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Abstract

The purpose of this study was to investigate the effect of knee pain and total knee replacement (TKR) surgery on the gait stability of knee
osteoarthritis (OA) patients compared to controls. Gait spatio-temporal measures, center of mass kinematics and pain levels of 21 TKR
subjects and 21 controls (CON) were assessed during level walking and obstacle crossing at two testing periods, pre-surgery (P1) and 6
months post-surgery (P2). The TKR patients reported greater pain and disability than CONs at P1 and P2, walked and negotiated the obstacle
more slowly and had a shorter stride length than CONs. After surgery, the TKR center of mass—center of pressure (COM—COP) separation
distance and the peak anterior inclination angle were significantly smaller than CONs. Pain was found to be significantly related to sagittal
plane measures, but not to similar measures in the frontal plane. The data suggest that total knee replacement surgery and pain affect gait
stability predominantly in sagittal plane variables. The TKR subjects used a conservative strategy to manage the COM and COP in the sagittal
plane, possibly to reduce the kinetic demands on the involved limb.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Osteoarthritis is considered to be an independent risk
factor for recurrent falls in community-dwelling mature
fallers [1,2]. A deleterious relationship between knee
osteoarthritis (OA) and standing balance has been reported
indicating that knee OA patients have greater body sway
during standing than controls [3—6]. This is thought to be the
result of proprioceptive deficits, muscle weakness, and knee
pain brought about by articular degeneration of the knee
joint [S].

Several studies have suggested an association between
knee pain and standing postural instability. For rheumatoid
arthritis patients, Sherida et al. [7] reported a relationship
between visual analog pain scores and lateral center of
pressure (COP) velocity, possibly reflecting efforts to unload
painful limbs. Hassan et al. [5] observed that knee pain and
quadriceps strength were significant predictors of increased
postural sway. Generalized musculoskeletal pain has also
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been found to be related to falls in older women [8]. Women
who reported widespread pain had a 60% greater risk of
falling, slower gait, and lower quadriceps strength when
compared to women with no or mild pain. It was suggested
that reflex muscle inhibition from chronic pain could
compromise muscle responses to perturbation. It was
suggested further that pain may decrease older adults’
confidence in physical abilities, possibly mediating the
relationship between pain and falls. Since OA patients have
been shown to have both pain and static postural instability,
it is plausible that they will also show gait instability.
Further, if gait instability exists for end-stage knee OA
subjects, it is possible that total knee replacement surgery
will improve both knee pain and gait instability.

Total knee replacement (TKR) surgery is the treatment of
choice for end-stage knee OA [9]. The goal of TKR is to
relieve pain, correct deformity, and restore locomotor
function [10]. While TKR has been shown to relieve pain
[11], pain relief alone does not permit normal locomotion
[12]. Some features of post-TKR gait alterations are reduced
knee flexion during weight acceptance and altered stance-
phase knee moment patterns [13]. However, the presence or
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resolution of gait stability deficits for TKR patients requires
further investigation.

It has been suggested that falls most commonly occur
during activities of daily living (ADLs) [14], thus,
evaluations of knee OA balance deficits should reflect the
dynamic nature of these activities. Understanding the gait
instability faced by knee OA and TKR patients may help to
enhance the functional goals of rehabilitation. Therefore, the
aim of this study was to assess the effect of knee pain and
surgery on gait stability in TKR patients relative to controls
during level and obstructed walking. Additionally, the
relationship between knee pain/ADLs disability and gait
stability was assessed. It was hypothesized that pre-surgical
TKR candidates would show greater knee pain and gait
instability than controls and that TKR values would
resemble control levels post-surgically. It was also
hypothesized that pain would be related to gait instability
measures.

2. Method

Forty-three volunteers were recruited into two experimental
groups: (1) total knee replacement (TKR, n = 21); (2) healthy age-
matched control (CON, n = 22; Table 1). The study was approved
by the Institutional Review Board and subject consent was
obtained. TKR subjects displayed end-stage knee OA and were
scheduled to receive a three-compartment posterior stabilized
(n=18) or a cruciate retaining (n = 3) prosthesis (Zimmer Nex-
Gen®™, Warsaw, IN). The operations were performed by three
orthopedic surgeons associated with the same group. Each patient
received standard full-weight bearing rehabilitation protocols
initiated the first day following surgery; however, no consistent
regimen was followed by all TKR subjects. In order to assess the
effect of knee pain and surgery on gait stability, TKR subjects
underwent motion analysis testing at two time periods: within 2
weeks prior to surgery (P1) and 6 months post-surgery (P2). The
6-month post-surgical collection period was considered sufficient
by attending physicians to allow healing of surgical trauma. Control
subjects were tested at an initial collection period (P1), and at a
second period 6 months later (P2). Exclusion criteria for all subjects
included neurological or vestibular dysfunction, diabetes mellitus,
Parkinson’s disease, or a cerebrovascular accident.

Pain, stiffness, and ADL difficulty of all subjects were assessed
via the Western Ontario and McMaster Universities Osteoarthritis
Index, Visual Analog Scale (WOMAC/VAS) questionnaire. The
questionnaire has been shown to be a reliable and valid multi-
dimensional health status instrument [15].

For gait assessment, all subjects were fitted into a fall-arrest
harness and instructed to walk along a 10 m walkway at their
preferred speeds while barefoot. For obstacle crossing trials, sub-
jects were instructed to walk along the walkway at their preferred
speed while crossing a displaceable plastic tube obstacle placed in
the walkway at 10% of body height. Several practice trials for each
condition allowed subjects to become accustomed to experimental
conditions. Up to five trials per subject were used for analysis,
depending upon subject tolerance (mean = 3.7 trials).

Whole body motion data were collected using an eight-camera
motion analysis system (Eagle Digital System, EVaRT 4.4, Motion
Analysis Corp., Santa Rosa, CA), with a set of 33 reflective markers
placed on bony landmarks of each subject [16]. Nineteen markers
were used to define the foot, leg, and thigh segments of both lower
extremities. These markers were placed between the 2nd and 3rd
metatarsals (dorsal), and on the posterior calcaneus, medial and
lateral malleoli, medial and lateral femoral epicondyles, lateral
distal tibias and lateral distal thighs (wands), the sacrum, and both
anterior superior iliac spines. Medial markers were removed fol-
lowing initial measurements. The two anterior superior iliac spine
markers and one placed at the sacrum defined the pelvic segment.
Fourteen additional markers defined the head, arm, forearm, and
trunk segments (Fig. 1). Camera spatial arrangement was optimized
to yield a capture volume with height=3 m, length =10 m,
width=1.5m, and displacement accuracy < 0.5 mm. Three-
dimensional marker trajectory data were collected at 60 Hz and
low-pass filtered using a recursive Butterworth filter (cutoff fre-
quency = 8 Hz). Two force plates (AMTI, Newton, MA, model
ORG6-5-1) were used to obtain ground reaction data, sampled at
960 Hz and time-synchronized to the video sampling rate. The
force plates, fixed to the foundation of the laboratory and mounted
flush to the floor, were arranged in series, separated by 26 cm or
positioned adjacent to each other, so that consecutive contralateral
stance phases were collected.

External markers and estimated joint centers were used to
calculate the three-dimensional locations of segmental COMs.
Approximation of the segment mass and COM location were based
on anthropometric data previously reported [17]. Whole body
COM position data were calculated as the weighted sum of all
13 body segments, including head-neck, trunk, pelvis, two upper

Table 1
Mean anthropometric and WOMAC subscale values for TKR and CON groups across testing period (standard deviation)

TKR CON

P1 P2 Pl P2
Age (years) 63.7 (7.56) 64.0 (7.74) 62.7 (4.26) 63.1 (4.26)
Gender (women/men) 15/6 14/5 14/8 13/8
Height (m) 1.66 (0.09) 1.66 (0.09) 1.70 (0.09) 1.69 (0.05)
Weight (kg) 91.52" (17.83) 89.921 (18.65) 76.79 (12.46) 77.27 (12.83)
BMI (kg/m?) 32.9" (4.95) 32.47 (5.36) 26.6 (3.35) 26.9 (3.3)
WOMAC pain (out of 100) 46.69" (22.32) 14.74™7 (15.12) 3.22 (2.75) 4.06 (3.76)
WOMAC ADLSs (out of 100) 46.90" (23.42) 15.44"1 (12.14) 4.35 (3.85) 3.96 (3.57)

P1 and P2 are the periods.
T Indicates significant between-group difterence (P <.05).
* Indicates significant within-group difference (P < .05).
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Fig. 1. Subject with marker set.

arms, two forearms (with hands), two thighs, two shanks, and two
feet. Position derivatives of whole body COM were estimated with
a generalized cross-validated spline algorithm [18]. Laboratory-
written programs (Matlab v. 7.0 Mathworks Inc., Natick, MA,
USA) were used to complete the data processing. The position of
the COP under each foot was calculated using the reaction forces
and moments recorded from the force plates. The angle formed
between the vector connecting the COM and COP and the gravita-
tional axis passing through the COP was determined in both the
frontal and sagittal planes and denoted as anterior and medial
COM-COP inclination angles, as previously described [19]
(Fig. 2). Gait velocity, stride length, and COM—-COP measures
were analyzed for a gait cycle beginning and ending with foot strike
of the involved limb for patients, and the dominant limb for
controls. During obstacle crossing, the involved limb contacted
the force plate preceding the obstacle.

The dependent variables measured at the two testing periods (P1
and P2) included: WOMAC/VAS pain and ADL disability scores,
gait velocity (GV), stride length (SL), step width (SW), stride time
(ST), maximum separation distance between the COM—COP in the
anterior and medial directions (COM-COP,; COM-COPy;;
Fig. 2), and simultaneous anterior and medial velocities of the
COM (AP,; ML,). Maximum anterior and medial COM-COP
inclination angles were also calculated (64; 6y). Two-way mixed
analyses of variance (ANOVAs) with factors of period and group,
and repeated measures for period and trials were used to analyze

] cor
corp COM-COP, COM-COPy

Fig. 2. Inclination angle and COM—COP separation distance in sagittal (A)
and frontal (B) planes.

between and within-group effects across time for each variable
(SAS 9.1, Cary, NC, USA). Four simple effects were explored for
each condition: within-group differences for CON and TKR at P1
and P2, and between-group differences at P1 and P2. A Bonferroni
correction was used to adjust the alpha level to .0125. An inde-
pendent samples #-test (o = .05) was used to assess between-group
differences for WOMAC/VAS scores. A dependent samples #-test
(a = .05) was used to assess within-group differences for WOMAC/
VAS scores. The relationships between the WOMAC subscales to
the COM-COP interaction variables were assessed via Pearson
correlation coefficients (o = .05) computed at P1 and P2. By using a
moderate effect size, the minimum number of subjects in each
group was determined to be 20 (.05 alpha; .1 beta).

3. Results

Pre-surgically, four TKR subjects were not able to
complete obstacle crossing due to pain, and two TKR
subjects and one control subject were lost to attrition at P2.
Following surgery, all remaining TKR subjects (n=19)
successfully completed the obstacle crossing condition. No
within-group differences for anthropometric values were
seen across testing periods for either group (Table 1).
However, at both testing periods, the TKR group was
significantly heavier than CON (P =.012), which was
reflected in significantly greater BMI values (P =.0001).

3.1. WOMAC/VAS variables

At P1, the TKR group reported significantly greater pain
(P <.0001) and ADLs disability than controls (P <.0001,
Table 1). Although these variables improved significantly
for the TKR subjects across testing periods, they remained
significantly greater than CON at P2 (P =.002 and P = .001,
respectively).

3.2. Gait spatio-temporal measures

For level walking at P1, the TKR group walked with
significantly slower walking velocity (P =.0003) and
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Mean spatio-temporal values during level walking and obstacle crossing for TKR and CON groups across testing periods (standard deviation)

Condition TKR level CON level TKR obstacle CON obstacle

P1 P2 P1 P2 Pl P2 Pl P2
Gait velocity (m/s) 0.941 (0.38) 1.06™ (0.32) 1.14 (0.37) 1.21 (0.3) 0.73" (0.45) 0.827 (0.37) 0.94 (0.41) 0.99 (0.36)
Stride length (cm) 109.6" (28.8) 117.171 (24.2) 125.4 (28.3) 129.1 (23.1) 115.5" (38.8) 118.5 (56.6) 129.9 (35.7) 130.1 (53.7)
Step width (cm) 11.1 (4.8) 9.6" (4.2) 11.1 (4.8) 9.4" (4.0) 11.2 (7.2) 9.4 (6.0) 11.0 (6.4) 9.6 (6.0)
Stride time (s) 1.20 (0.28) 1.12" (0.18) 1.11 (0.28) 1.08 (0.17) 1.64" (0.58) 1.47 (0.67) 1.40 (0.53) 1.34 (0.64)

P1 and P2 are the periods.
t Significantly different between groups, within period (P <.0125).
* Significantly different between testing periods (P < .0125).

shorter stride length (P = .0002) than CONs (Table 2). Post-
surgically, the TKR group significantly increased walking
velocity (P =.0005) and stride length (P =.0044), and
significantly decreased step width (P =.0021) and stride
time (P =.0019). However, post-surgical TKR velocity
remained significantly slower and stride length significantly
shorter than CONs (P =.001, P =.0005, respectively).
Across testing periods, the CONs significantly decreased
their step width (P = .0012). For obstacle crossing at P1, the
TKR group had significantly slower gait velocity
(P =.0009), shorter stride length (P =.007) and increased
stride time than CONs (P =.0029). At P2, TKR obstacle
crossing velocity remained significantly slower than CONs
(P =.0014). No significant within-group differences were
seen for either group across testing periods for obstacle
crossing.
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3.3. COM-COP measures

For level walking, the TKR subjects walked with a
significantly smaller COM—COP, at both P1 (P =.0064)
and P2 (P <.0001, Fig. 3A). The AP, was significantly
slower for TKR compared to CONs at P1 (P =.0001,
Fig. 3B). Although TKR COM velocity was significantly
increased at P2 (P =.0008), it remained significantly less
than CONs (P =.0005). TKR level walking 64 values were
significantly less than CONs at both P1 (P =.0055) and P2
(P <.0001, Fig. 3C). The TKR group crossed the obstacle
with a significantly smaller COM-COP, at P2 compared to
CONs (P =.0007). TKR AP, values approached signifi-
cance at P2 (P =.0182) for obstacle crossing, while 6,
values were significantly less than CONs at P2 (P = .0004).
No significant between or within-group differences were

——%  [OP1HEP2

1111

TKR Level CON Level TKR Obstacle CON Obstacle

OoP1 mP2

TKR Level CON Level TKR Obstacle CON Obstacle

Fig. 3. Means and standard deviations for TKR and CON during level and obstructed walking: (A) maximum anterior COM—-COP separation; (B) instantaneous
COM anterior velocity at maximum COM-COP separation; (C) maximum anterior COM-COP inclination angle. *Significant between-group difference,
*significant within-group difference.
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Table 3

Mean maximal medial COM—COP separation, concurrent medial velocity of the COM, and maximal medial inclination angle during level walking and obstacle

crossing for TKR and CON across testing period (standard deviation)

Group/condition TKR level CON level TKR obstacle CON obstacle

Pl P2 Pl P2 P1 P2 P1 P2
COM-COPy; (m)  0.086 (0.037)  0.077 (0.026)  0.084 (0.036) 0.074 (0.025)  0.080 (0.048)  0.075 (0.035)  0.082 (0.043)  0.071 (0.032)
ML, (m/s) 0.06 (0.09) 0.05 (0.06) 0.07 (0.07) 0.06 (0.05) 0.09 (1.1) 0.09 (0.08) 0.11 (0.09) 0.09 (0.07)
Om () 5.13 (2.18) 4.64 (1.48) 4.98 (2.08) 4.42 (1.39) 4.81 (2.87) 4.47 (2.08) 4.86 (2.47) 4.23 (1.88)

P1 and P2 are the testing periods.

found for the frontal plane COM—COP measures for both
level and obstructed walking (Table 3).

3.4. Relationships between pain and gait stability
measures

At P1, significant but moderate correlation coefficients
were found between the WOMAC/VAS pain and ADLs and
several gait variables for level walking (Table 4). The
correlations remained significant for level walking at P2, but
were somewhat smaller than at P1. A similar pattern of
relationships, but of lesser magnitude, was observed for
obstacle crossing at P1 and P2. No significant relationships
were found between the WOMAC/VAS scores and frontal
plane COM-COP variables for either level walking or
obstacle crossing at P1 or P2.

4. Discussion

Pain secondary to degenerative knee OA has been shown
to adversely affect static postural control [5], thus, it is
plausible that pain may likewise influence gait stability.
TKR subjects were found to walk with a conservative
management of the COM motion in the sagittal plane prior
to and following surgery in response to knee pain and to
avoid imbalance. However, the knee joint pain measured
pre-surgically did not compromise the ability of knee OA
subjects to maintain frontal plane gait stability.

The 6-month post-surgery improvements of the WOMAC
scores support previously reported effectiveness of TKR
surgery in improving the quality of life of end-stage knee OA
patients [11]. The TKR group improvement in WOMAC
scores at P2 was accompanied by changes in spatio-temporal

Table 4

Pearson correlation coefficients (r) between WOMAC pain/ADLs scores
and maximal anterior COM—-COP separation, concurrent velocity of the
COM and maximal anterior inclination angle for combined groups at P1 and
P2

P1 P2

Pain ADLs Pain ADLs
COM-COP, —.433" —.456" —.296 —339"
AP, —.486" —.537" —.294 —.390"
N —437" —.463" —258 —317"

* Significant at P < .05.

gait variables that moved closer to, but remained sig-
nificantly different from CONs. The TKR pain score
remained significantly greater than CON at P2 and likely
underscored the continued abatement of their post-surgical
level walking and obstacle crossing velocity. For both
conditions, TKR subjects showed a shorter stride length, and
thus a shorter base of support (BOS) than CON, which
possibly represented an effort to minimize pain and to
reduce the kinetic demands placed on the involved limb.
While improvement of the TKR level walking spatio-
temporal variables may indicate enhanced locomotor ability
following surgery, 6 months may be insufficient post-
surgical recovery time to allow for resolution of symptoms
and attainment of control gait velocity values [13].

During level and obstructed walking, frontal plane
COM-COP measures have been used as functional
indicators that may distinguish imbalanced patients from
healthy controls [20-22]. The results of this study indicate
that, prior to and following surgery, TKRs and CONs walked
and crossed over an obstacle similarly, suggesting that
TKR subjects have the ability to appropriately manage the
COM within the BOS during locomotion. All subjects
maintained frontal plane COM-COP values within the
ranges reported previously for healthy subjects of compar-
able age [16,19,23].

Standing postural sway [6] and lateral COP velocity [7]
have previously been shown to increase in response to pain
for knee OA subjects. However, the conditions of the static
testing paradigm preclude a stepping response. In contrast,
the balance control strategy of locomotion utilizes a stepping
response (transient BOS) allowing for potential COM
excursions beyond the BOS and greater planar velocities of
the COM. Therefore, during gait testing in the current study,
the TKR subjects may have been allowed more freedom to
alter their BOS in response to knee pain. While the TKR
subjects showed a similar frontal plane BOS compared to
CONs, they showed a differential control of the stepping
response in the sagittal plane.

Across testing periods, the TKRs ambulated with a
persistent conservative management of the COM within the
BOS in the plane of progression as indicated by less
maximum anterior COM-COP inclination angles than
CONs. The diminished TKR group maximum anterior
COM-COP separation and concurrently slower anterior
velocity of the COM, compared to CONs, provide further
evidence of conservative efforts to maintain the COM
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anterior velocity and BOS within an adjusted ‘“‘feasible
range,” as suggested by Pai and Patton [24]. During
walking, greater anterior COM-COP separation during
single limb support would result in larger external flexion
moments about the lower extremity joints, thus increasing
the demand for resistive muscular force generation. Further
analyses of the TKR subjects in this study revealed less
knee flexion and concomitantly diminished knee extensor
moments during mid-stance when compared to CON prior
to and following surgery [25]. Thus, the presence of the
conservative TKR sagittal BOS appears in conjunction with
residual restricted knee flexion and decreased knee extensor
activation during weight acceptance. These results support
the conclusion by Hahn and Chou [16] that diminished
anterior/posterior COM—-COP measures indicate a con-
servative strategy for reduction of the kinetic demands of
the supporting limb.

The WOMAC pain scores did not relate significantly to
the frontal plane COM—-COP measures, suggesting that knee
pain did not adversely affect the hip abductor musculature
which helps to control frontal plane trunk sway [26], but
may have inhibited the knee extensor musculature respon-
sible for sagittal plane control of the stance limb. The
negative relationship between pain scores and the anterior
COM-COP variables (r=—.433 to —.486) was possibly
mediated via the diminished knee extensor moment, as pain
has previously been reported to negatively influence the
knee extensors [5]. This suggests that the TKR subjects
adjusted their gait due to knee pain in the plane of
progression in order to reduce forces to the pathologic knee
joint.

The difference in BMI between TKR and control subjects
is a limitation of this study. It is possible that soft tissue
composition could have affected the COM calculation. It has
been shown previously that BMI was a weak but statistically
significant predictor of COP excursion while standing
(r2 =2.53%) [27]. However, DeVita and Hortobagyi [28]
reported that healthy obese and lean adults (mean
BMI = 42.3 kg/m? versus 22.7 kg/m?) had identical knee
torques and powers when walking at the same speed. In
current study, the between-group discrepancy is consistent
with BMIs found in TKR patients and the otherwise healthy
age-matched population. The mean pre—post surgery TKR
BMI of ~32.7 kg/m? reflects typical values for patients
undergoing this procedure [29] while the mean control
BMI of ~26.7 kg/m? approximates the norm for individuals
60-74 years of age [30].

In conclusion, the effects of pain and TKR on gait
stability are most notable in sagittal plane variables.
Similarly, the clinical scores for pain and ADLs disability
were related to these variables. This is reflected in the
conservative sagittal plane control of the COM and COP
demonstrated by the TKR group pre and post-surgery. Since
the TKR group reported significant knee pain before and 6-
month post-surgery it is possible that a conservative strategy
was needed to attenuate the kinetic demands to the knee,

which were more pronounced in sagittal compared to frontal
plane balance control.
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