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Abstract
The anterior cruciate ligament (ACL) is the most commonly-injured knee ligament during sporting
activities. After injury, most individuals experience episodes of the knee giving way during daily
activities (non-copers). Non-copers demonstrate asymmetrical quadriceps strength and movement
patterns which could have long-term deleterious effects on the integrity of the knee joint. The
purpose of this study was to determine if non-copers resolve their strength and movement
asymmetries within two years after surgery. 26 non-copers were recruited to undergo pre-
operative quadriceps strength testing and 3-dimensional gait analysis. Subjects underwent surgery
to reconstruct the ligament followed by physical therapy focused on restoring normal range of
motion, quadriceps strength, and function. Subjects returned for quadriceps strength testing and
gait analysis six months and two years after surgery. Acutely after injury, quadriceps strength was
asymmetric between limbs, but resolved six months after surgery. Asymmetric knee angles, knee
moments, and knee and hip power profiles were also observed acutely after injury and persisted
six months after surgery despite subjects achieving symmetrical quadriceps strength. Two years
after surgery, quadriceps strength in the involved limb continued to improve and most kinematic
and kinetic asymmetries resolved. These findings suggest that adequate quadriceps strength does
not immediately resolve gait asymmetries in non-copers. They also suggest that non-copers have
the capacity to improve their quadriceps strength and gait symmetry long after ACL
reconstruction.
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1. Introduction
Successful rehabilitation following anterior cruciate ligament (ACL) reconstruction is often
measured by the achievement of symmetrical limb movement, both in clinical testing and
during gait. Non-copers comprise the most common and the poorest functioning subset of all
ACL-deficient individuals (Rudolph et al., 2001). Non-copers commonly experience
episodes of knee instability and limited daily function early after injury (Eastlack et al.,
1999). The aberrant involved-limb movement patterns characteristic of this group may be
ineffective and potentially harmful means by which their neuromuscular systems attempt to
compensate for knee instability (Rudolph et al., 1998). Repeated episodes of the knee giving
way could expose non-copers to increased risk of meniscal and articular surface damage
(Noyes et al., 1983; Shelton et al., 1997); therefore, surgical reconstruction is customarily
recommended (Barrack et al., 1990; Marx et al., 2003).

Joint effusion, limited range of motion, and quadriceps weakness are common impairments
associated with acute ACL injury (Noyes et al., 1983), and have a detrimental effect on daily
function. Even after these initial deficits resolve, non-copers attempt to mitigate forces in the
injured knee. Specifically, they achieve smaller peak knee flexion angles (Rudolph et al.,
1998) and smaller internal knee extensor moments at peak knee flexion (Berchuck et al.,
1990; Rudolph et al., 1998) during normal walking. Early in stance, non-copers absorb less
power with the involved knee and compensate by absorbing more power with the ipsilateral
hip (Rudolph et al., 2001).

Quadriceps weakness is ubiquitous following ACL reconstruction (ACLR). Restoring
quadriceps strength is imperative to successful recovery following surgery because
significant quadriceps weakness is associated with both poor functional performance (de
Jong et al., 2007; Eitzen et al., 2009; Keays et al., 2001) and aberrant gait mechanics (Lewek
et al., 2002). Six months after ACLR is a common time for athletes to return to sports
participation because it is hypothesized that adequate functional recovery (Kvist, 2004;
Shelbourne et al., 1992) and graft ligamentization and revascularization (Falconiero et al.,
1998; Scranton et al., 1998) have occurred. Non-copers, however, experience persistent gait
deviations (Hartigan et al., 2009) and have difficulty successfully returning to sport six
months after surgery despite having adequate quadriceps strength (Hartigan et al., 2010).
They are more successful at returning to sport from six months to one year after surgery,
suggesting that additional recovery occurs following discharge from supervised physical
therapy (Hartigan et al., 2010).

The functional outcomes and gait patterns of non-copers have been studied extensively
immediately after injury (Devita et al., 1997; Hartigan et al., 2009; Hurd and Snyder-
Mackler, 2007; Lewek et al., 2003; Rudolph et al., 2001; Rudolph et al., 1998) and within
six months after surgery (Devita et al., 1997; Hartigan et al., 2010; Hartigan et al., 2009;
Lewek et al., 2002), but little is known about their movement patterns long after ACLR.
Aberrant joint kinematics may detrimentally affect knee joint health following ACL injury
(Andriacchi et al., 2004); therefore, if movement asymmetries persist long after surgery non-
copers may be at increased risk of developing osteoarthritis in the injured knee (Andriacchi
and Dyrby, 2005; Andriacchi and Mundermann, 2006; Andriacchi et al., 2004), and
plausibly retaining poorer function. The aim of this study was to evaluate a cohort of non-
copers up to two years after ACLR to see if their quadriceps strength and weight acceptance
strategies continue to improve after completing a formal physical therapy program. Our
hypothesis was that non-copers would improve their quadriceps strength symmetry over
time and achieve weight acceptance symmetry within two years of ACL reconstruction.

Roewer et al. Page 2

J Biomech. Author manuscript; available in PMC 2012 July 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2. Methods
Individuals with a complete isolated rupture of the ACL were recruited from the University
of Delaware Physical Therapy clinic. All subjects gave informed consent which was
approved by the Institutional Review Board. ACL rupture was diagnosed by clinical
examination and confirmed by magnetic resonance imaging (MRI). Subjects were between
13 and 50 years old at the time of screening and participated in level I or II (Daniel et al.,
1994; Hefti et al., 1993) activities for at least 50 hours per week prior to injury (Hefti et al.,
1993). A screening examination (Fitzgerald et al., 2000; Hurd et al., 2008) was performed in
order to identify non-copers among the eligible ACL-deficient subjects. Non-copers were
excluded from the study if they had articular cartilage damage (chondral defects >1 cm),
meniscal tears, or grade III concomitant ligament injury in the involved knee.

All subjects received ten sessions of preoperative physical therapy aimed at increasing
quadriceps strength in the involved limb (Hartigan et al., 2009). 11 of the 26 subjects were
randomly assigned to receive specialized perturbation training designed to facilitate
coordinated muscle activation around the knee joint (Fitzgerald et al., 2000) as part of a
larger randomized clinical trial. Surgery was subsequently performed by one local
orthopedic surgeon to repair the ruptured ligament using either a semitendinosis-gracilis
autograft or a soft-tissue allograft. After ACLR, subjects participated in the University of
Delaware postoperative ACL rehabilitation protocol which included progressive quadriceps
strength training, effusion management, range of motion restoration, and functional training.
A licensed physical therapist advanced each subject through post-operative physical therapy
using a criterion-based decision making scheme described previously (Manal and Snyder-
Mackler, 1996).

2.1 Data collection
Subjects participated in quadriceps strength testing and 3-dimensional gait analysis acutely
after injury (screening), six months after ACLR, and two years after ACLR. Isometric
quadriceps strength was tested bilaterally on a dynamometer (KIN-COM; Chattanooga
Corp., Chattanooga, TN). Subjects were seated in an upright position with straps fixing the
patient’s hip and knee joints at 90 degrees of flexion (Snyder-Mackler et al., 1993). Three
trials were conducted during which each subject attempted to extend their leg by maximally
contracting their quadriceps. The trial with the highest force output for each limb was
selected and normalized to body mass index (BMI).

3-dimensional gait analysis was performed overground along a 13m walkway which
contained an embedded 6-component force plate (Bertec Corp., Worthington, OH) sampling
at 1080 Hz. Retroreflective markers were placed on bony landmarks of the lower extremities
and pelvis to determine joint centers and segment positions, and rigid shells were used to
track segment motion. An 8-camera motion analysis system (VICON, Oxford Metrics Ltd.,
London, UK) captured marker positions at 120Hz. Preferred walking speed was determined
overground. Subjects were instructed to walk along the 13m walkway through the capture
volume at their preferred, community walking speed. Two infrared photos cells placed 2.865
m apart along the walkway measured walking speed. All subsequent motion analysis trials
were acceptable only if subjects made isolated foot contact with the force plate and did not
vary more than 5% from their measured preferred walking speed.

2.2 Data management and analysis
Kinematic and kinetic data were low-pass filtered using a bidirectional 4th order
bidirectional Butterworth filter with 6Hz and 40Hz cutoff frequencies respectively. Data
from five successful walking trials were post-processed and averaged using custom

Roewer et al. Page 3

J Biomech. Author manuscript; available in PMC 2012 July 7.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



LabVIEW coding (National Instruments, Austin, TX) and Visual 3D (C-motion Inc.,
Germantown, MD) to compute joint angles, moments, and powers. All data were time
normalized to 101 points of stance for each limb.

A mixed-model analysis of variance (ANOVA) with repeated measures was used to evaluate
time × limb × group interactions across the three testing sessions, between limbs, and
between the groups of subjects who either received or did not receive perturbation training.
All comparisons were performed using a statistical software package (SPSS v18, Chicago,
IL). Comparisons were performed on quadriceps strength, peak knee flexion angle and knee
joint excursion during weight acceptance, internal knee and hip extensor moments at peak
knee flexion, and peak knee power absorption. Post-hoc paired t-tests were performed when
a significant main effect or interaction was detected. Statistical significance was set at p <
0.05. We also defined minimal clinically important differences for quadriceps strength (3 N/
BMI), knee flexion angle (3 degrees), knee moment (0.04 Nm/kg*m), and hip moment (0.06
Nm/kg*m) to determine whether the results of our statistical comparisons were clinically
meaningful (Copay et al., 2007). Finally, we used descriptive statistics to describe
differences in hip power profiles because of the lack of clear peaks at which to perform
comparisons.

3. Results
26 subjects (M = 18; age = 29.6 ± 10.7 years; walking speed = 1.56 ± 0.11 m/s) were
recruited for the study. The results of our ANOVA testing revealed no statistically
significant differences between the strength and perturbation groups; therefore, data from
the two groups were collapsed and tested for time × limb interactions.

3.1 Quadriceps strength
Quadriceps strength data for only 24 subjects could be included in the time × limb analysis
because two subjects could not complete testing two years after surgery. One subject had
patellofemoral pain and another subject tore his graft. A significant time × limb interaction
(p < 0.001) was detected for quadriceps strength (Fig. 1). The involved limb (34.4 ± 10.7 N/
BMI) was weaker than the uninvolved limb at screening (40.8 ± 12.7 N/BMI) (p < 0.001).
Strength in the involved limb significantly increased six months (p < 0.001) after surgery at
which point quadriceps strength was not different between limbs (Involved = 39.6 ± 12.6 N/
BMI; Uninvolved = 41.6 ± 11.6 N/BMI) (p = 0.169). Quadriceps strength in the involved
limb continued to improve two years after surgery (p = 0.001) and remained similar to
quadriceps strength in the uninvolved limb (Involved = 44.6 ± 13.5 N/BMI; Uninvolved =
43.2 ± 11.8 N/BMI) (p = 0.182). Strength gains in the involved limb were also clinically
meaningful between each testing session. Strength in the uninvolved limb did not change
over time.

3.2 Knee
A significant time × limb interaction was detected for peak knee flexion angle (p = 0.003)
(Fig. 2). A significant difference was detected between limbs at screening (Involved = 22.3
± 5.5°; Uninvolved = 25.2 ± 5.4x°) (p = 0.009), which was nearly clinically meaningful (Δ =
2.9°). Six months after surgery, the peak knee flexion angle increased in the uninvolved limb
(p < 0.001) resulting in a significant difference between limbs (Involved = 23.2 ± 6.6°;
Uninvolved = 28.1 ± 6.7°) (p < 0.001). This difference was clinically meaningful. Two years
after surgery, the peak knee flexion angle in the uninvolved limb decreased (p = 0.002) to its
pre-surgical values while no changes were detected in the involved limb (p = 0.122). No
differences in peak knee flexion angle were detected between limbs at this time (Involved =
24.4 ± 7.0°; Uninvolved = 25.4 ± 6.9°) (p = 0.236). The increase in peak knee flexion angle
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in the involved limb from screening to two years after surgery was statistically significant (p
= 0.034), but it was not clinically meaningful (Δ = 2.1°).

Main effects of time (p = 0.002) and limb (p < 0.001) were detected for knee joint
excursions during weight acceptance (Fig. 3). Knee excursions were smaller in the involved
limb at each testing session (p < 0.001) and decreased over time (Involved, p = 0.010;
Uninvolved, p < 0.001). A clinically meaningful difference between limbs was identified at
screening, but was not evident six months or two years after surgery.

Main effects for time (p < 0.001) and limb (p < 0.001) were detected for knee extensor
moment (Fig. 4). Knee extensor moment was smaller in the involved limb at each testing
session and increased in both limbs over time (Involved, p < 0.001; Uninvolved, p = 0.002).
Clinically meaningful differences were detected between limbs at each testing session.

Main effects for time (p = 0.001) and limb (p < 0.001) were detected for peak knee power
absorption (Fig. 5). Peak knee power absorption was lesser in the involved limb at each
testing session and increased in both limbs over time (Involved, p = 0.002; Uninvolved, p =
0.006).

3.3 Hip
A main effect for time (p < 0.001) was detected for the hip extensor moment at peak knee
flexion (Fig. 6). The hip extensor moment did not change from screening to six months after
surgery, but it showed a statistically (involved: p = 0.005; uninvolved: p < 0.001) and
clinically meaningful decrease from six months to two years after surgery.

At screening, the involved hip generated power throughout the entirety of weight
acceptance, whereas the uninvolved hip absorbed power during the first 6% of stance and
generated power throughout the remainder of weight acceptance (Fig. 5). Additionally, there
was no overlap in 95% confidence intervals during this period of stance indicating a
significant difference in mean hip power behavior. Two years after surgery, these opposing
hip strategies resolved and both hips generated power similarly throughout weight
acceptance.

4. DISCUSSION
The aim of this study was to track a cohort of non-copers over time to determine if their
ability to symmetrically load their knees improved over time. Six months after ACLR,
subjects demonstrated asymmetrical gait patterns despite restoring symmetrical quadriceps
strength. Two years after surgery, the majority of gait impairments had diminished, long
after sufficient quadriceps strength had been achieved. These data suggest that
neuromuscular impairments are common in non-copers even several months after surgery,
and that abnormal movement strategies are not resolved solely by addressing their
quadriceps strength deficits.

At screening, the non-copers presented with asymmetrical quadriceps strength, peak knee
flexion angles, knee excursions, knee moments, peak knee power absorption, and hip power
profiles, consistent with the findings of earlier investigations (Berchuck et al., 1990;
Hartigan et al., 2009; Hurd and Snyder-Mackler, 2007; Rudolph et al., 2001; Rudolph et al.,
1998). When compared to uninjured controls and to higher-functioning ACL-deficient
athletes (potential copers), the non-copers demonstrated a reduced contribution from the
injured knee and a increased contribution from the hip on the involved side (Hurd and
Snyder-Mackler, 2007; Rudolph et al., 2001). This study also identified a unique
compensation in the contralateral hip. At screening, the uninvolved hip unexpectedly
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absorbed power immediately after heel strike whereas the involved hip generated power
throughout weight acceptance.

Six months after ACLR is a common time for athletes to begin reintegration into their
sporting activities (Cascio et al., 2004; Kvist, 2004; Shelbourne and Nitz, 1992).
Symmetrical quadriceps strength is not only used to decide when to allow athletes to return
to sports after surgery (Hartigan et al., 2010; Myer et al., 2006), but it is also considered
fundamental for restoring symmetrical movement patterns. Lewek et. al. reported that
patients with inadequate quadriceps strength following ACLR produced knee kinematics
and kinetics similar to acutely-injured non-copers (Lewek et al., 2002). Conversely, patients
who obtained symmetrical quadriceps strength moved like uninjured controls. While there is
a clear relationship between quadriceps weakness and abnormal gait patterns early after
surgery, the effect of restoring adequate quadriceps strength on gait has not been clearly
defined. The non-copers in the current study regained symmetrical quadriceps strength six
months after surgery, yet they continued to demonstrate statistically and clinically
meaningful asymmetries in their knee kinematics and kinetics. These results suggest that
there is a neuromuscular component to recovery that cannot be resolved by simply restoring
symmetrical quadriceps strength.

Two years after surgery, kinematic asymmetries in the knee resolved, but asymmetrical knee
extensor moments and peak knee power absorption persisted despite continued increases in
involved-limb quadriceps strength. This was not altogether surprising, as mitigated knee
extensor moments in the reconstructed limb have been detected in patients up to one year
after ACLR (Hooper et al., 2002; Timoney et al., 1993). As expected, hip moments in the
involved limb decreased over time as knee moments increased. Interestingly, hip power
profiles became more symmetrical over time because the behavior of the uninvolved hip
appeared to change rather than behavior of the involved hip. These findings suggest that
bilateral adaptations can result from a unilateral ACL injury (Hart et al., 2010). They also
suggest that while non-copers may continue to improve their strength and gait symmetry
after leaving supervised therapy, gait deficiencies may persist. Serial gait analyses may be
warranted for these athletes to determine, in combination with clinical performance, when
movement symmetry has been achieved and when return to sport can be advised.

The relationship between gait symmetry and functional performance in non-copers has not
been established; however, the importance of movement symmetry on reinjury risk is
emerging. Paterno and colleagues found that subjects who produced asymmetrical internal
knee extensor moments during a drop vertical jump task were three times more likely to
sustain a second ACL rupture than subjects who produced symmetrical knee extensor
moments (Paterno et al., 2010). These findings are of particular importance to high-level
athletes because most intend to return to their pre-injury activity levels immediately
following supervised rehabilitation. Graft rupture rates range from 6.0% to 12.7% within
five years of ACL reconstruction (Laboute et al., 2010; Salmon et al., 2005; Shelbourne et
al., 2009). The greatest risk for re-rupture may occur within the first several months after
reconstruction (Laboute et al., 2010; Salmon et al., 2005), a time when non-copers continue
to demonstrate movement asymmetries. Identifying and intervening with athletes who have
movement asymmetries after ACLR may help mitigate this risk.

Our data exclusively describe non-copers; therefore, the functional performance of this
group after both injury and ACLR may not be generalizable to all ACL-deficient athletes
(e.g. potential copers). Joint kinematics and kinetics can identify movement asymmetries in
non-copers, but the addition of electromyographic data may help describe the specific
neuromuscular control strategies that they adopt. Non-copers have the capacity to improve
their strength and movement patterns long after leaving a formal rehabilitation setting and
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may simply need additional time to resolve all gait asymmetries. Future work should explore
the effects of aberrant movement patterns on ACL reinjury, as well as neuromuscular
retraining paradigms to help clinical scientists improve post-operative care following ACLR.
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Fig. 1.
Average quadriceps strength is presented for the 24 subjects who completed quadriceps
strength testing. Error bars represent 95% confidence intervals. At screening, the involved
limb was significantly weaker than the uninvolved limb. Quadriceps strength in the involved
limb increased over time. Six months after surgery no differences in quadriceps strength
were detected between limbs. (** p < 0.001).
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Fig. 2.
Comparison of peak knee flexion angle during weight acceptance between limbs and across
testing sessions. Error bars represent 95% confidence intervals. Peak knee flexion angle was
significantly smaller in the involved limb at screening and six months after surgery. Peak
knee flexion angle increased in the uninvolved limb six months after surgery, but returned to
its presurgical amount two years after surgery. Peak knee flexion angle increased in the
involved limb over time until two years after surgery when no differences were detected
between limbs. (* p < 0.05)(** p < 0.001).
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Fig. 3.
Comparison of knee excursions during weight acceptance between limbs and across testing
sessions. Error bars represent 95% confidence intervals. Knee excursions decreased in both
limbs over time; however, excursions were significantly smaller in the involved limb during
each testing session. (* p < 0.05)(** p < 0.001).
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Fig. 4.
Comparison of the internal knee extensor moment during weight acceptance between limbs
and across testing sessions. Error bars represent 95% confidence intervals. Knee extensor
moments increased in both limbs over time; however, the extensor moment was significantly
smaller in the involved limb during each testing session. (* p < 0.05)(** p < 0.001).
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Fig. 5.
Knee and hip power profiles during weight acceptance (i.e. the first 25% of stance) for each
testing session. Positive values indicate power generation and negative values indicate
power absorption. Error bars represent 95% confidence intervals. Peak knee power
absorption increased over time, but remained lesser in the involved limb. At screening, the
uninvolved hip (dashed line) absorbed power immediately after heel strike (~0–5% stance).
The power profile of the uninvolved hip changed over time, and two years after surgery both
limbs appeared to generate power similarly throughout the entirety of weight acceptance.(*
p < 0.05).
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Fig. 6.
Comparison of the internal hip extensor moment during weight acceptance between limbs
and across testing sessions. Error bars represent 95% confidence intervals. Hip extensor
moment decreased in both limbs over time, and was not significantly different between
limbs during any of the testing sessions. (* p < 0.05).
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