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Abstract
STUDY DESIGN—Longitudinal cross-sectional study.

BACKGROUND—In the early stages after total knee arthroplasty (TKA), quadriceps strength of
the operated limb decreases and is substantially less than that of the nonoperated limb. This
asymmetry in strength is related to asymmetrical movement patterns that increase reliance on the
nonoperated limb. Over time, quadriceps strength in the operated limb increases but remains less
than that in age-matched controls without knee pathology, whereas the quadriceps strength in the
nonoperated limb gradually decreases. The purpose of this study was to investigate the changes in
quadriceps strength and function of both limbs up to 3 years after TKA and to evaluate change in
interlimb kinematic and kinetic parameters over time compared to that in age-matched individuals
without knee pathology.

METHODS—Fourteen individuals after TKA and 14 healthy individuals matched for age,
weight, height, and sex participated in the study. Outcome measures included kinematics, kinetics,
quadriceps strength, and functional performance.

RESULTS—In participants who underwent TKA, quadriceps strength was significantly different
between limbs at 3 months and 1 year after TKA, but not at 3 years after TKA. In this group, there
was also a significant improvement in self-reported function between 3 months and 1 year after
TKA, but a significant decrease between years 1 and 3 for the physical component summary score
of the Medical Outcomes Study 36-Item Short-Form Health Survey. In the TKA group, there were
few interlimb differences in joint kinematics and kinetics 3 years after TKA, which may be
attributed to a combination of worsening in the nonoperated limb, as well as improvement in the
operated limb. Differences between participants without knee pathology and those 3 years after
TKA still existed for kinematic, kinetic, and spatiotemporal variables.
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CONCLUSION—A:s interlimb differences in quadriceps strength decrease after TKA, there are
concomitant symmetrical improvements in temporospatial and kinetic gait parameters. The
symmetry 3 years after TKA in quadriceps strength is primarily the result of progressive weakness
in the nonoperated limb.

Keywords

biomechanics; joint replacement; walking

Knee osteoarthritis is a common degenerative condition that is typified by joint pain,
quadriceps weakness, and altered movement patterns. Total knee arthroplasty (TKA), which
improves functional ability, reduces pain, and restores anatomical alignment of the
tibiofemoral joint, is the most common surgical intervention for end-stage knee
osteoarthritis.8:9:16:24 Despite these improvements, quadriceps weakness of the operated
limb persists after surgery. Compared to the nonoperated limb, quadriceps strength has been
shown to reduce by 40% 1 month after TKA, and patients during this time have
demonstrated a 17% activation deficit.1® The disparity in quadriceps strength between limbs
decreases 1 to 2 years after TKA, but this apparent symmetry in strength between limbs is a
result of not only increased quadriceps strength in the operated limb but also a progressive
decline of quadriceps strength in the nonoperated limb.33

Differences in strength between limbs also result in asymmetrical movement patterns during
dynamic activities. After TKA, patients adopt asymmetrical movement patterns that result in
attenuated motion in the operated limb and potentially increased loads in the nonoperated
limb.1 These asymmetrical movement patterns are most apparent in the early recovery
phase, and the extent of these alterations is dependent on the weakness of the operated limb,
with greater weakness contributing to greater asymmetries.32 Three months after TKA,
patients continue to demonstrate differences in strength,19 ambulate with less knee flexion
excursion on the operated limb, and place higher loads on the nonoperated limb during sit-
to-stand movements.8-20 However, when quadriceps strength equalizes 1 year after TKA,
joint excursions and movement patterns become more symmetrical between limbs.32
Despite this improved symmetry over time, the gait patterns of persons following TKA still
differ from those of age-matched healthy individuals.17-25

After TKA, the decline in strength of the nonoperated limb occurs faster than that
attributable to age alone.” This loss of strength is exemplified by a reduction in the
contribution of the knee extensor moment during loading response in the nonoperated limb
by 1 year after TKA.32 As a result, bilateral strength deficits may underlie the gait
abnormalities in patients after TKA compared to age-matched healthy individuals.

Therefore, the purpose of this study was 2-fold. The first aim was to determine whether
kinematic and kinetic differences between limbs are resolved as quadriceps strength
becomes more symmetrical over time in subjects after TKA. The second aim was to
compare gait patterns in patients after TKA to those in healthy individuals matched for age,
sex, weight, and height.
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First, we hypothesized that individuals who had TKA would demonstrate significantly
different kinematic and kinetic gait parameters between limbs 3 months postsurgery, but that
these differences would not be present 3 years after TKA. Second, we hypothesized that
individuals after TKA would demonstrate significant improvements in movement patterns of
the operated limb as quadriceps strength increased over time, whereas movement patterns of
the nonoperated limb 3 years after TKA would be significantly different from those of
control subjects, as quadriceps weakness after TKA in the nonoperated limb advances faster
than weakness associated with age alone.

METHODS

Subjects

Patients who underwent primary unilateral TKA (not revision) were recruited from a group
of local orthopaedic surgeons. Potential candidates were 50 to 85 years of age. Exclusion
criteria were (1) evidence of musculoskeletal impairments other than the TKA that affected
functional daily activities, (2) body mass index (BMI) greater than 40 kg/m?, (3)
uncontrolled hypertension, (4) diabetes mellitus, (5) neoplasms, (6) neurological disorders,
(7) knee flexion contracture greater than 5°, (8) inability to actively flex the operated knee to
75° at 3 months after the surgery, and (9) a symptomatic contralateral limb, operationally
defined as self-reported maximal daily knee pain of 4 or more on a 0-to-10 verbal rating
scale, pain that interfered with daily activity, or plans for a knee surgery.

A control group of healthy individuals between the ages of 50 and 85 years, without
evidence of neurological or musculoskeletal impairments on either lower limb, was recruited
from the same geographic region as those with TKA. Three months post-TKA, control
subjects were individually matched to those with TKA based on age (x5 years), sex, height
(£5%), and body weight (£5%). In the control subjects, the lower extremity considered the
“operated limb” corresponded to the side (left or right) of the TKA on the matched subjects.

The subjects in the TKA group were assessed, including motion analysis, at baseline (3
months post-TKA) and at 1 year and 3 years after TKA. Healthy subjects were tested at
baseline and at a follow-up session 2 to 3 years later. All subjects signed a written informed
consent form approved by the Human Subjects Review Board of the University of Delaware
prior to participation in any facet of the study. Weight and height, measured on the same
annually calibrated scale, and BMI were recorded for each subject. The University of
Delaware Osteoarthritis Profile was used to assess function, strength, and range of motion.18
This battery of tests includes self-report of function questionnaires, clinical tests of strength
and motion, and objective functional measures, which are described in detail below.
Postoperative rehabilitation for all individuals in the TKA group consisted of 8 weeks of
physical therapy intervention that commenced approximately 1 month after surgery.23 The
focus of the rehabilitation program was on progressive quadriceps strengthening, modalities
to reduce pain and inflammation, manual therapy to improve joint range of motion, and
functional retraining.23 All patients in the TKA group were treated in the same physical
therapy clinic by therapists who adhered to the standardized and progressive rehabilitation
protocol.
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Clinical Assessments

The Medical Outcomes Study 36-1tem Short-Form Health Survey (SF-36) is a questionnaire
used to measure health-related quality of life. The physical component summary (PCS) of
the SF-36 measures the physical status of the patient, whereas the mental component
summary measures the mental status of the patient.12:2% The SF-36 is a normative test, so a
score of 50 represents the average score of the US population in 1998.13 The activities of
daily living subscale of the Knee Outcome Survey (KOS-ADL) is a knee-specific
questionnaire that evaluates self-reported functional ability during daily activities.!! It is a
14-item Likert-scale questionnaire that is reported as a percentage, with 100% being the
highest possible score.

Knee flexion and extension range of motion were measured using a standard long-arm
goniometer, with the subjects in the supine position. A soft block was placed under the heel
during knee extension measurements to allow full range of motion.19

Performance-based functional testing included the timed up-and-go test (TUG), the stair-
climbing test (SCT), and the 6-minute walk test (6MW). The TUG is a measure of the time
it takes to rise from an arm chair (seat height, 46 cm), walk 3 m, turn, and return to sitting in
the same chair. Subjects were asked to walk as quickly as possible, while remaining safe and
comfortable. The average of 2 trials was recorded, and the subjects were allowed to use the
arms of the chair if needed. The TUG is a reliable and valid tool for quantifying the
functional mobility of patients after TKA.2:31519.31 The SCT measures the time it takes to
ascend and descend a flight of 12 seven-in (17.78-cm) steps. The subjects were asked to
ascend and descend the flight of steps as quickly as possible, while remaining safe and using
the rail if needed, starting at the investigator’s command. The average of 2 trials was
recorded.23 The 6BMW was originally an endurance test for patients with cardiopulmonary
diseases; however, the use of this test has been shown to be reliable for testing general
mobility in individuals after TKA.4-6:13-15.21-23 Dyring the MW, subjects were asked to
walk as far as possible for 6 minutes in a square course (1 lap was 157.27 m). Patients
received verbal feedback on time elapsed at 2, 4, and 5 minutes.2’ Previously reported
minimum clinically important differences in these mobility tests are 2.49 seconds for the
TUG, 5.49 seconds for 9 steps of the SCT, and 61.3 m for the 6MW.15

Quadriceps Strength and Muscle Activation Measurement

Maximal voluntary isometric contraction of the quadriceps femoris muscle was measured
with a burst superimposition technique.28 Subjects were seated in a dynamometer (Kin-Com
500H; Isokinetic International, Chattanooga, TN), with the hip approximately flexed to 90°
and the knee flexed to 75°. The seat was adjusted to align the axis of the dynamometer to the
axis of the knee joint.2% The ankle attachment was placed 5 cm proximal to the lateral
malleolus. Two 7.6 x 12.7-cm self-adhesive electrodes (ConMed Corporation, Utica, NY)
were placed over the quadriceps femoris, near the motor points of the vastus medialis and
proximal rectus femoris, to deliver the electrical stimulation (10 pulses, 100-pulse-per-
second train, 600-microsecond pulse duration, 135 V) during maximal voluntary isometric
contraction, via a grass stimulator (S48 Square Pulse Stimulator; Astro-Med, Inc, West
Warwick, RI). Subjects performed practice sessions at 50%, 75%, and 100% of their
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maximum contraction, to become familiar with the testing procedure and to warm up. A rest
of approximately 2 to 3 minutes was provided between practice trials to prevent fatigue.
Data collection began after the practice trials and a 5-minute rest. On the investigator’s
command, subjects were instructed to maximally contract the quadriceps muscle by pushing
against the resistance pad of the dynamometer for several seconds. Verbal encouragement
and visual representation of their force output target on the dynamometer were used to
motivate the subjects to produce a maximum force at each trial. The knee extension force
was measured and recorded using custom-written software (LabVIEW Versions 4.0.1 and
5.0; National Instruments Corporation, Austin, TX) at a 200-Hz sampling rate. If maximal
voluntary force output was achieved (if there was no difference between the voluntary force
and the stimulated superimposed burst force), then the testing session was completed for that
limb; otherwise, a total of 3 trials were collected. The highest volitional force was used for
analysis, with force (in Newtons) normalized to BMI to offset differences in anthropometry
of individuals. The nonoperated limb was tested, followed by the operated limb. For the
healthy subjects, the order of testing for the limbs was randomized. The central activation
ratio was calculated as the force produced during the maximal voluntary isometric
contraction, divided by the maximal force produced during the burst superimposition.

Gait Analysis

Gait analysis was performed with an 8-camera motion analysis system (Vicon Peak Version
5.1; OMG plc, Oxford, UK) with 2 force plates (Bertec Corporation, Columbus, OH).
Kinematic and kinetic recordings were synchronized for simultaneous collection at 120 and
1080 Hz, respectively. Fourteen-millimeter retro-reflective markers were placed bilaterally
on the head of the fifth metatarsal, lateral malleolus, lateral femoral condyle, greater
trochanter, and iliac crest. Rigid thermoplastic shells with 4 markers oriented orthogonally
were secured with elastic wraps (Fabrifoam SuperWrap; Isokinetics Inc, De Queen, AR)
bilaterally to the shank and thigh to minimize movement artifact. To track pelvis movement,
a triangular shell was placed at the midline over the sacrum. Two markers were located on
the heel counter of the shoes, and a marker on the head of the fifth metatarsal was used to
track the 3-D movement of the foot.

Standing calibration was performed prior to walking trials to identify joint centers with
respect to the coordinate system of each segment. Following the standing calibration, the
subjects practiced walking along a 10-m walkway at a self-selected pace until they could
walk at a consistent velocity, as measured by 2 photoelectric cells placed 2.86 m apart. A
total of 10 successful walking trials were recorded. A successful trial was defined as a trial
in which the subjects contacted opposing force platforms with each foot, without evidence
of targeting. Walking velocity was maintained between 95% and 105% of the average gait
speed measured during practice trials.

Marker trajectories were filtered at 6 Hz, and kinetic data were low-pass filtered at 40 Hz.
Sagittal plane hip, knee, and ankle angles were calculated using rigid-body analysis
employing Euler angles, and joint kinetics were calculated based on inverse dynamics and
expressed as net internal moments normalized to body weight times height (kg x m).
Calculations were performed in Visual3D Version 3.79 (C-Motion, Inc, Germantown, MD).
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For each trial, stance phase was normalized to 100 points, calculated from the point at which
the vertical component of the ground reaction force crossed a threshold of 20 N. Loading
response was defined as the time from heel strike to peak knee flexion on the limb during
stance. Gait speed, step width, double support time, stride length, cadence, and percentage of
stance phase normalized to a gait cycle were analyzed as the temporospatial parameters. To
assess gait patterns during loading response, the following were also analyzed: hip, knee,
and ankle joint angles at both initial contact and peak knee flexion; hip, knee, and ankle
internal moments at peak knee flexion; and the first peak vertical ground reaction force.

Statistical Methods

RESULTS

The G*Power calculator (Heinrich Heine University, Diisseldorf, Germany) was used to
determine sample-size estimates based on means and standard deviations of a previous
study.32 For clinical assessment and gait analysis outcome measures, the alpha level was set
at .05 and the power at 80%. Based on our power analysis, 12 and 10 subjects in each group
were necessary for aims 1 and 2, respectively. To address the first aim (interlimb differences
over time in the subjects after TKA), differences between limbs over time were assessed
using 2-by-3 (limb-by-time) 2-way repeated-measures analysis of variance (ANOVA). The
factor of limb had 2 levels (operated limb and nonoperated limb) and the factor of time had
3 levels (baseline [3 months], 1 year, and 3 years post-TKA). The Mauchly test was applied
prior to the main ANOVA to detect whether the variances at each testing time were equal.
When the assumption of sphericity was violated, Huynh-Feldt corrections were applied. In
the presence of a significant interaction effect, follow-up paired t tests were used for post
hoc analysis to compare differences between limbs and time points. In the absence of
significant interaction, main effects of limb and time were assessed. Metrics that were not
limb-specific (SF-36, KOS-ADL, TUG, SCT, 6MW, knee range of motion, gait speed, step
width, and double support time) were evaluated using a 1-way repeated-measures ANOVA
to determine changes over time.

To address the second aim of the study, differences between the TKA group and control
group were assessed using 2-by-2 (time-by-group) 2-way mixed-model ANOVAs. The
within-group factor of time had 2 levels (baseline [3 months] and 2 to 3 years post-TKA),
and the between-group factor of group had 2 levels (TKA and control). To detect changes
for gait patterns, quadriceps strength, and muscle activation in each limb (the surgical side in
the TKA group and the matched side in the control group; the nonsurgical side in the TKA
group and its matched side in the control group), separate ANOVAs were performed. In the
presence of a significant interaction, follow-up t tests were used for post hoc analysis. Main
effects of group and time were tested when there was no significant interaction.

Between-Limb Comparisons Over Time in the TKA Group (Aim 1)

Functional Performance Metrics—Thirteen subjects after TKA completed all testing
sessions. One subject did not return for the 1-year follow-up testing session (TABLE 1). The
SF-36 PCS showed a significant change over time (F3 23 = 5.396, P = .012). Follow-up
testing revealed that the SF-36 PCS significantly improved between 3 months and 1 year
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after TKA (P =.008) and decreased between 1 year and 3 years following TKA (P = .040).
The KOS-ADL score significantly increased over time (F 23 = 3.993, P = .032), but follow-
up testing revealed that this change was only significant between 3 months and 1 year (P =.
011). There was no significant difference in 6MW scores over time (F, 23 = 0.366, P = .
358); however, the TUG and SCT times became significantly faster between 3 months and 1
year after TKA (TUG, P =.010; SCT, P =.001), with no further changes between 1 and 3
years (TUG, P = .263; SCT, P =.070).

Range of Motion and Strength—Knee extension range of motion (TABLE 1) on the
operated limb significantly increased over time (F 23 = 7.087, P = .004), with the changes
being significant between 3 months and 1 year after TKA (P =.017) and nonsignificant
from 1 year to 3 years after TKA (P =.129). Significant improvements were found for knee
flexion range of motion of the operated limb over time (F1 4,16.3 = 7.606, P =.009), and
these improvements were significant between 3 months and 1 year (P = .032) and between 1
year and 3 years (P =.028) after TKA.

There was a significant time-by-limb interaction for quadriceps strength (F 23 = 10.840, P<.
001). Compared to the nonoperated limb, the quadriceps in the operated limb was
significantly weaker at 3 months and 1 year after TKA (3 months, P<.001; 1 year, P =.014),
but not at 3 years after TKA (P =.064). After TKA, quadriceps strength in the operated limb
significantly increased by 13% between 3 months and 1 year (P = .035), but there was no
significant change between 1 year and 3 years (P = .492). Quadriceps strength on the
nonoperated limb significantly decreased by 17% between 1 year and 3 years after TKA (P
=.007). There was no significant interaction effect (F1 5 152 = 0.434, P = .653), main effect
over time (F1.6 10,2 = 0.805, P = .436), or main effect between limbs (F1 1o = 2.462, P =.
143) for the central activation ratio (TABLE 1).

Motion Analysis—There were no significant differences over time for gait speed (F2 23 =
0.010, P = .358), step width (F5 15 = 0.699, P = .510), and double support time (F3 22 =
0.524, P = .599) (TABLE 2). There was a significant time-by-limb interaction effect for
stance phase (F2 22 = 5.971, P =.008). Stance phase on the operated limb was shorter
compared to the nonoperated limb at the 3-month testing session only (P = .013).

There were no significant time-by-limb interactions and differences between limbs for knee
flexion angles at initial contact (interaction: Fp oo = 1.285, P = .297, limb: F1 11 = 1.939, P
=.191; time: F, 19 = 0.448, P = .651) and at peak knee flexion (interaction: F 7, = 0.218, P
=.806; limb: F1 11 = 0.239, P = .635; time: F, 19 = 0.006, P = .994) (TABLE 3). Similarly,
there was no significant time-by-limb interaction for knee flexion excursion during loading
response (Fq 1122 = 1.772, P = .209), main effect between limbs (F1 11 = 4.187, P =.065),
and main effect over time (F 10 = 0.386, P = .690).

There was no significant time-by-limb interaction (F; 24 = 0.545, P = .588), difference
between limbs (F1 11 = 1.962, P = .189), or difference over time (F 19 = 1.285, P = .319) for
peak knee extensor moments at peak knee flexion. There was a significant time-by-limb
interaction in the peak vertical ground reaction force (F 2, = 4.432, P = .024), and follow-
up paired t tests revealed that peak vertical ground reaction force of the operated limb was
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significantly less than that of the nonoperated limb 3 months and 1 year after TKA (P =.003
and P =.020, respectively), but not at 3 years after TKA (P =.723), with a significant
increase of the operated limb between 3 months and 1 year after TKA (P =.046).

Comparisons Between the TKA and Control Groups Over Time (Aim 2)

Functional Performance Metrics—Thirteen patients from the first experimental aim
and 1 patient who was tested at the 2-year follow-up instead of the 3-year follow-up were
analyzed and compared to 14 matched healthy participants (TABLE 4). There was no
significant group-by-time interaction (Fy o5 = 1.290, P = .267) or main effect of time (Fy 25
=0.007, P =.933) for the SF-36 PCS. For the group main effect, the SF-36 PCS score in the
TKA group was 4.8 points lower than the healthy control subjects over time, although this
difference was not statistically significant (F1 o5 = 4.023, P = .056). There was a significant
time-by-group interaction for the KOS-ADL score (F1 26 = 9.435, P = .005), and follow-up
testing revealed significant improvements in the TKA group between the 2 sessions (P = .
045), whereas the score of the healthy subjects significantly decreased between sessions (P
=.048). Follow-up testing between groups revealed that the KOS-ADL score was
significantly lower in the TKA group at baseline (P<.01), yet there was no difference
between groups at follow-up testing (P = .071). There was no significant time-by-group
interaction (F1 06 = 2.577, P = .121), difference between groups (F1 26 = 0.579, P = .453), or
difference over time (F1 26 = 0.027, P = .871) for the TUG. There was a significant time-by-
group interaction for the SCT (Fy 26 = 15.061, P = .001), because the healthy subjects
demonstrated a significant increase in SCT time at the follow-up session (P = .001), whereas
there were no significant changes for the TKA group (P = .063). The healthy controls
demonstrated significantly shorter SCT times compared to the TKA group at baseline (P =.
012) but not at follow-up (P = .788). There was no time-by-group interaction, difference
between groups (F1 26 = 3.830, P = .061), or difference over time (F1 56 = 0.114, P = .738)
for the 6MW.

Range of Motion and Strength—There was no significant interaction effect (F1 26 =
1.287, P = .267) or main effect of group (Fy 26 = 1.929, P = .177), but there was a significant
increase in knee extension range of motion over time (F; 26 = 12.961, P = .001) for both
groups. There was a significant time-by-group interaction for knee flexion (Fy 26 = 6.473, P
=.017). Follow-up testing revealed significantly less knee flexion in the TKA group
compared to the healthy control group at baseline (P<.0001) but not at follow-up (P = .140).
There was a significant increase in knee flexion in the TKA group between the 2 sessions (P
=.020), but no change for the control group (P = .467).

There was a significant time-by-group interaction for quadriceps strength of the operated
limb (F1 26 = 15.750, P =.001), and follow-up paired t tests revealed that strength of the
operated limb in the TKA group significantly increased between the 2 sessions (P = .002),
whereas the quadriceps of the comparison limb in the healthy group became significantly
weaker between the 2 sessions (P = .001). The strength of the operated limb in the TKA
group was significantly less than that of the healthy control group at baseline (P =.001) but
not at follow-up (P = .435). There was no group-by-time interaction in the strength of the
nonoperated limb (F1 26 = 0.298, P =.590), but there was a significant main effect of time
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(F1,26 = 17.021, P<.001), with a significant decrease for both the TKA group (22%, P =.
002) and control group (17%, P =.040) between testing periods. There was no significant
group main effect for the strength of the nonoperated limb between groups (F1 26 = 0.077, P
=.783). There were no time-by-group interactions, main effect over time, or main effect
between groups for the central activation ratio of both the operated limb (interaction: F1 25 =
0.116, P = .736; over time: F1 o5 = 1.368, P = .253; group: Fq 25 = 2.126, P = .157) and
nonoperated limb (interaction: F4 56 = 0.065, P = .801; over time: F; 26 = 1.510, P =.230;
group: Fq 26 = 0.462, P = .503).

Motion Analysis—There were no time-by-group interactions (F1 26 = 0.202, P = .657),
differences between baseline and follow-up (F1 26 = 0.047, P = .829), or differences between
groups for gait speed (F1 26 = 3.548, P = .071). There were no significant time-by-group
interactions (F1 24 = 0.930, P =.344) or changes over time (Fy 24 = 0.314, P = .580) for step
width, but the TKA group had a significantly wider step compared to the healthy control
group (F1 24 = 6.320, P = .019). There were no time-by-group interactions (F1 5 = 1.571, P
= .222), differences between baseline and follow-up (F1 25 = 0.029, P = .867), or differences
between groups for double support time (F1 o5 = 0.052, P = .822). There were no significant
time-by-group interactions (F1 25 = 0.630, P = .435) or differences between groups (Fy 25 =
1.591, P =.219) for the stance phase of the operated limb, but there was a significantly
longer stance time in the second session compared to the first session in both groups (F1 25 =
5.150, P =.032) (TABLE 5). There were no time-by-group interactions (F1 o5 = 0.755, P =.
393), differences between baseline and follow-up (F1 25 = 0.017, P = .899), or differences
between groups for stance phase of the nonoperated limb (F1 5 = 0.300, P = .589).

There were no time-by-group interactions (F1 o5 = 1.238, P = .277), differences over time
(F1,25 = 2.964, P = .097), or differences between groups (F1 25 = 0.031, P = .862) in knee
flexion angle of the operated limb at initial contact. In the nonoperated limb, there were also
no time-by-group interactions (F 5 = 0.582, P = .453), differences over time (Fy 25 = 0.574,
P =.456), or differences between groups (F1 25 = 0.069, P = .795) in knee flexion angle at
initial contact. There were no time-by-group interactions (Fq o5 = 0.444, P = .511),
differences over time (F1 25 = 0.708, P = .408), or differences between groups (F 25 =
0.630, P = .435) in peak knee flexion angle of the operated limb. There were no time-by-
group interactions (Fq o5 = 0.376, P = .545), differences over time (F1 o5 = 1.450, P = .240),
or differences between groups (F1 25 = 0.057, P = .814) in peak knee flexion angle of the
nonoperated limb. There was a significant time-by-group interaction in knee flexion
excursion in the operated limb (F1 o5 = 9.346, P = .005) but not in the nonoperated limb
(F1,25 = 0.006, P = .940) (TABLE 6). The TKA group significantly increased knee flexion
excursion of the operated limb between sessions (P = .001), whereas there was no change in
knee flexion excursion of the healthy subjects (P = .350) (FIGURE). Knee flexion excursion
in the TKA group was 4.4° less than the healthy control group at baseline (P = .047), but
there was no difference at follow-up (P = .920). There was no difference over time (Fy »5 =
0.391, P = .537) or between groups (F1 25 = 0.008, P = .929) for knee flexion excursion of
the nonoperated limb.
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There was a significant time-by-group interaction in knee extensor moment of the operated
limb (F1 24 = 5.474, P =.028). Knee extensor moment of the operated limb in the TKA
group significantly increased by 92% between sessions (P = .045) (FIGURE), but there was
no significant change in the control group over time (P = .057). Knee extensor moment in
the TKA group was 63% less than the healthy control group at baseline (P = .007), but there
were no significant differences at follow-up (P = .652). There were no time-by-group
interactions (F1 23 = 0.001, P = .974), differences over time (F1 23 = 0.463, P = .503), or
differences between groups (F1 23 = 1.387, P = .251) for knee extensor moment of the
nonoperated limb.

There was a significant time-by-group interaction in the first peak of vertical ground
reaction forces of the operated limb (F1 26 = 5.180, P =.031). The TKA group significantly
increased the peak of vertical ground reaction forces of the operated limb by a mean of 7.6%
between sessions (P = .007), whereas there was no significant change in the healthy subjects
(P =.951). The vertical ground reaction forces in the operated limb of the TKA group were
significantly less than those of the healthy subjects at baseline (P = .001) but not at the
follow-up session (P = .508). There were no time-by-group interactions (F1 26 = 0.000, P =.
997), changes over time (F1 26 = 2.031, P = .166), or differences between groups (F1 26 =
0.589, P = .450) in the peak vertical ground reaction forces of the nonoperated limb.

DISCUSSION

The results from this study reflect the typical pattern of recovery in the first year after
TKA.19 Between 3 months and 1 year after TKA, subjects in the TKA group demonstrated
significant improvements in the SF-36 PCS, KOS-ADL, TUG, and SCT. Over the same time
interval, the TKA group also demonstrated significant improvements in knee range of
motion, strength, and vertical ground reaction force in the operated limb. When compared to
control subjects, the operated limb of subjects in the TKA group also demonstrated
improvements over time for knee joint kinematics and kinetics, as shown through a
significant increase in knee extensor moment, knee flexion excursion, and vertical ground
reaction force. At the follow-up session, these biomechanical variables in the TKA group
were no different from the values of the control subjects. Despite improvements in the TKA
group and a lack of differences between groups at follow-up for the majority of the outcome
variables, both groups developed notable deficits between baseline and the 2-to-3-year
follow-up. Although these may be attributed to impairments associated with aging, the
persistence of deficits might have had more negative consequences in the TKA group, which
started off with lower scores at baseline.

Although subjects in the TKA group demonstrated an increase in self-reported physical
function, as evidenced by the significantly higher SF-36 scores at 1 year compared to
baseline, this group subsequently demonstrated a significant decrease in SF-36 scores at the
3-year follow-up. This decrease in perception of functional ability occurred concomitantly
with the statistically and clinically meaningful loss of strength in the nonoperated limb over
the same period. There was no significant decrease in strength in the operated limb at 3
years (mean change, 0.4 N/BMI), whereas the loss of strength in the nonoperated limb over
the same period was more than 10-fold greater (4.4 N/BMI). Previous reports have identified
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a strength change of 3.9 N/BMI as clinically meaningful.” The nonoperated limb has been
shown to be more painful and weaker 3 years after TKA, and the status of this limb is the
best predictor of function at the same time point.” The fact that subjects in the TKA group
demonstrated a substantial loss of strength in the nonoperated limb may lend evidence to
support the hypothesis that the nonoperated limb drives reduced functional ability in long-
term follow-up after TKA. The bilateral loss of strength in the control group (mean, 19%)
may also explain the decrease in functional ability, as shown by the significant increase in
SCT time and significant reduction in KOS-ADL scores in this group between testing
sessions. Future work should evaluate the relationship between change in strength and
change in function, in both the TKA and healthy older adult population, to determine if the
same impairments may underlie reductions in functional performance for both groups.

Three months after TKA, there were significant differences between limbs for quadriceps
strength in the TKA group, and these differences persisted 1 year after TKA, with the
operated limb being weaker than the nonoperated limb. However, 3 years after TKA, there
were no significant or clinically meaningful differences between limbs with respect to
quadriceps strength. The lack of differences between limbs 3 years after TKA was mainly
attributed to the gradual loss of quadriceps strength in the nonoperated limb, not to a gradual
increase in the strength of the operated limb. There was a 23% decrease in the strength of
the nonoperated limb and only a 7% increase in the strength of the operated limb between 3
months and 3 years. Unfortunately, we did not measure other parameters that might have
been related to the functional recovery or change in quadriceps strength over time, such as
preoperative quadriceps strength values or postoperative physical activity levels. Future
research should analyze the relationship between persistent gait asymmetries, abnormal
loading related to quadriceps weakness, and disease progression, because it is possible that
gait abnormalities that overload the nonoperated limb may contribute to osteoarthritis
progression and weakness in this limb.

As the quadriceps strength equalized between limbs, there were concomitant improvements
in symmetry for knee flexion excursion, knee flexor moment, and peak vertical ground
reaction force in the TKA group, which supports our first hypothesis. In fact, in the TKA
group, the values between limbs for these variables were nearly identical at the 3-year
follow-up. It is also important to note that the differences between groups for these
biomechanical outcomes in the operated limb were resolved at the follow-up period and that
there were no between-group differences in these outcomes for the nonoperated limb.
Therefore, it does not appear that the improvement in biomechanical symmetry in our
sample is entirely reliant on strength loss in the nonoperated limb. Because significant
improvements were seen for these biomechanical metrics in the operated limb of the TKA
group and because our control group also demonstrated a significant weakening of both
limbs, we cannot definitively conclude that the improvements in interlimb symmetry in our
TKA group were solely a result of impairments that developed in the nonoperated limb.
Therefore, our second hypothesis was not completely supported.

There was no difference between groups at follow-up for the majority of the biomechanical,
clinical, and functional outcomes. This contrasts previous reports that have found persistent
differences in stair-climbing time and gait speed at a 1-year follow-up evaluation after
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TKA.28 However, the differences between studies may be attributed to the shorter time of
follow-up in the previous report, differences in study design, or differences in rehabilitation
of the TKA sample. Walsh et al?8 evaluated subjects 1 year after TKA and control subjects
using a cross-sectional design (with no longitudinal assessment of the control group).
Between the baseline and the follow-up assessments, we found a significant and clinically
meaningful decline in strength and an increase in stair-climbing time in the control group.
The development of these impairments in the control group partially explains why the TKA
and control groups in our study had similar functional outcomes at the 3-year follow-up. All
of the subjects following TKA in our study also underwent a structured and progressive
rehabilitation protocol that specifically targeted muscle weakness and functional
impairments, whereas specifics of postoperative care were not given in the previous study.23

Although this study is the first to report longitudinal clinical, biomechanical, and functional
outcomes in subjects who underwent TKA compared to a control group evaluated over a
similar period, there are several limitations that should be noted when interpreting the
results. We powered this study on values for subjects after TKA, which provided a relatively
small sample size. The change in values over time for the control group was an interesting
finding but reduced our ability to identify interaction effects for most of our clinical metrics.
The TKA group also consisted solely of individuals who were primarily nonsymptomatic in
the nonoperated limb at the time of surgery. This might not have been reflective of the
majority of patients who require TKA and might have underrepresented the potential
negative changes that occur in the nonoperated limb. Although we did see a progressive
decline in the strength of the operated limb, we found SF-36 scores decreasing only at the
longer-term follow-up. It is possible that subjects with bilateral disease at baseline might
demonstrate greater long-term deficits and more apparent impairments in the nonoperated
limb over time. The strengths of this report lie in the longitudinal analysis of both groups
and the use of a variety of self-reported and performance-based outcome measures. These
outcome measures assess 2 different and distinct aspects of recovery, neither of which can
be used individually to fully assess a patient’s functional recovery after TKA,10.18.30

CONCLUSION

As interlimb differences in quadriceps strength disappear after TKA, there are concomitant
symmetrical improvements in temporospatial and Kinetic gait parameters. The lack of
differences in quadriceps strength between limbs 3 years after TKA is mostly attributable to
a decline in the strength of the nonoperated limb, not to improvement in the strength of the
operated limb, which supports our first hypothesis. Although there was a definitive loss of
strength in the nonoperated limb of the TKA group and a significant reduction in the SF-36
over the same period, the control group also demonstrated significant reductions in strength
and perception of function, and required increased time to complete functional activities.
Additionally, biomechanical improvements were seen in the operated limb after TKA, and
there were no differences between the TKA and control groups for most of the clinical,
biomechanical, and functional outcome variables. It cannot be conclusively stated that these
similarities are driven solely by the progressive weakness of the nonoperated limb in the
TKA group alone, although it does appear that progressive weakness associated with aging
may underlie functional changes in individuals with and without knee pathology.
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TABLE 1
Subject Information for Aim 1 (n = 13)”
3 mo ly 3y

Height, m 1.72 £0.08
Weight, kg 91.9+10.6 91.1+10.9 89.9+10.9
BMI, kg/m? 31.0+4.1 30.8+4.2 304 +4.0
SF-36 PCS 452 +8.0 522 + 447 46.0 +8.7%
SF-36 MCS 58.0+5.3 58.2+4.4 56.9+4.2
KOS-ADL 081+010  ggg+009f  0.88+0.09
TUG, s 74%13 6.9+ 14t 7.0£113
SCT, s 11.3+30 101+ 23" 10221
6MW, m 581.1+109.5 580.2+172.8 615.2+113.8
Knee e-AROM, deg8 ~ 16+ 24 -02+34% 2137
Knee f-AROM, deg 1195+89  1947+69F 1285+83t
MVIC, N/BMI

Operated 184+74/ 21249281 19875

Nonoperated 278+9.7 25.9+11.2 21.5+09.8%
CAR, %

Operated 925+4.7 932+7.1 90.6 +9.8

Nonoperated 922+6.2 904 +6.5 89.0+8.38

Page 17

Abbreviations: 6MW, 6-minute walk test; BMI, body mass index; CAR, central activation ratio; e-AROM, extension active range of motion; f-

AROM, flexion active range of motion; KOS-ADL, Knee Outcome Survey activities of daily living subscale; MCS, mental component summary;
MVIC, maximum voluntary isometric contraction; PCS, physical component summary; SCT, stair-climbing test; SF-36, Medical Outcomes Study
36-1tem Short-Form Health Survey; TUG, timed up-and-go test.

*
Values are mean + SD.

TSignificant difference from the previous session (P<.01).

iSignificant difference from the previous session (P<.05).

§Negative direction of e-AROM indicates hyperextension of the knee.

.

ﬂSignificant difference from the nonoperated limb (P<.05).
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TABLE 2
Temporal and Spatial Results From Aim 1"
3 mo ly 3y

Gait speed, m/s 1.35+0.11 1.36 +0.16 1.35+0.15
Step width, m 0.14 £0.02 0.13+0.02 0.14+0.03
Double support time, s 0.27 £0.04 0.27+0.04  0.26 +0.05
Stance (percent gait cycle)

Operated 60.97 + 3.57T 62.99+1.53 62.75+1.84

Nonoperated 63.56+1.82 62.82+2.08 63.17+1.76

*
Values are mean + SD.

TSignificant difference compared to the nonoperated limb (P<.05).
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TABLE 3
Kinematic and Kinetic Results From Aim 1*
3 mo ly 3y
Initial contact
Hip flexion angle, deg
Operated 25.67 552 2241+10.15 2396+09.11
Nonoperated 2477 +859 27.04+£8.39 24.72 £5.96
Knee flexion angle, deg
Operated 7.73+4.14 6.38 +5.74 5.10 + 6.40
Nonoperated 4.63 £5.55 4.58 + 6.36 4.92+538
Ankle plantar flexion angle, deg
Operated -0.10+3.68 5.53+16.45 0.16 +2.98
Nonoperated 1.64 £5.27 463+16.27 —0.39+3.16
Knee flexion excursion, deg
Operated 10.5 +5.67 115+54 13.7+5.01
Nonoperated 14.8 +8.52 148+46 13.7 £4.07
At peak knee flexion
Hip flexion angle, deg
Operated 1588 +6.24 17.50+10.25 15.60+8.97
Nonoperated 16.55+5.89 18.34+7.99 1442 +7.71
Peak knee flexion angle, deg
Operated 18.25+7.78 17.88+7.03 18.76 +9.51
Nonoperated 20.42+8.94 19.39+8.15 18.61 +5.46
Ankle dorsiflexion angle, deg
Operated -493+347 1.02+1497 -3.75+3.55
Nonoperated -243+£222 0.71+16.16 -4.31+3.23
Hip extensor moment, Nm/BW x HT
Operated 0.21+0.21 0.15+0.21 0.09+0.17
Nonoperated 0.22+0.21 0.22+0.21 0.12+0.18
Knee extensor moment, Nm/BW x HT
Operated 0.12+0.18 0.15+0.15 0.23+0.18
Nonoperated 0.22+0.18 0.20 £ 0.20 0.23+0.17
Ankle plantar flexor moment, Nm/BW x HT
Operated’ 0.06+0.14  0.03+0.08 0.08 +0.07
Nonoperated 0.11+0.08 0.09 +0.12 0.15+0.13
Ground reaction forces
First peak vertical, N/BW
Operated 1054005 111+0118/ 112010
Nonoperated 116+012 116+0.14 1.13+0.10

Abbreviations: BW, body weight; HT, height.

*
Values are mean + SD.
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TSignificant difference between limbs across time (P<.001).
iSignificant difference from the nonoperated limb (P<.01).
§Significant difference from the previous session (P<.05).

s,

Significant difference from the nonoperated limb (P<.05).
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Subject Information for Aim 2”

TABLE 4

TKA (n=14) Age-Matched Healthy (n = 14)
3mo 2-3y Baseline Follow-up
Height, m 1.7+£01 1.8+0.1
Weight, kg 90.4+11.6 88.6 +10.7 93.0+17.2 91.7+15.9
BMI, kg/m? 30.8+4.0 30.3+3.9 30.6 +5.7 299+49
SF-36 PCS 457+7.8 46.9+9.0 52357 49975
SF-36 MCS 58.2+5.1 56.5+4.3 58.1+1.9 56.9+4.1
KOS-ADL 079+0117 o0ss+o001F 099002  gg4+000t
TUG, s 75+£13 71+11 6.8+1.0 72+11
SCT, s 115+30" 10.5+2.3 9.1£12 103+ 1.38
6MW, m 577.7+1059 610.6 +110.7 6525+129.9 629.3+104.8
Knee e-AROM, deg/ ~ 15+24 -19£36 -04£21 -22%31
Knee f-AROM, deg 1191 +877 1268+ 9.4% 133682 131.9+84
MVIC, N/BMI
Operated 185+717  200+7.28 288+75 22.4+848
NonoperatedT 27.8+9.3 21.8+85 27.8+58 232+76
CAR, %
Operated 93.2+4.6 91.1+9.6 91.5+6.4 88.8+8.9
Nonoperated 92.2+6.1 89.4 + 8.6 90.0+6.2 88.1+11.6

Page 21

Abbreviations: 6MW, 6-minute walk test; BMI, body mass index; CAR, central activation ratio; e-AROM, extension active range of motion; f-
AROM, flexion active range of motion; KOS-ADL, Knee Outcome Survey activities of daily living subscale; MCS, mental component summary;
MVIC, maximum voluntary isometric contraction; PCS, physical component summary; SCT, stair-climbing test; SF-36, Medical Outcomes Study

36-1tem Short-Form Health Survey; TKA, total knee arthroplasty; TUG, timed up-and-go test.

*
Values are mean + SD.

TSignificant difference compared to the healthy control group (P<.05).

iSignificant difference compared to the previous session within a group (P<.05).

§Significant difference compared to the previous session within a group (P<.01).

//Significant change over time in both groups (P<.01). Negative direction of e-AROM indicates hyper-extension of the knee.

ﬂSignificant change over time in both groups (P<.05).
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TABLE 5

Temporal and Spatial Parameter Results for Aim 2*

TKA (n=14) Age-Matched Healthy (n = 14)
3mo 2-3y Baseline Follow-up
Gait speed, m/s 1.35+0.10 1.35+0.15 1.45+0.15 1.43+0.17
Step width, m* 014£002 014%003  012£002  012+0.02
Double support time, s 0.27 £ 0.04 0.26 + 0.05 0.26 £ 0.05 0.27 £ 0.05
Stance (percent gait cycle)
Operated® 60.82£3.85 62.67+178 6220+172  63.09%173
Nonoperated 61.70+7.00 62.84+2.04 62.27+208 60.73+7.73

*
Values are mean + SD.

TSignificant difference between groups over time (P<.05).

¢Significamt change over time in both groups (P<.05).
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TABLE 6
Kinematic and Kinetic Results for Aim 2"
TKA (n=14) Age-Matched Healthy (n = 14)
3mo 2-3y Baseline Follow-up
Initial contact
Hip flexion angle, deg
Operated 26.10 £5.51 2416 +£8.79 24.53 +6.02 23.26 £9.01
Nonoperated 25.25 £ 8.40 2522 +6.25 23.27+5.14 20.24 £ 9.67
Knee flexion angle, deg
Operated 8.33+4.51 511+6.11 6.63 +4.92 5.87+6.24
Nonoperated 4.86 +5.38 4.95+4.96 518 +3.71 3.72+4.99
Ankle plantar flexion angle, deg
Operated -049+379  020+390  043£373  _;414097t
Nonoperated 1.14+535 -0.43 + 3.66 0.49 +£4.35 -1.38 + 408"
Knee flexion excursion, deg
Operated 1035 +546F 1368+480T 1477%548 13.67 +4.81
Nonoperated 14.64 £8.17 13.81 £3.92 14.60 £5.07 13.55+5.28
At peak knee flexion
Hip flexion angle, deg
Operated 16.42 £ 6.29 15.83 £ 8.86 14.83 £6.24 10.60 + 10.42
Nonoperated 17.23+6.16 15.04 +7.50 1430 £ 7.22 11.09 +10.25
Peak knee flexion angle, deg
Operated 18.68 +7.62 18.53 +£8.81 21.40+6.01 19.48 £7.81
Nonoperated 19.50 + 8.57 18.92 +5.11 19.78 £6.70 17.26 +7.70
Ankle dorsiflexion angle, deg
Operated 5.30 +3.59 4.25 + 3.56 0.96 + 3.96 450+2.73
Nonoperated 3.23+3.60 4.39 +3.42 0.68 + 4.65 5.62+2.17
Hip extensor moment, Nm/BW x HT
Operated$ 022+021  011%017  0.17+0.13 0.08 £0.16
Nonoperated§ 0.25+0.23 0.12+0.17 0.15+0.10 0.04 +0.13
Knee extensor moment, Nm/BW x HT
Operated 012+018/ 023+0177 0.33+0.18 0.27+0.18
Nonoperated 0.21+0.17 0.25+0.17 0.26 £ 0.18 0.31+0.20
Ankle plantar flexor moment, Nm/BW x HT
Operated -0.06 £ 0.13 0.07 £0.07 0.05 +0.06 0.07 +0.10
Nonoperated 0.10+0.08 0.13+0.13 0.03 +£0.07 0.03 +0.06
Ground reaction forces
First peak vertical, N/BW
Operated 1.05+005/ 1.13+0.10" 1.15+0.10 1.16+0.11
Nonoperated 1154009  113+009  1.13%0.09 111+0.07
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Abbreviations: BW, body weight; HT, height; TKA, total knee arthroplasty.

*Values are mean  SD.

TSignificant improvement at the second session compared to the first session in the group (P<.01).
¢Significant difference compared to the healthy control group (P<.05).

§Significant time effect in both groups between sessions (P<.05).

f,

Significant difference compared to the healthy control group (P<.01).

ﬂSignificant improvement at the second session compared to the first session in the group (P<.05).
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