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Abstract

This study tested the hypothesis that side-to-side differences in knee gait mechanics 2 years after
anterior cruciate ligament (ACL) reconstruction are associated with long-term (~8 years post-
reconstruction) changes in patient-reported outcome scores. Sixteen subjects (5 males; age: 29.1

+ 7.1 years) with primary unilateral ACL reconstruction were gait tested at baseline (2.2 £ 0.3
years post-ACL reconstruction) and filled out KOOS and Lysholm surveys. At long-term follow-
up (7.7 £ 0.7 years post-ACL reconstruction), the same subjects completed KOOS and Lysholm
surveys. Pearson correlation coefficients assessed relationships between side-to-side differences in
kinematics and kinetics at baseline and changes in Lysholm and KOOS Pain/QOL scores from 2 to
8 years post-ACL reconstruction. Significant associations were seen between greater average varus
rotation (Lysholm: R#=-0.654, p=0.006) and less anterior femoral displacement (Lysholm: R
=0.578, p=0.019) during stance of the ACL reconstructed knee versus the contralateral knee at
baseline and worse follow-up outcome scores. Significant associations were seen between greater
peak knee flexion moment (KOOS Pain: #=-0.572, p=0.026; KOOS QOL: R=-0.636, p
=0.011), peak knee adduction moment (Lysholm: £#=-0.582, p=0.018; KOOS Pain: R=-0.742, p
=0.002; KOOS QOL: R=-0.551, p=0.033), and peak internal rotation moment (Lysholm: R
=0.525, p=0.037; KOOS Pain: £=0.815, p<0.001; KOOS QOL: R=0.777, p=0.001) in the ACL
reconstructed knee at baseline with worse follow-up outcomes. The results of this study support
the hypotheses that early changes in gait mechanics following ACL reconstruction are associated
with longer-term clinical changes in patient-reported outcomes, suggesting that biomechanical
markers obtained as early as 2 years after ACL reconstruction may be useful to understand clinical
outcomes in this population.
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Injuries to the anterior cruciate ligament (ACL) are common, with an estimated annual
injury rate of nearly 200,000 ACL tears in the United States.! Although ACL reconstruction
surgery is successful in restoring knee strength and stability, it has not been shown to prevent
premature development of post-traumatic knee osteoarthritis (OA). Approximately 50% of
ACL reconstructed (ACLR) patients develop rapidly progressive premature OA within 10—
15 years following injury,2-> and markers of early disease are needed for development of
new strategies to prevent or delay OA onset.

There is increasing awareness that the ACL reconstruction procedure generally does not
restore normal knee mechanics and that altered mechanics may then initiate degenerative
processes leading to deterioration of clinical outcomes over time.5-8 Following ACL
reconstruction, altered knee mechanics have been reported years before clinical signs of
degenerative changes. One of the most common functional deficits observed after ACL
reconstruction is loss of knee extension.8:9 Post-operative deficits in knee extension have
been shown to be predictive of an increased risk for OA in the ACLR knee.8 Motion analysis
studies have found kinematic changes to the ACLR knee in all three planes, including an
increase in knee flexion,10-14 a shift towards external tibial rotation,1>-17 and a shift toward
varus rotation.16:18 Furthermore, studies of quasi-static weight-bearing function after ACL
reconstruction have observed a consistent anterior shift in the relative tibial position, even in
knees judged to be clinically stable.1920 These changes in knee kinematics following ACL
injury and reconstruction could have important implications for the deterioration of clinical
outcomes over time because shifting the contact locations in articular cartilage during weight
bearing activities could initiate degenerative changes.?1:22

In addition to kinematic changes following ACL reconstruction, changes in knee kinetics
have also been observed. Reductions in the external knee flexion moment23-26 and internal
rotation moment26 have been reported in the ACLR knee when compared to either healthy
control knees or to the contralateral uninjured knee. Knee adduction moment in ACLR knees
also differs from the uninjured contralateral limb or from that of uninjured controls with
some studies reporting lower adduction moments26-28 and other work?® finding increased
adduction moments. As prior work in an OA population has found significant associations
between higher joint moments and disease progression,39-32 it is likely that changes to the
external knee moments also contribute to knee degeneration after ACL reconstruction and
thus impact longer-term clinical outcomes after reconstruction.

The purpose of this study was to determine whether side-to-side differences in knee
kinematics and kinetics during walking 2 years after ACL reconstruction are associated with
longer-term (~8 years post-reconstruction) changes in patient-reported outcome scores.
Specifically, we tested the hypotheses that (i) greater external tibial rotation, varus rotation,
knee flexion, and posterior femoral displacement of the ACLR knee versus the contralateral
knee; and (ii) increased peak knee flexion moment, first peak knee adduction moment, and
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peak internal rotation moment of the ACLR knee versus the contralateral knee 2 years after
ACLR would be associated with worse patient-reported outcomes at 8 years follow-up.

METHODS

Study Design and Level of Evidence. Prognostic Study, Level I

Human Subjects—Sixteen human subjects with primary unilateral transtibial ACL
reconstruction and no subsequent injuries or operations to either knee were tested at
approximately 2 years post-ACL reconstruction (2.2 + 0.3 years), and returned for follow-up
testing at approximately 8 years post-ACL reconstruction (7.7 + 0.7 years). Subjects who
returned for follow-up testing were part of a larger cohort of 42 subjects who underwent gait
analysis, MRI, and completion of patient-reported outcomes approximately 2 years post
ACL reconstruction and agreed to further contact by researchers. We received IRB approval
to re-contact subjects from the 2 year study for additional follow-up. Of the 26 subjects who
did not return for follow-up testing, 10 did not respond, 5 were unable to participate due to
time constraints, 3 had moved away from the area, 3 had additional arthroscopic surgery on
their affected limb, 2 had re-torn their ACL, 2 were not interested, and 1 had injured their
contralateral limb.

All subjects participated in this study after providing IRB-approved informed consent.
Inclusion criteria included: (i) successful single-bundle unilateral ACL reconstruction based
on clinical exam (KT-1000 side-to-side difference <5 mm); (ii) no other history of serious
lower limb injury; (iii) self-reported history of knee stability; and (iv) knee MRI to confirm
intact graft. Exclusion criteria included: (i) removal of more than 25% of the meniscus; (ii) a
history of other serious ligamentous injury to either lower limb; (iii) clinical instability of the
reconstructed knee; (iv) BMI >30 kg/m?; (v) significant observable chondral defects by
MRI; or (vi) a history of surgical procedures performed on either lower limb or revision
operation of the ACL. The surgical procedures were performed by seven surgeons between
2006 and 2009.

Gait Analysis—At the baseline test, subjects performed walking trials at self-selected
normal walking speed along a level 10-m walkway, with three successful trials collected per
subject. Kinematic data were collected using a multi-camera motion capture system
(Qualisys Medical, Gothenburg, SE) and the point cluster technique, which uses a redundant
set of 21 reflective markers,33 while a multicomponent force plate embedded in the ground
(Bertec Corporation, Columbus, OH) was used to capture ground reaction forces. The
systems were synchronized and recorded data at 120 Hz. A trial was considered successful
when the foot of the test leg fully stepped on the force plate. Lower-limb kinematics were
calculated using the software application BioMove (Stanford University, CA) following
previously described methods.33-36 Briefly, the position and orientation of the foot, shank,
and thigh segments were calculated using clusters of reflective markers fixed to the
participant.33:34 The segments’ anatomical frames were determined following a previously
described procedure3 during a standing reference pose collected before the walking trials.
Knee angles, including the knee flexion angle, external rotation of the tibia relative to the
femur, and varus rotation of the tibia relative to the femur, were calculated according to the
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joint coordinate system.36 The anterior-posterior displacement of the femur relative to the
tibia was defined as the position of the center of the femoral trans-epicondylar axis along the
anterior-posterior axis of the tibial anatomical frame.34 Stance phase was defined as the time
during which the foot is in contact with the floor, determined by a >10-N force plate
measurement in the vertical direction. The average knee flexion angle, external tibial
rotation angle, varus rotation angle, and anterior-posterior displacement of the femur relative
to the tibia were extracted over stance phase for analyses.

Knee moments were calculated using an inverse dynamics approach,37 with the foot, lower
leg, and thigh segments idealized as rigid bodies and their scaled inertial properties taken
from the literature.3® The knee moments were expressed as external moments relative to the
tibial anatomical frame based upon the position of anatomical landmarks identified by
palpation.34 Moments were normalized to bodyweight and height (%Bw"Ht) to allow for
comparison between subjects. The first peak knee adduction moment and peak knee flexion
moment, defined as the maximum moments during the first half of stance, and the peak
internal rotation moment, defined as the minimum peak during the second half of stance,
were extracted for each trial. The amplitudes of each peak for the three successful walking
trials were averaged for each knee.

Patient-Reported Outcomes—At baseline and follow-up, subjects completed self-
administered Lysholm3? and Knee Injury and Osteoarthritis Outcome Score (KOOS)*0
questionnaires. A single score is given for the Lysholm questionnaire, with a maximum
score of 100 points, indicating no symptoms. The KOOS Pain and knee related quality of
life (QOL) subscales were selected as outcomes for this study, with higher scores (maximum
score of 100 points) indicating better outcomes.

Data Analysis—Relationships between differences in kinematics and kinetics between the
ACLR and contralateral leg at baseline as predictors of the change in Lysholm and KOOS
Pain and QOL scores from 2 to 8 years post-ACL reconstruction were assessed by the
calculation of Pearson correlation coefficients. Side-to-side differences in kinematic and
kinetic variables between the two knees were calculated by subtracting the value for the
intact contralateral limb from the value for the ACLR limb. For this exploratory analysis, a
p-value <0.05 was considered significant. All statistical calculations were performed with
SPSS version 20.0 (SPSS Inc., Chicago, IL).

Participant Characteristics

The participants included 5 males and 11 females. Fifteen subjects had reconstructions with
Achilles allografts, and one subject had a reconstruction with bone-patellar tendon-bone
autograft. Demographic data of the study population are presented in Table 1.

Gait Analysis and Patient-Reported Outcomes

Statistical analyses demonstrated significant associations between side-to-side differences in
kinematics (Table 2) and kinetics (Table 3) 2 years post-ACL reconstruction with longer-
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term changes in patient-reported outcomes. Specifically, significant associations were seen
between greater average varus rotation during the stance phase of walking (Lysholm: R =
-0.654, p=0.006) of the ACLR knee as compared to the contralateral knee at baseline and
worse patient-reported outcome scores at 8-year follow-up (Fig. 1 and Table 2). The data
also showed that less anterior femoral displacement on average during stance (greater
anterior tibial displacement) of the ACLR knee versus the contralateral knee at baseline was
associated with worse patient outcome at 8 years post-ACL reconstruction as assessed by the
Lysholm survey (R =0.578, p=0.019) (Fig. 1 and Table 2). No associations were found
between either knee flexion angle or external tibial rotation angle at baseline and changes in
patient-reported outcomes.

For Kinetic variables, significant associations were seen between greater peak knee flexion
moment in the ACLR knee at baseline versus the contralateral knee and worse KOOS Pain
(R=-0.572, p=0.026) and KOOS QOL (R =-0.636, p=0.011) outcomes at 8 years post-
ACL reconstruction (Fig. 2 and Table 3). Similarly, greater peak knee adduction moment at
baseline in the ACLR knee was associated with worse outcome in Lysholm (R=-0.582, p
=0.018), KOOS Pain (R=-0.742, p=0.002), and KOOS QOL (R=-0.551, p=0.033) scores
at follow-up (Fig. 2 and Table 3). Finally, greater peak internal rotation moment in the
ACLR knee at baseline was correlated with worse outcomes in Lysholm (/R=0.525, p
=0.037), KOOS Pain (R =0.815, p<0.001), and KOOS QOL (R=0.777, p=0.001) surveys
at 8-year follow-up (Fig. 2 and Table 3).

DISCUSSION

The results of this study indicate that abnormal gait mechanics measured just 2 years after
ACL reconstruction are associated with deteriorating patient-reported clinical outcomes in
human subjects with clinically stable knees at 2 years and no subsequent injuries or
operations to either knee at 8-year follow-up. Greater side-to-side differences between the
ACLR knee and the contralateral knee in knee kinematic variables of varus rotation angle
and anterior femoral displacement as well as in kinetic measures of knee flexion moment,
adduction moment, and internal rotation moment 2 years after ACL reconstruction showed
significant associations with changes in patient-reported outcomes at 8-year follow-up.
Specifically, greater average varus rotation, less anterior femoral displacement (greater
anterior tibial displacement), and greater peak knee flexion, adduction, and internal rotation
moments in the ACLR knee were associated with worsening in patient-reported outcomes at
follow-up. These results support the hypothesis that altered gait mechanics after ACL injury
and reconstruction impact long-term clinical outcome.

This longitudinal study inclusive of 8-year patient-reported outcomes highlights the adverse
impact of aberrant knee mechanics on long-term outcomes after ACL reconstruction. Few
studies have investigated associations between aberrant kinematics and kinetics following
ACL reconstruction with clinical outcomes even in cross-sectional studies. Zampeli et al.#1
looked at the association between rotational knee kinematics between the ACLR and
contralateral knee during dynamic pivoting activities and patient-reported outcome scores at
the same time point, and found that greater side-to-side differences in rotational range of
motion was associated with worse clinical scores. In another cross-sectional study,

J Orthop Res. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Erhart-Hledik et al.

Page 6

Kalawadia et al.*2 looked at the relationship between patient-reported outcomes and knee
kinematics 6 months following ACL reconstruction during downhill treadmill running, and
found that greater symmetries in restoration of knee flexion and axial rotation in comparison
to the contralateral knee were associated with better scores. The longitudinal work presented
here provides a longer-term perspective on the implications of several previously reported
kinematic changes following ACL reconstruction, including a shift toward varus
rotation16:18 and an anterior shift in the relative tibial position.1%:20 These same parameters
were found in this work to be significantly associated with worsening subjective knee
symptoms and function at follow-up.

In addition to kinematic changes following ACL reconstruction, altered external knee
moments, which are surrogate measures of changes in knee joint loading,*344 have been
reported. These kinetic changes include a reduction in the external knee flexion moment,
23-26 3 reduction in the internal rotation moment,26 and reports of both increased?® and
reduced?6:28 knee adduction moments in the ACLR knee. The data presented in this study
suggests that ACLR knees with greater relative loading as compared to the contralateral
knee, including greater peak knee adduction moment, peak flexion moment, and peak
internal rotation moment, have worsening patient-reported outcomes at 8-year follow-up. It
is possible that some individuals may adapt their gait mechanics following ACL
reconstruction to lower stresses on the joint and potentially serve as a protective mechanism
against joint degeneration. These results could give insight into possible methods to identify
patients at greater risk for developing OA.

The results of this study should be interpreted in the context of its limitations. While the
sample size is small, the fact that consistent associations were observed between several
mechanics measures and multiple subjective outcome scales, in a select group of subjects
who have done well after ACL reconstruction, supports the assertion that the results describe
real phenomena. Moreover, the data align with the changes in kinematics and kinetics that
have been previously reported after ACL reconstruction. While a state-of-the-art technique
to analyze ground walking was used,33:34 the use of skin-based marker systems could
introduce errors caused by movement of the skin markers relative to the underlying bone
during gait. However, these errors should not affect the conclusions of this study as both the
reconstructed and contralateral knees were equally exposed to any skin artifact. Finally, our
study investigated changes in subjective patient-reported outcomes over time and did not
evaluate changes to joint structure which should be incorporated in future studies. By
focusing on a small group of subjects with minimal knee changes beyond the primary ACL
reconstruction that was judged to be clinically stable at entry and without subsequent
additional injury or operation to either knee, this initial work suggests that gait metrics may
provide early warning in otherwise well-functioning subjects for relatively poorer outcomes
after ACL reconstruction, and supports future work in larger studies.

While there are many factors that could be responsible for poor long-term results after ACL
reconstruction, altered kinematics and kinetics could be significant contributors to the
development of joint degeneration and premature osteoarthritis. Prior studies show cartilage
composition, including structure, morphology, and biochemistry,4>-47 varies in the weight-
bearing area of cartilage, suggesting that local regions of cartilage have adapted to specific
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mechanical loading environments. Thus, even a small change in load-bearing position due to
altered kinematics can shift loading in the cartilage to regions not adapted to withstand the
new mechanical environment experienced during repetitive ambulatory loading. As seen in
Figures 1 and 2, there was a distribution in the kinematic and kinetic data at 2 years post-
ACL reconstruction, which in part could be due to factors such as surgical technique,
rehabilitation success, or differing levels of neuromuscular adaptation. Those with greater
differences in knee mechanics would be more likely to have shifted ambulatory loading onto
areas of articular cartilage not as well adapted to the conditions leading to joint degeneration
and the observed deterioration of clinical outcomes years later.

In conclusion, this study demonstrated that greater side-to-side differences in kinematics
(greater varus rotation and less anterior femoral displacement in the ACLR knee) and
kinetics (greater peak knee flexion, adduction, and internal rotation moments in the ACLR
knee) during walking at an early time point of 2 years following ACL reconstruction were
associated with poorer longer-term patient-reported outcomes. The ability to identify early
risk factors for subsequent poor clinical outcomes is critically important to the development
of early interventions. The data suggests that evaluation of gait biomechanics at a relatively
early time point following surgery may be useful to understand initiation of joint
degeneration and subsequent OA in this patient population, and could serve as a basis for
designing interventions to modify gait to improve long-term clinical outcomes after ACL
reconstruction. The findings strongly support larger and more comprehensive studies of the
predictive potential and effects of early changes to gait mechanics that affect the knee joint
after ACL reconstruction on development of joint degeneration and clinical OA evaluated
through MRI, radiographs, and patient-reported outcomes.
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Figure 1.

Representative correlations between side-to-side differences in (A) varus angle and (B)
anterior femoral displacement at 2-year post-ACL reconstruction (T1) and changes in
patient-reported outcomes from 2 years (T1) to 8 years (T2) post-ACL reconstruction. Less
varus rotation of the ACLR knee, less anterior femoral displacement of the ACLR knee, and
worse outcomes in patient-reported scores at 8 years are shown as negative values.
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Figure 2.

Representative correlations between side-to-side differences in (A) peak knee flexion
moment, (B) first peak knee adduction moment, and (C) peak internal rotation moment at 2-
year post-ACL reconstruction (T1) and changes in patient-reported outcomes from 2 years
(T1) to 8 years (T2) post-ACL reconstruction. Greater peak knee flexion moment and knee
adduction moment of the ACLR knee are shown as positive values, and greater peak internal
rotation moment of the ACLR knee and worse outcomes in patient-reported scores at 8 years
are shown as negative values.
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Demographics of the 16 Study Participants
Number 16
Gender 5 males/11 females
Injured limb 8 left/8 right
Mean age at baseline (years; SD, range) 29.1(7.1,21to0 41)
Mean height at baseline (m; SD, range) 1.70 (0.07, 1.57 to 1.83)
Mean weight at baseline (kg; SD, range) 68.4 (10.6, 53.6 t0 91.8)
Mean time from injury to operation (days; SD, range) 61.6 (55.4, 14 to 238)
Mean time to baseline testing postoperatively (years; SD, range) 22(0.3,19t02.9)
Mean time to follow-up testing postoperatively (years; SD, range) 7.7(0.7,6.51t08.7)
Mean baseline Lysholm score (SD, range) 93.6 (5.6, 80 to 100)
Mean baseline KOOS Pain score (SD, range) 95.3 (6.6, 78 to 100)
Mean baseline KOOS QOL score (SD, range) 78.9 (22.1, 19 to 100)
Mean follow-up Lysholm score (SD, range) 92.1 (9.3, 74 to 100)
Mean follow-up KOOS Pain score (SD, range) 94.4 (5.8, 81 to 100)
Mean follow-up KOOS QOL score (SD, range) 80.0 (16.7, 44 to 100)
Mean baseline KT-1000 side-to-side difference 30 Ib manual force (mm; SD, range) 0.7 (1.9,-3t0 3)

SD, standard deviation; ADL, activities of daily living; QOL, quality of life.
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Table 2

Associations Between Side-to-Side Differences (ACLR—Contralateral) in Kinematic Variables During
Walking at Baseline Testing 2 Years Post-ACL Reconstruction and Changes in Lysholm and KOOS Pain and
QOL Subscales From 2 to 8 Years Post-ACL Reconstruction

Side-to-Side Difference (ACLR—Contralateral) in Kinematic Variable

Change in Patient-

Reported Average KFA in Stance Averagest\gxcﬁngle in Average IiESRthactgon Angle Average SAtr;:]ecr;or FDin
Outcome Scale

Lysholm -0.30 (0.258) -0.65 (0.006) -0.37 (0.157) 0.58 (0.019)
KOOS pain -0.20 (0.486) -0.38 (0.165) -0.15 (0.588) 0.31 (0.266)
KOOS QOL -0.08 (0.768) -0.15 (0.586) -0.08 (0.795) 0.10 (0.731)

Pearson correlation coefficients (p-values) are presented. Bold indicates significance at the a =0.05 level. For kinematic variables, positive indicates
flexion, varus rotation, external rotation, and anterior femoral displacement. KFA, knee flexion angle; VVV, varus-valgus; IE, internal-external; FD,
femoral displacement.
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Table 3

Associations Between Side-to-Side Differences (ACLR—Contralateral) in Kinetic Variables During Walking
at Baseline Testing 2 Years Post-ACL Reconstruction and Changes in Lysholm and KOOS Pain and QOL
Subscales From 2 to 8 Years post-ACL Reconstruction

Side-to-Side Difference (ACLR—Contralateral) in Kinetic Variable

Change in Patient-Reported

Outcome Scale Peak Knee Flexion Moment  First Peak Knee Adduction Moment  Peak Internal Rotation Moment

Lysholm -0.36 (0.174) -0.58 (0.018) 053 (0.037)
KOOS pain -0.57 (0.026) -0.74 (0.002) 0.82 (<0.001)
KOOS QOL -0.64 (0.011) -0.55 (0.033) 0.78 (0.001)

Pearson correlation coefficients (p-values) are presented. Bold indicates significance at the a =0.05 level. For kinetic variables, positive indicates
flexion, adduction, and external rotation.
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