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ABSTRACT

Anterior cruciate ligament (ACL) injury can substantially alter the life of
healthy, active individuals and lead to deleterious long-term consequences. Patients
often harbor unrealistic expectations of future knee function and risk of knee
osteoarthritis after ACL reconstruction. Reconstruction does not guarantee restoration
of prior knee function or avoidance of post-traumatic osteoarthritis. Most individuals
will experience symptomatic knee osteoarthritis within 10-20 years of ACL injury
regardless of surgical or conservative management.

The overall goals of this work were 1) to identify factors early after ACL
injury associated with the development of post-traumatic knee osteoarthritis 5 years
later and 2) to compare long-term outcomes between operative and non-operative
management of ACL injury. The central hypotheses were 1) that modifiable factors
present early after ACL injury would differ between individuals who do and do not
develop post-traumatic osteoarthritis and 2) that outcomes would not differ between
patients treated with operative compared to non-operative management of ACL injury.

Patients with ACL injury who were managed operatively (ACL reconstruction
and rehabilitation) or non-operatively (rehabilitation alone) served as subjects for this
study. Patients completed biomechanical gait analysis, clinical assessment of knee
function, and patient-reported outcomes before and after an extended period of pre-
operative or non-operative rehabilitation, and 6 months, 1 year, 2 years, and 5 years
after ACL reconstruction or non-operative rehabilitation. Radiographic assessment
was completed at 5 years.

Lower knee joint loading and poor knee function were associated with post-

traumatic knee osteoarthritis. By identifying modifiable factors early after ACL injury

Xiv



associated with early osteoarthritis development we have provided rationale to include
long-term knee joint health as an important goal early after ACL injury. Patients
managed both operatively and non-operatively demonstrated favorable outcomes 5
years after ACL injury. By providing clear evidence of expected long-term outcomes
after operative and non-operative management of ACL injury we have opened the
door to improved patient education and decision-making regarding surgical
management of injury. The findings of this work provide a foundation for future
research to optimize treatment strategies to decrease risk for post-traumatic
osteoarthritis and prospectively identify the best candidates for surgical compared to

conservative care after ACL injury.
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Chapter 1

BACKGROUND AND SIGNIFICANCE

1.1 Development of Osteoarthritis After ACL Injury

Anterior cruciate ligament (ACL) rupture is a musculoskeletal injury that can
substantially alter the life of healthy, active individuals due to potential inability to
return to prior level of function and risk for deleterious long-term consequences. The
ACL is the most frequently injured structure of the knee with an estimated 250,000
ACL injuries occurring annually within the United States.%®2! The high prevalence of
such injuries results in an enormous acute impact of ACL injuries on society.
However, the decline in function and reduced societal participation experienced by
many due to the development of post-traumatic osteoarthritis (OA) will likely cause
the greatest long-term socioeconomic impact of ACL injuries.

ACL injuries frequently occur in young individuals participating in sports
activities.®®%° One to two percent of cutting and pivoting athletes will tear an ACL,
and the risk of a second ACL injury increases up to 15-fold following an initial ACL
injury.!3* The high incidence of graft rupture or contralateral ACL injury is the
impetus for using additional ACL injury as a measure of rehabilitative and surgical
success. Other common outcomes used to define success after ACL injury include
quadriceps strength, patient-reported outcomes, and the ability to return to sport within
1-2 years of injury.t!® However, short and medium-term outcomes ignore the
undeniable risk of post-traumatic knee joint OA, suggesting that longer time periods

are needed to accurately determine success of ACL management strategies.



Only 2% of patients with an ACL injury expect their risk of OA to be
significantly increased, but over 50% will develop radiographic signs of this disease
within 10-15 years.>#7116 Osteoarthritis is typically believed to be a progressive
disease associated with older populations, with knee joint arthroplasty used as the
most common surgical operation in its later stages. However, the risk for development
of post-traumatic knee OA after ACL injury in young, otherwise healthy individuals is
high, contributing to the expected demand for total knee joint arthroplasties to increase
673% from 2005 to 2030.1% The use of total knee arthroplasty in younger populations
possesses an increased risk of need for revision procedures,*+1”® contributing to an
increase of 601% for expected revision procedures between 2005 and 2030.1% An
enhanced understanding of post-traumatic OA is needed to provide realistic patient
and clinician expectations of long-term knee joint health after ACL injury. In addition
further knowledge regarding mechanisms of post-traumatic knee OA will provide
insight to develop a new era of secondary prevention strategies aimed to reduce the
number of individuals suffering these devastating consequences of post-traumatic knee
OA.

Greater than half of patients with ACL injuries will demonstrate symptomatic,
radiographic knee OA within 10-20 years after injury.1494116.117.154 The development
of OA is not used as a measure of success by experts treating ACL injuries despite its
alarming prevalence after ACL injury.!!® Inadequately addressing the risk of OA early
after ACL injury is problematic because the pathogenesis of joint degeneration is
likely initiated early after injury during rehabilitation and surgical time periods.*®
Thinning of the tibial cartilage is evident on MRI as early as 4 months after isolated

ACL injury*’” and these changes persist despite ACL reconstruction.®® Failure to



include long-term knee joint health as a goal following ACL injury and reconstruction
may be an enormous disservice to patients due to the considerable negative
consequences resulting from OA development. Because the majority of patients who
tear an ACL are of a young age, those who develop post-traumatic OA will be 15-20
years younger than their uninjured counterparts who develop idiopathic OA resulting
in the possibility for long-term pain, decreased physical function and activity,
socioeconomic burden, and the potential need for total knee replacement.*4’

ACL reconstruction was previously believed to serve chondroprotective
purposes by restoring passive knee joint stability.1”*8 ACL reconstruction, however,
does not protect the knee from the development of OA. The incidence of knee OA
after ACL injury is similar between patients managed operatively and non-
operatively.5898.117.126130.190.157 | dentifying modifiable factors influencing the
development and progression of OA is needed to guide secondary prevention
components of rehabilitation programs aimed at decreasing the number of patients
who will suffer its effects. Longitudinal assessment of early biomechanical and
clinical measures related to subsequent radiographic signs of knee OA after ACL
injury is needed to formulate meaningful and predictable relationships between these
measures. In addition, a comprehensive comparison of long-term outcomes, including
the development of post-traumatic OA, between patients treated with operative
compared to non-operative management of ACL injury will help guide informed
decision-making whether or not to undergo surgery for young, otherwise healthy

individuals.



1.2 Joint Loading Factors in Osteoarthritis

Altered joint biomechanics is likely a key mechanism in the development of
post-traumatic knee OA following ACL injury.''® Articular cartilage relies on dynamic
mechanical loading to maintain tissue health. Animal research suggests
immobilization and unloading periods can lead to atrophic changes of articular
cartilage while progressive loading may improve its mechanical properties.22217
However, the relationship between mechanical loading and subsequent articular
cartilage degeneration following ACL injury and reconstruction in the human knee is
not well-understood.

Cartilage in the knee is thought to become conditioned to the repetitive loading
it experiences during activities such as walking.® The thickness of healthy articular
cartilage is correlated with knee joint moments during walking'® and preliminary data
has demonstrated an association between joint unloading and regional cartilage
thinning after ACL injury (Koo et al., unpublished data, 2007). Altered joint
kinematics, kinetics, and contact forces after ACL injury may be a stimulus in
initiating degenerative processes if either a) new regions of articular cartilage are
loaded but not equipped to handle the loading it experiences or b) typically loaded
regions of articular cartilage undergo a decrease in loading preventing the maintenance
of healthy cartilage.®82*

Evidence of aberrant movement patterns after ACL injury support hypotheses
suggesting articular cartilage degradation may relate to insufficient mechanical
loading. Sagittal plane knee joint angles, excursions, and moments are asymmetrically
lower on the involved limb after ACL rupture?”62149.150 and these abnormal sagittal
plane movement patterns continue after reconstruction,?384137.144.176,181,184,192 Erontg|

plane knee joint biomechanics after ACL injury are not as clearly understood. Whether



changes in the knee adduction moment occur initially after injury is not clear,®® and
conflicting reports of frontal plane moments greater than, equal to, and less than the
contralateral knee and healthy controls have been described after ACL
reconstruction.23'65'137'181'182'184*192

A patient-specific electromyographic (EMG)-driven musculoskeletal model is
a tool more robust than kinematic and kinetic measures to describe the knee’s loading
environment. EMG-driven musculoskeletal models calculate muscle forces using
EMG data to estimate levels of muscle co-contraction. The contribution of muscle co-
contraction is then incorporated into estimations of joint contact forces within the
knee.?1189 Joint contact force is a measure of the compressive force experienced by
articular cartilage. Previous work by our group has shown that muscle forces derived
from an EMG-driven musculoskeletal model are asymmetrically lower in the knee
joint flexors and extensors early after ACL injury corresponding to the lower joint
contact forces exhibited during walking.®®? Although pre-operative rehabilitation
including neuromuscular training is effective in normalizing movement patterns prior
to surgery!®® asymmetric joint contact forces are again present in some patients 6
months after ACL reconstruction.®* Whether altered contact forces are associated with
the later development of post-traumatic OA is unknown.

Evidence of aberrant joint biomechanics and movement patterns after ACL
injury and reconstruction highlights the necessity for longitudinal testing of ACL
cohorts to establish clear associations between these early measures of joint loading
and emerging radiographic OA. These relationships are crucial to develop more
effective rehabilitation approaches aimed at interrupting the pathogenesis of post-

traumatic OA after ACL injury.



1.3 Clinical Factors in Osteoarthritis

Although biomechanical mechanisms likely contribute to the development of
post-traumatic knee OA, they can be difficult to identify without expensive gait
analysis equipment. Altered muscle activation patterns and joint Kinetics, kinematics,
and contact forces are present despite resolution of gait impairments detected by
clinical observation.®%1% Moreover, typical osteoarthritic symptoms including pain,
stiffness, and decreased function are often absent when initial radiographic signs of
knee OA are detectable.3*°140 Unfortunately, methods to clinically and prospectively
identify patients at greatest risk for post-traumatic OA development or identify those
already possessing signs of joint degeneration as detected by imaging modalities have
not been developed.

Known risk factors for primary OA include age, a positive family history, joint
trauma, work or leisure activities, muscle weakness, obesity, joint instability and lower
extremity malalignment.*'® Modifiable risk factors specific to post-traumatic OA are
largely unknown because few studies have longitudinally tested patients at specific
time points in rehabilitation and then later performed radiographic screening for OA.
Age, BMI, manual labor at time of injury, meniscus injury, meniscus resection, and
chondral lesions may be risk factors for early-onset OA after ACL injury.'*2 While
these risk factors provide helpful information to flag patients at greater risk for early
knee OA, most are unmodifiable and thus possess limited potential to be influenced by
rehabilitation interventions. The identification of modifiable factors in the
development of post-traumatic OA will provide avenues for physical therapists to
influence the enormous risk for joint destruction regardless of underlying,

unmodifiable patient risk factors.



The current inability of clinicians to prospectively screen patients at high risk
of post-traumatic knee OA risk after ACL injury necessitates further evaluation of
clinical measures early after injury and/or surgery in combination with later
radiographic evidence of articular cartilage destruction. Identified clinical factors may
be manifestations of underlying biomechanical alterations potentially causing the
degeneration of articular cartilage or be associated with the development of knee OA
independent of any relationship with existing movement patterns. Whatever the
mechanism, the ability to alert clinicians of individuals at highest risk for developing
post-traumatic OA will provide the initial steps in developing strategies to lower the

risk of developing this devastating disease after ACL injury.

1.4 Outcomes After Operative and Non-Operative Management of ACL Injury

Most patients in the United States who tear an ACL undergo ACL
reconstruction with the expectation that prior knee function will be restored, prior
activity levels will be attained, and further injury will be avoided.*”1%.127 These
patient expectations are consistent with measures of success used by experts treating
those with ACL injuries.*'® Unfortunately, these goals and measures of success are
often not achieved following ACL reconstruction. Mounting evidence suggests non-
operative management in comparison to ACL reconstruction may provide equal to or
better outcomes for many individuals.

Additional ACL injury is common after reconstruction as nearly one-third of
young athletes will endure either a graft rupture or contralateral ACL injury.t® Fewer
than 10% of patients managed non-operatively experience further knee injuries during
the first two years after injury, much lower than re-injury rates of their ACL

reconstructed counterparts during this time period.813 Although a longer duration



from ACL injury to reconstruction has been linked to higher incidence of secondary
knee pathology,?®%7%" Frobell and colleagues reported no differences in meniscal
surgical procedures between patients treated with early ACL reconstruction, delayed
ACL reconstruction, or rehabilitation alone in a completed randomized control trial.>®

Despite current evidence refuting an increased risk of secondary knee injury
with non-operative ACL management, some still attempt to use the argument for
further knee injury without surgical restoration of passive knee laxity as rationale for
early ACL reconstruction.®3® However, additional knee joint injury sustained after
original ACL injury rarely drives the decision for ACL reconstruction after an initial
period of non-operative rehabilitation. Instead, factors including recurrent episodes of
knee instability and poor knee function typically result in the decision to undergo later
ACL reconstruction,>869.170

Return to sport rates after ACL reconstruction compared to non-operative
management show similar trends to those present regarding additional knee joint
injury. The ability to return to cutting and pivoting sports after ACL injury
undoubtedly requires a stable knee joint. ACL reconstruction is superior to non-
operative management of ACL injury in reducing knee joint laxity.>°870126.157
However, neuromuscular control mechanisms can overcome joint laxity and provide
the necessary dynamic knee stability required for high level activities,> allowing
many patients who complete non-operative management of ACL injury to return to
high levels of activity following injury.*

Athletes who wish to return to pivoting sports are typically counseled to
undergo ACL reconstruction.®%° However, approximately one-third of individuals do

not return to pre-injury activity levels after ACL reconstruction, and nearly half fail to



return to the same level of competition.® A comparison of athletes matched for age,
sex, and cutting and pivoting activity level*>®! prior to injury revealed equal return to
sport rates at one and two years following injury regardless of operative or non-
operative management.®®’° High levels of cutting and pivoting activities can be
maintained several years after injury utilizing non-operative intervention
strategies.*®%130 patient intent to return to sport should not drive early surgical
decision-making after ACL injury. Additional evidence is needed to provide evidence-
based education for patients and clinicians regarding the clinical course and expected
outcomes following both operative and non-operative treatment of ACL injury to
guide appropriate surgical decision-making.

Measures of success after ACL injury beyond re-injury and ability to return to
sport include functional and patient-reported outcomes.!'® Patients completing non-
operative treatment may demonstrate superior performance-based functional outcomes
and subjective knee function during the first year after injury than their counterparts
who undergo ACL reconstruction.”>” Poorer short-term outcomes following ACL
reconstruction may be attributed to operative complications such as arthrofibrosis,
infection, donor site morbidity and pain associated with surgery.>” Although
outcomes initially differ, strength and subjective knee function are similar between
treatment strategies after the first year.581%7

Long-term gait biomechanics after completion of operative and non-operative
rehabilitation are not well documented. Consideration of long-term movement patterns
are important due to their link to risk of second ACL injury, ability to return to sport
after ACL injury, and the development of post-traumatic OA 889136164 Sagittal plane

knee kinematics, kinetics and joint contact forces are altered early after ACL



injury,27:6062.148.150 hrasymably resulting in compensations seen at the hip and ankle
joints.% Rehabilitation after ACL injury including specialized neuromuscular training,
called perturbation training,> results in biomechanics more closely resembling
uninjured individuals;>"81% however, some biomechanical asymmetries re-emerge
following ACL reconstruction and do not fully resolve by two years after surgery.5:144

Evidence pertaining to frontal plane kinetics is less clear. Limited evidence
suggests the external knee adduction moment is not different between limbs early after
ACL injury.® Following ACL reconstruction varying frontal plane relationships have
been illustrated, but an overriding theme emerges in which lower frontal plane
moments in the involved limb are present early after ACL reconstruction with
symmetric or higher moments emerging several years after surgery.2313/:176.181,183,184,192
Movement patterns likely change longitudinally following ACL injury. However,
long-term evidence is lacking to comprehensively determine 1) whether joint
biomechanics continue to improve after two years following ACL reconstruction and
2) whether symmetric long-term biomechanical strategies exist after a non-operative
rehabilitation strategy which incorporated progressive strength and neuromuscular
training. Detailed descriptions of long-term movement patterns will highlight long-
term outcomes that rehabilitation programs insufficiently address in their current
design.

Perhaps the most extensive evidence regarding long-term outcomes comparing
operative and non-operative treatment of ACL injury pertains to radiographic signs of
OA. No differences exist in rates of post-traumatic OA development between 5 and 20
years after ACL injury between the two treatment strategies.>89117.126.130.140,157

However, as previously described, current evidence regarding differences in other
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long-term outcomes is incomplete and inadequate. A comprehensive analysis of long-
term functional, patient-reported, and biomechanical outcomes incorporating baseline,
additional injury, and radiographic data following operative compared to non-
operative management of ACL injury is needed to provide clear evidence of expected
outcomes to guide early decision-making for optimal treatment strategy following

ACL injury.

1.5 Conclusions

In conclusion, the proposed work will support the inclusion of long-term knee
joint health as an important goal early after ACL injury and reconstruction by
identifying factors during the rehabilitation period associated with the later
development of knee OA. Further, we will provide clear evidence of expected long-
term functional, patient-reported, biomechanical and radiographic outcomes after
operative compared to non-operative management of ACL injury to assist in early
decision-making for optimal treatment strategy of injury. This information will help
shape and progress current rehabilitation strategies to provide patients with ACL
injury the opportunity to achieve a lifetime of continued physical activity and a rich

quality of life.

1.6 Specific Aims

The overall goal of this work is to identify factors early after injury and/or
reconstruction associated with the development of post-traumatic knee OA 5 years
after ACL injury and to compare long-term outcomes between operative and non-
operative management of ACL injury. The central hypotheses are that modifiable

factors present early after ACL injury and reconstruction will differ between
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individuals who do and do not develop post-traumatic knee OA and that outcomes will
not differ between patients treated with operative compared to non-operative

management of ACL injury.
The specific aims of this project are to:

1. Determine the relationship between joint biomechanics and loading
early after ACL injury with the presence of knee joint osteoarthritis 5
years after ACL reconstruction

Hypothesis 1.1: Altered knee kinematics and Kinetics prior to
and early after ACL reconstruction and knee alignment will be
associated with radiographic knee osteoarthritis 5 years after
ACL reconstruction

Hypothesis 1.2: Altered hip kinematics and kinetics prior to and
early after ACL reconstruction will be associated with
radiographic knee osteoarthritis 5 years after ACL
reconstruction

Hypothesis 1.3: Altered knee joint contact forces prior to and
early after ACL reconstruction will be associated with
radiographic knee osteoarthritis 5 years after ACL
reconstruction

2. Determine the relationship between baseline and functional outcomes
early after ACL injury with the presence of knee joint osteoarthritis 5
years after injury

Hypothesis 2.1: Baseline characteristics and functional
outcomes early after ACL injury and/or ACL reconstruction
will differ between those with and without radiographic signs of
knee osteoarthritis 5 years after ACL reconstruction or non-
operative rehabilitation
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3. Determine the functional, biomechanical, and radiographic differences
between patients completing operative compared to non-operative
management of ACL injury 5 years after injury

Hypothesis 3.1: Baseline characteristics will not differ between
patients completing operative compared to non-operative
management of ACL injury 5 years after injury

Hypothesis 3.2: Quadriceps strength, single-legged hop scores
and knee joint effusion will not differ between patients
completing operative compared to non-operative management
of ACL injury 5 years after injury

Hypothesis 3.3: Patient-reported outcomes will not differ
between patients completing operative compared to non-
operative management of ACL injury 5 years after injury

Hypothesis 3.4: Involved limb and interlimb differences in hip
and knee joint biomechanics will not differ between patients
completing operative compared to non-operative management
of ACL injury 5 years after injury

Hypothesis 3.5: Radiographic outcomes will not differ between

patients completing operative compared to non-operative
management of ACL injury 5 years after injury
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Chapter 2

LOWER KNEE JOINT LOADING ASSOCIATED WITH EARLY KNEE
OSTEOARTHRITIS AFTER ANTERIOR CRUCIATE LIGAMENT INJURY

This chapter was accepted for publication in The American Journal of Sports

Medicine on October 22, 2015 (PMID 26493337).

2.1 Abstract

Anterior cruciate ligament injury predisposes individuals for early onset knee
joint osteoarthritis. Abnormal joint loading is apparent following anterior cruciate
ligament injury and reconstruction. The relationship between altered joint
biomechanics and development of knee osteoarthritis is unknown. Therefore, the
purpose of this study was to determine whether altered knee joint kinetics and medial
compartment contact forces initially after injury and reconstruction are associated with
radiographic knee osteoarthritis 5 years after reconstruction.

Individuals with acute, unilateral anterior cruciate ligament injury completed
gait analysis before (baseline) and after (post-training) pre-operative rehabilitation and
6 months, 1 year, and 2 years after reconstruction. Surface electromyography and knee
biomechanics were input to an electromyographic-driven musculoskeletal model to
estimate knee joint contact forces. Patients completed radiographic testing 5 years
after reconstruction. Differences in knee joint kinetics and contact forces were
compared between those with and without radiographic knee osteoarthritis.

Patients with osteoarthritis walked with greater frontal plane interlimb
differences than those without osteoarthritis at baseline (peak knee adduction moment
difference: p: 0.014; nonOA: 0.00+£0.08 Nm/kg-m; OA: -0.15+£0.09 Nm/kg-m; peak
knee adduction moment impulse difference: p: 0.042; nonOA: -0.001+0.032
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Nm-s/kg-m; OA: -0.048+0.031 Nm-s/kg-m). The involved limb knee adduction
moment impulse of the group with osteoarthritis was also lower than the group
without osteoarthritis at baseline (p: 0.023; nonOA: 0.087+£0.023 Nm-s/kg-m; OA:
0.049+0.018 Nm-s/kg-m). Significant group differences were absent at post-training
but reemerged 6 months after reconstruction (peak knee adduction moment difference:
p: 0.043; nonOA: 0.02+0.04 Nm/kg-m; OA: -0.06+0.11 Nm/kg-m). In addition the
group with osteoarthritis walked with lower involved limb peak medial compartment
contact forces than the group without osteoarthritis at 6 months (p: 0.036; nonOA:
2.891£0.52 BW; OA: 2.10£0.69 BW).

Patients with radiographic knee osteoarthritis 5 years after anterior cruciate
ligament reconstruction walked with lower knee adduction moments and medial
compartment joint contact forces than those without osteoarthritis early after injury
and reconstruction. Early gait patterns exhibited by those with osteoarthritis represent
a knee joint unloading strategy. Changes in rehabilitation programs may be needed to

facilitate normal joint loading after anterior cruciate ligament injury.

2.2 Introduction

The risk of knee osteoarthritis (OA) dramatically increases following anterior
cruciate ligament (ACL) reconstruction.*%% Patients with ACL injury experience
higher rates of knee OA at much younger ages compared to healthy individuals.*3® The
hallmark osteoarthritic symptom of pain may be absent at the onset of knee OA,8313°
while the presence of chronic knee pain in younger individuals is not well associated
with radiographic OA.”®138 Patient-reported outcomes of knee function are also poor
discriminators for the presence of knee OA following ACL injury and ACL

reconstruction.®*'*° Thus, the initial development and progression of OA after ACL
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injury can be difficult to predict and detect without the use of routine imaging.
Evidence of altered biomechanics has been demonstrated early after ACL injury and
ACL reconstruction,®*12 and abnormal joint loading is one key mechanism that may
contribute to the early development of OA. Identifying a link between joint loading
and OA is a critical step in better understanding and possibly preventing early onset
knee joint OA.

Common surrogate measures of knee joint loading are frontal and sagittal
plane knee moments. Higher external knee moments have been associated with the
presence and severity of idiopathic knee OA in older populations.>2107110.12% However,
external knee adduction and flexion moments have been reported to be lower in the
limb at risk for OA following ACL reconstruction.182185192 Although it is clear that
knee kinetics are altered after ACL injury and ACL reconstruction, there is a lack of
information on the impact of abnormal biomechanics to the later development of OA.

The external knee adduction moment is widely used as an indicator of knee
joint loading of the medial tibiofemoral compartment,3/:°2107.110.129.194 Tha knee
adduction moment prior to ACL reconstruction has not been well-characterized, while
values higher, equal to and lower than the contralateral knee and healthy controls have
been reported at varying points in time after ACL reconstruction,23137.176.181,183,184,152
Conflicting reports of the knee adduction moment after surgery may be due to
longitudinal changes in frontal plane kinetics after ACL reconstruction. 8!

Patients initially walk with decreased external knee flexion moments after
ACL injury.5290.149.150.185 Hawever, it unclear how long these alterations persist after

ACL reconstruction 8144181184 Aq with the knee adduction moment, it is not well
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understood whether unresolved alterations in the knee flexion moment after ACL
injury and ACL reconstruction are detrimental to long-term knee joint health.

Knee joint contact forces estimated using musculoskeletal models are another
method to quantify knee joint loading. Models incorporating electromyographic
(EMG) data may provide a more comprehensive understanding of the knee’s loading
environment after ACL injury than joint moments alone by incorporating the
contribution of muscular co-contraction in the estimation of joint contact forces.?!18°
Patients walk with asymmetric knee joint contact forces after ACL injury®® and some
demonstrate persistent asymmetries 6 months after ACL reconstruction.®* However it
is unknown if these abnormal loading patterns precede early onset knee OA.

The purpose of this study was to determine whether knee joint moments and
contact forces early after injury and ACL reconstruction were associated with
radiographic knee OA 5 years after surgery. Based on previous work demonstrating
lower knee joint kinetics,5290149.150.185,192 m;scle forces,? and joint contact forces®
after ACL injury, we hypothesized that altered knee frontal and sagittal plane kinetics
and medial compartment contact forces initially after injury and ACL reconstruction
would be associated with medial compartment knee OA 5 years after ACL

reconstruction.
2.3 Methods

2.3.1 Subjects
Twenty-two subjects between the ages of 14-47 with complete, unilateral ACL
injury within the previous 7 months were included in this study as part of a larger

randomized control trial of 55 patients.”® All patients were regular participants in level
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I-11 cutting and pivoting activities®>®! prior to injury and demonstrated dynamic knee
instability after injury (noncopers).*® Exclusion criteria included concomitant
repairable meniscus injuries, grade 111 injury to other knee ligaments, and full-
thickness articular cartilage lesion >1 cm? diagnosed prior to ACL reconstruction or
contralateral ACL injury after initial ACL reconstruction.

Patients were enrolled in this study after effusion, range of motion (ROM),
pain, and obvious gait impairments were resolved utilizing the physical therapy
protocol described by Hurd et al.® Study approval was granted by the Institutional
Review Board at the University of Delaware and all patients provided written
informed consent. Following study enrollment, patients received additional pre-
operative rehabilitation to further restore lower extremity strength and neuromuscular
control.” All patients underwent ACL reconstruction by a single, board-certified
orthopedic surgeon using either a four-bundle semitendinosus-gracilis autograft or soft
tissue allograft with a medial and lateral portal and medial parapatellar tendon
incision. No surgical procedures were performed to any additional ligamentous knee
structures. Patients completed progressive, criterion-based post-operative

rehabilitation early after surgery.!

2.3.2 Testing

Testing consisted of gait analysis with EMG at 5 time points: pre-operatively
after effusion, ROM, pain, and obvious gait impairments were resolved (baseline),
immediately following 10 sessions of additional pre-operative rehabilitation (post-
training), 6 months after ACL reconstruction following criterion-based rehabilitation
(6 months), 1 year after ACL reconstruction (1 year) and 2 years after ACL

reconstruction (2 years).
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Gait analysis was completed using an 8-camera system (VICON, Oxford
Metrics Ltd., London, UK) sampled at 120 Hz and 1 force platform (Bertec
Corporation, Worthington, OH) sampled at 1,080 Hz. Retroreflective markers were
placed on bony landmarks at each lower extremity with rigid shells containing
markers placed at the pelvis, thighs, and shanks.®? Patients walked at self-selected
speed which was maintained (£5%) throughout the testing session and subsequent
testing sessions. Stance phase joint angles and moments were calculated using inverse
dynamics within commercial software (Visual 3D, C-Motion, Germantown, MD).
Moments were normalized to mass (kg) and height (m). Variables of interest included
the peak external knee adduction moment, external knee adduction moment impulse
during stance phase, and peak external knee flexion moment. Differences between
limbs were calculated for each kinetic measure (involved-uninvolved).

Surface EMG was collected at 1,080 Hz (MA-300 EMG System, Motion Lab
Systems, Baton Rouge, LA) for seven muscles on each limb (rectus femoris, medial
and lateral vasti, semitendinosus, long head of biceps femoris, medial and lateral
gastrocnemii). Patients completed maximal voluntary isometric contractions for each
muscle group to normalize EMG amplitude during subsequent walking trials. Raw
EMG data was high-pass filtered (2nd order Butterworth, 30 Hz), rectified, and then
low-pass filtered (2nd order Butterworth, 6 Hz) creating a linear envelope for maximal

voluntary isometric contractions and walking trials.

2.3.3 EMG-Driven Modeling
Gait analysis and surface EMG data served as inputs to a musculoskeletal
model®2122 for the estimation of joint contact forces. This model has demonstrated

good repeatability® and high accuracy when validated using in vivo contact force data
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recorded from an instrumented knee prosthesis.'?? In addition, sensitivity analyses
conducted on varying experimental inputs to the model have demonstrated that
interlimb differences in peak contact forces found within this study are much larger
than estimated potential error.!® Contact forces for 10 of these patients were included
in the primary analyses of knee joint contact forces after acute ACL injury (“baseline”
time point (Gardinier et al. 2012)) and after ACL reconstruction (“6 months” time
point (Gardinier et al. 2014)).

The EMG-driven model of the knee included an anatomical model which
characterizes the musculoskeletal geometry,®® an activation dynamics model which
characterizes the transformation of EMG (the neural signal) to muscle activation, and
a contraction dynamics model which contains a Hill-type muscle model and
characterizes the transformation of muscle activation to muscle force. The anatomical
model contained pelvis, femur, tibia and foot segments which were actuated by 10
muscle-tendon units and scaled according to subject anthropometry. The activation
dynamics and contraction dynamics models contained adjustable muscle parameters
(see Gardinier et al. 2012 MSSE) that are difficult to accurately measure in vivo,
including optimal muscle fiber length and tendon slack length. These parameters were
adjusted during a subject-specific model calibration and were allowed to vary within
physiological bounds as described previously (see Gardinier 2012 MSSE for limits
used). After calibrating the model, muscle forces were predicted for the stance phase
of 3 novel overground walking trials.

Medial compartment contact force was calculated by balancing the external
knee adduction moment (expressed about the lateral compartment contact point which

was fixed at a distance of 25% of tibial plateau width from the knee joint center) with
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the internal adduction moments due to the muscle forces and the contact force in the
medial compartment.!8® The peak medial compartment contact force occurring in the
first half of stance was the discrete variable of interest for this study, and the average

of 3 trials was used for analysis.

2.3.4 Radiographs

Weight-bearing posterior-anterior (PA) bent knee (30 degree) radiographs
were completed 5 years after ACL reconstruction and graded using the Kellgren-
Lawrence (KL) system.®® The presence of OA was defined as a KL grade > 2 in the
medial compartment (graded by EW; between-day kappa statistic: 0.904, p:<0.001; all
KL grades verified by board-certified orthopedic surgeon). Initial radiographs after
ACL injury were not obtained; however, articular cartilage pathology was assessed
during arthroscopic evaluation at the time of ACL reconstruction. Two patients
demonstrated chronic articular cartilage changes at the medial femoral condyle during
arthroscopic evaluation during ACL reconstruction. One of these two patients had OA

in the medial compartment at 5 years, one did not.

2.3.5 Statistical Analysis

Statistical analyses were completed using PASSW 21.0 software (SPSS Inc.,
Chicago, IL). Independent t-tests and Fisher’s exact tests were performed to test
differences in demographics, baseline characteristics, and concomitant injuries
between those with and without radiographic knee OA in the medial compartment
(nonOA, OA) 5 years after ACL reconstruction. Independent t-tests were also used to
test differences in loading measures for the involved limb between the nonOA and OA

groups (peak knee adduction moment, knee adduction moment impulse, peak knee
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flexion moment, peak medial compartment contact force) and interlimb differences
between groups at each time point for each of these measures. Effect sizes were
calculated for group differences in loading measures.?® Previously reported minimally
detectable changes were used to determine meaningful asymmetry between limbs for
peak knee adduction moment (0.06 Nm/kg-m), peak knee flexion moment (0.09
Nm/kg-m), and peak medial compartment contact force (0.30 BW).5 Statistical

significance was set at <0.05.

2.4 Results

In total, 22 subjects were brought back in for radiographic testing 5 years after
ACL reconstruction (15 nonOA, 7 OA) (Figure 2.1). Of these 22 subjects, the number
completing testing at each of the 5 earlier time points is described in Table 2.1. A
greater proportion of subjects who completed testing at 2 years with OA at 5 years
were female (p: 0.036; nonOA: 9 males, 2 females; OA: 1 male, 4 females). No further
group differences existed for sex at other time points (Table 2.1). No differences in
age, mass, body mass index (BMI), pre-injury activity level, time from injury to
baseline, time from injury to ACL reconstruction, or graft type were present between
groups (Table 2.1). The OA group walked slower than the nonOA group at 1 year (p:
0.035; nonOA: 1.64+0.12 m/s; OA: 1.49+0.04 m/s) but not at any other testing
sessions (Table 2.1). Presence of concomitant meniscus or articular cartilage injuries
identified arthroscopically during ACL reconstruction did not differ between groups at
any time point for all compartments of the involved knee or specifically the medial
tibiofemoral compartment (Table 2.1). No differences existed in additional knee

injuries or surgeries sustained between time of initial ACL injury and 5 year
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radiographic testing (nonOA: 1 ipsilateral re-tear, 1 ipsilateral partial PCL tear and

meniscus tear; OA: 1 ipsilateral re-tear) (Table 2.1).

‘A Enrolled in Initial Randomized Control Trial

| N=55
| ' 1
Returned for 5 Year Testing Did Not Return for 5 Year Testing
n=34 n=21
| I 1
Completed Did Not Complete Dropped after
Radiographs Radiographs —  Enrollment
n=28 n=6 n=1
Included in Unable to Contact
L Current Analysis — iy
n=22 sl
‘Non-Operative ACL Mc;ve d iitof Ao
L Management —
n=4
n=2
- Contralateral ACL |
- Injury
n=3
'No Previous Motion
L Analysis Data
n=1

Figure 2.1: Flow diagram of study cohort.
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Table 2.1: Demographic, baseline, and concomitant injury characteristics between those with and without radiographic
medial compartment knee OA 5 years after ACL reconstruction. Boldface numbers indicate statistically

significant group differences. Abbreviations: SD, standard deviation; yrs, years; kg, kilograms; m, meter; wks,

weeks; ACLR, ACL reconstruction; s, second; M, male; F, female; Allo, allograft; Auto, autograft.

Group Baseline Post-Training 6 Months 1 Year 2 Years
Mean (SD) p Mean (SD) p Mean (SD) p Mean (SD) p Mean (SD) p
Age at baseline, yrs nonOA  33.4(10.9) 33.8(10.4) 325(11.2) 329 (11.6) 35.2 (10.1)
868 0.983 0.062 0.309 0.463
OA 34.7 (14.3) 33.7(13.7) 44.8 (5.6) 26.0 (8.8) 39.6 (12.5)
Mass, kg nonOA  86.6 (19.1) 86.1 (20.7) 86.8 (15.3) 89.4 (14.5) 87.7 (13.8)
0.351 0.936 0.238 0.727 0.338
OA 75.0 (14.5) 85.2 (17.1) 76.3 (11.0) 86.2 (18.0) 80.3 (14.3)
Body Mass Index, kg/m? nonOA  28.1(3.7) 28.0(3.9) 28.1(2.9) 28.7 (4.2) 28.8 (3.0)
0.313 0.591 0.104 0.853 0.217
OA 25.6 (4.3) 29.1 (4.2) 252 (2.4) 28.2(5.1) 26.5(3.8)
Injury to basline, wks nonOA 9.8 (8.3) 9.7(9.2) 9.8(7.2) 8.1(7.1) 8.5(7.3)
0.444 0.687 0.873 0.542 0.692
OA 5.8 (2.3) 11.6 (8.3) 10.5 (7.4) 10.9 (9.0) 10.0 (6.5)
Injury to ACLR, wks nonOA  18.8 (11.0) 18.9 (12.3) 15.2 (8.4) 19.3 (22.6) 19.8 (21.5)
0.189 0.916 0.422 0.709 0.941
OA 9.7 (2.3) 19.7 (15.7) 21.0 (18.6) 14.8 (9.2) 19.0 (16.6)
Gait velocity, m/s nonOA 1.6 (0.1) 1.6 (0.1) 1.6 (0.1) 1.6 (0.1) 1.6 (0.1)
0.592 0.418 0.320 0.035 0.226
OA 1.5(0.1) 1.6 (0.1) 1.5(0.1) 1.5 (0.0) 1.5(0.1)
Sex, M:F nonOA 84 7:3 8:2 8:2 9:2
0.077 0.302 0.095 0.520 0.036
OA 0:3 2:4 1:3 2:2 1:4
Pre-Injury Activity Level, 1:2  nonOA  6:6 6:4 6:4 7:3 8:3
<1.00 0.608 0.085 0.580 0.106
OA 1:2 2:4 0:4 2:2 1:4
Graft type, Allo:Auto nonOA  9:3 8:2 8:2 8:2 10:1
<1.00 0.299 0.520 0.520 0.214
OA 2:1 3:3 2:2 2:2 3:2
Meniscus or articular carti- nonOA 5.7 5:5 4:6 3.7 4:7
L. 0.200 0.633 0.559 0.580 0.282
lage injury,No:Yes OA 3:0 4:2 31 2:2 4:1
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Table 2.1: continued

Group Baseline Post-Training 6 Months 1 Year 2 Years
Mean (SD) p Mean (SD) p Mean (SD) p Mean (SD) p Mean (SD) p
Medial tibiofemoral compart- nonOA 84 7:3 7:3 7:3 74
. 0.516 <1.00 <1.00 <1.00 <1.00
ment injury, No:Yes OA 3:0 5:1 31 31 4:1
Additional knee injury after nonOA  10:2 9:1 9:1 9:1 11:.0
L . 0.516 0.625 0.714 0.505 0.313
initial ACL injury, No:Yes OA 21 51 4:0 31 4:1




The OA group walked with lower peak knee adduction moment than the
nonOA group with significant interlimb differences and large effect sizes present at
baseline (p: 0.014; peak knee adduction moment difference: nonOA: 0.00+0.08
Nm/kg-m; OA: -0.15+£0.09 Nm/kg-m) (Figure 2.2A and 2.2B, Table 2.2). Asymmetric
peak frontal plane moments improved in the OA group after rehabilitation prior to
ACL reconstruction but significant group differences were again present 6 months
after ACL reconstruction (p: 0.043; peak knee adduction moment difference: nonOA:
0.02+0.04 Nm/kg-m; OA: -0.06x£0.11 Nm/kg-m) (Figure 2.2B). Both groups
demonstrated symmetry in peak knee adduction moment 1 and 2 years after surgery
(Figure 2.2B). Large group differences for the involved limb peak knee adduction

moment were present at baseline but no further time points (Figure 2.2A).
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Figure 2.2: Mean values for involved limb (A) and interlimb differences (B) in the

peak knee adduction moment between those with and without
radiographic medial compartment knee OA 5 years after ACL
reconstruction. Effect sizes (ES) provided. Asterisk represents p<0.05.
Whiskers represent 1 standard deviation.
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Additional frontal plane group differences were present in the knee adduction
moment impulse (Table 2.2). At baseline the OA group had lower knee adduction
moment impulse at the involved limb than the nonOA group (p: 0.023; nonOA:
0.087+0.023 Nm-s/kg-m; OA: 0.049+£0.018 Nm-s/kg-m) (Figure 2.3A) and
asymmetrically underloaded compared to the contralateral limb (p: 0.042; knee
adduction moment impulse difference: nonOA: -0.001+0.032 Nm-s/kg-m; OA: -
0.048+0.031 Nm-s/kg-m) with large effect sizes exhibited (Figure 2.3B). Group
differences in knee adduction moment impulse were absent following rehabilitation
prior to ACL reconstruction and continued through 1 year after surgery. At 2 years no
differences at the involved limbs existed between groups in the knee adduction
moment impulse but the OA group had a significantly lower interlimb difference
(lower knee adduction moment impulse on the involved limb, represented by a
negative knee adduction moment impulse difference) than the nonOA group (p: 0.027;
knee adduction moment impulse difference: nonOA: 0.010+0.018 Nm-s/kg-m; OA: -
0.021£0.032 Nm-s/kg-m) (Figure 2.3A and 2.3B).
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Figure 2.3: Mean values for involved limb (A) and interlimb differences (B) in the

peak knee adduction moment impulse between those with and without
radiographic medial compartment knee OA 5 years after ACL
reconstruction. Effect sizes (ES) provided. Asterisk represents p<0.05.
Whiskers represent £1 standard deviation.
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There were large differences between limbs in peak knee flexion moment for
both the OA and nonOA groups at baseline with both groups demonstrating lower
sagittal plane moments on their involved knee (Figure 2.4A and 2.4B, Table 2.2).
Large interlimb differences continued in the OA group at 6 months. However, these

differences did not reach statistical significance between groups at either time point.
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Figure 2.4: Mean values for involved limb (A) and interlimb differences (B) in the
peak knee flexion moment between those with and without radiographic
medial compartment knee OA 5 years after ACL reconstruction. Effect
sizes (ES) provided. Asterisk represents p<0.05. Whiskers represent +1
standard deviation.
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Large group differences in peak medial compartment contact forces of
involved limbs were seen at baseline, 6 months and 1 year reaching statistical
significance at 6 months (p: 0.036; peak medial compartment contact force: nonOA:
2.89+£0.52 BW; OA: 2.10+£0.69 BW) (Figure 2.5A, Table 2.2). Large interlimb
differences were also present between groups at baseline and 6 months (Figure 2.5B).
Neither involved limb peak medial compartment contact force nor interlimb
differences in peak medial compartment contact force were different between groups

following pre-operative rehabilitation.
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Figure 2.5: Mean values for involved limb (A) and interlimb differences (B) in the
peak medial compartment contact force between those with and without
radiographic medial compartment knee OA 5 years after ACL
reconstruction. Effect sizes (ES) provided. Asterisk represents p<0.05.
Whiskers represent £1 standard deviation.
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Table 2.2: Involved limb and interlimb differences in sagittal and frontal plane knee kinetics and medial compartment
contact forces during walking between those with and without radiographic medial compartment knee OA 5
years after ACL reconstruction. Abbreviations: SD, standard deviation; N, newton; m, meter; kg, kilogram;

BW, body weight.

Group Baseline Post-Training 6 Months 1 Year 2 Years
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Peak Knee Adduction Moment (Nm/kg-m) nonOA 0.26 (0.08) 0.28 (0.11) 0.29 (0.08) 0.24 (0.09) 0.31 (0.10)
OA 0.17 (0.04) 0.24 (0.06) 0.26 (0.08) 0.28 (0.04) 0.30 (0.09)
Interlimb Difference (Nm/kg-m) nonOA 0.00 (0.08) 0.00 (0.09) 0.02 (0.04) 0.01 (0.13) 0.01 (0.05)
OA -0.15 (0.09) -0.09 (0.08) -0.06 (0.11) 0.00 (0.08) -0.05 (0.10)
Knee Adduction Moment Impulse (Nm-s/kg-m) nonOA 0.087 (0.023) 0.083 (0.032) 0.096 (0.030) 0.072 (0.034) 0.095 (0.035)
OA 0.049 (0.018) 0.074 (0.023) 0.087 (0.046) 0.086 (0.019) 0.088 (0.036)
Interlimb Difference (Nm-s/kg-m) nonOA -0.001 (0.032) -0.004 (0.028) 0.001 (0.023) -0.007 (0.038) 0.010 (0.018)
OA -0.048 (0.031) -0.013 (0.040) -0.012 (0.035) 0.002 (0.033) -0.021 (0.032)
Peak Knee Flexion Moment (Nm/kg-m) nonOA 0.36 (0.19) 0.38 (0.25) 0.46 (0.13) 0.50 (0.14) 0.50 (0.15)
OA 0.26 (0.29) 0.35(0.13) 0.35(0.14) 0.40 (0.09) 0.41 (0.14)
Interlimb Difference (Nm/kg-m) nonOA -0.10 (0.19) -0.08 (0.20) -0.04 (0.11) -0.08 (0.10) -0.01 (0.08)
OA -0.19 (0.27) -0.10 (0.14) -0.20 (0.21) -0.03 (0.10) -0.07 (0.06)
Peak Medial Compartment Contact Force (BW) nonOA 2.61 (0.50) 2.70 (0.73) 2.89 (0.52) 2.93 (0.57) 3.09 (0.47)
OA 2.18 (0.18) 2.47 (0.26) 2.10 (0.69) 2.47 (0.16) 2.92 (0.17)
Interlimb Difference (BW) nonOA -0.24 (0.56) -0.25 (0.87) 0.06 (0.56) 0.15 (0.57) 0.07 (0.42)
OA -1.34 (1.54) -0.45 (0.61) -0.55 (0.77) -0.14 (0.34) -0.26 (0.49)




2.5 Discussion

The purpose of this study was to determine if loading measures before and
after ACL reconstruction were associated with knee OA 5 years after surgery. Results
indicate that those who go on to develop radiographic OA walk with lower moments
and contact forces at the involved limb and greater interlimb differences early after
injury and ACL reconstruction compared to those without radiographic OA 5 years
after surgery. Differences were largest and statistically significant prior to pre-
operative rehabilitation and 6 months after ACL reconstruction.

The current findings are consistent with a growing body of evidence
suggesting joint unloading, not overloading, may be associated with the cascade of
early degenerative changes at the knee after ACL injury.®%? Koo and colleagues have
suggested that healthy cartilage increases in thickness in response to higher repetitive
loading during walking*® while after ACL injury joint unloading is associated with
regional cartilage thinning (Koo et al., unpublished data, 2007). The lower joint
moments and joint contact forces seen in our subjects early after injury and ACL
reconstruction who went on to develop OA may be markers for underlying structural
alterations to otherwise healthy articular cartilage prior to ACL injury. In our study
joint loading variables increased on the involved limb to levels similar to the nonOA
group by 1 year after ACL reconstruction. Although it is unclear when early
degenerative changes first begin, the increase in loading at 2 years may not be
tolerated if cartilage structures are already deconditioned or deteriorating. Further
work is needed to determine if the more symmetric loading present at 2 years will

eventually lead to joint overloading as the degeneration progresses.
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Seven of 22 patients demonstrated radiographic knee OA 5 years after ACL
reconstruction. A recent systematic review indicates cartilage degeneration detected
by MRI occurs prior to radiographic evidence.® Tibial cartilage thinning is evident on
MR as early as four months after isolated ACL injury®’” and these changes persist
despite ACL reconstruction.® The occurrence of pre-operative articular cartilage
changes highlights the importance of sufficient and purposeful rehabilitation prior to
surgery. Despite resolution of knee joint effusion, ROM, pain, and obvious gait
impairments, significant differences in frontal plane moments but also notable
differences in medial compartment joint contact forces were present at baseline
between subjects who later developed radiographic OA in the present study. All of
these group differences were considerably smaller after an additional ten rehabilitation
sessions targeting further strength and neuromuscular improvements prior to surgery.
It is likely that more subjects than the seven in our study with radiographic OA
exhibited early signs of cartilage degeneration. Weninger et al. reported that nearly
70% of patients demonstrated cartilage degeneration on MRI 2.8 years after ACL
reconstruction but only 11% had radiographic knee OA.*8" Early rehabilitation
programs both prior to and after ACL reconstruction may be a primary modifiable
component to restore knee biomechanics and modify the course of early onset knee
OA.

The knee adduction moment was lower in the OA group when compared to
both the contralateral limb as well as the involved limb of the nonOA group early after
injury and surgery. Previous conflicting evidence regarding whether the knee
adduction moment is increased or decreased after ACL reconstruction may be a result

of failing to dichotomize ACL-injured subjects by the presence of later knee OA and
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to consider longitudinal changes in frontal plane loading after ACL injury. Webster
and colleagues have reported a lower knee adduction moment at 10 months after ACL
reconstruction compared to both the contralateral limb and healthy controls which
improved at 3 years consistent with current findings within the OA group in the
present study.88 However, they reported the absence of interlimb differences in the
knee adduction moment at 20 months*84 while our 2 year results in the OA group show
large between limb differences for both the peak knee adduction moment and knee
adduction moment impulse consistent with 26 month findings by Zabala et al.**?
Previous research has reported knee adduction moment values greater than, equal to
and less than healthy controls between 3.5 to 5.3 years after ACL
reconstruction.z3"1%6 Fyrther analysis is required within our cohort to determine if
this period represents a critical time where a shift to overloading patterns becomes
evident.

Significant differences in peak knee adduction moment and knee adduction
moment impulse between the nonOA and OA group were present at baseline but not
following pre-operative rehabilitation. Those with OA demonstrated larger
asymmetries between limbs in peak knee adduction moment and knee adduction
moment impulse and lower knee adduction moment impulse on the involved limb at
baseline which normalized following rehabilitation. Meanwhile the nonOA group
walked with symmetric frontal plane moments at both points in time. Early
identification of individuals at high risk of early onset knee OA and determination of
sufficient pre-operative rehabilitation dosages may play a key role in curbing the
unloading tendencies of certain individuals and potential pathway of irreversible knee

joint OA.
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Sagittal plane moments undoubtedly play a role in describing the loading
environment of the knee’s medial compartment.'’® Previous work has established that
the peak knee flexion moment is lower both before and after ACL
reconstruction,52:8490144.149.150.185.192 The negative interlimb differences in the peak
knee flexion moment found for both the nonOA and OA groups at each time point
further support this involved limb unloading trend. Although only 7 of 22 subjects had
radiographic knee OA at 5 years, the majority will likely develop radiographic knee
OA within 15 years of surgery.* It is possible that sagittal plane moments may be
associated with overall long-term risk of knee OA while frontal plane moments may
better differentiate subjects at risk of earlier radiographic knee OA present within 5
years of ACL reconstruction.

Six months after ACL reconstruction, differences between groups for both
involved limb peak knee flexion moment and interlimb difference in peak knee flexion
moment were not statistically significant as others have shown.841%* The limited
sample size in our current study may be restricting achievement of significant
findings. However, large effect sizes were present for both measures suggesting
sagittal plane kinetics may also play a role in the early onset of knee OA.

Medial compartment joint contact forces estimated using an EMG-driven
musculoskeletal model differed between those who did and did not develop
radiographic knee OA at 5 years. An inherent strength of using this approach to
describe the knee’s loading environment is that it incorporates individual muscle
activation patterns, which are known to be altered after ACL injury®1%*1% in addition
to joint biomechanics. The OA group walked with lower involved limb medial

compartment contact forces and large interlimb differences at baseline and 6 months
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after ACL reconstruction when compared to those without radiographic knee OA.
Large differences between groups for the involved limb contact forces also persisted at
1 year. Previous work within this cohort found that medial compartment contact forces
were significantly less than the contralateral limb prior to ACL reconstruction.®® When
separating these subjects by the presence of knee OA at 5 years, the OA group loaded
the involved medial compartment nearly a half bodyweight less than the involved limb
of the nonOA group at baseline. The OA group also had nearly an entire bodyweight
greater loading difference relative to the contralateral limb compared to the nonOA
group at baseline. Again, these group differences were eliminated following additional
pre-operative rehabilitation. This relative unloading present in the OA group prior to
and after surgery further highlights the key contributions that not only joint
biomechanics but also muscle activation patterns may provide to the development of
early knee OA. The more comprehensive approach undertaken by the musculoskeletal
model to estimate joint loading, including the use of frontal and sagittal plane kinetics
with co-contraction estimates via EMG input, may provide enhanced insight into the
development of OA as compared to kinetic measures alone. Further work is needed to
determine if relative contributions of muscle activation and joint biomechanics to joint
contact forces differ between OA groups.

Concomitant meniscus and articular cartilage injuries increase the risk of
degenerative changes in the knee after ACL injury.14858294112 However, no subjects
within either group possessed acute cartilage injury at the time of ACL reconstruction,
and the proportion of meniscus injuries did not differ between subjects who did or did
not go on to develop radiographic OA by 5 years. There were also no differences in

the occurrence of additional knee injuries or surgery during the time from initial ACL
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injury to 5 year radiographic testing between those with and without OA at 5 years.
Current findings do not substantiate refutation of previous findings regarding the
increased OA risk associated with concomitant injuries. They do, however, allow
attribution of the strong association between biomechanical alterations and future knee
joint degeneration to ACL rupture independent of additional knee joint damage.

Female sex increases the risk for development of primary knee OA33161 and it
has been suggested this risk factor may play a role in the risk for OA after ACL
injury.!*® However, more recent studies have shown no risk factor of sex!* and further
that males are at higher risk of knee OA following ACL injury.1!2 Of the patients
completing testing at 2 years a larger proportion whom went on to demonstrate OA at
5 years were female (4 females, 1 male) compared to the nonOA group (2 females, 9
males). Women are more likely than men to demonstrate dynamic knee instability
after sustaining an ACL injury,® and within those with poor dynamic stability, women
demonstrate greater biomechanical asymmetries than men'®, The altered
biomechanics in individuals with poor dynamic knee stability’®% may place women at
higher risk of early development of OA after ACL injury.

Age, obesity, and manual labor at the time of injury are additional factors
which increase the risk of developing knee OA after ACL injury but are difficult to
modify.*!12 Clinical signs such has muscle weakness have been linked to the
development of primary knee OA, but modifiable risk factors related to knee OA after
ACL injury are largely unknown.'® The identification of clinical tests and measures
which relate to either underlying altered joint biomechanics or directly to the

development of knee OA after ACL injury are needed to effectively screen patients at
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greatest risk for post-traumatic OA in which targeted prevention strategies will be
most effective.

Limitations do exist within the present study. Sample sizes are limited at each
time point. Small sample size is likely resulting in group differences demonstrating
large effect sizes but lacking statistical significance. Caution must be demonstrated in
drawing firm conclusions from effect sizes where statistically significant group
differences are not present, which warrants future study with the use of a larger
sample. Further, not all subjects at each time point are the same limiting further
longitudinal analysis and chronological conclusions regarding loading patterns to be
made. Despite these limitations, it is important to note that this study is the first of its
kind to not merely speculate but rather demonstrate a link between altered movement
patterns and radiographic evidence of knee OA after ACL injury. Further work is
necessary to determine whether the presence of knee OA and altered knee joint
biomechanics after ACL injury is also related to altered mechanics at the hip and

ankle.

2.6 Conclusion

Patients with radiographic knee OA 5 years after anterior cruciate ligament
reconstruction walked with lower involved limb knee adduction moments and medial
compartment joint contact forces than those without OA early after injury and
reconstruction. Knee joint loading becoming more similar between groups 1 year after
ACL reconstruction. The time frame between injury and 2 years after ACL
reconstruction may represent a critical period during which articular cartilage health is
highly sensitive to joint unloading and cartilage deconditioning. Further work is

needed to determine effective rehabilitation strategies to both identify and amend these
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altered loading patterns associated with early onset knee OA in addition to evaluating
whether loading strategies differ after 2 years following ACL reconstruction between

those who do and do not go on to develop radiographic knee OA.
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Chapter 3

POST-TRAUMATIC KNEE OSTEOARTHRITIS ASSOCIATED WITH
ALTERED HIP JOINT BIOMECHANICS AFTER ANTERIOR CRUCIATE
LIGAMENT INJURY

3.1 Abstract

Anterior cruciate ligament injury predisposes individuals to a high risk for the
development of osteoarthritis. Patients with anterior cruciate ligament injury
demonstrate alterations in movement patterns at both the knee and hip joints.
Abnormal joint angles and moments in the knee likely contribute to the development
of post-traumatic knee osteoarthritis, but aberrant hip biomechanics may also
contribute to non-traumatic forms of osteoarthritis in the hip. Further, a history of
osteoarthritis is a risk factor for the development of osteoarthritis in an additional
joint. Therefore, the purpose of this study was to determine if hip joint biomechanics
early after ACL injury and reconstruction were different between those who did and
did not develop knee osteoarthritis by 5 years after anterior cruciate ligament
reconstruction.

Nineteen athletes with unilateral anterior cruciate ligament injury completed
standard gait analysis before (baseline) and after (post-training) extended pre-
operative rehabilitation and again at 6 months, 1 year, and 2 years after anterior
cruciate ligament reconstruction. Weightbearing knee radiographs were completed 5
years after reconstruction to identify the presence of osteoarthritis in the medial
compartment of the involved knee. Peak hip joint angles and external moments in the
sagittal and frontal planes early after anterior cruciate ligament injury and
reconstruction were compared between those with and without radiographic knee

osteoarthritis 5 years after surgery.
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Five of the 19 patients had radiographic knee osteoarthritis at 5 years. Patients
with knee osteoarthritis walked with a smaller peak hip flexion angle in the involved
limb resulting in a main effect of group (p: 0.043; nonOA: 31.3£1.4°; OA: 25.3£2.4°;
ES: 0.88). A main effect of group also existed in the interlimb difference for peak hip
adduction moment with asymmetrically lower moments in the involved limb of
patients with osteoarthritis (negative interlimb difference) compared to asymmetrically
higher moments in those without knee osteoarthritis (positive interlimb difference) (p:
0.042; nonOA: 0.09+0.13 Nm/kg-m; OA: -0.05+£0.17 Nm/kg-m; ES: 0.95). In
addition, patients with knee osteoarthritis walked with an asymmetrically lower peak
hip flexion moment at 1 and 2 years after reconstruction compared to symmetrical
moments in those without knee osteoarthritis (1 year: nonOA: 0.01 Nm/kg-m, OA: -
0.18 Nm/kg-m; 2 years: nonOA: -0.01 Nm/kg-m, OA: -0.13 Nm/kg-m).

Patients with radiographic knee osteoarthritis 5 years after anterior cruciate
ligament reconstruction demonstrate smaller sagittal plane hip angles and
asymmetrically lower sagittal and frontal plane hip moments in the anterior cruciate
ligament-injured limb compared to those without osteoarthritis at 5 years. Alterations
in hip joint motion and mechanics may increase susceptibility of individuals with post-
traumatic knee osteoarthritis for additional articular cartilage degeneration in the hip

joint.

3.2 Introduction

Anterior cruciate ligament (ACL) injury is a musculoskeletal pathology which
predisposes individuals to the development of post-traumatic knee joint osteoarthritis
(OA). It is estimated that over 50% of those with an ACL injury will demonstrate

symptomatic knee OA within 10 to 20 years of injury.'® Changes in joint kinematics
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and kinetics after ACL injury have been postulated to initiate subsequent joint
degeneration by altering the location and magnitude of load bearing regions of the
articular cartilage.” Altered movement patterns are common after ACL
injury,?"62149.150 and persist despite surgical reconstruction and
rehabilitation,2384137.144.176,181,184,192 Ryjract links between knee joint biomechanics and
OA emergence are limited. However, recent evidence suggests that decrease knee joint
loading early after ACL injury and reconstruction is associated with the development
of radiographic knee OA 5 years after injury.'8®

Movement patterns in the hip joint of the injured limb are also altered after
ACL injury.*6.7577.90.131,136,164166 Farhyer et al. hypothesized that changes in movement
patterns at the hip may be a compensatory effort by ACL-deficient individuals to
reduce anterior tibial translation.*® Biomechanical hip strategies appear to be
dependent on the extent of aberrant joint motion at the knee. Patients with poor
dynamic knee stability (noncopers) display smaller hip extensor moments and sagittal
plane hip joint excursions and angles.*121%% Meanwhile those with more normal gait
patterns after ACL injury (copers) use a hip strategy utilizing increased hip extension
moments.*1"2 Because individuals who develop early knee OA demonstrate greater
biomechanical knee asymmetry early after ACL injury and reconstruction compared to
those who do not, % aberrant movement patterns may also be present at the hip.

The pathogenesis of hip joint degeneration is thought to be affected by
biomechanics experienced by the joint in a similar fashion to the knee.!® Altered hip
joint movement patterns are associated with the presence and severity of hip joint
OA #1102 patients with hip OA walk with smaller sagittal plane angles and joint

excursions, smaller sagittal plane moments, and smaller frontal plane moments in the
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hip.>>°61%8 Fyrther, individuals with OA in a single hip or knee joint demonstrate a
nonrandom progression of OA to other hip and knee joints,®>%¢ which is thought to
be influenced by global lower extremity changes in biomechanics.'®® The nonrandom
progression of lower extremity OA may predispose individuals with post-traumatic
knee OA after ACL injury to also possess increased risk of OA in other lower
extremity joints. Therefore, the purpose of this study was to determine if hip joint
biomechanics early after ACL injury and reconstruction were different between those
who did and did not develop knee OA by 5 years after ACL reconstruction.

Given the association of reduced hip joint motion and joint mechanics in
patients who demonstrate dynamic knee instability after ACL injury and in patients
with hip OA, we hypothesized that those with radiographic knee OA at 5 years after
reconstruction would demonstrate greater asymmetry in hip joint kinematics and
kinetics early after injury and reconstruction compared to more symmetric patterns by

those without radiographic knee OA at 5 years.
3.3 Methods

3.3.1 Subjects

Nineteen patients were included. All had been part of a larger, randomized
control trial of 55 patients determining the effects of augmenting pre-operative
rehabilitation with specialized neuromuscular training called perturbation training.”
All patients had a complete, unilateral ACL injury (confirmed by a positive Lachman
test and 3-mm or greater difference in anterior tibial excursion with instrumented
arthrometry® (KT1000; MEDmetric Corporation, San Diego, CO) within the previous

7 months and were between the ages of 14-51. Patients were regular participants in
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level I (e.g. soccer, basketball) or Il (e.g. tennis, downhill skiing) cutting and pivoting
activities®>8! prior to injury and demonstrated dynamic knee instability after injury
(classified as noncopers pre-operatively*®). Exclusion criteria included a repairable
meniscus, symptomatic grade 11 injury to other knee ligaments, and full-thickness
articular cartilage lesions greater than 1 cm?,

Patients were enrolled in this study after effusion, range of motion, pain, and
obvious gait impairments were resolved and quadriceps strength was at least 70% of
the uninvolved limb through utilization of a physical therapy protocol described by
Hurd et al.® Following study enrollment, patients received an additional 10 pre-
operative rehabilitation sessions to further restore lower extremity strength and
neuromuscular control.” All patients underwent ACL reconstruction by a single,
board-certified orthopedic surgeon using either a four-bundle semitendinosus-gracilis
autograft or soft tissue allograft. Progressive, criterion-based post-operative

rehabilitation was completed by all patients early after surgery.t

3.3.2 Gait Analysis

Kinematic and kinetic data was collected during gait analysis at 5 time points:
pre-operatively after initial impairment resolution (baseline), immediately following
10 sessions of additional pre-operative rehabilitation (post-training), 6 months after
ACL reconstruction (6 months), 1 year after ACL reconstruction (1 year), and 2 years
after ACL reconstruction (2 years). Eight infrared cameras (VICON, Oxford Metrics
Ltd., London, UK) sampled at 120 Hz were used to detect the position of sixteen-
millimeter spherical retro-reflective markers placed at each iliac crest, greater
trochanter, medial and lateral femoral epicondyle, medial and lateral malleoli, superior

and inferior heel, base of the first metatarsal, and base of the fifth metatarsal (Figure
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3.1). This marker set has previously been shown to have excellent intersession
reliability.*®® Rigid, thermoplastic shells each with four markers were secured laterally
at each thigh and shank and a pelvic shell with three markers was secured midway
between the posterior superior iliac spines to track segment motion during gait. A
standing calibration was used to identify joint centers and create local coordinate

systems for each segment.
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Figure 3.1: Subject with the marker set applied to the lower extremity and used within
this study. Image produced from Visual 3D (C-Motion, Germantown,
MD).

Patients walked at a self-selected speed along a 6-meter walkway with an
embedded force plate sampled at 1,080 Hz (Bertec Corporation, Worthington, OH).
Walking speed was established during the baseline testing session and maintained
(£5%) at each follow-up session using a timing system. Stance phase joint angles and
moments were processed using inverse dynamics within custom software (Visual 3D,

C-Motion, Germantown, MD) as the average of 5 walking trials. Kinematic and
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kinetic data were low pass filtered at 6 Hz and 40 Hz, respectively. Initial contact and
end of stance were identified using a 50-N threshold. All trials were normalized to
100% of stance. Moments were normalized to mass (kg) and height (m). Variables of
interest were peak hip joint angles and external moments during any part of stance
phase in the sagittal plane and during the first 50% of stance phase in the frontal plane.
Hip joint excursion was equal to the difference between the peak hip flexion angle and
peak hip extension angle during stance. Interlimb kinematic and kinetic differences

were also calculated for each variable (involved limb minus uninvolved limb).

3.3.3 Radiographs

Patients completed bilateral weightbearing posterior-anterior (PA) bent knee
(30°) radiographs 5 years after ACL reconstruction. SigmaView software (Agfa
HealthCare Corporation, Greenville, SC) was used to view radiographs. The Kellgren-
Lawrence (KL) system was used to grade levels of OA in the medial tibiofemoral
compartment.®® Excellent between day, intrarater reliability for radiographic measures
of interest has been demonstrated using 20 radiographs included in a larger project of
patients at 5 years after ACL injury (graded by EW; Cohen’s kappa (x): 0.904, p:
<0.001). All Kellgren-Lawrence grades were verified by a board-certified orthopedic
surgeon. The presence of OA in the medial tibiofemoral compartment was

operationally defined as a Kellgren-Lawrence grade greater than or equal to 2.

3.3.4 Statistical Analysis
Statistical analyses were completed using PASSW 23.0 software (SPSS Inc.,
Chicago, IL). Independent t-tests and Fisher’s exact tests were used to test differences

in baseline characteristics and concomitant injuries between those with and without
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radiographic knee OA (OA, nonOA) 5 years after ACL reconstruction. Two-way
mixed design analyses of variance (ANOVA) were used to test differences in hip
kinematics and kinetics in the involved limb and interlimb differences in each these
variables with a between subjects factor of OA and within subjects factor of time.
Post-hoc testing was completed using Bonferroni corrections. Minimal detectable
change (MDC) values for interlimb differences in hip kinematics and kinetics were
established from 15 healthy, active subjects (Table 3.1) tested within our lab at self-
selected gait speed. Minimal detectable changes and effect sizes (ES)?° were used
qualitatively to determine if meaningful asymmetry existed between limbs. A priori

statistical significance was set at 0<0.05.

Table 3.1: Minimal detectable change (MDC) values at a 95% confidence interval for
interlimb differences in sagittal and frontal plane hip kinematics and
Kinetics during gait.

Gait Variable during Stance MDCgs
Peak Hip Flexion Angle 3°

Peak Hip Extension Angle 2°

Hip Excursion Angle 4°

Peak Hip Adduction Angle 3°

Peak Hip Flexion Moment 0.08 Nm/kg-m
Peak Hip Extension Moment 0.04 Nm/kg-m
Peak Hip Adduction Moment 0.06 Nm/kg-m
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3.4 Results

In total, 19 patients completed gait analysis at all 5 time points (baseline, post-
testing, 6 months, 1 year, and 2 years) and radiographs 5 years after ACL
reconstruction (Figure 3.2). Five patients demonstrated radiographic medial
compartment OA in their ACL-injured knee at 5 years while 14 did not. No baseline
differences existed in age, mass, body mass index (BMI), sex, pre-injury cutting and
pivoting activity level, graft type, or gait speed between those with and without knee
OA (Table 3.2). There were also no group differences in the time between ACL injury
to baseline testing nor to ACL reconstruction, or from ACL reconstruction to 5 year
radiographic testing (Table 3.2). Further, the proportion of patients who had
radiographic knee OA in the uninvolved limb or who experienced an additional lower
extremity injury by 5 years after ACL reconstruction did not differ between those with
and without involved limb medial compartment OA at 5 years (Table 3.2). One patient
without OA at 5 years had experienced an ipsilateral partial posterior cruciate ligament
(PCL) and meniscus tear, while one patient with OA at 5 years had experienced an

ipsilateral second ACL injury in the interim.
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Figure 3.2: Flow diagram of study cohort.
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Table 3.2: Baseline and concomitant injury characteristics between those with and
without radiographic medial compartment knee OA 5 years after ACL
reconstruction. Abbreviations: yrs, years; kg, kilogram; m, meter; wks,
weeks; s, second; M, male; F, female; Allo, allograft; Auto, hamstring-
gracilis autograft; OA, osteoathritis.

nonOA (n=14) OA (n=5) p-value

Age (baseline) (yrs) 32.1(11.0) 33.4(13.1) 0.837
Mass (kg) 87.1(14.4) 84.0(17.5) 0.703
Body Mass Index (kg/m?) 27.8(3.2) 27.6(5.2) 0.912
Time from injury to basline (wks) 4.7 (4.5) 5.4(2.1) 0.718
Time from injury to ACL 20.9 (18.7) 12.0 (4.0) 0.313

reconstruction (wks)
Time f.rom AC!_ recon.'lstructlon to 5.8 (0.9) 5.6 (0.2) 0.722

radiographic testing (yrs)
Gait velocity (m/s) 1.55(0.15) 1.48 (0.06) 0.263
Sex (M:F) 11:3 2:3 0.262
Pre-Injury Activity Level (1:2)38! 8:6 1:4 0.303
Graft type (Allo:Auto) 10:4 3:2 >0.999
Additional lower extremity injury

1:1 1:4 A

after initial ACL injury (No:Yes) 3 0.199

Uninvolved medial compartment 1:13 5.3 0.155

OA at 5 years (No:Yes)
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A main effect of group was present for peak hip flexion angle in the involved
limb as those with knee OA at 5 years walked with a lower hip flexion angle across
the 5 time points than those without knee OA (p: 0.043; nonOA: 31.3£1.4°; OA:
25.3£2.4°; ES: 0.88) (Figure 3.3). A significant interaction effect existed between the
nonOA and OA groups for interlimb difference (involved limb minus uninvolved
limb) in peak hip flexion angle (p: 0.038) with a statistical group difference only
present at 1 year (p: 0.040, nonOA: 1.3+0.8°; OA: -2.1+1.3°) (Figure 3.3). However,
meaningful interlimb asymmetry exceeding the minimal detectable change of 3° only

existed in the nonOA group at 6 months (Table 3.3).
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Figure 3.3: Mean values in peak hip flexion angle during stance phase of gait between
those with and without radiographic medial compartment knee OA 5
years after ACL reconstruction. Whiskers represent +1 standard
deviation.

55



99

Table 3.3: Involved limb and interlimb differences in peak sagittal and frontal plane hip kinematics and kinetics during
stance phase of gait for those with and without knee OA 5 years after ACL reconstruction. Boldface numbers
indicate statistically significant group differences. Abbreviations: SD, standard deviation; N, newton; m, meter;

kg, kilogram.
Group Baseline Trzci)rsm;c;\g 6 Months 1Year 2 Years Int:fr]?ecction M?::n?:)e’:t MfGi:OEJ;e)Ct
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) p p p
Hip Flexion Angle (°) nonOA  31.2(8.2) 32.1(6.9) 30.5(7.4) 30.8 (5.4) 31.9(6.1)
OA 25.5 (6.3) 28.1(7.6) 25.5(8.2) 22.3(6.7) 25.1(5.7) 0.769 0.442 0.043
Interlimb Difference (°) nonOA 0.5(3.5) -1.0(2.4) -3.4(3.7) 1.3(2.7) 0.0(3.0)
OA -1.2(3.9) -1.8(3.8) 0.4 (2.4) -2.1(3.7) 0.3 (3.5) 0.038 0.270 0.608
Hip Extension Angle (°) nonOA  19.2(7.6)  17.6(6.2) 17.3 (6.7) 19.2 (6.5) 15.4 (6.4)
OA 21.1(7.6) 17.8 (6.2) 19.8 (5.4) 22.5(6.3) 20.4 (5.5) 0.731 0.304 0337
Interlimb Difference (°)  nonOA 0.4 (3.9) -1.3(4.3) -1.1(3.2) -1.6 (3.4) 2.7 (2.5)
OA -1.6(3.7) -2.0(3.5) -1.7 (1.9) 0.8(3.7) 1.5 (2.6) 0.056 0.766 0.545
Hip Excursion Angle (°) nonOA  50.4 (5.3) 49.7 (5.7) 47.6 (5.3) 50.0 (4.5) 47.3 (3.8)
OA 46.6(2.9)  45.9(5.0) 452(2.9) 44.8(0.81)  45.5(2.5) 0.566 0239 0.100
Interlimb Difference (°)  nonOA 1.0 (4.2) -2.3(5.1) -4.5 (4.8) 0.4 (4.8) 2.6 (4.8)
OA -2.8(5.5) 3.9 (5.4) -2.1(2.1) -1.4 (1.5) 1.8 (1.7) 0.077 0.209 0.951
Hip Adduction Angle (°) nonOA 9.2 (4.2) 9.4 (3.1) 8.7 (3.1) 7.9(3.3) 8.0(3.4)
OA 10.0 (4.0) 9.4 (3.4) 7.2(2.3) 7.1(2.1) 8.9(3.2) 0.545 0.063 0.928
Interlimb Difference (°) nonOA 2.8 (5.4) 3.6(5.1) 3.5(4.4) 2.4(4.7) 1.6 (4.9)
OA 1.4 (5.9) 1.4 (5.7) -1.0(3.9) 0.5 (4.1) 1.1 (4.0) 0.463 0.635 0.289
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Table 3.3: continued

Group Baseline TrF;\(i)rS\it;\g 6 Months 1Year 2 Years Int:fr:\eccttion Mazirr;nlizf)ect MiGi:oEJSCt
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) p p p
Hip Flexion Moment nonOA 0.77(0.24) 0.82(0.26) 0.73(0.24) 0.70(0.19) 0.64(0.16)
(Nm/kg-m) 0A 0.72(0.14) 0.72(0.14) 0.65(0.16) 0.62(0.11)  0.57(0.09) 0.977 <0.001 0.414
Interlimb Difference nonOA  0.02(0.12) 0.01(0.13) 0.02(0.10) 0.01(0.10) -0.01 (0.12)
(Nm/kg:m) 0A .0.05(0.21) -0.06(0.14) -0.01(0.11) -0.18(0.08) -0.13(0.09) 9%t 0.021 0.072
Hip Extension Moment nonOA 0.64 (0.15) 0.61(0.22) 0.62(0.17) 0.69(0.16) 0.64(0.11)
(Nm/kg:m) 0A 0.73(0.13) 0.73(0.08) 0.72(0.13) 0.73(0.17) 0.70(0.12) 0.946 0.919 0.131
Interlimb Difference nonOA  0.00(0.10) -0.02(0.09) -0.01(0.08) -0.02(0.09) -0.03 (0.07)
(Nm/kg:m) 0A 0.01(0.11) 0.01(0.10) -0.02(0.16) 0.03(0.10)  0.04(0.10) 0.495 0.880 0.494
Hip Adduction Moment nonOA  0.58(0.09) 0.61(0.16) 0.56(0.13) 0.57(0.12)  0.61(0.12)
(Nm/kg:m) OA 0.56 (0.09)  0.56 (0.05) 0.56 (0.06) 0.55(0.07)  0.63 (0.08) 0.815 0.220 0.781
Interlimb Difference nonOA  0.11(0.13) 0.07(0.12) 0.11(0.10) 0.06 (0.17)  0.08 (0.15)
(Nm/kg:m) 0A -0.06 (0.21) -0.08(0.21) -0.06 (0.13) -0.03(0.18)  0.00 (0.10) 0.555 0.786 0.042




A main effect of time was present in peak hip flexion moment in the involved
limb (p: <0.001) (Figure 3.4). The peak hip flexion moment for the nonOA and OA
groups combined decreased over time from post-training to 2 years. The sagittal plane
moment at 2 years (0.60+0.15 Nm/kg-m) was significantly lower than at all previous
testing time points (baseline: p: <0.001, 0.75+0.21 Nm/kg-m; post-training: p: 0.002,
0.77£0.23 Nm/kg-m; 6 months: p: 0.020, 0.69+0.22 Nm/kg-m; 1 year: p: 0.017,
0.66+£0.17 Nm/kg-m). A main effect of time also existed in the interlimb differences
(involved limb minus uninvolved limb) in peak hip flexion moment (p: 0.021) (Figure
3.4). The symmetrical hip flexion moment demonstrated by the combined OA and
nonOA groups at 6 months (0.01+0.10 Nm/kg-m) was significantly different from the
asymmetrical lower hip flexion moment in the involved limb compared to uninvolved
limb at 1 year (p: <0.001; -0.09+0.13 Nm/kg-m) and 2 years (p: 0.031; -0.07+0.13
Nm/kg-m).

58



1.2

1.0

0.8

Peak Hip Flexion Moment (Nm/kg'm)

0.0

Figure 3.4:

—e— OA-Involved — ® — OA-Uninvolved
) —e—nonOA-Involved nonOA-Uninvolved
Baseline Post-Training 6 Months 1 Year 2 Years

Mean values in peak hip flexion moment during stance phase of gait
between those with and without radiographic medial compartment knee
OA 5 years after ACL reconstruction. Whiskers represent +1 standard
deviation.

59



Differences between those with and without knee OA at 5 years were also
present in the frontal plane. A main effect of group existed in the interlimb difference
for peak hip adduction moment. The nonOA group walked with an asymmetrically
higher hip adduction moment in the involved limb compared to the uninvolved limb
across all 5 times points while the OA group walked with an asymmetrically lower
adduction moment (p: 0.042; nonOA: 0.09£0.13 Nm/kg-m; OA: -0.05+0.17
Nm/kg-m; ES: 0.95) (Figure 3.5). No further biomechanical differences existed
between the nonOA and OA groups (Table 3.3).
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Figure 3.5: Mean values in peak hip adduction moment during the first 50% of stance
phase of gait between those with and without radiographic medial
compartment knee OA 5 years after ACL reconstruction. Whiskers
represent £1 standard deviation.

60



3.5 Discussion

The purpose of this study was to determine if hip joint biomechanics early after
ACL injury and reconstruction were different between those who did and did not
develop radiographic knee OA by 5 years after ACL reconstruction. Our findings
indicate that patients who develop medial compartment knee OA within 5 years of
ACL reconstruction walk with less hip flexion motion and asymmetrically lower
external hip adduction moments both before and after surgery compared to their
counterparts without knee OA at 5 years. In addition and irrespective of the presence
of knee OA at 5 years, all subjects demonstrated higher magnitudes of peak external
hip flexion moment in the involved limb prior to ACL reconstruction which decreased
over post-operative time points up to 2 years after surgery.

The presence of altered hip joint motion and loading after ACL injury is not
surprising. Alterations in movement after ACL rupture are known to not only include
changes in joint angles and moments in the knee but also proximally in the
hip.446.7513L.162.185.172 Of greater interest is the finding that patients who already
possessed radiographic signs of OA in the medial compartment of their ACL-injured
knee at a very early time point of 5 years after reconstruction exhibited greater
asymmetries in hip joint measures of loading and smaller sagittal plane angles initially
after ACL injury and reconstruction compared to those who had not developed knee
OA by 5 years. Osteoarthritis in one lower extremity joint is a known risk factor for
the progression of OA to other lower extremity joints,515>1%6 and altered hip
biomechanics are associated with the progression and severity of hip OA.18:41,55.193
Therefore, patients who possess the lifelong burden of post-traumatic knee OA along
with abnormal movement patterns at the hip may also be more susceptible for hip joint

degeneration. Secondary prevention approaches aimed at maintaining articular
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cartilage health after ACL injury may need to integrate strategies for both the hip and
the knee joint to eliminate the long-term burden of such injuries.

Movement deviations in both the sagittal and frontal plane can discriminate
patients with hip OA from their healthy counterparts.!?® Patients with hip OA
frequently walk with reduced hip joint excursion and moments in the sagittal plane
and reduced joint moments in the frontal plane.*>% In addition, patients who walk
with the smallest hip flexion angles, sagittal plane moments, and frontal plane
moments are most likely to later undergo total hip arthroplasty. In our study, patients
with knee OA 5 years after ACL reconstruction demonstrated many of these aberrant
gait patterns both prior to surgery and up to 2 years after surgery. Lower peak hip
flexion angles in both limbs were found in those with medial compartment knee OA at
5 years compared to those without knee OA. Further, the OA group demonstrated
meaningful asymmetries which exceeded minimal detectable change values in peak
hip flexion moments at 1 and 2 years after ACL reconstruction and also in peak hip
adduction moments both prior to and 6 months after surgery. The asymmetries in hip
joint moments demonstrated by patients with knee OA were consistently in the
direction of lower joint loads in the involved limb and greater joint loads in the
uninvolved limb. In contrast, the nonOA group walked with symmetric hip flexion
moments and asymmetrically higher hip adduction moments in the involved compared
to uninvolved limb across time points.

Although early evidence suggests that lower joint loading after ACL injury
may be a precursor to post-traumatic OA development in the knee,'8® whether lower
joint loading is detrimental or protective to the articular cartilage of the hip is

unknown. A review of over 230,000 lower extremity total joint arthroplasties from the
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Australian Orthopaedic Association National Joint Replacement Registry and the
Norwegian Arthroplasty Register found that contralateral non-cognate joints are at a
higher risk for future total joint arthroplasty than joints on the ipsilateral limb.%* If to
occur, OA development in the hip after ACL may follow different pathomechanics
than at the knee, where acute joint trauma was encountered. Therefore, the possibility
that the asymmetrically higher joint moments demonstrated by the OA group in the
contralateral hip could induce the initiation of cartilage degeneration cannot be
dismissed. Further long-term study is warranted to determine if ACL-injured patients
with post-traumatic knee OA are also subject to a greater risk of non-traumatic OA
development in both the ipsilateral and contralateral hip joint.

The current analysis investigated differences in hip biomechanics between
those with and without post-traumatic medial compartment knee OA after ACL injury.
Hart et al. reported biomechanical hip findings of patients with lateral compartment
knee OA at an average 12 years after ACL reconstruction.”’ Patients after ACL
reconstruction had larger peak hip flexion angles compared to healthy control subjects.
No further kinematic or kinetic differences in the hip existed in this previous study.
The larger hip flexion angles reported by Hart and colleagues are in contrast to the
smaller hip flexion motion exhibited by those with medial compartment knee OA in
the current study. Several methodological differences exist between the two studies
preventing direct comparison. The current study examined hip angles and moments
early after ACL injury and reconstruction in patients with knee OA at 5 years and
compared variables to the contralateral limb and to patients without radiographic signs
of knee OA. Hart et al. examined hip biomechanics at a more long-term time point

(i.e. 12 years) and referenced healthy controls for comparison; uninvolved limb
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measures were not reported. Despite these differences, it is important to highlight that
any change in hip kinematics during gait may influence the location of joint contact
within the hip joint and alter the forces experienced by various portions of articular
cartilage. A change in the load-bearing region of articular cartilage may be a
precipitating stimulus for articular cartilage degeneration to occur.’

Changes in proximal and distal joints within the kinetic chain exist presumably
to compensate for altered knee joint motion after ACL injury.*® The decreasing peak
hip extension moment in the involved limb from pre-operative time points up to 2
years after reconstruction demonstrated by all patients is not surprising as moments in
the knee increase over this same time period.}** Rutherford et al. reported mitigated
knee joint excursions in patients with moderate hip OA compared to asymptomatic
controls without hip OA and concluded the need for bilateral knee examination when
treating patients with hip OA.™! Inclusion of hip joint analysis and intervention may
similarly be warranted in patients with post-traumatic knee OA to prevent the
progression of articular cartilage degeneration to additional lower extremity joints.

Assessment of movement patterns in the hip after ACL injury and
reconstruction are important in screening for outcomes outside of risk for OA
development. Patients who fail objective return to sport criteria after ACL
reconstruction demonstrate lower sagittal plane hip angles compared to those who
pass.t%4 Further, hip moments after ACL reconstruction are predictive of second ACL
injury early after returning to sport.**® Identification of faulty hip biomechanics may
assist clinicians in preventing poor outcomes in arguably the three most impactful
aspects after ACL injury (i.e. return to sport, second ACL injury, post-traumatic knee

OA).
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The association between altered hip biomechanics and development of non-
traumatic hip OA cannot be concluded from the current study. Diagnostic imaging of
the hip joint was not completed 5 years after ACL reconstruction when radiographic
knee testing was done. Further, although no subjects experienced additional hip joint
pathology diagnosed by a physician or physical therapist during the time between
ACL injury and 5 year testing, subjective reporting of hip symptoms that may
represent underlying hip pathology was not completed. It is also acknowledged that
multiple comparisons in hip biomechanics were made between those with and without
knee OA without use of a correction factor presenting risk for type | errors. However,
group differences exceeded minimal detectable change values established for
biomechanical variables used in this study mitigating this risk. Further study is needed
to confirm whether the risk of hip OA is increased after ACL injury and the role of hip

joint biomechanics in its development.

3.6 Conclusion

Patients with radiographic knee OA 5 years after ACL reconstruction
demonstrate smaller sagittal plane hip angles and asymmetrically lower sagittal and
frontal plane hip moments in the ACL-injured limb compared to those without knee
OA at 5 years. Alterations in hip joint motion and mechanics may increase
susceptibility of individuals with post-traumatic knee OA for additional articular

cartilage degeneration in the hip joint.
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Chapter 4

CLINICAL MEASURES OF KNEE FUNCTION PREDICT DEVELOPMENT
OF POST-TRAUMATIC KNEE OSTEOARTHRITIS AFTER ANTERIOR
CRUCIATE LIGAMENT INJURY

4.1 Abstract

The risk for early knee osteoarthritis is substantially increased after anterior
cruciate ligament injury and leads to deleterious and lifelong health consequences.
Tools to identify characteristics of patients early after anterior cruciate ligament injury
who are at greatest risk for post-traumatic osteoarthritis are needed. The purpose of
this study was to determine if clinical measures of knee function after anterior cruciate
ligament injury were associated with the development of radiographic knee
osteoarthritis 5 years after anterior cruciate ligament injury.

Eighty-four athletes with an isolated anterior cruciate ligament injury were
included in this study after initial impairment resolution early after injury. Quadriceps
strength testing, single-legged hop testing, joint effusion testing, and subjective reports
of knee function were completed after initial impairment resolution (baseline), after an
additional 10 pre-operative or non-operative rehabilitation sessions (post-training), and
6 months, 1 year, and 2 years after anterior cruciate ligament reconstruction or non-
operative rehabilitation. Weightbearing posterior-anterior bent knee radiographs were
completed at 5 years. Knee osteoarthritis was operationally defined by a Kellgren-
Lawrence grade of 2 or more in the involved medial compartment.

Twelve patients had knee osteoarthritis at 5 years, 72 did not. The single hop,
6-meter timed hop, Knee Outcome Survey Activities of Daily Living Scale, and
Global Rating of Perceived Knee Function Scale explained the greatest amount of

variance in post-traumatic osteoarthritis development at post-training (39.4%)
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compared to other statistically significant time points (baseline: 28.0%; 2 years:
36.7%). At post-training patients who developed osteoarthritis by 5 years had worse
scores on the single hop (p: 0.001, nonOA: 95.9+9.5%, OA: 80.0+20.9%), 6-meter
timed hop (p: <0.001, nonOA: 97.2+5.9%, OA: 84.9+14.1%), Knee Outcome Survey
Activities of Daily Living Scale (p: 0.001, nonOA: 93.0+7.8%, OA: 84.2+10.5%), and
Global Rating of Perceived Knee Function Scale (p: 0.039, nonOA: 82.9£13.9%, OA:
73.8£14.5%) compared to those without osteoarthritis at 5 years. Similar significant
group differences in hop scores and subjective reports of knee function were present at
baseline and 2 years.

Poor performance in single-legged hop tests and lower subjective knee
function are associated with the early development of post-traumatic knee
osteoarthritis after anterior cruciate ligament injury. Clinical measures of knee
function were most predictive of subsequent osteoarthritis development following an
extended period of rehabilitation early after anterior cruciate ligament injury to restore

muscle strength and neuromuscular control.

4.2 Introduction

Anterior cruciate ligament (ACL) injury is a musculoskeletal pathology which
results in negative sequelae beyond the short-term limitations in function and physical
activity, including a predisposition for the development of knee osteoarthritis (OA).
Although the precise mechanisms causing long-term joint degeneration are unknown,
greater than half of patients will demonstrate radiographic and symptomatic knee OA
within 10-20 years of ACL injury.**94116.117.154 |njtjal phases of articular cartilage
degradation likely occur early after ACL injury. Tibial cartilage thinning is evident on

magnetic resonance imaging (MRI) as early as 4 months after isolated ACL injury*’’
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and these undesirable changes persist despite ACL reconstruction.®® The identification
of individuals possessing post-traumatic knee OA is difficult without routine imaging
because typical osteoarthritic symptoms such as pain, stiffness, and decreased function
are often absent when initial signs of joint damage are detectable.313%140
Establishment of clinically measureable patient characteristics and outcomes is needed
to allow prospective identification of patients at greatest risk for early development of
knee OA after ACL injury.

Factors which increase the risk of developing knee OA after ACL injury
include age, body mass index, manual labor at time of injury, and concomitant
meniscus and chondral injury.}*11? Although these factors provide information
regarding patient risk for post-traumatic knee OA development, they are largely
unmodifiable by rehabilitative interventions. One modifiable risk factor of OA after
ACL injury is knee joint mechanics. Altered knee joint moments and contact forces
demonstrated during walking early after injury and reconstruction have been linked to
the development of radiographic knee OA within 5 years of ACL injury.!8®
Unfortunately, biomechanical gait asymmetries can exist despite the absence of
observational gait impairments,60:62.7890.144.166 The cyrrent inability of clinicians to
prospectively screen patients for risk of post-traumatic knee OA after ACL injury
necessitates further evaluation of clinical measures early after injury with comparison
to subsequent radiographic evidence of articular cartilage destruction.

Post-traumatic OA accounts for approximately $3 billion of healthcare costs
spent within the United States annually.?° The negative consequences which ensue
following its development include pain, impaired knee function, reduced physical activity,

and poor quality of life.!'® To minimize the socioeconomic impact and considerable health
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concerns imparted by post-traumatic OA after ACL injury, the development of targeted
rehabilitation programs to decrease it risk is needed. However, effective testing of such
rehabilitation strategies requires identification of patients with ACL injury who are
most likely to develop post-traumatic OA and benefit from such interventions. No
clinical tools currently exist to identify patients early after ACL injury who are at
greatest risk for subsequent post-traumatic OA. Therefore, the primary purpose of this
study was to determine if clinical measures of knee function after ACL injury were
associated with the later development of radiographic knee OA 5 years after ACL
injury. We hypothesized that patients who developed post-traumatic knee OA would
demonstrate poorer knee function early after ACL injury compared to those who did

not develop OA.
4.3 Methods

4.3.1 Subjects

Eighty-four athletes between the ages of 14-55 with an acute, unilateral ACL
injury (confirmed by a positive Lachman test and 3-mm or greater difference in
anterior tibial excursion with instrumented arthrometry)*® (KT1000; MEDmetric
Corporation, San Diego, CO) who participated in level 1 (e.g. soccer, basketball) or
level 2 (e.g. tennis, downhill skiing) cutting and pivoting activities®>®! prior to injury
were included. Patients were enrolled in this study following physical therapy
treatment to resolve initial impairments (i.e. pain, effusion, knee range of motion,
obvious gait impairments, and quadriceps strength deficits (70% of uninvolved limb
required) using a protocol previously described.® Exclusion criteria included a

repairable meniscus, symptomatic grade I11 injury to other knee ligaments, or articular
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cartilage lesions greater than 1 cm? at the time of study enrollment. This study was
approved by the Institutional Review Board at the University of Delaware and all
participants provided written informed consent.

After study enrollment all patients completed an additional 10 physical therapy
sessions to further restore lower extremity strength and neuromuscular deficits.”
Nineteen patients completed non-operative management of injury and 65 underwent
ACL reconstruction. Patients managed non-operatively were discharged to a home
exercise program to maintain strength and neuromuscular control after the additional
10 physical therapy sessions described above. Patients managed operatively
underwent reconstruction by a single, board-certified orthopedic surgeon using either a
four-bundle semitendinosus-gracilis autograft or soft tissue allograft. After ACL
reconstruction patients completed criterion-based post-operative rehabilitation early
after surgery.® Clinical testing was completed by patients managed operatively and
non-operatively at 5 time points: at study enrollment after initial impairment resolution
(baseline), immediately following the 10 additional physical therapy sessions (post-
training), and 6 months, 1 year, and 2 years after completion of non-operative
rehabilitation or ACL reconstruction. Due to the prospective, clinical nature of this

study not all subjects completed all parts of testing at all time points.

4.3.2 Clinical Measures of Knee Function

Clinical testing consisted of quadriceps strength testing, single-legged hop
testing, knee joint effusion assessment, and completion of patient-reported outcomes
at each time point. Patient-reported outcomes included the Knee Outcome Survey-

Activities of Daily Living Scale (KOS-ADLS), Global Rating of Perceived Function
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Scale (GRS), International Knee Documentation Committee Subjective Knee Form
2000 (IKDC), and Marx Activity Rating Scale (Marx).

Quadriceps strength was tested using the burst superimposition technique
during maximal voluntary isometric contraction (MVIC) using an electromechanical
dynamometer (Kin-Com; DJO Global, Vista, CA) with patients seated in 90° of hip
and knee flexion (Appendix Figure A1).1°® Stabilization straps secured the pelvis and
thighs with the force transducer placed just proximal to the talocrural joint. Two 3 x 5-
inch self-adhesive electrodes were placed proximally over the vastus lateralis and
distally over the vastus medialis. Submaximal (50%, 75% of perceived maximum) and
maximal (100% of perceived maximum) isometric knee extension contractions were
completed to provide familiarization to the task and ensure absence of knee pain.
Patients then completed a MVIC with an imposed supramaximal 10-pulse (600
microseconds, 135 V), 100-pulse-per-second train of electrical stimulation.
Quadriceps activation was defined by the MVIC divided by the maximal force output
during the superimposed electrical stimulation multiplied by 100. Up to 3 trials were
completed on each limb (uninvolved first, followed by involved) until 95% quadriceps
activation was achieved, activation levels plateaued, or the patient fatigued.
Quadriceps index was the strength variable of interest in this study, calculated as the
quotient of the involved limb MVIC to the uninvolved limb MVIC multiplied by 100.

Four single-legged hop tests (single, crossover, triple hop for distance; 6-meter
timed hop) were completed on each limb using a 6-meter strip 15 cm wide (Appendix
Figure A2).1334132 The uninvolved limb was tested first followed by the involved limb
for each hop test. Two practice trials provided familiarization to the task and the next

2 usable trials on each limb were recorded (controlled landing on unilateral limb
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required). The average of 2 trials for each limb was used to calculate the quotient of
the involved limb to the uninvolved limb multiplied by 100 for the single, crossover,
and triple hops and the quotient of the uninvolved limb to the involved limb multiplied
by 100 for the 6-meter timed hop. Single-legged hop tests were not completed if the
quadriceps index was less than 70% in patients after non-operative rehabilitation or
less than 80% in patients after ACL reconstruction.

Knee joint effusion was measured using the modified stroke test.!®® The
modified stroke test is reliable in a clinical setting and is scored on a 5-point scale
(Appendix Table Al). The presence of knee joint effusion was operationally defined
by a grade of trace or greater.

The KOS-ADLS is a valid and reliable measure of impairment and functional
limitation experienced during activities of daily living secondary to knee pathology.%
Fourteen items are scored using a 6-point ordinal scale, with a total score out of a
possible 70 points represented as a percentage. A score of 100% represents the
absence of knee impairment and functional limitation during activities of daily living.

The GRS consists of a single, reliable question asking the patient to rate their
current perceived level of knee function compared to their perceived knee function
prior to injury on a scale from 0 to 100.85!*® Zero represents the inability to perform
any activity and 100 indicates the level of activity prior to injury.

The IKDC is a measure of knee specific symptoms, function and sports
activities valid and reliable for a variety of knee conditions including ACL injury.®%! It
is calculated from 18 items and scored on a scale from 0 to 100, with higher scores

indicating higher self-reported levels of knee function.
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The Marx Activity Rating Scale (Marx) is a reliable scale which assesses the
frequency of activities including running, cutting, decelerating and pivoting for
patients with knee pathology.'?* It is useful within ACL populations to assess the
frequency to which patients have returned to pre-injury activities. Four items are
scored on a 4-point scale resulting in a score from 0 to 16, with 0 indicating
completion of the four activity items less than one time per month and 16 indicating
completion of the four activity items at least four times per week.

Additionally, patients reported return to sport outcomes at each time point.
Patients reported “yes” or “no” to the following questions: “Have you returned to
sports or recreational activities?”” and “Have you returned to the same level of sports

or recreational activities as before your injury?”

4.3.3 Radiographs

Patients completed weightbearing posterior-anterior (PA) bent knee (30°)
radiographs 5 years after ACL reconstruction or completion of non-operative
rehabilitation. SigmaView software (Agfa HealthCare Corporation, Greenville, SC)
was used to view radiographs. Osteoarthritis in the medial tibiofemoral compartment
of each limb was graded using the Kellgren-Lawrence (KL) system.%® Excellent
between day, intrarater reliability for KL grading has previously been demonstrated
using 20 radiographs of patients 5 years after ACL injury (graded by EW; Cohen’s
kappa (x): 0.904, p: <0.001; all KL grades verified by board-certified orthopedic
surgeon). The presence of OA was defined as a KL grade greater than or equal to 2.
Additionally, anatomical alignment was measured from the PA bent knee radiographs
using previously described methods.%* Offsets (2° for women, 4° for men) were added

to anatomical alignment measures to estimate the mechanical alignment of the knee.
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The offsets used have been shown to be reliable in calculating mechanical alignment
from full limb films.*> Mechanical alignment was categorized into varus alignment (<

-2°), neutral alignment (between -2° and +2°), and valgus alignment (> +2°).%

4.3.4 Statistical Analysis

Statistical analyses were completed using PASSW 23.0 software (SPSS Inc.,
Chicago, IL). Independent t-tests, Fisher’s exact tests, and Chi-square tests were used
to test differences in baseline characteristics, concomitant injuries, second ACL
injuries, mechanical alignment, and the presence of OA in the involved lateral
compartment and contralateral medial and lateral compartment between those with
medial compartment OA at 5 years and those without. Independent t-tests and Fisher’s
exact tests were also used to test group differences in clinical measures at each of the 5
time points (baseline, post-training, 6 months, 1 year, 2 years). The Marx was only
completed by patients at 1 and 2 years. In addition, return to sport outcomes were only
analyzed at 6 months, 1 year, and 2 years. Minimal detectable changes (MDC) (Table
4.1) and effect sizes (ES)? were used qualitatively to determine if meaningful
differences existed in clinical measures between those with and without OA. Logistic
regression was used to determine the ability of clinical measures at each of the 5 time
points to predict the later development of medial compartment knee OA at 5 years.
Clinical variables included in logistic regression analyses were chosen based on
frequency of statistically significant differences and effect size between those with and

without OA. A priori statistical significance was set at 0<0.05.
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Table 4.1: Minimal detectable change (MDC) values for single-legged hop tests,142148
Knee Outcome Survey Activities of Daily Living Scale (KOS-ADLS),*
Global Rating Scale of Perceived Function (GRS),® and International
Knee Documentation Committee Subjective Knee Form 2000 (IKDC).%

Clinical Measure MDC (%)
Single hop 8.1
Crossover hop 12.3
Triple hop 10.0
6-meter timed hop 13.0
KOS-ADLS 7.1
GRS 6.5
IKDC 115
4.4 Results

Eighty-four patients returned for radiographic testing 5 years after ACL
reconstruction or completion of non-operative management (Figure 4.1). Twelve of
the 84 patients had medial compartment OA at 5 years, 72 did not. No differences in
age, body mass index, sex, pre-injury activity level, or surgical management of ACL
injury (ACL reconstruction, non-operative management) were present between those
with and without knee OA (Table 4.2). The time from ACL injury to initial physical
therapy evaluation did not differ between groups, but those with OA at 5 years took 2
weeks longer to reach baseline testing through resolution of initial impairments (pain,
effusion, knee range of motion, obvious gait impairments, and quadriceps strength
deficits) than those who did not develop OA (Injury to initial physical therapy
evaluation: p: 0.181, nonOA: 5.6+6.6 wks, OA: 8.5+8.7 wks; Injury to baseline: p:
0.040, nonOA: 7.8+7.2 wks, OA: 12.7+9.4 wks). Eight-three percent of patients with

OA at 5 years were categorized as a noncoper®® at baseline compared to only 49% of
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patients without OA (p: 0.031; nonOA: 35 noncopers, 37 potential copers; OA: 10
noncopers, 2 potential copers). This relationship is further detailed below in the
analysis of single-legged hop tests, KOS-ADLS, and GRS. No group differences
existed in the presence of concomitant meniscal, articular cartilage, or bone bruise
lesions in the medial compartment at the time of ACL injury or in the rate of

additional ACL injuries (Table 4.2).
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Figure 4.1: Flow diagram of study cohort.
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Table 4.2: Baseline, concomitant, mechanical alignment, and additional knee injury
characteristics between those with and without radiographic medial
compartment knee OA 5 years after ACL reconstruction or completion of
non-operative rehabilitation. Boldface numbers indicate statistically
significant group differences. *Bone bruise data includes 72/84 patients.
tMechanical alignment data includes 83/84 patients. Abbreviations: SD,
standard deviation; yrs, years; kg, kilogram; m, meter; wks, weeks; M,
male; F, female.

nonOA (SD) OA (SD) p
Age (baseline) (yrs) 28.6 (11.1) 34.1(14.4) 0.131
Body Mass Index (kg/m?) 25.5(3.8) 26.4 (4.7) 0.475
Time from injury to initial evaluation (wks) 5.6 (6.6) 8.5(8.7) 0.181
Time from injury to baseline (wks) 7.8(7.2) 12.7 (9.4) 0.040
Sex (M:F) 46:26 6:6 0.522
Pre-Injury Activity Level (1:2)%8 49:23 6:6 0.325
Noncoper:Potential Coper*® 35:37 10:2 0.031
ACL Reconstruction: Non-Operative Rehabilitation 54:18 11:1 0.282
Concomitant meniscus tear (medial compartment) (Yes:No) 22:50 6:6 0.202
Concomitant chondral injury (medial compartment) (Yes:No) 1:71 1:11 0.267
Concomitant bone bruise (medial compartment) (Yes:No)* 28:33 6:5 0.746
Second ACL injury after initial ACL injury (Yes:No) 8:64 2:10 0.630
Ipsilateral second ACL injury after initial ACL injury (Yes:No) 5:67 2:10 0.261
Mechanical alignment (Varus:Neutral:Valgus)t 15:41:15 3:7:2 0.918
Involved lateral compartment OA at 5 years (Yes:No) 5:67 4:8 0.021
Uninvolved medial/lateral compartment OA at 5 years (Yes:No) 4:68 3:9 0.057

The mechanical alignment calculated from radiographic analysis at 5 years
approached Q° for patients both with and without medial compartment knee OA
(nonOA: 0.1£2.5° valgum, OA: 0.5£3.3° varum), and the proportion of patients in
each group with involved knee valgum compared to varum compared to neutral

alignment did not differ (Table 4.2). More patients with medial compartment OA at 5
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years also demonstrated lateral compartment OA in the involved knee (p: 0.021;
nonOA: 5 with lateral OA, 67 without lateral OA; OA: 4 with lateral OA, 8 without
lateral OA) but the rate of OA in the uninvolved knee did not differ between groups
(Table 4.2).

Patients with OA at 5 years performed worse on single-legged hop tests during
baseline testing (Single Hop: p: 0.005, nonOA: 88.0+£13.9%, OA: 72.0+21.2%, ES:
1.08; Triple Hop: p: 0.001, nonOA: 89.0+11.3%, OA: 69.5+£11.6%, ES: 0.73; 6-meter
Timed Hop: p: 0.003, nonOA: 95.1+9.3%, OA: 81.9+19.3%, ES: 1.24) and also
reported lower knee function on the GRS (p: 0.029, nonOA: 75.6+15.7%, OA:
64.6+£17.5%, ES: 0.69) compared to those without OA. Group differences in clinical
measures were magnified and more numerous at post-training. Patients who later
developed OA had worse scores on all 4 single-legged hop tests (Single Hop: p: 0.001,
nonOA: 95.9+9.5%, OA: 80.0+20.9%, ES: 1.43; Crossover Hop: p: <0.001, nonOA:
95.7+9.1%, OA: 80.9£11.3%, ES: 1.79; Triple Hop: p: 0.001, nonOA: 95.6+6.9%,
OA: 83.0£15.5%, ES: 1.71; 6-meter Timed Hop: p: <0.001, nonOA: 97.2+5.9%, OA:
84.9£14.1%, ES: 1.72), the KOS-ADLS (p: 0.001, nonOA: 93.0£7.8%, OA:
84.2+10.5%, ES: 1.07), the GRS (p: 0.039, nonOA: 82.9£13.9%, OA: 73.8+14.5%,
ES: 0.65), and the IKDC (p: 0.011, nonOA: 78.0£14.0%, OA: 65.5+17.1%, ES: 0.86).

Six months after ACL reconstruction or completion of non-operative
management there were no differences in any clinical measures between the group
with OA and without OA at 5 years (Table 4.3). The only group difference at 1 year
was in the crossover hop (p: 0.036, nonOA: 99.5+£8.0%, OA: 94.0+6.2%, ES: 0.71) but
this difference was not meaningful (MDC: 12.3%). Patients with OA performed
statistically worse on the single hop (p: 0.002, nonOA: 100.6+5.8%, OA: 92.6+10.3%,
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ES: 1.16) and scored lower on the GRS (p: 0.029, nonOA: 96.3+4.5%, OA:
90.9£14.1%, ES: 0.75) 2 years after ACL reconstruction or non-operative
rehabilitation with both differences approaching clinically meaningful differences
(MDC: Single Hop: 8.1%, GRS: 6.5%). Patients with OA were not different from
those without OA in quadriceps strength, Marx scores, knee joint effusion, or return to

sport rates at any time point (Table 4.3).
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Table 4.3: Clinical measures between those with and without radiographic medial compartment knee OA 5 years after ACL
reconstruction or completion of non-operative rehabilitation. Boldface numbers indicate statistically significant
group differences. Abbreviations: SD, standard deviation; KOS-ADLS, Knee Outcome Survey Activities of
Daily Living Scale; GRS, Global Rating of Perceived Function Scale; IKDC, International Knee
Documentation Committee Subjective Knee Form 2000; Marx, Marx Activity Rating Scale.

Group Baseline Post-Training 6 Months 1 Year 2 Years
Mean (SD) p Mean (SD) p Mean (SD) p Mean (SD) p Mean (SD) p
uadriceps Index (% nonOA  89.0 (13.9 95.7 (14.6 99.7 (13.6 99.5(11.9 106.3 (16.0
Q P (%) (139) 0.522 (14.6) 0.277 (13.) 0.674 (1L9) 0.771 (18.0) 0.214
OA 86.3 (10.9) 90.3 (21.5) 97.8 (11.3) 100.8 (19.0) 99.5 (15.6)
Single Hop (% nonOA  88.0(13.9 95.9 (9.5 94.8 (7.5 99.1(7.2 100.6 (5.8
J P (6) (139) 0.005 (35) 0.001 (75) 0.142 (72) 0.136 58) 0.002
OA 72.0 (21.2) 80.0 (20.9) 90.7 (10.2) 95.4 (7.9) 92.6 (10.3)
Crossover Hop (%) nonOA  89.6 (17.0) 97.5(9.1) 96.9 (7.4) 99.5 (8.0) 100.9 (6.6)
0.130 <0.001 0.966 0.036 0.118
OA 77.5 (13.6) 80.9 (11.3) 97.0 (8.1) 94.0 (6.2) 97.1(7.7)
Triple Hop (% nonOA  89.0 (11.3 96.5 (6.9 96.1 (5.3 99.5 (6.5 99.8 (5.1
P P (6) (113) 0.001 (69) 0.001 2) 0.142 (65) 0.075 1) 0.368
OA 69.5 (11.6) 83.0 (15.5) 93.4 (4.9) 95.7 (5.2) 97.8 (10.0)
6-meter Timed Hop (%) nonOA 95.1 (9.3) 97.2 (5.9) 98.3 (7.7) 99.5 (7.3) 96.2 (22.2)
0.003 <0.001 0.083 0.065 0.974
OA 81.9 (19.3) 84.9 (14.1) 93.7 (6.5) 95.2 (4.7) 96.0 (7.0)
KOS-ADLS nonOA  84.6 (12.6) 93.0 (7.8) 97.1(3.3) 97.9(3.2) 98.1(2.7)
0.233 0.001 0.308 0.276 0.108
OA 79.9 (12.2) 84.2 (10.5) 96.0 (2.7) 96.7 (5.1) 96.5 (4.1)
GRS nonOA  75.6 (15.7) 82.9 (13.9) 91.6 (6.6) 96.2 (4.3) 96.3 (4.5)
0.029 0.039 0.471 0.236 0.029
OA 64.6 (17.5) 73.8 (14.5) 93.2 (4.5) 94.1 (9.8) 90.9 (14.1)
IKDC nonOA  68.8 (14.5) 78.0 (14.0) 89.5 (8.3) 93.5(7.9) 93.5(7.3)
0.091 0.011 0.731 0.355 0.387

OA 61.1 (13.9) 65.5 (17.1) 88.5 (8.8) 91.0 (10.9) 91.3 (9.0)
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Table 4.3: continued

Marx

Effusion (Yes:No)

Return to Sport-Any
(Yes:No)

Return to Sport-Same
Prelnjury Level (Yes:No)

Group Baseline Post-Training 6 Months 1 Year 2 Years
Mean (SD) p Mean (SD) p Mean (SD) p Mean (SD) p Mean (SD) p
nonOA 9.9(4.2) 10.0 (4.7)
0.506 0.749
OA 10.8 (5.5) 10.5 (4.4)
Ratio p Ratio p Ratio p Ratio p Ratio p
nonOA 48:13 41:23 32:27 26:27 18:26
0.190 0.317 0.331 0.122 0.505
OA 10:0 10:2 8:3 9:3 6:5
nonOA 35:24 46:7 45:2
>0.999 >0.999 >0.999
OA 6:5 11:1 11:0
nonOA 17:42 32:21 35:12
0.723 0.754 0.475
OA 4:7 8:4 7:4




The single hop, 6-meter timed hop, KOS-ADLS, and GRS at each time point
were inputs into a logistic regression model to determine the likelihood that patients
would develop medial compartment knee OA at 5 years. Logistic regression models
were statistically significant at baseline (?(4): 9.9, p: 0.042), post-training (x*(4): 14.0,
p: 0.007), and 2 years (x%(4): 13.4, p: 0.010) explaining 28.0%, 39.4%, and 36.7% of
the variance in knee OA development at 5 years for each time point, respectively. No
individual clinical predictor contributed significantly to the model at any time point

(Table 4.4),
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Table 4.4: Logistic regression analysis of the single hop, 6-meter timed hop, KOS-ADLS and GRS to the development of

medial compartment knee OA 5 years after ACL reconstruction or completion of non-operative rehabilitation.
Boldface numbers indicate a statistically significant logistic regression model. Abbreviations: KOS-ADLS,
Knee Outcome Survey Activities of Daily Living Scale; GRS, Global Rating of Perceived Function Scale.

Single Hop 6-meter Timed Hop KOS-ADLS GRS

p (Model)  Nagelkerke R? p B: p B: p B: p B:
Baseline 0.042 0.280 0.174 0.946 0.352 0.957 0.692 0.980 0.662 1.014
(n=61 nonOA, 7 OA) ' ' ' ' : : ) ) ' :
Post-Training
(157 nonOA, 7 OA) 0.007 0.394 0.871 0.993 0.069 0.841 0.499 0.939 0.557 1.036
6 Months
(156 N0NOA, 9 OA) 0.522 0.087 0.665 0.971 0.362 0.945 0.301 0.879 0.278 1.103
1 Year
(1251 n0nOA. 11 0A) 0.325 0.119 0.842 0.988 0.175 0.920 0.703 0.949 0.944 0.994
2 Years 0.010 0.367 0.092 0.872 0.228 0.895 0.584 0.919 0.462 0.928

(n=41 nonOA, 10 OA)




4.5 Discussion

The purpose of this study was to determine if clinical measures of knee
function after ACL injury were associated with the later development of radiographic
knee OA 5 years after ACL injury. Our findings support our hypothesis that poorer
knee function after ACL injury would be associated with the development of post-
traumatic knee OA. Patients with radiographic medial compartment OA at 5 years
demonstrated poorer performance on single-legged hop tests and reported lower
subjective knee function early after injury and at 2 years after ACL reconstruction or
non-operative rehabilitation compared to those who did no develop OA by 5 years.

Single-legged hop tests have previously demonstrated the ability to predict
normal and below normal knee function 1 year after non-operative rehabilitation or
ACL reconstruction.”>'* A more positive subjective assessment of knee function after
ACL reconstruction increases the likelihood of returning to pre-injury levels of sport.!!
Further, the incorporation of subjective knee function into an objective test battery can
successfully identify patients who can return to cutting and pivoting activities without
undergoing ACL reconstruction and also identify patients with persistent abnormal
movement patterns after reconstruction.*®¢:14 |n the current study patients with
medial compartment knee OA by 5 years demonstrated worse hop scores in all 4 tests
(single, crossover, triple, 6-meter timed) and lower KOS-ADLS, GRS, and IKDC
scores at time points before and after an extended bout of rehabilitation early after
injury. The link between self-reported knee function and subsequent knee
degeneration emphasizes the importance of implementing patient-reported outcomes
in clinical practice, considering that a patient’s self-assessment does not always match

clinical measures of function.*® The minimal need for special equipment to assess
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single-legged hop performance and subjective knee function provides the possibility
for these measures to be powerful and impactful screening tools for post-traumatic OA
risk after ACL injury.

Quadriceps strength after ACL injury was not found to be a predictor for the
development of post-traumatic knee OA. However, the importance of quadriceps
strength after ACL injury is clear. Greater levels of quadriceps strength early after
injury result in improved outcomes after reconstruction including higher levels of
subjective knee function and the ability to return to sport,3343.109.114.152174.195 Tha role
of quadriceps strength in the development of both non-traumatic (primary) and post-
traumatic knee osteoarthritis is not clear. The presence of quadriceps weakness with
concurrent evidence of radiographic primary knee OA has been well-established, but
its link to the development and progression of the disease is conflicting.>1>16:153
Quadriceps weakness may be a negative sequelae rather than a precipitating factor in
joint degeneration similar to patterns present in the primary OA population.

Clinical measures of knee function measured early after ACL injury (baseline,
post-training) were effective predictors of post-traumatic knee OA development by 5
years after reconstruction or non-operative rehabilitation. In addition, patients with
OA at 5 years required an additional 5 weeks to achieve resolution of initial knee pain,
range of motion, gait impairments, joint effusion, and strength impairments after ACL
injury compared to those who did not develop radiographic OA. The time required to
resolve impairments initially after ACL injury can be dependent on early presentation
to rehabilitation and patient response to implemented rehabilitation interventions. The
interaction of these two variables may critically factor into the risk for later OA

development. Knee joint loading and inflammatory pathways are thought to be
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avenues for initial articular cartilage destruction.1%%° Thus, failure to quickly resolve
impairments such as range of motion, joint effusion, and abnormal gait patterns may
create early risk for cartilage degeneration. In contrast, early and effective
rehabilitation after ACL injury may curb the increased risk for post-traumatic OA
development in this population.

No individual clinical measure of knee function at any time point after ACL
injury was a predictor of subsequent post-traumatic knee OA. The required
combination of objective measures including single-legged hop tests (single, 6-meter
timed) and patient-reported outcomes (KOS-ADLS, GRS) to effectively predict early
OA development points to its likely multifactorial evolution and advocates for the
increased use of criterion-based rehabilitation interventions which implement
objective measures of patient function. An extended bout of early, criterion-based
rehabilitation after ACL injury is known to result in clinically relevant improvements
in knee function.** The benefits of extended rehabilitation prior to ACL reconstruction
or as part of a non-operative management strategy are further demonstrated by the
results of this study. The predictive ability of clinical measures of knee function in
subsequent OA development was greater at post-training compared to baseline testing,
accounting for 39.4% compared to 28.0% of the variance in medial compartment OA
at 5 years, respectively. Using objective measures of knee function to screen for post-
traumatic OA risk may be most effective following early, extended rehabilitation.
However, it is unknown whether additional intervention to avoid the initiation of
articular cartilage breakdown will be effective at this time point or if irreversible

processes have already begun.
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Outcomes in single-legged hop tests and subjective knee function were again
predictive of later radiographic medial compartment OA development at 2 years after
ACL reconstruction or non-operative rehabilitation, after lacking statistical
significance at 6 months and 1 year. Specifically, patients who did develop OA
demonstrated lower single hop scores and global knee function on the GRS at 2 years
that those who did not develop knee OA. The re-emergence of poorer knee function at
2 years by individuals in whom post-traumatic knee OA arises by 5 years may mark a
time in which the disease first becomes symptomatic in contrast to signs of disease
initiation. The process of cartilage breakdown may already be occurring by 2 years.
Thinning of articular cartilage has been demonstrated within months of ACL injury
and the diagnosis of OA can be made using magnetic resonance imaging by 1 year
after ACL reconstruction.®>"” Further work is necessary to identify when early signs
of post-traumatic knee OA are first identifiable when additional secondary prevention
strategies may be warranted.

Non-traumatic, primary OA is commonly characterized by progressive
degenerative changes resulting in part from excessive mechanical loading and
overuse.” However, in the current study, frequency of running, cutting and pivoting
activities as assessed by Marx scores and return to sport outcomes did not influence
whether radiographic knee OA was present at 5 years. Improved understanding of
mechanisms initiating early OA after ACL injury is needed before healthy levels of
mechanical loading during sports and other forms of physical activity can be
determined. For example, although the current findings indicate that returning to sport

does not differentiate the later development of knee OA, the increase in knee joint
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loading associated with sports activities may be detrimental in individuals where
degenerative pathways have already begun.

The capability to assess the future risk of post-traumatic knee OA development
after ACL injury is critical. Inability to prospectively identify patients at greatest risk
for its development will make testing and implementation of targeted rehabilitation
strategies to lower the rates of patients developing this irreversible and lifelong disease
difficult. The comprehensive battery of clinical measures and long course of follow-up
used within this study limited the number of subjects completing the full testing
protocol. Therefore, analyses to determine if longitudinal changes in clinical measures
of knee function influence early OA development could not be made. Further, patients
included in this study were active in sports activities prior to ACL injury and did not
have diagnosed repairable menisci or large articular cartilage lesions at the time of
injury. It is unknown whether patients with non-athletic backgrounds or with more
extensive concomitant injuries would demonstrate similar relationships between
clinical measures of knee function and early OA development as presented in this
study. However, the findings of this study provide important initial findings to the role
clinical tools may have in providing insight into the process of post-traumatic OA after

ACL injury.

4.6 Conclusion

Poor performance in single-legged hop tests and lower subjective knee
function are associated with the early development of post-traumatic knee OA after
ACL injury. Clinical measures of knee function were most predictive of subsequent
OA development following an extended period of rehabilitation early after ACL injury

to restore muscle strength and neuromuscular control.
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Chapter 5

RADIOGRAPHIC EVIDENCE OF OSTEOARTHRITIS AFTER ANTERIOR
CRUCIATE LIGAMENT INJURY

5.1 Abstract

The risk of post-traumatic knee osteoarthritis is significantly increased after
anterior cruciate ligament injury. Changes in joint space width are a radiographic
feature of osteoarthritis which can occur within years after anterior cruciate ligament
injury and reconstruction. The purpose of this study was to describe the joint space
width and mechanical alignment of patients 5 years after complete unilateral anterior
cruciate ligament rupture managed non-operatively or with reconstruction. We also
aimed to determine if Kellgren-Lawrence grades of knee osteoarthritis and mechanical
knee alignment were associated with joint space width measurements at 5 years.

Eighty-three athletes with an acute anterior cruciate ligament injury were
included. Weightbearing posterior-anterior bent knee radiographs were completed at 5
years and analyzed using measures of joint space width, Kellgren-Lawrence grades,
and mechanical alignment.

Twelve of 83 patients had a Kellgren-Lawrence grade of 2 or greater in the
medial compartment of the involved knee at 5 years. The medial minimum joint space
width in the involved knee of patients with a Kellgren-Lawrence grade of 2 or greater
was 0.5 millimeters smaller than the uninvolved knee but 0.1 millimeters larger in
patients with a Kellgren-Lawrence grade of 0 or 1 (p: 0.115). Radiographic
mechanical alignment at 5 years was not related to concurrent measures of joint space
width at 5 years.

Patients with advanced radiographic signs of post-traumatic knee osteoarthritis

after anterior cruciate ligament injury (Kellgren-Lawrence grade of 2 or greater)
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demonstrated joint space narrowing while joint space width was similar to the
contralateral limb in patients without osteoarthritis. Knee malalignment did not
correspond to joint space width in the anterior cruciate ligament-injured knee at 5
years; however, its long-term influence on post-traumatic knee osteoarthritis

progression is not known.

5.2 Introduction

The risk of post-traumatic knee osteoarthritis (OA) is significantly increased
after anterior cruciate ligament (ACL) injury despite many individuals restoring
favorable knee function, returning to sports, and reducing anteroposterior knee
instability through surgical reconstruction. Lohmander and colleagues estimated that
50% of ACL-injured individuals develop radiographic knee OA with associated
symptoms of pain and decreased function with 10-20 years of injury.''® Grading
radiographic knee OA can be accomplished using a multitude of methods. A grade
equal to or greater than 2 on the Kellgren-Lawrence (KL) grading system, or a grade
comparable to a KL grade of 2, is mostly commonly used as a threshold.*'® However,
more liberal definitions requiring only a single radiographic feature of OA to be
present (e.g. change in joint space width, osteophytes) result in even more patients
classified with post-traumatic knee OA diagnosist!’ and potentially highlight
additional individuals demonstrating early stages of joint degeneration after ACL
injury.

Changes in joint morphology can occur early after ACL injury and
reconstruction.®7® Therefore the purpose of this study was to describe the joint space
width (JSW) and mechanical alignment of patients 5 years after complete unilateral

ACL rupture managed non-operatively or with ACL reconstruction. We also aimed to
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determine if KL grades of knee osteoarthritis and mechanical knee alignment were
associated with JSW measurements at 5 years. We hypothesized that patients with
knee OA as defined by KL grading and varus mechanical alignment would
demonstrate narrower JSW than those without knee OA and those with neutral or

valgus alignment.
5.3 Methods

5.3.1 Subjects

Eighty-three athletes between the ages of 14-55 with an acute, unilateral ACL
injury who participated in level 1 (e.g. soccer, basketball) or level 2 (e.g. tennis,
downhill skiing) cutting and pivoting activities®>®! prior to injury were included.
Patients were enrolled in this study following physical therapy treatment to resolve
initial impairments using a protocol previously described.®8 Exclusion criteria included
a repairable meniscus, symptomatic grade Il injury to other knee ligaments, or
articular cartilage lesions greater than 1 cm? at the time of study enrollment. This
study was approved by the Institutional Review Board at the University of Delaware
and all participants provided written informed consent.

After study enrollment all patients completed an additional 10 physical therapy
sessions to further restore lower extremity strength and neuromuscular deficits.”
Nineteen patients completed non-operative management of injury and 65 underwent
ACL reconstruction (completed by single, board-certified orthopedic surgeon using

either a four-bundle semitendinosus-gracilis autograft or soft tissue allograft).
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5.3.2 Radiographs

Patients completed weightbearing posterior-anterior (PA) bent knee (30°)
radiographs 5 years after ACL reconstruction or completion of non-operative
rehabilitation. Minimum JSW measurements were manually measured in the medial
tibiofemoral compartment of each limb (Figure 5.1) using SigmaView software (Agfa
HealthCare Corporation, Greenville, SC) to view radiographs. JSW was also measured
at a fixed location within the medial tibiofemoral joint (25% of distance from medial
to lateral edge of femur (JSW 2s5)). This specific location has demonstrated the greatest
responsiveness to longitudinal medial compartment JSW changes in the Osteoarthritis
Initiative (OAI) cohort.® Interlimb JSW differences were calculated for each JSW
measure (involved minus uninvolved). Radiographic changes in the medial
tibiofemoral compartment was also assessed using the Kellgren-Lawrence (KL)
system.®® The presence of OA as defined by KL grades was set as greater than or equal
to 2. Excellent between day, intrarater reliability for radiographic measures of interest
has previously been demonstrated using 20 radiographs of patients 5 years after ACL
injury (graded by EW; intracorrelation coefficient (ICC) for minimum JSW: 0.981, p:
<0.001; Cohen’s kappa (x) for KL grades: 0.904, p: <0.001; all KL grades verified by
board-certified orthopedic surgeon). Additionally, anatomical alignment was measured
from the PA bent knee radiographs using previously described methods.!%* Offsets (2°
for women, 4° for men) were added to anatomical alignment measures to estimate the
mechanical alignment of the knee. The offsets used have been shown to be reliable in
calculating mechanical alignment from full limb films.*> Mechanical alignment for
each patient was categorized as varus alignment (< -2°), neutral alignment (between -

2° and +2°), or valgus alignment (> +2°).%
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Figure 5.1: Example of minimum joint space width measurements on a posterior-
anterior 30° bent knee radiograph in a patient 5 years after ACL injury.

5.3.3 Statistical Analysis

Statistical analyses were completed using PASSW 23.0 software (SPSS Inc.,
Chicago, IL). An independent t-test was used to determine if JSW measurements
differed between those with and without medial OA as defined by KL grades. A one-
way analyses of variance (ANOVA) was used to determine if mechanical alignment
was associated with JSW measurements. A priori statistical significance was set at

0=<0.05.
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5.4 Results

Thirty-nine percent of the included 83 patients were women, average age at 5
years was 35.0+11.8 years, and 23% were managed non-operatively. Patients
completed radiographs an average 5.3+0.7 years after ACL reconstruction or
completion of non-operative rehabilitation. The average medial compartment
minimum JSW was 4.8+1.2 mm in the involved knee and 4.9+1.0 mm in the
contralateral knee. The average JSW 250 was 6.4+1.3 mm in the involved knee and
6.3£1.1 mm in the contralateral knee.

Twelve of the 83 patients had OA (as defined by a KL grade of 2 or greater) in
the medial compartment of the involved knee. Those with medial knee OA had
smaller minimum JSW compared to the contralateral knee but differences were not
statistically different from those without OA (p: 0.115, nonOA: 0.1+1.0 mm, OA: -
0.5+1.8 mm). Interlimb differences in JSW 250 did not differ between those with and
without OA (p: 0.611, nonOA: 0.2+0.8 mm, OA: 0.1+1.6 mm). Forty-eight patients
demonstrated radiographically neutral alignment at 5 years, 18 demonstrated varus
alignment, and 17 demonstrated valgus alignment. Mechanical alignment was not
associated with the interlimb difference in minimum JSW (p: 0.511, Varus: -0.2+1.3
mm, Neutral: -0.1+1.2 mm, Valgus: 0.2+1.0 mm) or JSW 250 (p: 0.756, Varus: 0.1+0.9

mm, Neutral: 0.2+1.0 mm, Valgus: 0.3+0.9 mm) in the medial compartment.

5.5 Discussion

The purpose of this study was to describe the JSW and mechanical alignment
of patients 5 years after complete unilateral ACL rupture managed non-operatively or
with ACL reconstruction. We also aimed to determine if KL grades of knee OA and

mechanical knee alignment were associated with JSW measurements at 5 years. Our

97



hypothesis that patients with medial compartment KL grades greater than or equal to 2
would demonstrate narrower JSW than those without knee OA was supported. The
medial minimal JSW of patients with a KL grade of 2 or more in the medial
compartment was 0.5 mm smaller than the contralateral knee while no interlimb
difference was present in those with KL grades of 0 or 1. The difference of 0.5 mm is
meaningful considering the smallest detectable difference for minimum JSW is 0.2
mm.8” Our hypothesis that patients with varus mechanical alignment would
demonstrate the smallest medial compartment JSW was not supported as differences
were not present between patients with varus, valgus, and neutral alignment.

The smaller JSW measures in the limbs of patients with KL grades of 2 or
greater was not surprising. Joint space width is a component directly used in the KL
grading system.% Further, radiography is not a sensitive measure to early changes in
articular cartilage morphology during OA development compared to other imaging
modalities.®” The requirement for at least a KL grade of 2 to operationally define OA
indicates considerable disease progression has already occurred. The average loss of
0.5 millimeters exhibited by our patients with KL grades of 2 or more is in line with
the expected 0.10 to 0.15 millimeter annual JSW reduction expected by patients with a
primary knee OA diagnosis.®’

Mechanical alignment was not found to be related to JSW changes in our
cohort of patients 5 years after ACL reconstruction or non-operative rehabilitation.
Lower extremity malalignment is considered a strong independent predictor for
progression of radiographic knee OA, but less is known regarding its role in initial
disease development.t’* Further longitudinal radiographic follow-up of the current

patients may be required to correctly understand the role of mechanical alignment in
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post-traumatic knee OA after ACL injury. Recognition of the long-term effects of
malalignment on knee joint health may affect surgical decisions to use alignment-
modifying procedures such as osteotomies after ACL injury.

Ambiguity exists in interpretation of JSW changes after ACL injury. Patients
in the current study, specifically those with a KL grade of 0 or 1, had JSW measures
similar to the contralateral knee. Jones and colleagues reported that minimum JSW in
the medial compartment of ACL-reconstructed knees was 0.35 millimeters greater
than the contralateral knee in a sample of 262 subjects 3 years after reconstruction.®®
Tourville and colleagues also reported increases in joint space width by a small
proportion of individuals nearly 4 years after ACL reconstruction.*”® Similarly, Frobell
and Eckstein noted increases in cartilage volume of the medial femoral condyle after
ACL injury, a finding that was more pronounced in younger compared to older
patients.*>*° The average age of patients in the current study was older than the
cohorts used by Jones et al. and Tourville et al.;**"3 however, interlimb differences in
minimum JSW was not correlated to age in our cohort (p: 0.541, r: -0.069).
Controversy exists whether increases in joint space width, a surrogate measure for
articular cartilage thickness, is representative of the earliest stages of post-traumatic
OA development or rather a protective mechanism of the articular cartilage to prevent
breakdown after ACL injury.*®%173 If cartilage thickening initially occurs during post-
traumatic knee OA development, cross-sectional designs using JSW as a marker for
OA may be inappropriate due to the inability to identify the stage of disease. Patients
in early stages of the disease process could have joint space widening, patients who in
more advanced stages of the disease could have joint space narrowing, and patients

both in between those stages of OA or without any articular cartilage degeneration
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could present with “normal” JSW as compared to the contralateral limb. Longitudinal
assessment of JSW may be required to more clearly identify patterns of JSW changes
which indicate both early stages and later progression of post-traumatic OA after ACL
injury.

Baseline radiographic testing early after ACL injury was not part of the current
study protocol. Concurrent JSW measures of the contralateral limb at 5 years served as
control measures to compare JSW of the ACL-injured limb. Although baseline testing
of JSW early after ACL injury would provide insight into disease progression of the
included patients, the use of the contralateral limb as comparison at 5 years is not
considered a limitation according to the purpose of this study. The use of the
contralateral limb has previously been established as a valid control for comparing
JSW after ACL injury. Contralateral JSW measures are stable when measured before
ACL reconstruction to 46 months after surgery.t”® Further, some individuals
demonstrate JSW widening even before ACL reconstruction making baseline
measurements early after injury potential poor estimations of original pre-injury

magnitudes of joint space.”

5.6 Conclusion

Patients with advanced radiographic signs of post-traumatic knee OA after
ACL injury (KL grade of 2 or greater) demonstrated joint space narrowing while JSW
was equal to the contralateral limb in patients without OA. Knee malalignment did not
correspond to JSW in the ACL-injured knee at 5 years; however, its long-term

influence on post-traumatic knee OA progression is not known.

100



5.7 Acknowledgements

We would like to acknowledge Dr. Kathleen Cummer for her assistance with
data collection and the University of Delaware Physical Therapy Clinic for providing
the physical therapy treatments for our research participants. We also thank Martha
Callahan and the Delaware Rehabilitation Institute’s Clinical Research Core
(http://www.udel.edu/dri/ResCore.html) for their assistance with patient recruitment,
scheduling, and data management. This work was supported by the National Institute

of Health (R37 HD037985, R0O1 AR048212, R01 AR046386, P30 GM103333).

101


http://www.udel.edu/dri/ResCore.html

Chapter 6

IS OPERATIVE OR NON-OPERATIVE TREATMENT OF ACL INJURIES
BEST?: ACOMPARISON OF OUTCOMES 5 YEARS AFTER INJURY

6.1 Abstract

Misconceptions regarding surgical reconstruction after anterior cruciate
ligament (ACL) injury are common among patients and healthcare providers.
Improved awareness of expected outcomes after operative compared to non-operative
management strategies is needed to facilitate open decision-making regarding surgical
management after injury. The purpose of this study was to determine if differences
exist in long-term functional, biomechanical, and radiographic outcomes between
subjects completing operative compared to non-operative management of anterior
cruciate ligament injury.

One-hundred five athletes with anterior cruciate ligament injury were included
and all completed progressive, criterion-based pre-operative/post-operative
rehabilitation or non-operative rehabilitation. Patients returned 5 years after
reconstruction or non-operative rehabilitation and completed combinations of
functional testing (n=94), patient-reported outcomes (n=104), gait analysis (n=91), and
radiographs (n=84).

Quadriceps strength and single-legged hop test scores did not differ between
the operative and non-operative groups. Nearly half of patients managed operatively
demonstrated knee joint effusion at 5 years compared to only 10% of patients
managed non-operatively (p: 0.008). Patients treated operatively reported higher
scores on the Global Rating Scale of Perceived Function (p: 0.011; Op: 94.5+6.9%,
Non-Op: 87.2+11.9%) and knee-related quality of life subscale of the Knee Injury and
Osteoarthritis Outcome Score (p: 0.050; Op: 85.9+17.7%, Non-Op: 77.0£21.7%), and
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lower levels of fear on the Tampa Scale for Kinesiophobia (TSK-11) (p: 0.023; Op:
16.2+5.5, Non-Op: 19.2+5.0). There were no group differences in the Knee Outcome
Survey Activities of Daily Living Scale (KOS-ADLYS), International Knee
Documentation Committee Subjective Knee Form 2000 (IKDC), Marx Activity
Rating Scale, ACL-Return to Sport after Injury (ACL-RSI), return to sport outcomes,
or any of the other 4 subscales of the Knee Injury and Osteoarthritis Outcome Score at
5 years. The non-operative group walked with greater involved limb knee adduction
moments and medial compartment contact forces than the patients treated with
reconstruction. There were no differences in the presence of radiographic knee
osteoarthritis.

Overall outcomes at 5 years were generally favorable for both surgical and
non-surgical treatment approaches to anterior cruciate ligament injury where
progressive, criterion-based rehabilitation was used. Patients treated operatively and
non-operatively did demonstrate differences in joint effusion, some subjective reports
of knee function, and measures of knee joint loading but not in quadriceps strength,
performance on hop tests, return to sport outcomes, and the development of knee
osteoarthritis at 5 years. Further study is needed to identify clinical algorithms for
identifying the best candidates for surgical compared to conservative care after

anterior cruciate ligament injury.

6.2 Introduction
An estimated 250,000 anterior cruciate ligament (ACL) injuries occur annually
within the United States.%81%! The majority (175,000) of patients in the United States

undergo ACL reconstruction®®1% assuming prior knee function will be restored, prior
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activity levels will be attained, and further injury will be avoided.*’-106.127
Unfortunately, these goals are often not achieved following ACL reconstruction. 108

Unrealistic expectations accompany patients who undergo ACL reconstruction.
Feucht and colleagues surveyed 133 patients prior to primary ACL reconstruction
regarding their beliefs on the overall condition of their knee joint, return to sports, and
risk of knee osteoarthritis (OA) after surgery.*” All patients expected a normal or
nearly normal condition of the knee joint after ACL reconstruction. Returning to the
same level of sport with no or only slight restrictions was expected by 94% of patients.
Only 1% of patients expected their risk of knee OA to be significantly increased.
Inflated assumptions regarding ACL reconstruction may influence decision-making
regarding optimal management of injury and ultimately lead to inappropriate surgical
care and poorer long-term outcomes.

Misconceptions regarding surgical reconstruction after ACL injury are also
common among healthcare providers. In a survey of orthopedic surgeons only 15%
believed patients can participate in all recreational sports activities without ACL
reconstruction and 98% identified high-demand activities a positive factor influencing
the decision to perform an ACL reconstruction.'?® Over half of surgeons reported the
belief that ACL reconstruction reduces the rate of arthrosis in ACL-deficient knees.!?®
Comparative studies of operative compared to non-operative outcomes after ACL
injury do not support these beliefs. A comparison of athletes matched for age, sex, and
pre-injury cutting and pivoting activity level revealed equal return to sport rates at 1
and 2 years following ACL injury regardless of operative or non-operative
management.®®"* Further, ACL reconstruction does not serve chondroprotective

purposes despite restoration of passive knee joint stability. The incidence of knee OA
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after ACL injury is similar between ACL-reconstructed and ACL-deficient patients.t>’
Patient and clinician expectations, beliefs, and opinions of both surgical and non-
surgical treatment approaches for ACL injury do not match current evidence.

The purpose of this study was to determine if differences exist in long-term
functional, biomechanical, and radiographic outcomes between subjects completing
operative compared to non-operative management of ACL injury when both groups
complete a progressive, criterion-based rehabilitation protocol. We hypothesized that
no differences in these outcomes would be present between the two groups. The
comprehensive analysis of long-term outcomes after both reconstructive and non-
operative treatment strategies for ACL deficiency will provide groundwork for

improved education and decision-making between patient and clinicians.
6.3 Methods

6.3.1 Subjects

One-hundred five athletes with an acute, unilateral ACL injury (confirmed by a
positive Lachman test and 3-mm or greater difference in anterior tibial excursion with
instrumented arthrometry)® (KT1000; MEDmetric Corporation, San Diego, CO)
between the ages of 14-55 at the time of injury were included. All patients participated
in level 1 (e.g. soccer, basketball) or level 2 (e.g. tennis, downhill skiing) cutting and
pivoting activities®®! prior to injury. Exclusion criteria included a repairable
meniscus, symptomatic grade Il injury to other knee ligaments, or articular cartilage
lesions greater than 1 cm? diagnosed at the time of ACL injury. This study was
approved by the Institutional Review Board at the University of Delaware and all

participants provided written informed consent.
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All patients completed physical therapy treatment early after ACL injury to
resolve initial impairments (i.e. pain, effusion, knee range of motion, obvious gait
impairments, and quadriceps strength deficits (70% of uninvolved limb required) and
an additional 10 progressive physical therapy sessions to further restore lower
extremity strength and neuromuscular control using protocols previously
described.”®8 Eighty-three patients underwent ACL reconstruction and 22 completed
non-operative management of injury. No standardized process was used for surgical
decision-making. Patients self-selected treatment strategy using recommendations
from the orthopaedic surgeon and physical therapy team. Patients managed non-
operatively were discharged to a home exercise program to maintain strength and
neuromuscular control after the extended bout of rehabilitation described above and
achievement of objective return to sport criteria’®’® if patient goals included return to
sports activities. Patients managed operatively underwent reconstruction by a single,
board-certified orthopedic surgeon using either a four-bundle semitendinosus-gracilis
autograft or soft tissue allograft. Criterion-based post-operative rehabilitation was
completed early after surgery.t

Testing was completed 5 years after ACL reconstruction or completion of non-
operative rehabilitation. Testing consisted of clinical measures of knee function,

biomechanical gait analysis, and knee radiographs.

6.3.2 Clinical Measures of Knee Function

Clinical testing consisted of quadriceps strength testing, single-legged hop
testing, knee joint effusion assessment, and completion of patient-reported outcomes.
Patient-reported outcomes included the Knee Outcome Survey-Activities of Daily

Living Scale (KOS-ADLYS), Global Rating Scale of Perceived Function (GRS),
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International Knee Documentation Committee Subjective Knee Form 2000 (IKDC),
Knee Injury and Osteoarthritis Outcome Score (KOOS), Marx Activity Rating Scale
(Marx), Tampa Scale for Kinesiophobia (TSK-11), and ACL-Return to Sport after
Injury (ACL-RSI).

Quadriceps strength was tested using the burst superimposition technique
during maximal voluntary isometric contraction (MVIC) using an electromechanical
dynamometer (Kin-Com; DJO Global, Vista, CA) with patients seated in 90° of hip
and knee flexion (Appendix Figure A1).1°8 Stabilization straps secured the pelvis and
thighs with the force transducer placed just proximal to the talocrural joint. Two 3 x 5-
inch self-adhesive electrodes were placed proximally over the vastus lateralis and
distally over the vastus medialis. Submaximal (50%, 75% of perceived maximum) and
maximal (100% of perceived maximum) isometric knee extension contractions were
completed to provide familiarization to the task and ensure absence of knee pain.
Patients then completed a MVIC with an imposed supramaximal 10-pulse (600
microseconds, 135 V), 100-pulse-per-second train of electrical stimulation.
Quadriceps activation was defined by the MVIC divided by the maximal force output
during the superimposed electrical stimulation multiplied by 100. Up to 3 trials were
completed on each limb (uninvolved first, followed by involved) until 95% quadriceps
activation was achieved, activation levels plateaued, or the patient fatigued.
Quadriceps index was the strength variable of interest in this study, calculated as the
quotient of the involved limb MVIC to the uninvolved limb MVIC multiplied by 100.

Four single-legged hop tests (single, crossover, triple hop for distance; 6-meter
timed hop) were completed on each limb using a 6-meter strip 15 cm wide (Appendix

Figure A2).1334132 The uninvolved limb was tested first followed by the involved limb
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for each hop test. Two practice trials provided familiarization to the task and the next
2 usable trials on each limb were recorded (controlled landing on unilateral limb
required). The average of two trials for each limb was used to calculate the quotient of
the involved limb to the uninvolved limb multiplied by 100 for the single, crossover,
and triple hops and the quotient of the uninvolved limb to the involved limb multiplied
by 100 for the 6-meter timed hop. Single-legged hop tests were not completed if the
quadriceps index was less than 70% in patients after non-operative rehabilitation or
less than 80% in patients after ACL reconstruction.

Knee joint effusion was measured using the modified stroke test.1®” The
modified stroke test is reliable in a clinical setting and is scored on a 5-point scale
(Appendix Table Al). The presence of knee joint effusion was operationally defined
by a grade of trace or greater.

The KOS-ADLS is a valid and reliable measure of impairment and functional
limitation experienced during activities of daily living secondary to knee pathology.*
Fourteen items are scored using a 6-point ordinal scale, with a total score out of a
possible 70 points represented as a percentage. A score of 100% represents the
absence of knee impairment and functional limitation during activities of daily living.

The GRS consists of a single, reliable question asking the patient to rate their
current perceived level of knee function compared to their perceived knee function
prior to injury on a scale from 0 to 100.8>*® Zero represents the inability to perform
any activity and 100 indicates the level of activity prior to injury.

The IKDC is a measure of knee specific symptoms, function and sports

activities valid and reliable for a variety of knee conditions including ACL injury.®
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Eighteen items are scored on a scale from 0 to 100, with higher scores indicating
higher self-reported levels of knee function.

The KOOS is a reliable measure widely used in the ACL population, 228120191
It consists of 5 subscales assessing patient symptoms, complaints of pain, function in
daily life, function during sports and recreational activities, and knee-related quality of
life.24> The score for each subscale ranges from 0 to 100, with higher scores indicating
higher subjective knee function within each domain.

The Marx is a reliable scale which assesses the frequency of activities
including running, cutting, decelerating and pivoting for patients with knee
pathology.'?* Four items are scored on a 4-point scale resulting in a score from 0 to 16,
with 0 indicating completion of the four activity items less than one time per month
and 16 indicating completion of the four activity items at least four times per week.

The TSK-11 is a modified version of the original Tampa Scale for
Kinesiophobia that measures fear of movement and re-injury. It is a reliable and valid
measure although not specifically designed for patients with knee pathology.'*®® Eleven
items can result in a range of scores from 11 to 44, with higher scores indicating
higher levels of fear. TSK-11 scores have been shown to be elevated following ACL
injury and related to lower self-report of knee function and rates of return to pre-injury
activity levels in this population,26:104.108

The ACL-RSI is a reliable and valid patient-reported measure of emotions,
confidence in performance, and risk appraisal associated with return to sport activities
specifically designed for patients with ACL injury.1%8 Scores range from 0 to 100
calculated from the average of 12 questions, with lower scores indicating more

negative psychological responses in regard to returning to sport.
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Additionally, patients reported the level of participating cutting and pivoting
activities as described by the IKDC 2000 activity scale.®*>8! Comparison of the
patient’s current participation level was made with their reported level prior to ACL
injury on the same scale. Patients also reported current pain, worst pain, and best pain
over the past week on a visual analog scale from 0 to 10, with 0 indicating no pain and

10 indicating the worst pain imaginable.

6.3.3 Gait Analysis

Kinetic, kinematic, and surface electromyography (EMG) data was collected
during gait analysis. Eight infrared cameras (VICON, Oxford Metrics Ltd., London,
UK) sampled at 120 Hz tracked the position a retro-reflective marker set placed at the
pelvis and bilateral lower extremities which has previously been shown to have
excellent intersession reliability.'®® Surface EMG data was collected using a MA-300
EMG system sampled at 1,080 Hz (Motion Lab Systems, Baton Rouge, LA) for the
medial and lateral vasti, rectus femoris, biceps femoris, semimembranosus, medial and
lateral gastrocnemii, and soleus of each limb. Patients completed maximal voluntary
isometric contractions (MVIC’s) for each muscle group (quadriceps, hamstrings,
gastrocnemii, and soleus) to later normalize EMG amplitude during walking trials.

Patients walked at a self-selected speed along a 6-meter walkway with an
embedded force plate sampled at 1,080 Hz (Bertec Corporation, Worthington, OH).
Walking speed was maintained (x5%) for all walking trials using a timing system.
Stance phase joint angles and moments were processed using inverse dynamics within
custom software (Visual 3D, C-Motion, Germantown, MD) as the average of three
walking trials. Kinematic and kinetic data were low pass filtered at 6 Hz and 40 Hz,

respectively. Initial contact and end of stance were identified using a 50-N threshold.
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All trials were normalized to 100% of stance. Moments were normalized to mass (kg)
and height (m). Variables of interest included the stance phase peak knee flexion
angle, peak knee adduction angle, peak external knee flexion moment, and peak
external knee adduction moment (during first 50% of stance).

EMG data were high-pass filtered (2nd order Butterworth, 30 Hz), rectified,
and low-pass filtered (2nd order Butterworth, 6 Hz) to creased a linear envelope for
MVIC’s and walking trials. EMG data during walking trials were normalized to
maximal activity for each muscle detected during any of the MVIC or walking trials
and used as input for a musculoskeletal model to estimate knee joint contact
forces.?+%2 This model has demonstrated good repeatability in patients with ACL
injury®® and has been validated by accurately predicting in vivo joint contact forces in
an instrumented knee prosthesis.*?> The EMG-driven model uses an anatomical,
activation dynamics, and contraction dynamics model. The anatomic model uses 10
muscle-tendon units to actuate pelvis, femur, tibia and foot segments scaled to subject
anthropometry to characterize musculoskeletal geometry. The activation dynamics
model transforms the neural EMG signal to a muscle activation signal. The contraction
dynamics model uses a Hill-type muscle model to transform muscle activation to
muscle force. Muscle parameters including optimal muscle fiber length and tendon
slack length are adjusted within each of the latter two models during subject-specific
model calibration. These parameters were allowed to vary within physiological bounds
previously described.®? Muscle forces for 3 walking trials were then predicted by the
model using a set of EMGs. Medial compartment contact forces for each trial were
calculated by balancing the external knee adduction moment (calculated from inverse

dynamics) with the internal adduction moment (predicted by muscle forces) and the
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contact force in the medial compartment.!®® The external and internal knee adduction
moments were expressed about a contact point at the midpoint of the lateral
compartment (25% tibial plateau width) with the medial compartment contact force
acting at the midpoint of the medial compartment. The variable of interest in this study
was the peak medial compartment contact force during the first half of stance

presented over 3 walking trials.

6.3.4 Radiographs

Patients completed weightbearing posterior-anterior (PA) bent knee (30°)
radiographs 5 years after ACL reconstruction or completion of non-operative
rehabilitation. SigmaView software (Agfa HealthCare Corporation, Greenville, SC)
was used to view radiographs. Osteoarthritis in the medial and lateral tibiofemoral
compartment of each limb was graded using the Kellgren-Lawrence (KL) system.%
The presence of osteoarthritis was defined as a KL grade greater than or equal to 2.
Additionally, minimum joint space width (JSW) measurements were manually
measured in each tibiofemoral compartment of each limb. Joint space width was also
measured at fixed locations within the tibiofemoral joint (medial compartment: 25% of
distance from medial to lateral edge of femur (JSW 2s); lateral compartment: 70% of
distance from medial to lateral edge of femur (JSW 7). These specific locations have
demonstrated the greatest responsiveness to longitudinal changes within each
compartment, respectively, in the Osteoarthritis Initiative (OAI) cohort.®® Interlimb
JSW differences were calculated for each JSW measure (involved minus uninvolved).
Excellent between day, intrarater reliability for radiographic measures of interest has
previously been demonstrated using 20 radiographs of patients 5 years after ACL

injury (graded by EW; Cohen’s kappa (k) for KL grades: 0.904, p: <0.001; all KL
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grades verified by board-certified orthopedic surgeon; intracorrelation coefficient

(ICC) for minimal JSW: 0.981, p: <0.001).

6.3.5 Statistical Analysis

Statistical analyses were completed using PASSW 23.0 software (SPSS Inc.,
Chicago, IL). Independent t-tests, Fisher’s exact tests, and Chi-square tests were used
to test differences in baseline characteristics, concomitant injuries, second ACL
injuries, clinical measures of knee function, hip and knee joint biomechanics, and
radiographic measures between patients who underwent ACL reconstruction
compared to non-operative ACL management. Minimal detectable changes (MDC)
(Table 6.1-6.3) and effect sizes (ES)?° were used qualitatively to determine if
meaningful differences existed in clinical and biomechanical measures between the
patients managed operatively and non-operatively. A priori statistical significance was

set at 0=<0.05.
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Table 6.1: Minimal detectable change (MDC) values for single-legged hop tests,142148
Knee Outcome Survey Activities of Daily Living (KOS-ADLS),*® Global
Rating Scale of Perceived Function (GRS),%% International Knee
Documentation Committee Subjective Knee Form 2000 (IKDC),%? Knee
Injury and Osteoarthritis Outcome Score (KOOS),*® Tampa Scale for
Kinesiophobia (TSK-11),%6 and ACL-Return to Sport after Injury (ACL-
RSI).1% Abbreviations: ADL, activities of daily living; Rec, recreation;
QoL, knee-related quality of life.

Clinical Measure MDC
Single hop 8.1%
Crossover hop 12.3 %
Triple hop 10.0 %
6-meter timed hop 13.0%
KOS-ADLS 11.4%
GRS 6.5 %
IKDC 12.8%
KOOS-Pain Subscale 6.1%
KOOS-Symptoms Subscale 8.5%
KOOS-ADL Subscale 8.0%
KOOS-Sport/Rec Subscale 12.0%
KOOS-QoL Subscale 7.2%
TSK-11 3.0
ACL-RSI 1.9

Table 6.2: Minimal detectable change (MDC) values for sagittal and frontal plane
knee kinematics and kinetics and peak medial compartment contact
forces during gait.®®

Gait Variable during Stance MDCos
Peak Knee Flexion Angle 29°
Peak Knee Adduction Angle 1.7°
Peak Knee Flexion Moment 0.09 Nm/kg-m
Peak Knee Adduction Moment 0.06 Nm/kg-m
Peak Medial Compartment Force 0.30 BW
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Table 6.3: Minimal detectable changes (MDC) values at a 95% confidence interval for
sagittal and frontal plane hip kinematics and kinetics during gait.

Gait Variable during Stance MDCos
Peak Hip Flexion Angle 3°

Peak Hip Extension Angle 2°

Hip Excursion Angle 4°

Peak Hip Adduction Angle 3°

Peak Hip Flexion Moment 0.08 Nm/kg-m
Peak Hip Extension Moment 0.04 Nm/kg-m
Peak Hip Adduction Moment 0.06 Nm/kg-m

6.4 Results

One-hundred five patients returned for 5-year testing (Figure 6.1). Eighty-three
underwent ACL reconstruction and 22 completed non-operative ACL management.
The operative and non-operatively managed patients did not differ in age, body mass
index, time to 5-year testing (calculated as time since ACL reconstruction or
completion of non-operative rehabilitation), sex, concomitant injuries at the time of
ACL injury, or classification as a noncoper or potential coper early after injury*
(Table 6.4). A greater proportion of patients managed operatively were participating in
level | cutting and pivoting activities prior to injury compared to a greater proportion
of patients managed non-operatively completing level Il activities (p: 0.041; Op: Level
I: 59, Level II: 24; Non-Op: Level I; 10, Level 1I: 12). None of the patients managed
non-operatively experienced a contralateral ACL injury. Fifteen patients managed
operatively experienced a second ACL injury (10 ipsilateral, 5 contralateral), but the
rate of contralateral ACL injuries was not statistically different between the patients

managed operatively or non-operatively (Table 6.4).
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Enrolled Subjects
N=144

Returned for 5 Year Testing

Did Not Return for 5 Year Testing

n=105 n=39
Completed Patient-Reported Moved out of Area
Outcomes
n=7
n=104 |
Completed Clinical Unable to Contact
Testing
n=25
n=94 |
Completed Gait Analysis Refused
n=91 n=6

Completed Radiographs
n=84

Figure 6.1: Flow diagram of study cohort.
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Table 6.4: Baseline, concomitant, and second ACL injury characteristics between
patients who underwent ACL reconstruction compared to non-operative
management of ACL injury. Boldface numbers indicate statistically
significant group differences. *Bone bruise data includes 89/105 patients.
Abbreviations: yrs, years; kg, kilogram; m, meter; M, male; F, female.

Op (n=83) Non-Op (n=22) p

Age (at 5 year testing) (yrs) 33.6 (11.0) 36.8 (13.0) 0.248

Body Mass Index (kg/m?) 26.6 (4.3) 26.5 (4.7) 0.862
Time from ACL reconstruction/non-op rehabilitation

to 5 year testing (yrs) 54(08) 51(06) 0.092
Sex (M:F) 56:27 10:12 0.082
Pre-Injury Activity Level (1:2)3%8! 59:24 10:12 0.041
Noncoper:Potential Coper*® 47:36 8:14 0.100
Concomitant meniscus tear (Yes:No) 35:48 6:16 0.202
Concomitant chondral injury (Yes:No) 3:80 3:19 0.105
Concomitant bone bruise (Yes:No)* 59:11 15:4 0.730
Second ACL injury after initial ACL injury (Yes:No) 15:68 0:22 0.037
Contralateral second ACL injury after initial ACL injury (Yes:No) 5:78 0:22 0.581

Due to the long-term follow-up required by this study, a portion of patients
who had moved out of the area completed patient-reported outcomes remotely but did
not return for quadriceps strength, single-legged hop, and effusion testing. Ninety-four
patients (Op: 75, Non-Op: 19) completed quadriceps strength testing and 90 (Op: 71,
Non-Op 19) completed effusion testing. An additional 24 patients who completed
quadriceps strength testing did not complete single-legged hop testing for reasons
listed in Table 6.5, leaving 69 (Op: 55, Non-Op: 15) available for data analysis. The
patients managed operatively compared to non-operatively did not differ in quadriceps
strength or any of the 4 single legged hop tests (single, crossover, triple, 6-meter

timed) at 5 years (Table 6.6). Nearly half of the patients treated with reconstruction
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demonstrated knee joint effusion at 5 years compared to only 10% of patients
managed non-operatively (p: 0.008; Op: 31 with effusion, 40 without effusion; Non-

Op: 2 with effusion, 17 without effusion).

Table 6.5: Primary reasons single-legged hop testing was not completed during 5 year

testing.

Hop Testing Not Completed Due To: Number of Patients
Knee joint effusion: 2 0p
Quadriceps index <90% 20p
Knee joint effusions and quadriceps index <90% 20p
Knee pain with hopping 4 Op
Contralateral lower extremity pain with hopping 10p
Recent additional lower extremity injury 30p
Patient safety 3 0p, 1 Non-Op
Patient refusal 2 Op, 3 Non-Op
Unknown 10p
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Table 6.6: Clinical measures of knee function between patients who underwent ACL
reconstruction compared to non-operative management of ACL injury.
Boldface numbers indicate statistically significant group differences.
Abbreviations: KOS-ADLS, Knee Outcome Survey Activities of Daily
Living Scale; GRS, Global Rating Scale of Perceived Function; IKDC,
International Knee Documentation Committee Subjective Knee Form
2000; KOOS, Knee Injury and Osteoarthritis Outcome Score; ADL,
activities of daily living; QoL, quality of life; Marx, Marx Activity
Rating Scale; TSK-11, Tampa Scale for Kinesiophobia; ACL-RSI,
Anterior Cruciate Ligament Return to Sport after Injury.

Op Non-Op p
Quadriceps Index (%) 104.7 (17.9) 103.1 (17.9) 0.734
Single Hop (%) 101.1 (10.8) 101.8 (7.4) 0.812
Crossover Hop (%) 102.2 (10.4) 97.8 (7.8) 0.131
Triple Hop (%) 101.2 (9.4) 100.9 (6.3) 0.930
6-meter Timed Hop (%) 101.2 (8.1) 100.5 (5.5) 0.758
KOS-ADLS (%) 96.7 (4.5) 95.5 (5.5) 0.291
GRS (%) 94.5 (6.9) 87.2 (11.9) 0.011
IKDC (%) 92.1(9.7) 87.8 (11.9) 0.078
KOOS-Pain Subscale (%) 95.8 (6.6) 94.2 (9.3) 0.361
KOOS-Symptoms Subscale (%) 90.6 (10.0) 92.0 (10.8) 0.553
KOOS-ADL Subscale (%) 98.1 (4.4) 97.5 (5.4) 0.637
KOOS-Sport/Rec Subscale (%) 91.1 (12.8) 89.5 (17.7) 0.638
KOOS-QoL Subscale (%) 85.9 (17.7) 77.0 (21.7) 0.050
Marx 8.7 (4.8) 7.0 (4.2) 0.142
TSK-11 16.2 (5.5) 19.2 (5.0) 0.023
ACL-RSI 8.0 (2.5) 6.7 (3.1) 0.096
Current Pain 0.2 (0.5) 0.3 (0.6) 0.482
Worst Pain 0.6 (1.1) 1.5(1.9) 0.052
Best Pain 0.1(0.5) 0.0 (0.2) 0.787
Effusion (Yes:No) 31:40 2:17 0.008
Activity Level at 5 Years (1:2:3:4)%:81 42:13:24:3 7:6:8:1 0.400
Currently at Pre-Injury Activity Level (Yes:No)3>8! 50:32 11:11 0.465
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Patient-reported outcomes were completed by 82 operative and 22 non-
operatively managed patients. Some outcomes measures were not completed by all
patients managed operatively (KOOS: 80; Marx: 79; TSK-11: 81; ACL-RSI: 80).
Patients treated operatively reported higher scores on the GRS than patients treated
non-operatively (p: 0.011; Op: 94.5+6.9%, Non-Op: 87.2+11.9%; ES: 0.89) and also
reported higher knee-related quality of life on the KOOS (p: 0.050; Op: 85.9+17.7%,
Non-Op: 77.0£21.7%; ES: 0.48). Patients managed non-operatively reported higher
levels of fear on the TSK-11 (p: 0.023; Op: 16.2+5.5, Non-Op: 19.2+5.0; ES: 0.56).
No group differences were present in the KOS-ADLS, IKDC, Marx, ACL-RSI,
current, worst, or best pain, cutting and pivoting activity level at 5 years, return to pre-
injury activity level, or any of the other 4 subscales of the KOOS (pain, symptoms,
activities of daily living, sport/rec) (Table 6.6).

Peak knee angles did not differ between patients managed operatively and non-
operatively during gait (Table 6.7). Patients treated non-operatively walked with a
greater peak knee adduction moment in the involved limb (p: 0.002; Op: 0.26+0.08
Nm/kg-m, Non-Op: 0.33£0.08 Nm/kg-m; ES: 0.83) and asymmetrically larger knee
adduction moments in the involved limb compared to symmetric adduction moments
in patients treated operatively (involved minus uninvolved) (p: 0.038; Op: -0.01+0.08
Nm/kg-m, Non-Op: 0.04+0.10 Nm/kg-m; ES: 0.55). No differences in peak knee
flexion moment existed (Table 6.7). Contact force data was available for 57 patients
(Op: 40, Non-Op: 17). Peak medial compartment contact forces were larger in the
involved limb of the non-operative group (p: <0.001; Op: 2.37+0.47 BW, Non-Op:
3.03+£0.53 BW; ES: 1.35) but the interlimb difference was not statistically different

(Table 6.7). The only biomechanical group difference at the hip was the interlimb
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difference in peak hip extension moment (Table 6.8). Patients managed operatively
walked with symmetric hip extension moments in the involved compared to the
uninvolved limb but asymmetrically lower moments were present in the involved hip
of patients managed non-operatively (p: 0.006; Op: 0.01+0.08 Nm/kg-m, Non-Op: -
0.04+0.06 Nm/kg-m; ES: 0.74).

Table 6.7: Involved limb and interlimb differences in sagittal and frontal plane
kinematics and kinetics and medial compartment contact forces during
stance phase of gait between patients who underwent ACL reconstruction
compared to non-operative management of ACL injury. Boldface
numbers indicate statistically significant group differences. *Contact
force data includes 57/91 patients (40 op, 17 non-op). Abbreviations: N,
newton; m, meter; kg, kilogram; BW, body weight.

Op (n=73) Non-Op (n=18) p
Peak Knee Flexion Angle (°) 22.6 (6.4) 22.9(7.0) 0.844
Interlimb Difference (°) -0.4 (4.2) -0.3 (3.6) 0.941
Peak Knee Adduction Angle (°) 3.1(2.5) 3.0(3.0) 0.847
Interlimb Difference (°) -0.7 (2.6) -1.8 (3.4) 0.145
Peak Knee Flexion Moment (Nm/kg-m) 0.49 (0.13) 0.52 (0.09) 0.369
Interlimb Difference (Nm/kg-m) -0.02 (0.10) 0.00 (0.07) 0.584
Peak Knee Adduction Moment (Nm/kg-m) 0.26 (0.08) 0.33 (0.09) 0.002
Interlimb Difference (Nm/kg-m) -0.01 (0.08) 0.04 (0.10) 0.038
Peak Medial Compartment Contact Force (BW)* 2.37(0.47) 3.03 (0.53) <0.001
Interlimb Difference (BW)* -0.01 (0.51) 0.27 (0.87) 0.143
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Table 6.8: Involved limb and interlimb differences in sagittal and frontal plane hip
kinematics and kinetics during stance phase of gait between patients who
underwent ACL reconstruction compared to non-operative management
of ACL injury. Boldface numbers indicate statistically significant group
differences. Abbreviations: N, newton; m, meter; kg, kilogram.

Op (n=73) Non-Op (n=18) p
Peak Hip Flexion Angle (°) 28.4 (7.2) 26.8 (5.8) 0.378
Interlimb Difference (°) 0.9 (3.2) 1.0 (4.2) 0.919
Peak Hip Extension Angle (°) 20.9 (6.7) 21.6 (5.4) 0.668
Interlimb Difference (°) -0.2(3.1) -0.8 (1.9) 0.409
Hip Excursion Angle (°) 49.3 (5.3) 48.4 (5.4) 0.528
Interlimb Difference (°) 0.7 (4.2 0.2(5.1) 0.653
Peak Hip Adduction Angle (°) 8.0 (3.0) 8.4 (4.0) 0.619
Interlimb Difference (°) 0.0 (3.9 0.3(5.5) 0.766
Peak Hip Flexion Moment (Nm/kg-m) 0.62 (0.15) 0.63 (0.13) 0.981
Interlimb Difference (Nm/kg-m) -0.01 (0.10) 0.02 (0.10) 0.164
Peak Hip Extension Moment (Nm/kg-m) 0.70 (0.15) 0.73 (0.15) 0.501
Interlimb Difference (Nm/kg-m) 0.01 (0.08) -0.04 (0.06) 0.006
Peak Hip Adduction Moment (Nm/kg-m) 0.55 (0.10) 0.62 (0.15) 0.090
Interlimb Difference (Nm/kg-m) 0.01 (0.12) 0.05 (0.17) 0.374

Tibiofemoral knee joint OA as defined by KL grading was present in 23.4% of
patients managed operatively and 5.0% of patients managed non-operatively (Table
6.9). No statistical group differences were present in the rate of medial or lateral
compartment OA in the involved or uninvolved limbs (Table 6.9). Joint space width
did not differ between patients managed operatively and non-operatively in either

tibiofemoral compartment (Table 6.9).
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Table 6.9: Radiographic characteristics between patients who underwent ACL
reconstruction compared to non-operative management of ACL injury.
Boldface numbers indicate statistically significant group differences.
*Joint space width data includes 82/84 patients. Abbreviations: OA,
osteoarthritis; JSSW, joint space width; mm, millimeter.

Op (n=64) Non-Op (n=20) p
Involved OA-Medial Compartment (Yes:No) 10:54 1:19 0.447
Involved OA-Lateral Compartment (Yes:No) 8:56 1:19 0.679
Involved OA-Medial or Lateral Compartment (Yes:No) 15:49 1:19 0.102
Uninvolved OA-Medial Compartment (Yes:No) 4:60 0:20 0.568
Uninvolved OA-Lateral Compartment (Yes:No) 4:60 1:19 >0.999
Uninvolved OA-Medial or Lateral Compartment (Yes:No) 6:58 1:19 0.468
Minimum JSW Difference-Medial Compartment (mm) 0.0(1.2) 0.0 (0.9) 0.978
JSWo 25 Difference-Medial Compartment (mm) 0.2 (1.0 0.1(0.8) 0.522
Minimum JSW Difference-Lateral Compartment (mm) -0.5 (1.1) -0.3 (1.3) 0.439
JSWo 70 Difference-Lateral Compartment (mm) -0.2 (0.8) -0.1 (1.0) 0.532

6.5 Discussion

The purpose of this study was to determine if differences exist in long-term
functional, biomechanical, and radiographic outcomes between subjects completing
operative compared to non-operative management of ACL injury. All patients
completed progressive, criterion-based rehabilitation and self-selected an operative or
non-operative treatment strategy using recommendations from the orthopaedic
surgeon and physical therapy team. The findings of this study indicate that 5-year
functional, biomechanical, and radiographic outcomes are similar between operatively
and non-operatively treated patients. However, patients managed operatively did

demonstrate more knee joint effusion, higher self-report in global knee function and
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quality of life and lower self-reported fear, and lower measures of knee and hip joint
loading than patients managed non-operatively.

Patient-reports of knee function are important components for measuring
success after ACL injury and reconstruction.!*® Patient-reported outcomes can impact
patient satisfaction after ACL injury to a greater extent than clinical measures of knee
function.® In the current study patients managed non-operatively scored 7.3% lower
on the GRS and 8.9% lower on the knee-related quality of life subscale of the KOQOS,
both greater than minimal detectable changes of 6.5% and 7.2%, respectively,30.8511°
The GRS asks the patient to rate current knee function compared to knee function
prior to injury, while the quality of life subscale of the KOOS addresses awareness of
knee problems, modifications to lifestyle to avoid potential damage to the knee, and
lack of knee confidence. Patients managed non-operatively were not different from
patients treated with reconstruction in level of activity, knee symptoms, or ability to
complete activities of daily living as indicated by scores on the KOS-ADLS, IKDC,
and the pain, symptoms, activities of daily living, and sport/recreation subscales of the
KOOS. The comprehensive findings comparing patient-reported outcomes between
the two contrasting surgical approaches of ACL injury may indicate a more
conscientious pattern of movement adopted by patients treated non-operatively.
Patients completing rehabilitation alone are potentially more careful of how they move
compared to prior to injury, but this heightened awareness may not change their
physical ability to complete daily and sports activities when compared to their ACL-
reconstructed counterparts. Scores on the TSK-11 further corroborate this explanation
for differences found in self-reported function. Patients managed non-operatively

reported higher levels of fear on the TSK-11 than those treated operatively, with the
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difference matching the minimal detectable change of 3.0 points.2® Although scores on
the TSK-11 have been reported at various timeframes for patients with ACL injury, it
is unknown what score on this measure represents a “normal” or “healthy” level of
fear. The higher level of fear reported by the patients managed non-operatively may
represent an implemented strategy to safely and successfully achieve high levels of
knee function and long-term knee joint health without surgical intervention.
Quadriceps strength and performance on single-legged hop testing did not
differ between the operative and non-operative groups. Scores on strength and hop
measures were high, with both groups demonstrating over 97% symmetry in
quadriceps strength and all 4 hop tests. Further, frequency of cutting and pivoting
activities as indicated by Marx scores along with participation in cutting and pivoting
activities at 5 years did not differ between patients treated operatively and non-
operatively. Sixty-one percent of patients treated with reconstruction and 50% of
patients treated with rehabilitation alone were engaging in their pre-injury level of
activity at 5 years. The current findings further rebuke the misconception of patients
and clinicians that ACL reconstruction is mandatory to achieve restoration of knee
function and return to high-demand sports activities.*”1%127 The ability to return to
cutting and pivoting sports undoubtedly requires a stable knee joint. ACL
reconstruction is superior to non-operative management in reducing knee joint
laxity.5"°871126.157 However, neuromuscular control mechanisms can overcome joint
laxity and provide the necessary dynamic knee stabilized required for high level
activities.®* Similar return to sport rates between patients managed operatively and
non-operatively after matching by age, sex, and cutting and pivoting activity level

have been reported at 1 and 2 years.®®* With the implementation of progressive,
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criterion-based rehabilitation, return to sport and high levels of knee performance can
be achieved with both operative and non-operative ACL treatment strategies.

Knee joint effusion is ubiquitous after ACL injury and reconstruction. Previous
findings within our lab reported that some level of measureable knee joint effusion
was present in 85% of patients at an average of 27 days after injury.!*® The
rehabilitation protocols completed by subjects in this study all implemented effusion
management techniques, with objective measures of effusion used as a marker for
exercise progression and clearance to run and hop.1®® Despite attention to knee joint
effusion both pre-operatively and post-operatively, 43% of patients treated operatively
demonstrated an effusion grade of trace or more 5 years after reconstruction. In
comparison, only 10% of patients managed non-operatively demonstrated a
measureable knee joint effusion 5 years after completion non-operative rehabilitation.
Group differences in effusion were present despite similar Marx activity scores and
participation in cutting and pivoting sports activities at 5 years. Further, concomitant
baseline meniscus, articular cartilage, and bone bruise injuries which could contribute
to joint effusion were not different between the operative and non-operative groups.
Prior knee joint effusion data (using the same modified stroke test methodology*®’)
existed for 66 operatively managed patients measured after pre-operative rehabilitation
and 17 non-operatively managed patients measured after non-operative rehabilitation.
The presence of knee joint effusion after pre-operative rehabilitation did not differ
between patients managed operatively with and without knee joint effusion 5 years
after reconstruction (p: 0.180) (Table 6.10). Further, the presence of knee joint
effusion after pre-operative or non-operative rehabilitation did not differ between

patients treated operatively and non-operatively despite the higher rate of effusion in
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operative patients at 5 years (p: 0.251) (Table 6.11). The mechanisms leading to
chronic knee joint effusion are not understood. However, the trauma induced by
surgical reconstruction may result in negative long-term effects in knee joint effusion
for certain individuals. Chronic knee joint effusion may be a precipitating factor in the
development of knee OA. For example, the biomarker aggrecanase-4 (ADAMTS-4) is
thought to be a significant player in degenerative joint diseases.>* Roberts et al. found
both knee joint effusion (in the presence of any knee pathology) and knee joint OA to
be predictive of ADAMTS-4 levels in the knee’s synovial fluid.}*® Further study is
warranted to determine the influence of knee joint effusion on the development of

post-traumatic OA after ACL injury.
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Table 6.10: Number of patients managed operatively with knee joint effusion after
pre-operative rehabilitation and 5 years after ACL reconstruction.

Effusion at 5 Years

Yes No p
Yes 23 23
Effusion after Pre-Operative Rehabilitation 0.180
No 6 14

Table 6.11: Number of patients managed operatively with knee joint effusion after
pre-operative rehabilitation and patients managed non-operatively with
knee joint effusion after non-operative rehabilitation.

Op Non-Op p
Effusion after Post-Operative Rehabilitation Y ©S 46 9
. S 0.251
or Non-Operative Rehabilitation No 20 8

No statistically significant radiographic differences existed between patients
managed operatively compared to non-operatively. A trend toward an increased rate of
OA in either the medial and/or lateral tibiofemoral compartment (as defined by a KL
grade of 2 or greater) in patients managed operatively was present compared to
patients managed non-operatively. Only 1 of 20 patients treated non-operatively had
tibiofemoral OA compared to 15 of 66 patients treated operatively at 5 years after
ACL reconstruction or non-operative rehabilitation. A systematic review by Smith et
al. compared outcomes between operatively and non-operatively treated patients with
similarly isolated ACL injuries to those included in the current study.®” They

concluded that the risk for developing knee OA was not different between groups
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during the first 10 years after injury, but ACL-reconstructed patients had a slightly
higher likelihood to develop this sequelae after 10 years compared to the non-
operative group. Further follow-up of patients within our cohort is needed to
determine if a similar pattern of OA development emerges. Interlimb differences in
JSW of patients managed operatively did not differ from those of the non-operative
group in either tibiofemoral compartment. Previous studies have reported greater
minimal joint space width and cartilage volume in the involved limb compared to the
uninvolved limb 2 to 3 years after ACL injury.>®*® However, increasing age mitigated
the extent of interlimb cartilage volume differences.>® A pattern of greater involved
limb joint space width did not emerge in our cohort. The older age of subjects in the
current study and radiographic testing at 5 years compared to 2 to 3 years earlier as in
the previously mentioned studies may explain the differences in findings.

Frobell and colleagues reported outcomes at a similar 5-year time point of
patients randomized either to early ACL reconstruction or to the option to having
delayed ACL reconstruction if needed.>® Forty-nine percent of patients in the latter
group continued non-operative management through 5 years. Similar findings to the
current study were reported by Frobell et al. when comparing the early reconstruction
group to those who remained non-operatively treated at 5 years. Frobell reported the
absence of group differences in any of the 5 KOOS subscales, in activity level and
return to pre-injury activity level at 5 years when assessed by the Tegner activity scale,
or in the presence of radiographic OA in the involved tibiofemoral joint. Mean scores
for the operative and non-operative groups on each KOOS subscale were similar in
magnitude between Frobell et al. and the current study. Rates of OA development

were also similar between the 2 studies. Frobell reported that 16% of patients treated
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with early ACL reconstruction and 12% of patients treated with rehabilitation alone
demonstrated radiographic tibiofemoral OA compared to 23% and 5%, respectively, in
the current study.

Consideration of long-term movement patterns are important due to their link
to risk of second ACL injury, ability to return to sport after ACL injury, and
development of post-traumatic knee OA 880136.164 Knee joint angles, moments, and
contact forces are altered early after ACL injury?:6062149.150 and presumably result in
compensatory changes at the hip and ankle joint.*® Abnormal joint angles and
mechanics can persist for years after ACL reconstruction,?361:137.144.181,183.184,192 1 the
current study patients who underwent ACL reconstruction walked with symmetric
sagittal and frontal plane knee angles and moments and medial compartment contact
forces 5 years after surgery. The symmetric frontal plane moments of the operative
group at 5 years is similar to findings by Varma et al. of reconstructed patients at 4.5
years after ACL reconstruction.!”® Others have reported asymmetrically lower knee
adduction moments in the reconstructed limb but at earlier time points from
surgery.'811%2 The difference in findings may indicate long-term longitudinal changes
in movement patterns after ACL injury, necessitating careful comparison between
studies of biomechanical findings across time points.

The knee adduction moment and medial contact force in the involved limb of
patients managed operatively was lower than that of patients managed non-operatively
at 5 years. Further, the symmetric knee adduction moment of the operative group
differed from the asymmetrically greater peak adduction moment in the involved knee
of the non-operative group. To our knowledge long-term knee joint biomechanics in

patients completing non-operative management of ACL injury have not been reported.
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Although greater knee adduction moments have been associated with the presence and
severity of primary OA in older adults®*%7-111.12% jt is unknown if higher joint loads are
destructive or protective to articular cartilage after ACL injury.®8 Although patients
managed non-operatively walked with greater involved limb knee adduction moments
and medial compartment contact forces than patients treated with reconstruction at 5
years, only 5% had medial knee OA compared to 15% of operatively treated patients.
These findings suggest that greater knee joint loading is not destructive in non-
operatively managed patients at a macroscopic, radiographic level at this early 5-year
time point for detecting post-traumatic OA. Continued investigation of joint
biomechanics is needed to further tease out the role of joint loading on articular
cartilage health after ACL injury.

A comprehensive study of 5-year outcomes comparing an operative to non-
operative treatment strategy was presented in this study. Our findings indicate that
favorable outcomes can occur following both treatment approaches when progressive,
criterion-based rehabilitation is incorporated. Further evidence is provided that return
to sport outcomes do not differ between operatively and non-operatively treated
groups of patients, advocating against the use of patient intention to return to sport as
the primary driver in early surgical decision-making after ACL injury. Despite the
current findings, a huge hurdle still exists in successfully screening and identifying the
best candidates for both ACL reconstruction and non-operative rehabilitation. The
ability for patients who initially present with poor dynamic knee stability to improve
knee function and succeed with non-operative management!?® may signal the need for
extended periods of progressive rehabilitation to restore maximal knee function prior

to surgical decision-making. In addition, it is not known whether outcomes at 5 years
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vary in alternate ACL populations. Our findings may not be generalizable to those
with more extensive concomitant injuries or less active in sports activities. However,
our findings do open the door to improving the educational process between patients
and clinicians regarding the expected clinical course and long-term outcomes of

operative and non-operative treatment of ACL injuries.

6.6 Conclusion

Patients treated with ACL reconstruction compared to rehabilitation alone did
not differ in quadriceps strength, performance on single-legged hop tests, level of
sports activities, subjective reports of pain, symptoms, or activities of daily living, or
the presence of knee OA 5 years after surgery or non-operative rehabilitation. Patients
managed operatively did report greater global ratings of knee function, higher knee-
related quality of life, and lower fear but were more likely to possess knee joint
effusion than patients managed non-operatively. Patients treated non-operatively
walked with higher measures of knee joint loading than patients with reconstruction.
Overall outcomes were generally favorable for both surgical and non-surgical
treatment approaches to ACL injury where progressive, criterion-based rehabilitation
was used. Further study is needed to determine if differences in outcomes represent
beneficial or deleterious consequences to each treatment group and to identify clinical
algorithms for identifying the best candidates for surgical compared to conservative

care after ACL injury.

6.7 Acknowledgements
We would like to acknowledge Drs. Wendy Hurd, Erin Hartigan, Stephanie Di

Stasi, Andrew Lynch, David Logerstedt, and Kathleen Cummer for their assistance

132



with data collection and the University of Delaware Physical Therapy Clinic for
providing the physical therapy treatments for our research participants. We also thank
Martha Callahan and the Delaware Rehabilitation Institute’s Clinical Research Core
(http://www.udel.edu/dri/ResCore.html) for their assistance with patient recruitment,
scheduling, and data management. This work was supported by the National Institute

of Health (R37 HD037985, R0O1 AR048212, R01 AR046386, P30 GM103333).

133


http://www.udel.edu/dri/ResCore.html

Chapter 7

IMPLICATIONS FOR THE TREATMENT OF ANTERIOR CRUCIATE
LIGAMENT INJURY

7.1 Purpose

The overall goals of this body of work were 1) establish long-term knee joint
health as an important goal early after anterior cruciate ligament (ACL) injury and
reconstruction and 2) provide clear evidence of expected long-term functional, patient-
reported, biomechanical, and radiographic outcomes after operative and non-operative
management of ACL injury. Specifically, we aimed to identify factors early after ACL
injury and/or reconstruction associated with the development of post-traumatic knee
osteoarthritis (OA) 5 years later and to compare long-term outcomes between
operative and non-operative management of ACL injury. The central hypotheses were
1) that modifiable factors present early after ACL injury and reconstruction would
differ between individuals who do and do not develop post-traumatic knee OA and 2)
that outcomes would not differ between patients treated with operative compared to

non-operative management of ACL injury.

7.2 Biomechanical Factors Associated with Development of Post-Traumatic
Osteoarthritis

Aim 1: Determine the relationship between joint biomechanics and loading
early after ACL injury with the presence of knee joint osteoarthritis 5 years after ACL
reconstruction

Hypothesis 1.1: Altered knee kinematics and kinetics prior to and early after

ACL reconstruction and knee alignment will be associated with radiographic knee

osteoarthritis 5 years after ACL reconstruction
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Hypothesis 1.2: Altered hip kinematics and kinetics prior to and early after

ACL reconstruction will be associated with radiographic knee osteoarthritis 5 years
after ACL reconstruction

Hypothesis 1.3: Altered knee joint contact forces prior to and early after ACL

reconstruction will be associated with radiographic knee osteoarthritis 5 years after
ACL reconstruction

The risk of post-traumatic knee OA after ACL injury is indisputable and
currently appears inevitable for most with a history of ACL disruption. The majority
of patients will possess radiographic and symptomatic signs of this degenerative,
irreversible disease within 10-20 years of ACL injury. The emanate question is no
longer “Will post-traumatic knee OA develop?” but instead “How do we prevent, or at
least delay, post-traumatic knee OA from developing?”” Before precipitating premature
modifications to current treatment strategies, an improved understanding of underlying
mechanisms contributing to the initiation of post-traumatic knee OA after ACL injury
must be established. The findings of the work in chapters 2, 3, and 5 provide
groundwork data to support theories put forth earlier by others suggesting altered joint
biomechanics after ACL injury may change the loading environment of the knee and
lead to negative long-term consequences for the articular cartilage, i.e. osteoarthritis.
All three hypotheses were supported by our work. Patients with radiographic knee OA
5 years after ACL reconstruction walked with lower involved limb knee adduction
moments and medial compartment joint contact forces than those without OA early
after injury and reconstruction. Patients with knee OA also demonstrated smaller

sagittal plane hip angles and asymmetrically lower sagittal and frontal plane hip
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moments in the ACL-injured limb compared to those without OA at 5 years. The time
frame between ACL injury and 2 years after ACL reconstruction may represent a
critical period during which articular cartilage health is highly sensitive to joint
unloading and cartilage deconditioning. Further work is needed to determine effective
rehabilitation strategies to both identify and amend these altered loading patterns

associated with the later development of post-traumatic knee OA.

7.3 Clinical Factors Associated with Development of Post-Traumatic
Osteoarthritis

Aim 2: Determine the relationship between baseline and functional outcomes
early after ACL injury with the presence of knee joint osteoarthritis 5 years after
injury

Hypothesis 2.1: Baseline characteristics and functional outcomes early after

ACL injury and/or ACL reconstruction will differ between those with and without
radiographic signs of knee osteoarthritis 5 years after ACL reconstruction or non-
operative rehabilitation

The findings of Aim 1 established strong associations between altered joint
biomechanics and subsequent development of post-traumatic knee OA after ACL
injury. Although this information provides critical mechanistic information to tease
out the process of articular cartilage destruction after ACL injury, a biomechanical
laboratory environment is required. No clinical tools currently exist to identify patients
early after ACL injury who are at greatest risk for subsequent post-traumatic OA. The
findings of the work in chapter 4 establish clinically measureable patient
characteristics and outcomes which can prospectively identify patients at greatest risk

for early development of post-traumatic knee OA after ACL injury. Our hypothesis for
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Aim 2 was supported. Poor performance in single-legged hop tests and lower
subjective knee function were associated with the early development of post-traumatic
knee OA 5 years after ACL reconstruction or non-operative rehabilitation. Clinical
measures of knee function were most predictive of subsequent OA development
following an extended period of rehabilitation early after ACL injury to restore muscle
strength and neuromuscular control. In addition, a longer period of time from ACL
injury to initial impairment resolution was associated with post-traumatic OA
development. Further work is needed to identify cut-off levels in clinical measures to
categorize highest risk patients for early OA development and determine if restoration
of these clinical measures of knee function can curb the subsequent early initiation of

articular cartilage degeneration.

7.4 5-Year Outcomes of Operative Compared to Non-Operative Management

Aim 3: Determine the functional, biomechanical, and radiographic differences
between patients completing operative compared to non-operative management of
ACL injury 5 years after injury

Hypothesis 3.1: Baseline characteristics will not differ between patients

completing operative compared to non-operative management of ACL injury 5 years
after injury

Hypothesis 3.2: Quadriceps strength, single-legged hop scores and knee joint

effusion will not differ between patients completing operative compared to non-
operative management of ACL injury 5 years after injury

Hypothesis 3.3: Patient-reported outcomes will not differ between patients

completing operative compared to non-operative management of ACL injury 5 years

after injury
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Hypothesis 3.4: Involved limb and interlimb differences in hip and knee joint

biomechanics will not differ between patients completing operative compared to non-

operative management of ACL injury 5 years after injury

Hypothesis 3.5: Radiographic outcomes will not differ between patients
completing operative compared to non-operative management of ACL injury 5 years
after injury

Misconceptions regarding surgical reconstruction after anterior cruciate
ligament (ACL) injury are common among patients and healthcare providers. Most
expect that prior knee function will be restored, prior activity levels will be attained,
and further injury will be avoided. Improved awareness of expected outcomes after
operative compared to non-operative management strategies is needed to facilitate
open decision-making regarding surgical management after injury. The findings of the
work in chapter 6 revealed favorable outcomes of both surgical and non-surgical
treatment approaches to ACL injury when progressive, criterion-based rehabilitation is
incorporated. Hypotheses 3.1-3.4 were partially supported and hypothesis 3.5 was
fully supported. Patients treated with ACL reconstruction compared to rehabilitation
alone did not differ in quadriceps strength, performance on single-legged hop tests,
level of sports activities, subjective reports of pain, symptoms, or activities of daily
living, or the presence of knee OA 5 years after surgery or non-operative
rehabilitation. After ACL reconstruction patients did report better global ratings of
knee function, knee-related quality of life, and lower fear and were more likely to have
knee joint effusion than non-operatively managed patients. Patients managed non-
operatively walked with higher measures of knee joint loading than patients treated

with reconstruction. Further study is needed to determine if differences in outcomes
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represent beneficial or deleterious consequences to each treatment group and to
identify clinical algorithms for identifying the best candidates for surgical compared to

conservative care after ACL injury.

7.5 Clinical Relevance

The underlying theme adjoining all of the findings of this dissertation is the
progressive, criterion-based rehabilitation completed by patients early after ACL
injury. The use of objective measures during standardized but progressive, patient-
specific pre-operative or non-operative rehabilitation enabled the identification of
modifiable patient factors associated with the early development of post-traumatic
knee OA and controlled for quality and standards of rehabilitation to allow valid
comparisons of outcomes 5 years after operative compared to non-operative
management of ACL injury. The benefits of an extended period of progressive
rehabilitation to resolve initial impairments and further restore muscle strength and
neuromuscular control emerged throughout this work. Asymmetrically lower moments
and joint contact forces in the involved limb which were related to post-traumatic OA
development after ACL reconstruction improved following extended pre-operative
rehabilitation. Failure to quickly resolve impairments such as range of motion, joint
effusion, and abnormal gait patterns were linked to early OA development, and a
combination of objective clinical measures of knee function were most predictive of
subsequent OA development after an extended bout of rehabilitation early after ACL
injury. Finally, the progressive, criterion-based rehabilitation completed by patients
managed non-operatively not only resulted in outcomes at 5 years comparable to their
ACL-reconstructed counterparts but also to extremely high overall levels of knee

function and low rates of radiographic knee OA. The progressive, criterion-based
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rehabilitation completed early after injury by patients was already known to improve
short-term patient outcomes, *469.70.72.73,78.114.115.166 The rehabilitation’s clear impact on
long-term patient outcomes and knee joint health provides additional rationale for
inclusion of early rehabilitation in management strategies after ACL injury and
provides an excellent stepping stone in identifying best practice guidelines to assure

lifelong knee joint health and function after ACL injury.
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Appendix A

CLINICAL MEASURES OF KNEE FUNCTION

Figure Al: Patient set-up during quadriceps strength testing using the burst
superimposition technique during maximal voluntary isometric
contraction.
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Figure A2: The 4 single-legged hop tests: single hop for distance, crossover hop for
distance, triple hop for distance, and 6-meter timed hop.
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Table Al: Grading scale for the modified stroke test for knee joint effusion. Taken
from Sturgill et al. 2009.168

Grade Test Result

Zero No wave produced on downstroke

Trace Small wave on medial side with downstroke

1+ Larger bulge on medial side with downstroke

2+ Effusion spontaneously returns to medial side after upstroke

3+ Not possible to move the effusion out of the medial aspect of the knee
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Appendix C
HUMAN SUBJECTS INFORMED CONSENTS

UD IRE Approval from 02172016 ro 0371420017

UNIVERSITY OF DELAWARE
DEPARTMENT OF PHYSICAL THERAPY
INFORMED CONSENT FORM

Study Title: Can Neuromuscular Training Alter Movement Pattems? (Renewal
Penod), Expenment 1, Aim 2 (ongoing collection from current observational
study).

Principal Investigator: Lynn Snyder-Mackler, PT, ScD

Co-investigators: Thomas Buchanan, PhD, Kurt Manal, PhD, Gregory Hicks,
PT, PhD, David Logerstedt, PT, MPT, Michael J. Axe, MD, Emily Gardinier, PhD,
Kathleen White, PT, DPT, Zakariya Nawasreh, BS, MS, Matthew Failla, PT,
MSPT, Elizabeth Wellsandt, PT, DPT, Amelia Arundale, PT, DPT, Ryan Zarzycki,
PT, DPT, Jacob Capin, PT, DPT, MS,

PURPOSE AND BACKGROUND

You are being asked to pariicipate in a study that will investigate the
movement pattems and functional abilities of individuals who have had an ACL
injury and undergone reconstruction (ACLR). You have been referred to this
study because you have had an ACL injury and undergone either non-operative
management or ACL reconstruction and you were a participant in a previous
project evaluating the effects of perturbation training on people with ACL injuries.

Participation in this research study is voluntary. This program will include
tesfing protocols we currently use in our clinic to assess patients with ACL injury.
Your surgeon and physical therapist have agreed that all of the testing
procedures included in the study are acceptable.

The study includes strength and functional testing and analysis of your
knee movement during walking. There will be a total of one to two {1-2) testing
sessions: two (2) testing sessions 2 and 5 years after your ACL reconstruction or
one to two (1-2) testing sessions between 3-7 years following your ACL injury if
non-operative management was completed. This research study will involve
approximately fitty (50) subjects with ACL injury and reconstruction and
twentyfive (25) subjects with ACL injury who underwent non-operative
management between the ages of 13-556 years. Persons of all sexes, races, and
ethnic origins may serve as subjects for this study.

A description of each procedure and the approximate time it takes for each test
and the study procedure are outlined below.

Subject’s Initials.

Pagelof5
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PROCEDURES
ACL Functional Test

Functional testing will take place in the Physical Therapy Clinic at the
University of Delaware, 540 South College Avenue, Newark, DE 19713 and will
last approximately 1 hour. Testing will be performed 2 and 5 years after your ACL
reconsinuction or between 3-7 years following your ACL injury if non-operative
management was completed. This test is commonly performed at the University
of Delaware Physical Therapy Clinic as part of our ACL rehabilitation protocol.

Strength Testing
The test will measure the strength of the quadriceps muscle on the front of

your thigh. You will be seated in a dynamometer, a device that resists your
kicking motion, and measures how much force your muscle can exert. Self
adhesive electrodes will be attached to the front of your thigh, and you will be
asked to kick as hard as you can against the arm of the dymamometer. An
electrical stimulus will be activated while you are kicking, to fully contract your
muscle. During the electrical stimulus you may feel a cramp in your muscles, like
a “Charlie Horse", lasting less than a second. Each test will require a series of
practice and recorded contractions. Trials will be repeated (up to a maximum of
4 trials) until a maximum contraction is achieved for both legs.

Hop Testing

A series of four (4) single leg hop tests (Diagram 1) will be performed once
the swelling in your knee has resolved and you demonsirate good thigh muscle
strength. The tests are performed in the order seen in Diagram 1. You are
required to wear a standard off-the-shelf knee brace on your injured knee during
this poriion of the testing.

Srgle Hap  Sneear Hup Tripha lizp Timsd Hzp
_ ]
Ll ) Diagram 1. Four (4) hop tests
' i i | | as part of the functional test
. i | ] -
voul 0
\f - 1 I_-' ] K
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Two practice trials will precede each of the hop tests before the recorded testing
beqgins. You can put your other leg down at any time to prevent yourself from
losing your balance. However, only the two trials in which you are able to “stick
the landing’ on one foot will be counted towards your scores. This series of hop
tests will be performed on both legs.

Subject's Initials
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Motion Analysis Testing

All subjects will be asked to perform motion analysis testing, which will
take place in the Motion Analysis Laboratory at the University of Delaware,
Department of Physical Therapy, 540 South College Avenue, Newark, DE 19713.
Motion analysis testing will take place will be performed 2 and 5 years after your
ACL reconstruction or between 3-7 years following your ACL injury if
nonoperative management was completed.

Motion Analysis

Markers will be affixed to your skin and sneakers on both legs using
adhesive skin tape. Shells with markers on them will be placed on your pelvis,
thighs and calves and will be held in place with elastic wraps. These markers will
allow the cameras to track your leg positions.

Electrodes, taped to your skin, will be used to record the electrical activity
of your muscles. After all electrodes have been placed, you will perform a
maximum contraction of each muscle, with straps applied to your ankles to
provide resistance. Nine electrodes will be secured to each leg and then plugged
into a small (6" x 4" x 3") transmitter box that will be attached to the back of a vest
with Velcro. The transmitter sends the signal to the computer so we can
determine when the muscles are confracting during the activities. These
measurements will also be taken during the walking frials of the motion analysis
testing. The elecirodes will be removed at the conclusion of the testing session.

Walking Trials

Immediately following the initial muscle activity testing, you will be asked
to perform several walking trials in our laboratory. Walking trials will give us
information about the way your hips, knees, and ankles move while you walk.
You will be asked to perform 7 trials of walking at a comfortable, self-selected
speed, although additional trials may be required to obtain enough data. While
you are walking, a computer records the 3 dimensional motions of your hips,
knees, and ankles. The entire motion analysis session will last approximately
two (2) hours.

Risks/Discomfort

You may experience discomfort from the removal of tape holding markers
and EMG electrodes in place. Subjects with ACL injury could experence a loss of
balance during testing, however your other leg is free to touch down to provide
support and prevent loss of balance. The strength testing can be associated with
local muscle soreness and fatigue. Following the testing, your muscles may feel
as if you have exercised vigorously.

Subject’s Initials.
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Benefits

The benefits include comprehensive testing sessions that will document
your progress following surgery. The results of this study may help us improve
the way we treat patients with ACL injury.

Compensation

You will be paid an honorarium of $100 for the motion analysis testing and
$100 for the functional testing to compensate you for travel expenses and the
time involved.

Only the investigators, you and your physician will have access to the
data. All of your data will be de-identified for the purposes of data management
and processing. Neither your name nor any identifying information will be used in
publicafion or presentation resulting from this study. A statistical report, which
may include slides or photographs which will not identify you, may be disclosed in
a scienfific paper. Data will be archived indefinitely and may be used for
secondary analysis of scientific and clinical questions that arise from this
research.

Subject’s Initials.
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Study Title: Can Neuromuscular Training Alter Movement Pattems? (Renewal
Pernod), Experiment 1, Aim 2 (ongoing collection from current observational
study).

Principal Investigator: Lynn Snyder-Mackler, PT, ScD

Co-investigators: Thomas Buchanan, PhD, Kurt Manal, PhD, Gregory Hicks,
PT, PhD, David Logerstedt, PT, MPT, Michael J. Axe, MD, Emily Gardinier, PhD,
Kathleen White, PT, DPT, Zakariya Nawasreh, BS, MS, Matthew Failla, PT,
MSPT, Elizabeth Wellsandt, PT, DPT, Amelia Arundale, PT, DPT, Ryan Zarzycki,
PT,DPT

Subject’s Statement:

| have read this consent/assent form and have discussed the procedure
described above with a principal investigator. | have been given the opportunity
to ask questions regarding this study, and they have been answered to my
satisfaction.

If you are injured during research procedures, you will be offered first aid at no
cost to you. If you need additional medical treatment, the cost of this freatment
will be your responsibility or that of your third-party payer (for example, your
health insurance). By signing this document you are not waiving any rights that
you may have if injury was the result of negligence of the university or its
investigators. | have been fully informed of the above described
procedures, with its possible risks and benefits, and | hereby consentfassent (for
those under 18 years of age) to the procedures set forth above.

If | am under 18 years of age, | understand that parental or guardian
consent is required. My parent or guardian has printed and signed his/her name
below.

Subject's Name Subject’s Signature Date
Parent/Guardian’s Name Parent/Guardian’s Signaiure Date
Investigator Date

If you have any questions conceming the rights of individuals who agree to
participate in research, you may contact the Institutional Review Board (302-
8312137). The Institutional Review Board is created for the protection of human
subjects involved in research conducted at the University of Delaware._

Further questions regarding this study may be addressed fo:

Lynn Snyder-Mackler, ScD, PT Physical Therapy Department, (302) 831-3613
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UNIVERSITY OF DELAWARE
DEPARTMENT OF PHYSICAL THERAPY
INFORMED CONSENT FORM

Study Title: Can Neuromuscular Training Alter Movement Patterns? (Renewal Period),
Experiment 1, Aim 2 {(ongoing collection from current observational study).

Principal Investigator: Lynn Snyder-Mackler, PT, ScD

Co-investigators: Thomas Buchanan, PhD, Kurt Manal, PhD, Gregory Hicks, PT, PhD,
David Logerstedt, PT, MPT, Michael J. Axe, MD, Emily Gardinier, PhD, Kathleen White,
PT, DPT, Zakariya Mawasreh, BS, M5, Matthew Failla, PT, MSPT, Elizabeth Wellsandt,
PT, DPT, Amelia Arundale, PT, DPT, Ryan Zarzycki, PT, DPT, Jacob Capin, PT, DPT,
MS,

PURPOSE AND BACKGROUND

You are being asked to pariicipate in a study that will investigate knee function
and structure in individuals who have had an ACL injury and undergone reconstruction
(ACLR). You have been referred to this study because you have had an ACL injury and
undergone either non-operative management or ACL reconstruction and you were a
participant in a previous project evaluating the effects of perturbation training on people
with ACL injuries.

Participation in this research study is woluntary. This program will include testing
protocols we curmrently use in our clinic fo assess patients with ACL injury. Your surgeon
and physical therapist have agreed that all of the testing procedures included in the
study are acceptable.

The study includes questionnaires and x-rays. There will be a total of one to two
(1-2) testing sessions: one (1) testing session 5 years after your ACL reconstruction or
one to two (1-2) testing sessions for questionnaires and one (1) testing session for xrays
between 3-7 years following your ACL injury if non-operative management was
completed. This research study will involve approximately fifty (50) subjects with ACL
injury and reconstruction and twenty-five (25) subjects with ACL injury who underwent
non-operative management between the ages of 13-55 years. Persons of all sexes,
races, and ethnic orgins may serve as subjects for this study.

A description of each procedure and the approximate time it takes for each test and the
study procedure are outlined below.

Page 1 of 3 Subject's Initials
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PROCEDURES
Questionnaires

You will be asked to complete a test packet which includes questions about your
injury, past and current functional status, and perceived functional capabilities.

X-Rays

X-rays will take place at Abby Medical Center, One Centurian Drive, Newark, DE
19713, 5 years after your surgery or 3-7 years following your ACL injury if non-operative
management was completed. You will have two types of x-rays taken while you are
standing. These x-rays will allow us to look at the joint space in your injured knee, and
will help a radiologist (a medical doctor specializing in medical imaging) determine the
presence, severity, and location of any knee ostecarthritis you may have. These x-rays
will be locked in a cabinet for research purposes anly.

Risks/Discomfort

The x-rays that will be taken are the same type that physicians use during regular
clinical practice. This research study involves exposure to radiation from a standard
radiograph. This radiation exposure is not necessary for your medical care and is for
research purposes only. The total amount of radiation that you will receive in this study is
about 0.12 mSv or 12 mrem, and is approximately equivalent to a uniform whole body
exposure of 15 days of exposure to natural background radiation. This use involves
minimal risk per National Institutes of Health guidelines, and is necessary to obtain the
research information desired. To reduce exposure all subjects will wear a lead apron to
cover the rest of your body while the x-rays of your leg are captured.

Benefits

The benefits include comprehensive testing sessions that will document your
progress following surgery. The results of this study may help us improve the way we
treat patients with ACL injury.

Compensation

You will be paid an honorarium of $50 for completion of the questionnaires and
¥rays to compensate you for fravel expenses and the time involved. MNeither you, nor
your insurance company will be charged for the x-rays.

Confidentiality and records

Only the investigators, you and your physician will have access fo the data. All of
your data will be de-identified for the purposes of data management and processing.
Meither your name nor any identifying information will be used in publication or
presentation resulting from this study. A statistical report, which may include slides or
photographs which will not identify you, may be disclosed in a scientific paper. Data will
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UD IRE Approval from 02 72016 fo 03/14/2017

be archived indefinitely and may be used for secondary analysis of scientific and clinical
questions that arise from this research.

Study Title: Can Neuromuscular Training Alter Movement Pattems? (Renewal Period),
Experiment 1, Aim 2 {ongoing collection from current observational study).

Principal Investigator: Lynn Snyder-Mackler, PT, ScD

Co-investigators: Thomas Buchanan, PhD, Kurt Manal, PhD, Gregory Hicks, PT, PhD,
David Logerstedt, PT, MPT, Michael J. Axe, MD, Emily Gardinier, PhD, Kathleen White,
PT, DPT, Zakariya Mawasreh, BS, MS, Matthew Failla, PT, MSPT, Elizabeth Wellsandt,
PT, DPT, Amelia Arundale, PT, DPT, Ryan Zarzycki, PT, DPT

Subject's Statement:

| have read this consent/assent form and have discussed the procedure
described above with a principal investigator. | have been given the opportunity fo ask
guestions regarding this study, and they have been answered to my safisfaction. |If
you are injured during research procedures, you will be offered first aid at no cost o
you. If you need additional medical treatment, the cost of this treatment will be your
responsibility or that of your third-party payer (for example, your health insurance). By
signing this document you are not waiving any rights that you may have if injury was
the result of negligence of the university or its investigators. | have been fully
informed of the abowve described procedures, with its possible risks and benefits, and |
hereby consentfassent (for those under 18 years of age) to the procedures set forth
above._

If | am under 18 years of age, | understand that parental or guardian consent is
required. My parent or guardian has printed and signed hisfher name below.

Subject's Name Subject's Signature Date
Parent/Guardian’s Name Parent/Guardian’s Signaiure Date
Investigator Date

If you have any questions conceming the rights of individuals who agree fo participate in
research, you may contact the Institutional Review Board (302-831-2137). The
Institutional Review Board is created for the protection of human subjects involved in
research conducted at the University of Delaware.
Further questions regarding this study may be addressed to:
Lynn Snyder-Mackler, ScD, PT
Physical Therapy Department, (302) 831-3613
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Decreased Knee Joint Loading Associated
With Early Knee Osteoarthritis After
Anterior Cruciate Ligament Injury

Elizabeth Wellsandt,"® PT, Emily S. Gardinier,” PhD, Kurt Manal,™ PhD, Michael J. Axe, ™ MD,

Thomas S. Buchanan,’ PhD, and Lynn Snyder-Mackler,’ PT, ScD
Investigation performed at the University of Delaware, Newark, Delaware, USA

Background: Anterior cruciate ligament (ACL) injury predisposes ndhidwals to earty-onset dnes joint oateoartheitis (0A) Abnor-
mal joint koading i apparent after ACL injury and reconsinuction. The retatonehip between altered joint biomechanics and the
denvedopment of knes OA 3 unknown.

Hypothesis: Atered knee joint kinetics and medial comparment contact forces inftally after injury and reconstrection are asso-
ciated with radiographic knee OA 5 years after reconstruction.

Study Design: Case-control study, Leved of avidence, 3.

Methods: Individuals with acute, unilatersl ACL inury complated gait analyss before {baseline) and after (postiraining) preo per-
ative rehabiitation and at & montha, 1 year, and 2 yeam after reconatructon Surface electromyogsphic and knes omechanical
data sared a8 input to an electromyographically driven mueculoaksletal modal to estimate knee joint contact forcea. Patients

completed radingraphic teating 5 years after reconatruction. Differences in knee joint knetics and contact forces wene com parned
between patients with and Twooe withou radiographic knes OA.

Results: Patients with OA walked with greater frontal plane intedimb differences than those without 0/ (nonDA) at bassine |pesk
ke adducton moment difessnce: 0.00 + 0,08 N-mbgm [nonDA] va -015 £ 0.0 N-mdgm [OA], F = 1014; peak knes adducton
moment impulse difference: -0.001 + 0032 Nm-a/fg-m jpon0d] va 0048 + 0,031 N-makgm [0A], P = 042). The invohed Iimb
e adducion moment impuise of the growp with oatecarthnits was abo kower than that of the geoun without ostecathsite at base-
e (0UDBT + 0U0Z3 Wam-afkg-m [pondA] va 0.048 + 0.018 N-mafgm [0A), P =.023). Sgnificant group diferences were abaent at
poatiraning but reemenged & months afier reconstruction {peak knee adduction moment difference: 0002 = 0U04 N-mdug-m [non0a]
va -0.06 = 011 N-migm [OA], F= 043). In addition, the O& group walked with lower peak medial compariment contact forcea of
e Invohed limb than did the group without OA at & monthe 289 + 052 body weight fnon0A] va 2,10 = 0,69 body waight 048],
P=036)

Conclugion: Patients wiho had radiographic knee OA 5 years after ACL reconstruction walked with lower knes adduction mo-
ments and medial compartment joint contact forces than did those patients without OA eary after injury and reconstruction.

Keywords contact force; knes moment, koading; ostecarthritis; anterior cruciate ligament

The risk af knee esteoarthritis (0A) dramatieally inereases rates of knee OA at much younger ages compared with
afler anterior crucate ligament (ACL) resomstruction noninjured individuals®® The hallmark ostecarthritic
(ACLE)**™ Patients with ACL injury experience higher symptom of pain may be absent at the onset of knee
04 24 while the pressnce of chronie knes pain in younger

individuals is mot well assoelated with radiographie

“iddrem commpondance ta Elmabeth Waiband?, FT, Univamity of 045 Patentreported oulcomes of knee funetion are

Dalasara, 540 South Collage Avenua, Suite 21 mtﬂmﬂ A
LIS (arnail: ewaliearsud ol acki). e, 3 also poor diseriminators for the presence of knes OA afler

Minwamity of Calrwars, Howark, Oswars, LS ACL injury and ACLE™*" Thus, the initial development
Hnarsity of Miohigan, Ann Asar, Michigan, LESA. and progression of OA after ACL mjury can be difficult to
st Sate Orfopaedios, Newask, Dalaware, USA. predict and detect without the use of rouline imaging. Evi-
u%‘:::‘;"' i *ﬂ:_d;tm Ptk con- dence of altered blomechanies has been demonstrated
Matons rmrites of Heam HT'ME. Pl ARAges, Pan early after ACL injury and ACLE,**" and abnormal jeint
G T0xEEI) loading is a key mechamism that may contribute to the
early development of OA Tdentifying a link betwesn joint
Tha Amarcan Joumal of Spars Medcna, Val. 44, Na. 1 loading and OA is a eritical step in better understanding
DOk 101 177N SEITE and possibly prevenling early-onset knee joint OA

& 2015 The Authars)
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Comman surrogale messures of knee joint loading are
frontal and sagittal plane knes moments. Higher extemal
ke moments hive been associated with the presenoe: and
wverity of iiopathic knee OA in oder populations =237
However, edernal knee adduction and fledon moments
Ty bsern e putirtisd Lo e Loweer in the limb at risk for OA after
ACLE®**" Although it is clear that knee kinetics are
altened after ACL injury and ACLE, there is a lack of infr
mation about the effect of abnormal biomechanies on the
Tater development of 04

The external knee adduction moment is widely waed as an
ndieator of knee joint loading of the medial tibdal 1 e

The American Jowrnal of Sports Medicne

activities”™ before injury and demonstrated dynamic knee
instability after injury (noncopers)’’ Exclusion eriteria
inchuded concomitant repairable meniseus injuries, grade
IIT injury to other knes ligaments, and full-thickness artie-
ular cartilage lesion larger than 1 em® diagnosed before
ACLE or contralateral ACL injury after initial ACLE
Patients were enralled in this study after effusion, range
of motion (ROM), pain, and obvious gait impairments were
resolved by wse of the physical therapy protocol deseribed by
Hurd et al™ Study approval was granted by the institu-
tinnal review board at the University of Delaware, and all

partment AR My knge adduction moment. before
ACLE has nol been well chameterzed, while vahies higher
than, sgqual to, and lower than the ontralateral knee and
healthy controls have been reported al varying points in
time after ACLRS-®ARSSIAT noeliding reports of the
ke uddaction moment after surgery may be due to longite-
dinal changes in frontal plane kineties after ACLR™

Patients indtially walk with decressed esternal knee
flexion moments after ACL injury =424 Hapaver, it
& unclear how long these alterations persist aller
ACLR *5%53 42 with the knee adduction moment, it i
mol well understood whether unresolwed allerations in
the knee ledon moment after ACL injury and ACLE are
detrimental to long-Lerm knee joint health,

Hnee joint contact forces estimated by wse of museulos-
skeletal models are another method to quantify knes joint
bading. Models incorporaling electromyographie (EMG)
data may provide a maore comprehensive wnderstanding
all the kness loading emvireonment after ACL injury than
do joint moments alone, because these models can incorpo-
rate the contrilution of muscular eo-contraction in the esti-
mation of joint contact foross*™ Patients walk with
asymmetric knee joint contact forces after ACL injury,™®
and some demonstrate persistent asymmetries 6 months
after ACLR™ However, it is unknown whether these
almormal loading patberns precede early-onset koee OAL

The purpose of this study was to determine whether
knee joint moments and eontact forces early after injury
and ACLE were associated with radiographie knes OA 5
years after surgery. Drawing from previous work that
demonstrated wer knee joint kineties, "STOAHET e
ele forces, '™ and joint contact forees™ after ACL injury, we
hypothesized that altersd knee frontal and sagitial plane
kinetes and medial compartment contact foroes mitdally
after njury and ACLE would be associated with medial
compartment knee OA 5 years alter ACLE.

METHODS

Subjects

Twenty-two suljects between the ages of 14 and 51 years
with complete, unilateral ACL injury within the previoss
T months were included in this study as part of a larger
randomized controlled trial of 55 patients ™ All patients
were regular participants in International Koee Documen-
tation Committes actvity level Taor IT cutling and phroting

I: provided e Lt After study
enrollment, patients received additional preoper abive reha-
bilitation to further restore lower extremity strength and
neuramuscular sontrol ™ All patients underwent ACLE by
a single, board-certified orthopasdic surgeon using either
a d-hundle semitendinosus-graclis autograft or sall tssue
allografl with a medial and lateral portal and medial para-
patellar tendon incision. No surgiol procedures were per-
formed on any addibonal liganmentous knee structures.
Patients completed progressive, eriterion-based postopera-
tive rehabilitation eady after surgery.”

Testing

Testing consisted of gait analysis with EMG al 5 time
points: (1) presperatively afler rehabilitation to resalve
effusion, ROM, pain, and abvious gait impairments (base
line); (2) immediately after 10 sessions of ad ditional preop-
erative rehabilitation (posttraining); (3) 6 months after
ACLE after eriterion-based rehabilitation (6 months); (4)
1 year alter ACLR; and (5) 2 years after ACLE

Gait analysis was completed by use of an B-camera sys-
tem (VICON; Oxford Metries Lid) sampled at 120 Hz and 1
foree platform (Bertes Corp) sampled at 1080 Hz. Retrore-
flective markers were placed on bony landmarks at each
lower exremity, with rigid shells conlaining markers
placed at the pebds, thighs, and shanks"® Patients walked
at sellselected spead, which was maintained (5%
throughout the lesling session and subsequent Lesting ses-
sons, Stance phase joint angles and moments were calos-
lated by use of inverse dynamics within commereial
software (Visual 30 C-Motion). Moments were normalized
tomass (kilograms) and height (meters). Variables of inter-
esl mcluded the peak external koee addustion moment,
external knee addoction moment impulse during stanee
phase, and peak external knee Nexion maoment, DifTerences
between limbs were caleulated for each kinetie mensure
(invelved mims unimvobeed).

Surface EMG was collected at 1080 Hz (MA-300 EMG
Bystem; Motion Lab Systems) for 7 muscles on each Emb
(rectus femoris, medial and lateral vasti semitendinosus,
long head of biceps femoris, and medial and lateral gastro-
enemii). Patients completed maximal voluntary isometric
contractions Br each musele group to normalize EMG
amplitude during subsequent walking trials. Eaw EMG
data were high-pass filtered (second-order Butberworth,
30 Hz), rectified, and then low-pass filbered (second-order
Butterworth, 6 Hz), ereating a Enear envelope for maximal
voluntary isometrie contractions and walldng trialk.
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EMG-Drivan Madsling

Gait analysis and surface EMG data served as inputs to
a musculoskeletal model=™ for the estimation of joint con-
tact foroes, This model has demonstrated good repeatabil
ity™ and high accuracy when validated by wse of in vive
contact foree data recorded from an nstrumented koee
prosthesia™ In addition, sensitivity analyses conducted
on varying experimental inpuls to the model have demon-
strated that interlimb differences in peak contact forees
found within this study are much larger than estimated
potential error®® Contact forees for 10 of these patients
were intluded in the primary analyses of knee jointeontact
forees after acute ACL injury (“baseline™ bme point
[Gardinier et al) and after ACLE (“6 months® time point
[Gardinier et al*®).

The EMG-driven model of the knes inchided an anatomie
model that characterdzes the musculskelotal geometry,” an
activation dynamics model that characleries the ransfor-
mation of EMG (the neursl signal) to musele actwatlion,
anid a ontraction dynamies model that containg a Hill-type
mustle model and characterizes the transformation of mus-
de adivation to musele foree. The anatomie model contained
pelvis, femur, hia, mnd fool segments that were actuated by
W musele-tendon units and scaled according to subject
mnthropometry. The activalion dynamies amd oontraction
dynamics models contained adpstable musele paramelers
(see Gardiner o al'®) that are diffeult to accurately mes
sure in viva, inchuding optimal musele fiber length and ten-
don slack length, These parameters wen adjded during
a subject-specific mode]l calibration and were allowed to
vary within physiolgical bounds as deseribed previously
tmee Gardinder et al™ for Emits used). After the mode] was
mlibrated, musde foroes were predicted for the stance phase
ol 3 movel overground walking Lrials,

Medial eompartment contact force was calanlated by
Inlancing the external knes adduction moment (expressed
aboul the lateral compartment contact point, whidh was
fived at a distance of 25% of tibdal plateau width from the
knee joint center) with the internal addouction moments
dhse to the musde forees and the comtact foree in the medial
compartment®® The peak medial compartment contact fores
ooturring in the frst hall of stanoe was the discrete variable
all nterest for this stady, and the avemge of 3 Ldals was
used for analysis,

FRadiographs

Weighthearing postersanterior (PA) bent knee (307 radio-
graphs were completed 5 years after ACLRE and graded by
use of the Kellgren-Lawrence (KL) system. ™ The presence
al DA was defined as a KL grade >2 in the medial compart-
ment (graded by EW.; between-day kappa statistie: 00904,
F o 001 all KL grades verified by a board-certified ortho-
paedic surgeon ). Initial radiographs after ACL injury were
nol obtained; howewer, arbeular cartilage lesions were
assemsed during arthroscople evaluation at the dme of
ACLE. Two patients demonstrabed chronie articular eartd
lage changes at the medial femoral condyle during arthro-
soopie evaluation during ACLRE, One of these 2 patients

doint Loading and OA After ACL Injury M5

had OA in the medial compartment at 5 years, and the
other did not.

Statistical Analysis

Statistical analyses were completed with PASSW 230 soft-
ware (SP88 Inc)l Independent § tests and Fisher exact
Leswts were performed to test differences in demographies,
baseline characteristios, and concomitant infuries between
patients without radiographic knes OA (nonDA group) and
those with OA (0OA group) in the medial compartment 5
years after ACLE. Independent § tests were used o test
differences in loading measures for the imvobed Bmb
between the nonOA and OA groups (peak koes adduction
moment, knee adduction moment impulse, peak koes fex-
ion moment, and peak medial compartment contact foree)
and interlimb differences betwesn groups al each time
point for each of these measures, Effect sizes were calou-
lated for group differences in bading measures® Previ-
ously reported minimally detectable changes were used
Lo determine meanmghul asymmetry betwesn limls for
peak koee adduetion moment (0006 N-mbkg m), peak knee
Nedon moment (008 N ombkgm), and peak medial com-
partment contact foree (030 body weight [BW]L"" Statisti-
eal significance was set at P < 05,

RESULTS

In total, 22 subjects returned for radiographic testing 5
years alter ACLE (15 nonOA, 7 0A) (Figure 1), OF these
3 subjects, the number completing testing at each of
the 5 earlier ime points is deseribed in Table 1, A greater
proportion of subjects who completed testing at 2 years
who had OA at 5 years were female (nonQA: 9 males, 2
females; OA: 1 male, 4 females; P o= 036) No further
group differences existed for sex at other Lime poinls
(Table 1). No differences in age, mass, body mass indes
(BMI), preinjury activity level, time from inurey o base
line, time from injury to ACLE, or graft type were present
between groups (Table 1), The OA group walked more
slowly than the non(A group at 1 year (nonA: 1.64 =
0.12 mfs, OA: 149 = 0.04 m's; P = 035) but not at any
ather testing sessions (Table 1) The presence of conoomi-
tant meniseal or articular carlilage injuries identified
arthroscopically during ACLE did not differ between
groups at any time point for all compartments of the
invalved knes or specifically the medial dbiofemoral com-
partment (Table 1), Mo differences existed in additional
knee injuries or surgeries sustained between the time of
inidal ACL injury and S-year radiographic testing
(rnonCA: 1 ipsilateral retear, 1 ipsilateral partial posterior
eruciate ligament lear and meniscus tear; OA: 1 ipsilat-
eral retear) (Table 10

The OA group walked with lower peak koee adduction
moment than the non0A group, with significant interimb
differences and large effect sizes present at baseline (peak
knee adduction moment difference: 000 £ 008 N -mbkgm
[nonQA] va -0.15 = 0,08 Nm'kg-m [0A); P= 014) (Figure
2 A and B; see also the Appendiz, available online at
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TAELE

Demographic, Baseline, and Concomitant Injury Characteristios Between Those
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With and Without Radiographic Medial Compartment Knee OA 5 Years Alter ACLE®
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the knee adducton moment impulee (online Appendic). n=22 n =16
Al baseline, the OA group had lower koee adduction moment
impulse at the mvwlved imb than did the non04 group _H":'—“:ﬂ' Mo ot of area
08T = 0023 Nmakgm [nonQAl ve 0049 = 0018 nEl=2 n=4

Nmakgm [OA) P = 02 Figue ) and undedoaded
the involved limb compared with the ontralatem] Emb
(ke adduction moment impulse differena: 0000 = 00
Nmakg m [nonOA) va 0048 = 0081 Nmalkgm [OA]L
P = (4% with large effect sizes exhibited (Figure 200, Group
difTerences in knee addudion moment impulse were absent
after preopecative rehabditabion and ontinoed through 1
yenr afber surgery. AL 2 years, no differences at the imobed
Bmbea escigted between groups in the knee addudion moment
impulse, but the OA group had a significantly lower intedimb

Contalateral ACL

= npry
n=3

Mo prmsous motion
= analysis data

Figure 1. Flow disgram of study cohort. ACL, anteror cruci-

ate ligament.
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Fgure 2. Mean vabes for involved limb and interlimb differences in kinetic magsuwres and medial companment contact forces
[betwesen thoae with and without radiog mphic medial companment knes oatecartheitis (08 5 years after anterlor cruciate ligament
reconatruction. Effect aizea [ES) provided. *F < .05, Whiskers represent =1 standad deviation.

difference (lower koee addudion moment impuls on Lhe kgm monDA] ve <0021 + 0082 Nmakgm [DAL P =
irvalved limb, represented by a negative koee adduction A7) Pigure 2 C and D)

moment mpulse differene:) than the nonDA group (knes There were large differences between limbs in peak
adduction moment impulse diference: 00000 £ 0018 N-ma' knee fexion moment for both the OA and nonDA groups
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at baseline, with both groups demonstrating lower sagittal
plane moments on their imvoleed knee (Figure 2, E and F,
onlinge Appendix). Large interlimb differences oontimed in
the OA group at § months, However, these dilferences did
nol reach stalistieal significance belween groups at either
time point.

Large group diferences in peak medial compartment
eontact forees of invalved Embs were seen at baseline, 6
months, and 1 year, reaching statistical significance al 6
months (peak medial compariment contact foree: 280
052 BW [nonOA] ve 210 + 0.60 BW [OA] P = .036) (Fig
wre 3G and online Appendiz), Large interimb differences
were alko present betwesn groups at baseline and &
months (Figure ZH). Neither involved limb peak medial
compartment contact foree nor interlimb differences in
penk medial compartment eontact foree were different
besbwesn groups after preoperative rehabilitation

DISCUSSION

The purpose of this study was to determine whether load-
ing measures before and after ACLRE were associated with
knee OA 5 years alter surgery. Results indicate thal eom-
pared with subjects without radiographie 0A 5 years afler
surgery, those who did develop radiographic OA walked
with lower moments and contact forees at the invalved
lmb and had greater interimb differences early afler
njury and ACLE. Differences were largest and statisti
cally significant before preoperative rehabilitation and &
months after ACLE.

The current fndings are consistent with a growing
lody af evidensse suggesting that jeint unloading, nob over-
bading, may be associated with the caseade of early degen-
emhvecha::gu at the knee after ACL injury. ™" Koo and
Andrincehi™ suggested that healthy cartilage increases in
thickness in response to higher repetitive loading during
wialking, whereas Hoo et al (unpublished data, 2007) fmnd
that after ACL injury, joint unlbading is associated with
regional cartilage thinming The lower joint moments and
joint contact forces seen early after mjury and ACLE in
our subjects who went on o develop OA may be markers
for underlying structural allerations to olherwise healthy
articular eartilage before ACL mjury. In our study, joint
bading variales increased on the mvalvwed imb to levels
similar to the nonOA group by 1 year after ACLE. Although
it is unelear when early degenerative changes begin, the
inerense in loading at 2 years may not be tolembed if carti-
lagre structures are already deconditioned or deteriorating,
Purther work is needed to determine whether the more
symmetric loading present at 2 years will eventually lead
Lo joint overloading as the degereralion progresses.

Bevenof 22 patients demonstrated radiographic knee OA
ol 5 years after ACLE A recent systematic review indicated
that cartilage degeneration detected by magnetic resonanoe
imaging (MRI) accurs before radiographic evidence. *” Tibial
eartiage thinning is evident on ME] as early as 4 months
alter isalated ACL injury,'® and these changes persist
despite ACLE™ The accurrence of preoperative attieular
eartilage changes highlights the mportance of sulficient

The American Jowrnal of Sports Medicne

and purpossful rehabdlitation before surgery, In the present
study, despite resolution of knee joint effusion, ROM, pain,
and olwious gail mpairments, there were significant differ-
ences in frontal plane moments and also notalle differences
in medial compartment joinl contad forees at baseline
between suljects who later developed radiographic OA AT
af these group diffrenes were cmsiderably smaller afler
an addibonal 10 rehabilitalion sessions largeling further
strength and nevromuscular improvements before surgery,
It is likely that more subjects than the 7 in our study with
radiographic OA exhibited early signs of eartilage degener-
ation, Wendnger et al®® reported that nearly % of patients
demanstrated cartilage degeneration on MEI 28 years afler
ACLE but only 11% had radiogmphic knee OA Early reha-
bilitation programs both before and after ACLE may be
a primary maodifinble companent b restore knee biomedian-
s and modify the eourse of earkr-onset knee OA

The knee adduction moment was lower in the OA group
when compared with both the contralateral imb and the
involved limb of the nonDA group early after mjury and
surgery. Previous conflicting evidence regarding whether
the knee adduetion moment is inereased or decrensed after
ACLE may be a result of failing to dichotomize ACL-
injured subjects by the presence of later knee OA and Lo
comsider bogituding]l changes in frontal plase bading
after ACL injury, Webster and collagues®™™™® reparted
a lower knee adduction moment at M) months after
ACLRE compared with both the contralateral Emb and
healthy controls, which improved at 3 years, which is con-
sigtent with current fndings within the OA group in the
present study, However, Webster ot al*® reported the
absence of interlimb differences in the knee adduction
mament at 20 months, while our 2-year results in the OA
group show large between-limb differences for both the
peak knee adduction moment and knee addustion moment
impulse, consistent with 26-month fndings by Zalala
et al * Previous research has reported that betwesn 35
and 5.3 years afler ACLE, patients have koee adduction
moment values that are greater than, equal o, and less
than those of healthy controls ™ Purther analysis is
redquired within our cohort to determine whether this
period represents a eritical Lime when a shilt o overload-
ing patterns becomes evident.

Bignificant differences in peak knee adduetion moment
and koee addvetion moment impulse betwesn the nomCA
and OA group were present at baseline bul nol after preop-
erative rehabilitation. Subjects with OA demonstrated
larger asymmetries between limbs in peak knes adduction
moment and knee addwuction moment impulse and lower
knee adduction moment impulse on the imvolved Bmb at
baseline, which normalized afler rehabilitation. Mean-
while, the mon0A group walked with symmetrie frontal
plans moments at both points in time. Early identification
of mdividuals at high risk of early-onset knes OA and
determination of sufficient preoperative rehabilitation dos-
ages may play a key role in curbing the unloading tenden-
cles ol certain indbdduals and potential pathway of
irreversible knee joint OA

Sagittal plane moments undoubtedly play a role in
deseribing the bading emdranment of the knee’s medial
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compartment '* Previous work has established that the
penk knee Nexion moment is lower both before and afler
ACLR S84 Thye negative nterlimb differences
i the peak ke Mexion moment found for both the nonOA
amd OA groups at each dme point further support this
trend for involeed limb unlbading. Although only 7 of 22
subjects had radiographic knee OA at 5 years, the majority
will likely develop radiographic knee OA within 15 years of
surgery.” Itis possible that sagittal plane moments may be
associated with ovwerall bng-term risk of koee OA while
frontal plane moments may better differentiate subjects
at risk of earlier radiographie knee OA present within 5
years of ACLE.

Six months after ACLE, differences belwesn groups for
both imvalved Emb peak knee Nedon moment and inter-
Emb difference in peak knes fexion moment were nol sta-
tstieally significant, which is nol comsistent with the
findings of others ™™ The limited sample size in our cur-
rent study may have restricted achievement of signifieant
fndings. However, large effect sizes were present for
both measures, suggesting that sagittal plane kineties
may also play a role in the early nset of koee OA,

Medinl compartment joint contact forees estimated by
use of an EMG-driven musculoskeletal model differed
between subjects who did and these who did not develop
radiographic knee OA at 5 years, An inherent strength of
using this approach to deseribe the knee's loading environ-
ment is that it incorporates indbddual musels asthration
patterns, which are known to be allersd afler ACL
mjury™ M in addition te joint biomechanies. The OA
group walked with lower medial compartment contact
forees of the mnvalved limb and large mnterlimb differenoes
at baseline and 6 months after ACLE when compared
with subjects without radingraphic knee OA. Large differ-
enoes between groups for the involved Emb contact forees
also persisted at 1 year. Previous work within this solort
found that medial compartment oontact foroes were signil
ieantly less in the injured kmb before ACLE than in the
contralateral limb, ** When these subjects were separated
by the presence of knee OA al 5 years and their baseline
data were analyzed, it was found that the nvalved medial
compartment of the OA group was loaded nearly one-hall
EW less than the mvaolved limb of the nonOA group at
baseline. The OA group alse had searly an entive BW
greater loading difference relative to the comtralateral
Emb compared with the non0A group al baseline. Again,
these group differences were eliminated after additional
ent in the OA group before and after surgery further
highlights the key contributions that not only joint biome
chanies bul alss musele activation patterns may provide Lo
the development of early knes OA The more compreben-
atve approach undertaken by the musculbskeletal model
o estimate pint loading, inchiding the use of frontal and
sagittal plane kinetics with eo-contraction estimales via
EMG inpul, may provide enhanced insight into the devel
apment of OA compared with kinetic measures alone, Pur-
ther work & peeded to determine whether relative
eontributions of muscle activation and joint biomechanies
o joint eontact foress differ betwesn OA groups.

doint Loading and OA After ACL Injfury M8

Coneomitant menscus and articular eartdage injuries
inerense the risk of degenerative changes in the knee afler
ACL injury =547 HQowever, mo subjects within either
group posssssed acute eartilage mjury at the time of
ACLR, and the proportion of meniseal injuries did not dif-
fer between subjects who did or did not go on to develop
radiographic OA by 5 years. There were also no differences
in the socurrence of addidonal knee injuries or surgery
during the time from mitial ACL injury to S-year radio-
graphic testing between those with and without OA aL 5
years, The current findings do nob refute previous fndings
regarding the mereased OA risk assocdated with coneomi-
tant injuries. Given our findings, however, the strong asse-
ciation belwesn biomechanieal alterations and future knee
joint degeneration can be attributed to ACL rupture inds
pendent o additional knee joint damage.

Previous studies reported that female sex inereases the
risk for development of primary knee 04 ™% and it has
been suggested that this risk factor may play a role in
the risk of OA after ACL injury,™ However, mare recent
studies havwe shown no risk factar of sex® and further
that male patients are at higher risk of knes OA afler
ACL injury.™ Of our patients who completed testing o 2
years, a larger proportion of these who went on to demon-
strate OA at 5 years were female (4 females, 1 malke) com-
pared with the nonDA group (2 females, i males ). Women
are more likely than men o demonstrate dynamic knee
instability after sustaining an ACL injury,™ and within
those subjects with poor dynamie stabdity, women demon-
strate greater biomechanical asymmetries than men.® The
altered biomechanies n individuals with poor dynamic
knee stability™™ may place women at higher risk of early
development of OA after ACL injury.

Age, obesity, and manual labor af the dme of injury are
additional factors that inereass the risk of developing knee
OA after ACL injury but are diffeult to modify, ** Clinical
signs such as muscle weakness have been linked to the
development of primary knee OA, but modifialle risk fae-
tors related to koee OA after ACL injury are largely
unknown ™ The identifieation of chinical tests and meas-
ures that relate sther to underbring altered joint Home
chanies or directly to the development of knes OA after
ACL injury are needed to effectively sereen patients at
greatest risk for postiraumatie OA in whom targeted pre-
vention strategies will be most efective.

Limitations do exdst within the present study, Sample
sizes are limited at each time point. The small sample size
likely resulted in grup diffrences that demonstrated large
effel sines bul lacked statistieal significance. Cmition must
be demonstmted in drawing firm cmchisions from effel
sizes when statistically signifimnt group diffrenees are
not present, which warrants future stody with the use of
a larger sample. Purther, some subjects were not bested at
chromological conchisions regarding loading  patterns.
Despite these limitations, il & important Lo nole that this
study is the first of its kind to demonstmte a link between
altersd movement patterns and radiographic evidence of
knes OA after ACL injury. Further work is necessary Lo
determine whether the presence of koee OA and altered
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knee joint bomechanies after ACL injury is also related to
alteresd medianies at the hip and ankle,

CONCLUSION

Patients with radiographic knee OAat 5 years after ACLR
walked with lower knee adduction moments and medial
compartment joint contact forces in the involved limb
than did patients without OA early after injury and recon-
struction. Hnee joint loading became more similar bel ween
the groups at 1 year after ACLE. The Gme span betwesn
njury and 2 years after ACLE may represent a eritical
period during which articular eartilage health & highly
sensitive o joint unloading and cartilage deconditioning.
Further work is needed to determine effective rehabiita-
Hon strategies o both identify and amend these altersd
bading patterns sssociated with early-onsel knes OA; in
addition, research is needed o evaluate whether loading
strategries differ greater than 2 years after ACLE betwesn
thise who do and do not go on o develop radiographic knee
OA

ACKNOWLEDGMENT
The authors acknowledge Drs Wendy Hurd, Erin

Hartigan, and Stephanie Ii Stasl for their assistanos
with data eollection.

REFEREMCES

1. Adams D, Log it D& Hunts A, Axs WU, Sryder
Mackior L. Curent concep®s for antedor onuciate ligament moon -
stucton a ortedon-besed mhabiltaton progression. J Ovthop
Sports Fhys Ther, 2012427601614

2. Andracchi TP, Koo S, Scanlan SF. Gait machan ios influenca haalthy
cartisge mophology and ostmoarthits of T nea. J Bone Joint
Surg Am. 2008591 (suppl 15:85-101.

3. Barenius B, Porzer &, Shalabl A, Bujak R, Morin L Edlemon K.
Inoreasad riek of ostecarfvits atter ameror onuciate ligamant moon -
struclo @ 14-year il study of a mndomized oonfrolisd frial
Am J Sports Med. 201443081 048-1087.

4. Buohanan TS, Uoyd DG, Manal K, Besir TF. Neummusoulosiosintal
madeling: estmation of muscis fomes and joint moments and move-
mans fom mesusmaens of neural command. J App! Bbmech.
200 40T 385,

5. Butir R, Minkck K, Forber B, Undersood F. Galt mschanios after
ACL moonstruction: implications for $he early onset of knes ostecar-
thits B J Sport Med. 2008 a

6. Cohen J Sitstal Power Amalysis for the Betaviors Solences. Hil-
sdala, M Lywrenos Erbaumn Associate s 1988 55T

7. Daninl DM, Sore ML Dobson BE, Ashion DO, Bosaman DU,
Kaufman KA. Fate of tha ACL-injumd patient: a prospactvae outooma
study. Am J Sports Med' 1S TASE X -64e.

8. Dep L, Loan JP, Hoy MG, Zajpa FE, Topp EL, Raosen JM. in imerac-
tiva gaphics-hased modal of tha ibwer e dmmity i study orthapando
sugioal pooedums. EEE Trans Bbmed Eng. 198037 T57-TET.

8. DiSaasi 51, Snyder-Mackier L The efiects of neuromu soular fraining
on tha gait pattems of AC L-deficlent men and womaen. Cifn Bbmech.
B0 2730365,

10. Dutinll LD, Southgate DFL, Gulad V, MoGmgor AH. Balanos and gait
adapations in with aarly knee ostecartrits. Galt Fostum.

201433 1057-1061.

1.

a.

The American Jowrnal of Sports Medicne

Fizgemld &, Axe MJ, Snyder-Mackder L A decision-makdng
schemae for reluming patents io high-vel actity with nonopeative
tmatment afer aneror ouoete Igament upture. Knee Surg Sport
Trumatol Arthrosc. 2000

A2
. Fomughil M, Smith A, Varwanseein B. The associafion of etemal

nea adducton maomant with biomechanical wriabies in ostecartrk
tis: a systematio mview. Knee. 2009;16:303-309.

. Feoball A8, Roms HP, Roos B, Rosmar P, Farstam J, Loh mander

LE Tmatment for acute anfedor om oite lgament tear: five year out-
coma of mndomised il BALL 2013346 023

. Gardinier E, Di Sasi 5, Manal K, Buchanan T, Smyder-Mackier L

Knae contact fome asymmaties in patens who faled retumn-to-
sport madiness oiteria § months afer ameror oucate lgament
recomstructon. Am J Sports Med. 2014420122917 2508,

. Gardinier E, Manal K. Mtored lasding In the injured knes sfer ACL

ruptum, J Orhop R, 2013:31: 458464,

. Gardner E5, Manal K, Budhanan TS, Smyder-dackder L Gait and

ISR LSl s T atries after aoute ACL nuptum. Med' Sof Sport
Exare. 201244 (8140014586 .

. Gardinir EX Manal K, Buchanan TS, Sryder-basckder L Minmum

detectahia change for knea joint contact fome estmates using an
EMGrdriven model. Gaft Postum. 2012.38:1081-1083.

. Hannan MT, Felson DT, Pinous T. Aralysis of #w dscodancs

batweon = changes and knea pain in ostecartwits of
tia ke J Rhsomadol. 2000, 2718131817,

. Hastigan E, Axcs M.J, Snyder-bMackder | Perurhation fraining prior io

ACL reconstucion impmwes gait asymmaeties in non-oopes. J
COvthop Res. 200827060 T24-729.

. Hastigan EH, #om M.L Smyder-dackder L Tma line for nonoopers 1o

pass rewm-io-spars oriteria after antedior oruciate ligament recan-
stucton. . Orthop Sport Bys Ther, 20 1AEE141-154.

- Hafll F, Wullsr'W, Jakob AP, Staubll HUL Evaluatinn of knas lgamant

injures with tha KDC fom. Knee Swy Sport Traumein! Asttvosc.
1S (3L 2 3,

. Hirosa J, Mishicka H, Okamotio N, ot al. Attiouler cariage lsions

inorezse eary cartiage degeneration n kneos Tmated by anmeror
orudiate ligament moonstruction: Tl mapping esaluaton and 1-
yoar fnllow-up. Am J Sports Med!, 201 341235 3-2361.

. Haim |, Glestad BE, Risharg MA, Auna AK. Mo difieenos in knea

funotion or pevaisnca of ostecarfuts after recomstucton of e
anfeior ouciate Igament with 4-s¥and hamsting autogralt versus
pafsiiar endor-bone mtograft a randomized study with 10-year
tolow-un. Am J Sponts Med'. 2010383044 8454

. Hoopar DM, Morssay MG, Dracheer Wi, Oark NG, Coutts B, Moo

lifin TE. Gait analysis & and 12 months afer amerior cruclate ligament:
reconsuction sugery. Oih Orop Redet B, 2002403 168-178.

. Hossaini A, Van Da Velde & GITL UG Thiclemoml cartiage con-

tact bomechanios in paients afler moonstucion of a nuptued ante-
rior cruciate ligament. J Orthop Res. 2012:30:1781-1788.

. Humd WA, Aoca M., Snyder-Mackier L A 10-year prospectivs il of

a patent management algorihm and somening ecamination for
highly active individuals with antedor cruciate ligament injury, part
1: ouioomes. Am J Sports Med'. 200 8:36]1p40-47 .

. Humd WAL, Ase W, Srryder-Mackder L Infusncs of aga, gender, and

Iinjury machaniam on tha developmaent of dynamio knea stahillty after
aoute ACL ruptum. J Orthop Sport Plys Ther. 2008.38020:36-41.

- Hued W, Seycer-bscider L Knase instahilty afier souts ACL ruptums

afiecs mowment pattems duwing the mid-stanos phase of gait
J Orthop Res. 2007, 2610013631377,

. Jarmsan FPA, du Més AWF, van Vallssnbu J, Sala HAGM, Tsang

CM. Amerior ouciate ligament moonstruction with 4-stand ham-
s¥ring autograft and accelemted rehahilitation: a 10-year prospectiva
study on dinical results, knes ostecarfits and s padicions. Knee
Swrg Sport Tmumatol Artrosc. 201 3212197 7-1988,

. Kallgmn JH, Lawmnos J& Radologoal assessment of osteo-

arfwosis. Ann Rheomn Dfs. 1957; 1644045020

Koo %, #ndrimochi TP. & comparison of T influence of global funo-
tionalloads . local contact anatomy on arfoulsr carflage Ticknes
at tha knoa. J Blomech. 200740 2961-2966.

oo frorm assgazb. oo nt LN OF DELAWARE LI on Jsraary 12, 3054

184



AJEM Vol 44, No. 1, 2018

2. Landry SC, Mokean K, Hubley-Kozey (1, Stanish WD, Deluzio K1
Knea biomach anios of moderate O patents measured dudng gait at
a salf-salected and fast walking spead. J Slomech. 2007 4001754 -
1781

3. Lewek MD, Rudoiph KS, Smyder-Mackier L Contral of frontal plane
mea ladty duing gait n patents wh madial L]
mieartrits. Osioadrils Cantlage. 20041 2:745-T51.

3. UAT, Lomnz &, ¥u Y, Hamer CO, Fu FH, lrgang AL Pedictos of
mdogmpho knee cswoxtiits afer antedor cucite ligament
moonstnuction. Am J Sporis Med. 201 1:3801 226682603 .

35, Lohmander LS, Englund P, Dahi LL, Roos EM. The long-%em oon-
squance of antedor cruciate lgament and mensous injuies: osteo-
athits Am J Sponts Med. 20073817 56-176.

36 Manal K, Buchanan TE. An elecinonmyog mem -diven musculoskosistal
madal oftha knes to padict in viso joint contact foross durng nommal
and novel gait pattems. J Blomech Eng. 2013135021014,

7. Mondesmann A, Dyby OO, Anddacchi TF. Secondary gait changes
np with madial comp nea oste cartings: inomased
bad at T ankde, knea, and hip duing walking. Arttks B heom.
DO08AD: PEIS-DRLL.

3. Jiverin 54, Foison DT, Reed J, Crlo P, Walosr 5. Inddencs of
sympiomato hand, hip, and pe osecarf®s among patents in
& healh mainienanos o) Artwid Fhaumn . BR324 1141,

3. Patterson MR, Delafunt E, Caulfinld B. Peak knes adducfion momant
during gait in anterior om ciate ligament moon structed females. Cih
Bbmech. 201428-138-142

40. Fetersson IF, Boagdrd T, Saoma T, Siiman Al Svensson B. Radio-
gaphic csimoarthits of the knes cessifind by the Ahlbick and Kell-
g & Lawmnon syshems for the Shiclemoml [pint in people aged 35 -
54 yoars with ohwonio knea pain. Ann Sheum Dis. 1997, 56490406

41. Ancoewsid LA, Lyman J, Salmon L, Fussall V., Roa J, Linkiater J. &
10-puar comparson of anfelor onuoits ligamant moonstuctions
Wt hams¥ing endon and patellar tendon autograft a contmilad,
prospectve tial Am J Sports Med. 2007 354564574,

42, Foewer BD, DN Stsi 51, Sryder-Mackder L. Quadiceps strangth and
weight accepiancs sategies continue o improve two years after
amaror ouciate ligament moonstucion. J Slomech. 20114410
1848- 1953

43 Rudoiph K& Axe Ml Buchanan TS, Scholz JP, Sryder-Mackder L
Dynamic stahilty in e ameror oruciate lgament deficient knes.
Know Surg Sport Trumatol Arfaroso . 2001 SE0E2-T1.

44, Rudolph KS, Exstinok ME, fos b, Smyder-Mackier L 1 938 Basma -
jan Sxdent Sward Paper Movement paBems afier antedor cnuciate
lgamant inury: a compasison of patents who compansate wall for
T injury and those who require opemtve sablimtion. J Ebatmo-
myogr Kinesiol. 19988:349-300

doint Loading and OA After ACL Injury 151

45 Erbcanth W, Fryer JU, Zhal G, Wirmenberg TW, Hosmar D, Jones G A&
matz-analyss of sax diferences pevalence, incidenca and sevenity
of ostenartvits. Ostecartits Cantiage. 2008137 65-T81.

4. Van Da Veide 5K, Bingham JT, Hossaini A, ot al inoressed Shioke-
moral carSlage oonfact defonmation in patienis with anterior onuciate
ligarnent deficien oy, Anthiils Fiheom . 2 0086036 83-3702.

47. Van Encical A, Verdonk P, Wivouw E Cartinge adapiation after
anferior onuciate ligamaent inury and moonstruction: implications for
limical managemant and mesaam 7 A systemato mview of Dngiudi-
nal MAl studes. Ostecartits Cantiage. 20132121 0091024,

48. Varma RK, Dusiell LD, Mativeani D, MoGregor AH. Knes momants of
anfedor onuciate ligament reconstructa d and contml partoipants dur-
ing normal and incdined walking. BAL Cpen. 2014480e00 4753,

43 ‘Walter JF, D'Uma DD, Cobwell O Jr, Fregly 8. Decreased knes
adduction momant does not guaanies decressed medal contact
tome during gait. J Orthop Aes. 2010 28010013481 354,

50. Webster KE, Feller JA. Allemtions in joint knematios duing walking
folowing hamsting and pawilar tendon antedor oruciate lgamaent
reconstuction sugery. Cin Bbmech. 2011;26:178-180.

51. Wabster KE, Faller JA. The ke add m n g and
patiiartondon anterion oruciate Igament reconstructed nees. Knee
Swrg Sport Tmumato! Arfrosc. 201 2280221 4-2218.

2. Wahstar KE, Faller JUi, Wittwar JE Longitudinal ohan ges in knea joint
biomechanios duing leval wallkdng e O Ruciate
mant moonstRuction surgery. Gat Posiae. 201 236167171,

53 Walnier KE, MoClsland A, Palacroin SE, Santamars L, Faller S0
Gander diiernoss in the knes adduotion momant afier antedor ook
ate ligamant remnstnucton sumery. BrJ Spors Misd., 201246:355-353

54 Wabster KE, Withwer [E, (FBden [ Folor M. Goit patiers after
anfedor oruciate lgamaent reconstruction are related o gaft typa.
Am J Sporis Med. 200833247254

55, 'N-'-prl" Zifoo B, Liska M, Spitaler R, Palnika H, Hetz H. Anterior

orudiate Igament reconstruction using autngras and double blode-
gradabie femoml omss-pin fxaton: funclonal, and MR
oulnoma after 2-year minmum folos-un. Knee Swrg Sport Trauman!
Artrosc. 20081658 8-995

5. Winby OR, Uoyd DG Besber TF, Kik TE. Musos and exteral bad
conrbulion o knea pint contact laads during nommal gait. J Bio-
mech. 2004314

&7. .E-ﬂIE.Fn-J,E_'mE Donaiue J, Snddacchil TP, Thess-
dimansional knes moments of ACL moomstrucied and contml sub-
joos dwing gait, star ascent and star descent J Bbmech.
201341 5520,

58, Zhao D, Banks 54, Mitchell KH, DUma 0D, Cobwal CW, Freghy BUL
Cormiaton batssan the knes adduction orque and medical contaot
foma for a warety of gatt patierns. J Orthop Res. 2007, 25783797,

For reprints and permission queriss, please vist S2AGES Web site at httpe! wers s apap oh. comfenrmals Parmd szl ons. nav

oo frorm assgazb. oo nt LN OF DELAWARE LI on Jsraary 12, 3054

185



