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Abstract

Background: After anterior cruciate ligament reconstruction, biomechanical asymmetries during
gait are highly prevalent, persistent, and linked to posttraumatic knee osteoarthritis. Quadriceps
strength is an important clinical measure associated with pre-operative gait asymmetries and post-
operative function and is a primary criterion for return-to-sport clearance. Evidence relating
symmetry in quadriceps strength with gait biomechanics is limited to pre-operative and early
rehabilitation time points prior to return-to-sport training.

Purpose/Hypothesis: To determine the relationship between symmetry in isometric quadriceps
strength and gait biomechanics after return-to-sport training in athletes after anterior cruciate
ligament reconstruction. We hypothesized that as quadriceps strength symmetry increases, athletes
will demonstrate more symmetric knee joint biomechanics including tibiofemoral joint loading
during gait.

Study Design: Cross-sectional study.

Methods: Seventy-six of 79 athletes enrolled in ACL-SPORTS were participants for this study
after completing post-operative rehabilitation and 10 return-to-sport training sessions (7.1 + 2.0
months after ACLR). All participants completed biomechanical walking gait analysis and

isometric quadriceps strength assessment using an electromechanical dynamometer. Quadriceps
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strength was calculated using a limb symmetry index (involved limb value/ uninvolved limb value
x 100%). The biomechanical variables of interest included: peak knee flexion angle (PKFA), peak
knee internal extension moment, sagittal plane knee excursion at weight acceptance and mid-
stance, quadriceps muscle force at PKFA, and peak medial compartment contact force.
Spearman’s rho (p) correlation coefficients were used to determine the relationship between limb
symmetry indexes in quadriceps strength and each biomechanical variable separately; alpha was
set to 0.05.

Results: Of the 76 participants, 27 (35%) demonstrated asymmetries in quadriceps strength,
defined by quadriceps strength symmetry <90% (n=23) or >110% (n=4) (QI range:
56.9%-131.7%). For the biomechanical variables of interest, 67% demonstrated asymmetry in
peak knee flexion angle, 68% and 83% in knee excursion during weight acceptance and
midstance, respectively, 74% in internal peak knee extension moment, 57% in medial
compartment contact force, and 74% in quadriceps muscle force. There were no significant
correlations between quadriceps strength index and limb symmetry indexes for any biomechanical
variable following return-to-sport training (p>0.129).

Conclusion: Among those who completed return-to-sport training after ACL reconstruction,
subsequent quadriceps strength symmetry is not correlated with the persistent asymmetries in gait
biomechanics. After reaching a threshold of quadriceps strength, restoring strength alone may not
ameliorate gait asymmetries and current clinical interventions and return-to-sport training may not
adequately target gait.

Brief summary:

Work from @elanna_arhos, @doclsmack, @JacobCapin suggests that in those well rehabilitated
after ACLR, quadriceps strength is not related to symmetric gait mechanics. Developing gait-
specific interventions may be a critical step to mitigating aberrant gait mechanics after ACLR.

Keywords
anterior cruciate ligament reconstruction; gait; biomechanics; rehabilitation

Introduction:

After anterior cruciate ligament reconstruction (ACLR), quadriceps muscle inhibition and
weakness is ubiquitous.1:54:59.63 Quadriceps weakness after ACL injury has been associated
with pre-operative gait asymmetries#® and post-operative function.51:58 The quadriceps work
eccentrically during the early stance phase of gait to control the amount of knee flexion and
attenuate shock through the limb as it accepts body weight. When the function of the
quadriceps during gait is impaired, individuals tend to reduce the amount of knee flexion and
the internal knee extensor moment of the involved limb relative to the uninvolved limb.4°
This gait pattern has been termed ‘quadriceps avoidance gait,” referring to the individual’s
adopted movement strategy to decrease full quadriceps activation.

Gait asymmetries and quadriceps weakness have both been suggested to impact the
development of posttraumatic knee osteoarthritis.#:5:24:28,32,:42:43,45,50,61 Quadriceps
weakness can lead to posttraumatic osteoarthritis by reducing the ability of the knee to
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properly attenuate force during weight acceptance of gait.28 Quadriceps weakness is
associated with lower internal knee extensor moment, which may in turn decrease the
compressive forces within the tibiofemoral and patellofemoral joint, termed
“underloading.”27:60 Underloading the medial tibiofemoral joint is a highly prevalent
alteration in gait biomechanics after ACLR and related to the development of posttraumatic
osteoarthritis*32:42:60 though conflicting evidence exists on the mechanism of knee joint
loading and the development of idiopathic knee osteoarthritis.2>26 Due to the role of the
quadriceps in dynamically controlling the knee during movement including gait, quadriceps
weakness may play an important role to the development of posttraumatic osteoarthritis
assessed via radiographs32:61, blood biomarkers,2244 and magnetic resonance
imaging13:42:46.50 after ACLR.

Individuals early after ACL rupture exhibit gait abnormalities consistent with quadriceps
avoidance including lower knee flexion excursion during weight acceptance, peak vertical
ground reaction force, and knee extensor moments on the involved relative to the
contralateral limb.49 A flexed knee gait strategy persists up to six months after ACLR,
23,47.55 gggesting surgical reconstruction and early post-operative rehabilitation does not
restore gait mechanics early after ACL reconstruction. During the course of rehabilitation
and in the first two years after ACLR, joint mechanics and quadriceps strength improve.
61115 et clinically meaningful gait asymmetries®® persist well beyond return-to-sport
clearance, up to five years after ACLR.11:23.31.32 \While quadriceps strength is associated
with aberrant gait mechanics early after ACLR,3® it is not clear if that relationship persists
after return-to-sport training, or if other factors drive persistent gait asymmetries. The
association between symmetry in isometric quadriceps strength and aberrant gait mechanics
among individuals who have undergone rehabilitation and return-to-sport training after
ACLR is unknown.

Quadriceps strength is a primary component of evidence-based return-to-sport criteria.2-21:33
Isometric measurements of quadriceps strength are widely used clinically after ACLR, and a
gold standard of assessing strength.3:38:53 While isokinetic testing may also be used to assess
the quadriceps after ACLR, isometric testing is a highly relevant clinical measurement.t
Isometric strength testing provides a measure of symmetry, and achieving symmetrical
quadriceps strength is often used to clear athletes for return-to-sport.3-21 A relationship
between isometric quadriceps strength and gait deficits has been established early after ACL
rupture.347 While clinicians may assume that symmetrical walking mechanics are also
restored at the time of return-to-sport, evidence relating decreased quadriceps strength with
aberrant gait mechanics is limited to pre-operative and early rehabilitation time points (i.e.
before 6 months).

Differences exist among evidence regarding the relationship between quadriceps strength
and post-operative biomechanics. Roewer et al.4’ reported that biomechanical asymmetries
in noncopers (i.e. those with dynamic knee instability after ACL rupture) persisted at 6
months and 2 years after ACLR, despite restoration of quadriceps strength by 6 months,
suggesting there are additional neuromuscular considerations in restoring mechanics.
Another study, however, suggests that patients with more symmetrical quadriceps strength
demonstrate more symmetry in peak knee flexion angle and external knee flexion moment
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during hop testing at return-to-sport clearance.5! The relationship of symmetry in quadriceps
strength with gait mechanics after individuals have undergone structured rehabilitation and
return-to-sport training is unknown; it is important to determine whether current
rehabilitation strategies (e.g., strengthening) or more targeted gait training interventions are
needed to address gait asymmetries. The purpose of this study was to determine the
relationship between quadriceps strength symmetry and symmetry in knee joint kinematics
(sagittal plane angles and excursions), knee kinetics (sagittal and frontal plane moments),
quadriceps muscle forces, and tibiofemoral loading during gait after return-to-sport training
(i.e., post-training) in athletes after ACLR. We hypothesized that as quadriceps strength
symmetry increases, athletes will demonstrate more symmetric knee joint biomechanics
including tibiofemoral joint loading during gait.

This study is a secondary analysis (level of evidence: 111) of prospectively collected data
from a clinical trial (NCT01773317). The University of Delaware Institutional Review
Board approved this study, and rights of subjects were protected. Level I and 1118 athletes
participated in this study between December 2011 and March 2017 at the University of
Delaware. Participants provided written informed consent, and additional consent and assent
were obtained from parents/guardians and minors.

Seventy-nine athletes who were 7.1 £ 2.0 (mean +/- SD) months after a primary, unilateral
ACLR participated in the ACL-SPORTS trial.52 Of these 79, 76 individuals had complete
quadriceps strength, kinematic, and kinetic data, and 68 individuals had full modeling data
sets to calculate quadriceps muscle force and peak medial compartment contact force;
analyses were run separately for these 2 variables. Modeling analyses for 8 subjects failed
due to poor EMG quality or failed model tuning or predictions during the patient-specific
musculoskeletal modeling.1® Participants were excluded if they had concomitant grade 11
ligamentous injury, >1 cm? full thickness chondral defects assessed via MRI or arthroscopy,
or a previous history of serious injury or surgery to either lower extremity.

To initiate return-to-sport training, patients had to be at least 3 months after ACLR (range
3-10 months; mean=5.4 = 1.9 months [mean + SD]) and to have met the following criteria:
full knee range of motion, trace or no effusion, and 80% quadriceps strength index.52
Athletes then completed 10 sessions of return-to-sport training over the course of 7.4 + 1.4
(mean £ SD) weeks; training consisted of agility drills, plyometric training, and secondary
prevention exercises, all of which were conducted bilaterally, in addition to continued
strengthening. Half of the cohort was randomized to a group that also received the addition
of perturbation training; however, analyses showed no difference in outcomes between the
two groups,®-8:10.11.14.15 55 groups were collapsed for the purpose of this analysis. After
return-to-sport training, participants underwent comprehensive clinical and biomechanical
testing including isometric quadriceps strength index (QI), a series of four hop tests, gait
analysis, and patient-reported outcome measures. Participants who did not achieve return-to-
sport criteria (i.e., = 90% QI, 90% limb symmetry index [LSI] on four hop tests,*? and 90%
on the Knee Outcome Survey-Activities of Daily Living Scale [KOS-ADLS])2° continued
additional rehabilitation and were not cleared to return to sport until they achieved these
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criteria. The vast majority of patients reached these return-to-sport milestones and
subsequently were cleared to begin a return-to-sports progression (pending clearance from
the surgeon); all returned to sports within two years, most to the same sport level 1011

Quadriceps strength, kinetic and kinematic data were analyzed from 76 participants (38
women; ages 21.2 + 7.7 years) following return-to-sport training (approximately 7.1 £ 2.0
months after ACLR), at which time quadriceps strength index had the largest spread (Table
1). Sixty-eight participants had full modeling data sets and data were analyzed separately for
quadriceps force and peak medial compartment contact force (n=68; 32 women; ages 21.9 +
7.7 years) following return-to-sport training (approximately 7.0 + 1.9 months after ACLR).

Quadriceps Strength

Quadriceps strength was measured using an electromechanical dynamometer (Kin-com,
DJO Global, Chula Vista, CA, USA; or System 3, Biodex, Shirley, NY, USA) during a
maximal voluntary isometric contraction and reported using a quadriceps strength symmetry
index (involved quadriceps maximal voluntary isometric contraction/uninvolved quadriceps
maximal voluntary isometric contraction x 100%). Participants sat with their knees and hips
flexed to 90 degrees, and the dynamometer’s axis of rotation was aligned to the axis of
rotation of the knee joint. The participants’ legs were strapped in at the pelvis, thigh, and
shank to minimize accessory motion during testing. Approximately three trials each were
completed, first on the uninvolved limb and then on the involved limb. The highest value
obtained for each limb was used in the quadriceps strength index (QI) calculation.

Gait Analysis

Electromyography (EMG) electrodes (MA-300 EMG System; Motion Lab Systems, Baton
Rouge, LA) were placed over seven muscles: rectus femoris, vastus lateralis, vastus
medialis, medial and lateral hamstrings, and medial and lateral gastrocnemii after abrading
the skin. EMG data were band-passed filtered (20-500 Hz) prior to sampling, then sampled
at 1080 Hz. Highest physiological values for the maximal voluntary isometric contraction of
each muscle group were used to normalize the EMG signals, as previously described.12
EMG data were high-pass filtered at 30 Hz using a 2" order Butterworth filter, rectified, and
low-pass filtered at 6 Hz to create a linear envelope.

Thirty-nine retroreflective markers were affixed to the pelvis and bilateral lower extremities.
Kinetic (1080 Hz) and kinematic (120 Hz) data were captured with an 8-camera motion
analysis system (VICON, Oxford, UK) as participants walked over an embedded force
platform (Bertec Corporation, Columbus, OH). Participants completed over-ground gait
analysis at self-selected walking speeds, which were recorded and held consistent within
individuals across trials (x 5%). Commercially available software (Visual 3D, C-Motion,
Germantown, MD) was used to calculate kinematic and kinetic variables. Marker trajectories
were low-pass filtered using a zero-lag, fourth order Butterworth filter with a 6 Hz cut-off
frequency. Ground reaction force data were low-pass filtered at 50 Hz.62 Biomechanical data
were normalized to percent stance phase of gait, averaged across three trials per limb, and
reported as limb symmetry indexes (LSI). Kinetic data were normalized to mass and height
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(kg x m).39 Data were processed using Visual 3D, and knee kinetics were calculated via
inverse dynamics.

Musculoskeletal Modeling

A validated, patient-specific, EMG-driven musculoskeletal model was used to estimate
quadriceps muscle forces and joint contact forces bilaterally from EMG data during walking.
9.36 Subject models were scaled using data collected during a standing reference trial, and
the linear envelopes from each muscle were normalized to peak values obtained from
isometric and dynamic maximum effort trials. This previously validated3® musculoskeletal
model uses a Hill-type muscle fiber in series with an elastic tendon and applies a simulated
annealing process to fit a forward dynamics knee flexion moment curve to the knee flexion
moment curve derived through inverse dynamics. The derived forward dynamics knee
flexion moment is varied through several muscle parameters and coefficients varying within
+ 2 standard deviations of physiological norms. This process minimizes the root mean
square error between the forward and inverse dynamics knee flexion moment curves. The
process is completed for 5 walking trials per limb per participant. Each trial is then predicted
using the derived muscle parameters and coefficients. Three trials are selected by
maximizing the R? values and minimizing the root mean square error of the predicted trials.
Muscle forces are individually calculated for each predicted trial, and medial and lateral
tibiofemoral joint contact forces are estimated using the Winby frontal plane moment
algorithm.8* Quadriceps muscle forces and joint contact forces were normalized by
bodyweight (BW). Further details including step by step methodology for the
musculoskeletal modeling have been published previously.®:32:36

Modeling variables of interest included quadriceps muscle forces at peak knee flexion angle
and peak medial compartment contact force of the tibiofemoral joint. The key variables of
interest included QI, peak knee flexion angle, peak internal knee extension moment, and
sagittal plane knee excursion at weight acceptance and mid-stance during the stance phase of
gait, quadriceps muscle force at peak knee flexion angle, and peak medial compartment
contact force. All peak variables during gait, including peak knee flexion angle, peak
internal knee extension moment, quadriceps muscle force, and peak medial compartment
contact force, were constrained to the first 50% of stance.

Statistical Analysis

Biomechanical variables of interest were expressed as limb symmetry indexes (involved
limb value/uninvolved limb value x 100%). Quadriceps strength index and all biomechanical
variables were assessed for normality using the Shapiro-Wilk test. While quadriceps strength
index was normally distributed, biomechanical variables were not normally distributed.
Therefore, we used Spearman rho’s (p) correlation coefficients to determine the relationship
between quadriceps strength index and symmetry of our biomechanical variables of interest.
We ran secondary Spearman rho’s (p) correlation coefficients to determine if there was a
relationship between quadriceps strength symmetry and gait biomechanics when grouping
by quadriceps asymmetry by dividing individuals into symmetric (Q1=90 and <110) and
asymmetric (Q1<90 or >110). Of note, only 4 individuals had QI >110, and Spearman rho’s
(p) were run with and without these individuals included. We also ran secondary Spearman
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rho’s (p) to determine if there was a relationship between our variables of interest when
grouped by sex. A power analysis calculated with G*Power 3.1 (Universitat Dlsseldorf,
Disseldorf, Germany) using the Correlation: Bivariate normal model statistical test; § was
set at 0.80, a. at 0.05, and a large effect size of 0.517 revealed that 29 total individuals were
required to reach sufficient power. Alpha was set at 0.05 a priori. Analyses were computed
with SPSS Version 25.0 (IBM Corporation, Armonk, NY).

Of the 76 participants, 27 (35%) demonstrated asymmetries in quadriceps strength, defined
by quadriceps strength symmetry <90% (n=23) or >110% (n=4) (QI range: 56.9%-131.7%).
For the biomechanical variables of interest, 67% demonstrated asymmetry in peak knee
flexion angle, 68% and 83% in knee excursion during weight acceptance and midstance,
respectively, 74% in internal peak knee extension moment, 57% in medial compartment
contact force, and 74% in quadriceps muscle force. There was no significant correlation
between quadriceps strength symmetry and any of the biomechanical variables of interest
(expressed as limb symmetry indexes), including peak knee flexion angle, peak knee
extension moment, knee excursion during weight acceptance and midstance, quadriceps
muscle force at peak knee flexion angle, and peak medial compartment contact force
((p=0.13-0.91); Figures 1-3, Table 2, Table 3). Similarly, there was no significant correlation
between quadriceps strength symmetry and any biomechanical variables of interest when
groups were dichotomized both by asymmetry values (symmetric group: p=0.25-0.87;
asymmetric group: p=0.19-0.67) and by sex (women: p=0.19-0.87; men: p=0.22-0.96).

Discussion:

The purpose of this study was to determine the relationship between symmetry in quadriceps
strength and gait biomechanics in athletes who had undergone ACLR and criterion-based
post-operative rehabilitation and achieved 80% QI and subsequently participated in
specialized return-to-sport training. Our findings refute our hypothesis and indicate that
among those after ACLR who had undergone criterion-based rehabilitation, attained at least
80% QI, and completed return-to-sport training, quadriceps strength symmetry was not
related to gait asymmetries. Of the 76 participants, 27 (35%) demonstrated asymmetries in
quadriceps strength, defined by having quadriceps strength symmetry <90% (n=23) or
>110% (n=4). For the biomechanical variables of interest, 67% demonstrated asymmetry in
peak knee flexion angle, 68% and 83% in knee excursion during weight acceptance and
midstance, respectively, 74% in internal peak knee extension moment, 57% in medial
compartment contact force, and 74% in quadriceps muscle force. Our findings suggest that
once individuals have undergone criterion-based rehabilitation and return-to-sport training,
isometric quadriceps strength symmetry may not be the primary driver of biomechanical gait
asymmetries. Further, our results reinforce that current clinical interventions may not be
successful in targeting restoration of gait mechanics post-operatively.

Our cohort received evidence-based, progressive post-operative rehabilitation and the
addition of 10 return-to-sport training sessions, extending beyond the scope of traditional
rehabilitation. Meeting our enrollment criteria of 80% quadriceps strength symmetry is a
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high standard, as most patients in the “real world” do not meet this threshold prior to return-
to-sport clearance.30 Following return-to-sport training, however, there was more variability
in quadriceps strength symmetry (56.9%-131.7%; 35% demonstrating symmetry values
<90% or >110%). The return-to-sport training protocol emphasized both the involved and
uninvolved limbs, whereas traditional rehabilitation typically focuses on the involved limb
only. As a result, some participants may re-gain strength on the deconditioned uninvolved
limb more quickly than the involved limb during return-to-sport training, leading to
quadriceps strength symmetry of less than 80% in some individuals. While all participants in
the ACL-SPORTS trial ultimately met all our return-to-sport criteria including a QI = 90%
prior to receiving return-to-sport clearance, patients in the “real world” often do not. While
the ACL-SPORTS trial specifically assesses the impact of return-to-sport training, most
athletes complete some type of return-to-sports training outside of rehabilitation prior to full,
unrestricted return-to-play. Our findings highlight the potential need for interventions
beyond traditional strengthening and sport-specific training to address biomechanical
asymmetries during gait that persist widely among even the most rehabilitated patients.

Previous literature has suggested a relationship between quadriceps function and aberrant
gait mechanics early after ACLR.3%:58 Quadriceps weakness in patients after ACLR is
related to smaller angles and moments in the involved knee during early stance in both
walking and jogging, while those with symmetric quadriceps strength have demonstrated
mechanics similar to uninjured individuals.3> The mean quadriceps strength in these
previous results, however, is low with the involved side being <80% of the uninvolved side.
Similarly, individuals are within the first 6 months after ACLR. In our present study, the
mean quadriceps strength symmetry was 93.4% (min 56.9, max 131.7) and all participants
had achieved a QI of at least 80% prior to enrollment. Our results suggest that while
quadriceps strength deficits may be implicated in aberrant mechanics early post-operatively,
at the return-to-sport time point (= 7 months post-operatively), quadriceps weakness had
been resolved in 65% of individuals. Further, our data suggests a lack of relationship
between our strength measures and gait mechanics at the return-to-sports timepoint in both
those with symmetric and asymmetric quadriceps strength.

Roewer et al.4” found in a cohort of non-copers (i.e., individuals who experience dynamic
knee instability after ACL injury) that although quadriceps strength normalized by 6 months
after ACLR, asymmetric knee angles and moments persisted at 6 months. These findings
suggest that resolving quadriceps strength does not restore gait asymmetries at 6 months
after surgery and neuromuscular impairments are not resolved by addressing only
quadriceps weakness. Our findings expand upon prior results, noting similar findings in a
more diverse cohort of individuals who have undergone ACLR, post-operative rehabilitation
with neuromuscular training, and structured return-to-sports training and are 7.1 £ 2.0
months after surgery. In our sample, however, athletes did not all demonstrate symmetrical
quadriceps strength after return-to-sports training; 35% of individuals had quadriceps
strength asymmetry. While individuals in Roewer et al.#” underwent criterion-based
postoperative rehabilitation including progressive strength and functional training,3’
individuals in our cohort also underwent 10 sessions of return-to-sports training sessions,
focused on prevention exercises, quadriceps strengthening and agility exercises. In addition,
our sample size powered us to determine specific relationships between quadriceps strength
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and biomechanical variables using a correlational analysis. Collectively, these data suggest
current rehabilitation is not addressing neuromuscular deficits underlying changes in gait
mechanics.

Lewek et al.3> demonstrated that patients with weak quadriceps (QI <80%; mean QI 67.6%)
less than 6 months after ACLR had lower knee flexion angles and internal knee extensor
moments during stance than healthy individuals, consistent with a quadriceps avoidance gait
strategy. In contrast, individuals with symmetric quadriceps strength (quadriceps strength
symmetry >90%) demonstrated appropriate eccentric quadriceps control during weight
acceptance.3® There is a suggested relationship between quadriceps weakness and aberrant
gait mechanics early after ACLR,3%47 however the point at which quadriceps strength no
longer relates to persistent biomechanical asymmetries during rehabilitation remains
unknown. Our data suggest that after progressive postoperative rehabilitation and return-to-
sport testing, quadriceps strength symmetry, or lack thereof, is no longer a primary factor
related to asymmetric gait mechanics that persist in this cohort. Gait-specific components to
ACL rehabilitation may therefore be necessary to restore gait symmetry.

In a cohort of individuals 6-10 months after ACLR, Shi et al.>2 found that asymmetrical
quadriceps strength was significantly related to asymmetry in knee flexion angle and knee
extensor moment during the stance phase of gait. This cohort, however, included individuals
6-10 months after ACLR without quadriceps strength symmetry restoration (isometric
quadriceps strength of involved limb: 0.94 £+ 0.28 Nm/kg/m, uninvolved limb: 1.26 + 0.28
Nm/kg/m; p<0.001). The average quadriceps strength symmetry, calculated using the same
methods as our data, was 74.6%, indicating the range of quadriceps strength symmetry was
significantly lower compared to our cohort (mean=93.4%). This low quadriceps strength
symmetry mean value seen in Shi et al.52 indicates these individuals demonstrate substantial
quadriceps weakness that may relate to biomechanical asymmetries during gait. These data
indicate that quadriceps weakness may lead to gait asymmetries. In our cohort, asymmetries
continue to persist among those whose have met evidence-based return-to-sport criteria
(enrollment criteria for our study), even though 35% of individuals in our sample exhibit
quadriceps strength asymmetry.

Individuals after ACLR whose quadriceps strength has been restored continue to exhibit
interlimb asymmetry during functional tasks such as squatting.*® Chan and Sigward6
showed that individuals after ACLR have loading strategies similar to ‘learned nonuse’ that
occurs in survivors of stroke®’, which may underlie the persistence of certain interlimb
asymmetries. In their cohort, Chan and Sigward'6 provided evidence that individuals 3
months after ACLR have a mismatch in their natural loading behaviors and their true ability
to meet the demands of the tasks. These data suggest individuals have the capacity to meet
the demands of the task and restore symmetry, though they may self-select an asymmetric
loading strategy to complete the task due to learned behaviors. It is possible this ‘learned
nonuse’ exists in gait as well, and future research should examine individual’s abilities to
walk symmetrically after ACLR.

Our cohort received evidence-based post-operative rehabilitation and the addition of return-
to-sport training, which improved all functional outcome measures including self-reported
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function, hop testing, and quadriceps strength.8:7:10.14 Despite these improvements, aberrant
gait biomechanics persisted. Our results suggest current rehabilitation after ACLR may not
be adequately targeting gait. There may be sensorimotor control deficits that extend beyond
restoring strength and clinically measured function that current clinical interventions are not
addressing. Post-operative rehabilitation should include gait specific components to address
these lingering biomechanical asymmetries. Our current study did not assess eccentric
strength, which may play a role in adequate rehabilitation of quadriceps strength and knee
mechanics. Recent evidence suggests eccentric strengthening may be effective in restoring
quadriceps strength via neuromuscular training.2%-34 Training the quadriceps eccentrically
would allow for task-specific strengthening of how the quadriceps work during the loading
response of the gait cycle. Clinicians should consider incorporating gait-specific training in
rehabilitation to mitigate post-operative gait asymmetries in this clinical population.

There are several limitations to consider when interpreting our results. The cross-sectional
analysis precluded cause and effect conclusions. As this is a secondary analysis, there was
no statistical analysis published prior to conducting this study; however, our a priori power
analysis indicated our analyses were adequately powered. Our findings are limited to
walking, a relatively low-demand task. Inferences to higher level tasks that require greater
quadriceps strength cannot be made, and inclusion of biomechanical analyses of higher level
RTS tasks may provide additional insight. Our range of quadriceps strength symmetries,
however, allows us to capture a wide range of possible relationships between strength and
mechanics at the post-training timepoint (Figure 1). Our strength and biomechanical data are
reported as limb symmetry indexes, which is a symmetry measure and therefore we cannot
draw conclusions about the involved limb specifically. Similarly, our strength measurements
are isometric, and isokinetic strength including eccentric measurements may provide
additional insights in future studies. All variables of interest were expressed as limb
symmetry indexes; therefore, the involved limb was only compared to the uninvolved limb.
Future studies could also compare quadriceps strength in the involved limb to a control
group, as well as analyze EMG data for quadriceps activation deficits during gait. Finally,
our data do not include pre-operative or early post-operative rehabilitation time-points,
where prior literature suggests a relationship between quadriceps strength and gait
mechanics exists.

Conclusion:

Among those who meet rehabilitation milestones including 80% QI and subsequently
undergo return-to-sport training, quadriceps strength symmetry is not correlated with
biomechanical gait asymmetries, which remain prevalent. Current clinical interventions may
not be sufficiently targeting gait and achieving quadriceps strength alone during
rehabilitation, while important, is not in-and-of-itself sufficient to restore symmetrical gait
mechanics. Evaluating and incorporating task-specific gait and neuromuscular training is a
critical direction for future rehabilitation research.
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Clinical Relevance:

Among those approximately 7 months after ACL reconstruction who completed return-
to-sport training, subsequent quadriceps strength symmetry was not related to gait
asymmetries. Developing and incorporating task-specific gait interventions may be a
critical step to mitigating aberrant gait mechanics after ACL reconstruction.
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What isknown about the subject:

Gait asymmetries are highly prevalent pre-operatively and after ACL reconstruction,
persisting up to 5 years post ACL rupture. Both pre-operatively and early post-
operatively (up to 5 months), these asymmetries are related to quadriceps weakness.
These aberrant gait mechanics are implicated in the development of posttraumatic
osteoarthritis after ACL reconstruction. Current clinical interventions have not been
successful in restoration of gait asymmetries.

What this study addsto existing knowledge:

This study examines the relationship between quadriceps strength and gait asymmetries
in a cohort of individuals who have undergone evidence-based, progressive rehabilitation
and 10 return-to-sport training sessions and are about 7 months after ACL reconstruction.
Clinicians often assume that once function is restored at this point in rehabilitation, and
return-to-sport is being considered, gait asymmetries are also normalized. The present
study suggests that other neuromuscular impairments contribute to aberrant post-
operative gait mechanics beyond quadriceps strength and suggests our clinical
interventions do not currently suffice for reducing aberrant gait mechanics.
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FIGURE 1.
There was no relationship between quadriceps index and peak knee flexion angle (PKFA)

(Spearman’s p —0.045; p=0.698). Groups are based on quadriceps index symmetry
(Symmetric Strength-Men, Symmetric Strength- Women: Q1>90 and <110) and asymmetry
(Asymmetric Strength- Men, Asymmetric Strength- Women: QI<90 or >110).
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FIGURE 2.
There was no relationship between quadriceps index and peak knee extension moment

(PKEM) (Spearman’s p=0.075; p=0.521). Groups are based on quadriceps index symmetry
(Symmetric Strength-Men, Symmetric Strength- Women: Q1>90 and <110) and asymmetry
(Asymmetric Strength- Men, Asymmetric Strength- Women: QI<90 or >110).
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FIGURE 3.
There was no relationship between quadriceps index and peak medial compartment contact

force (MCpk) (Spearman’s p=0.235; p=0.129). Groups are based on quadriceps index
symmetry (Symmetric Strength-Men, Symmetric Strength- Women: Q1=90 and <110) and
asymmetry (Asymmetric Strength- Men, Asymmetric Strength- Women: Q1<90 or >110).
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TABLE 1.

Participant demographics at post-training timepoint (n=76). Values are mean * standard deviation, or number
(%).

Time Since Surgery (months) 71+£20
Age at Timepoint (years) 21277
BMI (kg/m?) 26.1+3.1

Sex (female) 38 (50)

Pre-Injury Level 69 Level | (91)

7 Level 11 (9)

QI (%) 934121
Allograft 17 (22.4)
Graft Type BPTB 22 (28.9)
Hamstring 37 (48.7)
None 44 (57.9)
Medial Meniscus Pathology * | Partial Meniscectomy 13(17.1)
Repair 12 (15.8)
None 36 (47.4)
Lateral Meniscus Pathology ™ | Partial Meniscectomy 25(32.9)
Repair 8 (10.5)

Abbreviations: RTS, return to sport; BMI, body mass index; QI, quadriceps index; BPTB, bone patellar tendon bone

*
7 participants did not have operative reports, therefore no meniscal data were available for these participants.
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Descriptive values of biomechanical variables of interest during the first 50% of the stance phase of gait

TABLE 2.

(expressed as median and interquartile ranges for involved and uninvolved limbs).

Involved (Interquartile Range)

Uninvolved (Interquartile Range)

Peak Knee Flexion Angle

18.4° (15.5- 22.8)

22.2° (18.7- 25.6)

Peak Knee Extension Moment

0.38 Nm/kg:m (0.31- 0.50)

0.49 Nm/kg-m (0.41- 0.58)

Knee Excursion-Weight Acceptance

14.4° (11.5- 16.5)

18.0° (14.9- 20.1)

Knee Excursion-Midstance

12.9° (8.6- 16.8)

19.6° (15.3- 23.2)

Peak Medial Compartment Contact Force

2.7 BW (2.3-3.0)

2.9BW (2.7-3.2)

Quadriceps Muscle Force at PKFA

2.0 BW (1.7- 2.5)

2.6 BW (2.3-2.9)

Abbreviations: SD, standard deviation; BW, bodyweight
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TABLE 3.

Spearman’s rho correlation coefficients (and p-values) for key biomechanical variables during gait and QI. All
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relationships were analyzed using limb symmetry indexes.

LS! of

Knee

; ; Peak Knee : Knee Peak Medial Quadriceps
5;?%2:“'(3] nge?gnK/_\nﬁ e Extension E)\(;\:/Lér S'h?n' Excursion- Compartment Muscle Force at
(n=76) 9 Moment Accep?ance Midstance Contact Force PKFA
(n=76) (n=76) (n=76) (n=68) (n=68)
Ql -0.045 0.075 -0.013 0.071 0.235 0.094
(p=0.698) (p=0.521) (p=0.914) (p=0.544) (p=0.129) (p=0.547)

Abbreviations: QI, quadriceps index; PKFA, peak knee flexion angle
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