82 (95% CI,
0.66-0.73) for the hip OA cohort, an R? of 0.8 95% CI,
0.7-0.79) for the knee OA cohort, and an R? of 0.82 (95%
CI, 0.7-0.82) for the ankle OA cohort, all of which were
significant at a probability less than 0.0001. However, no
relationship existed between recovery and oscillation
amplitude difference for the three OA groups and the
asymptomatic cohort. The lack of a relationship between
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recovery and congruity in the asymptomatic cohort is likely
the result of the narrow speed range in this group. When
speed was accounted for, 80% of the variation in recovery
not attributable to speed was explained by congruity, with
only 10% being explained by amplitude.

Discussion
Individuals with OA of the lower limb experience pain and

fatigue during normal activities, but little is known about
the source of this fatigue. One possibility is that fatigue is
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associated with higher levels of muscular work necessary to
move the center of mass owing to a decrease in the efficiency
of exchanging potential energy and kinetic energy in these
individuals [5-7, 9, 10, 14, 15, 18, 19, 27]. This effect has
been shown for patients with knee OA [9, 27], but to our
knowledge, no study has examined the degree to which ankle
and hip OA influence walking speed or energy recovery and
determined which center of mass parameter influences
energy recovery in these OA cohorts. The goal of this project
was to determine the effect of isolated lower limb joint OA
on energy recovery. We found that OA in any joint (hip,
knee, ankle) reduces walking velocity, energy recovery, and
that lower energy recovery is influenced by velocity and an
increase in congruity of the potential and kinetic energy
curves. In addition, the results of this study showed that the
loss of recovery is greatest in individuals with hip and ankle
OA, which could be associated with increased locomotor
cost in these two OA cohorts.

This study had numerous limitations. The participants
walked across multiple force plates rather than a single
large surface, which required a more complicated analysis,
but a previous study [27] and the asymptomatic individuals
in that study and in the current study provide results similar
to those in other studies [4—7, 13] and appear to provide
valid measures of recovery in asymptomatic individuals,
indicating that this method can be applied to this popula-
tion. Using this method would allow for this type of
analysis to be completed in many standard gait laboratories
using multiple force plates rather than a single long force
plate. We examined patients with advanced OA to be able
to compare patients with disease at the hip, knee, and
ankle. Although the patient selection allowed for compar-
ison across groups, the results are applicable only to
patients in the late stages of OA. In patients with end-stage
disease there can be differences in limb alignment and the
use of pain-relief medications. Both of these factors were
not considered in the current study, but could affect
walking mechanics and therefore energy recovery. All
individuals in the OA cohort were mild or moderately
overweight and represented an older age group compared
with the asymptomatic cohort, but there were no differ-
ences in age or body mass across OA cohorts, who were the
main focus of this analysis.

Individuals with OA in this study walked with slower
velocities than asymptomatic individuals in this study and
in other studies [4-7, 13]. Individuals with ankle OA
walked the slowest of all the cohorts, reflecting the deep
disability associated with end-stage ankle OA [25, 26]. The
walking speed in our cohort with ankle OA is similar to
those reported for patients with end-stage hip [22, 25], knee
[25, 27], and ankle OA [17, 20, 21, 23, 25].

The presence of OA in any joint reduced energy
recovery. The lower recovery values seen for this

population at a self-selected speed could be the result of a
slower walking velocity in individuals with OA compared
with asymptomatic individuals. However, individuals with
OA showed the same parabolic relationships between
speed and recovery seen in asymptomatic individuals and
often overlapped much of the speed range of the asymp-
tomatic cohort (Fig. 4). When these individuals increased
their walking speed to a range that was consistent with
asymptomatic individuals, the recovery values increased
(Fig. 4). Individuals with knee OA were able to achieve
recovery levels as high as those of the asymptomatic
cohort, although on average recovery in the knee OA group
was significantly lower than the asymptomatic cohort. A
larger study of knee OA and recovery incorporating faster
speeds showed that individuals with knee OA had lower
recovery values compared with asymptomatic individuals
at multiple speeds [27]. In contrast, the individuals in the
current study with hip or ankle OA did not ever achieve
recovery values equivalent to those of the asymptomatic
cohort even at the same speeds. This suggests that joint
mechanics have a potentially strong effect on energy
recovery regardless of gait velocity.

Although the presence of knee OA disrupts energy
exchange, its effect was mild relative to the effect of hip
and ankle OA, reflecting high levels of disability [25, 26].
It has been shown that the presence of hip or ankle OA has
a strong effect on the pattern of the vertical force during
walking that is in turn reflected in the center of mass
motion [25].

Changes in the congruity and the amplitude of the center
of mass curves can alter energy recovery. The results of our
study indicate that energy recovery is influenced more by
changes in congruity than by changes in the amplitude of
the center of mass. One way in which joint mechanics
appears to play a role is in changing the congruity (phase
relationships) of the curve, which is evidenced by the
strong and consistent negative relationship in the whole
sample and in specific cohorts when assessing recovery and
congruity. For example, hip OA may disrupt energy
exchange because of the reduced ROM, especially in hip
extension during terminal stance [25]. The reduction in hip
ROM may limit the rise and fall of the center of mass as a
result, reducing the ability to store gravitational potential
energy, which enhances the congruity of the energy curves
by shifting the timing of pushoff relative to the timing of
the peak potential energy. For similar reasons, ankle OA
has an even-more-profound influence on center of mass
motion as reflected in previously reported flat-topped, low-
magnitude vertical force curves [25]. The reduced plantar
flexion during the last third of stance phase [25] will
influence profoundly the phase relationships between
potential energy and kinetic energy and enhance congruity.
With a reduction in plantar flexion recovery is reduced
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Fig. 4 The relationship 100
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through a delayed pushoff which allows kinetic energy to
be high as the center of mass rises.

Before this study, although energy recovery had been
used to examine the effect of aging [18], patients with
different disorders [2, 10] and knee OA [9, 27], the effects
of hip and ankle OA have not been explored in this context.
One of the goals for patient care and treatment for indi-
viduals with OA is to establish gait patterns that allow
normal activities to be conducted with minimal pain and
fatigue. Returning energy recovery to values closer to those
in unaffected populations may reduce muscular effort
during walking and reduce pain and fatigue. To achieve
this, it is imperative to restore normal walking mechanics,
ideally achieving a full range of plantar flexion and hip
extension. The data presented here support the prediction
that people affected by OA in any lower extremity joint
(hip, knee, or ankle) consistently exhibit gait patterns that
yield low levels of energy exchange, and this is most
pronounced among patients with ankle and hip OA.
Therefore, future research will need to examine the effect
of various surgical and nonsurgical interventions on energy
recovery. An understanding of how total joint arthroplasty
and the subsequent recovery process affect measures of
energy exchange could be instrumental in determining the
need for changes to current postoperative physical therapy
programs with the ultimate goal of restoring normal
walking mechanics and increasing postoperative physical
activity after surgery. In addition, future work will need to
focus on understanding the kinematic changes that are
driving recovery in affected populations and develop
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appropriate interventions for normalizing lower extremity
movement patterns and improving energy recovery.
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