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Abstract

With an estimated 200,000 anterior cruciate ligament reconstructions performed annually in the
United States, there is an emphasis on determining patient-specific information to help educate
patients on expected clinically relevant outcomes. The Multicenter Orthopaedic Outcomes
Network consortium was created in 2002 to enroll and longitudinally follow a large population
cohort of anterior cruciate ligament reconstructions. The study group has enrolled >4,400 anterior
cruciate ligament reconstructions from seven institutions to establish the large level | prospective
anterior cruciate ligament reconstruction outcomes cohort. The group has become more than a
database with information regarding anterior cruciate ligament injuries; it has helped to establish a
new benchmark for conducting multicenter, multisurgeon orthopaedic research. The changes in
anterior cruciate ligament reconstruction practice resulting from the group include the use of
autograft for high school, college, and competitive athletes in their primary anterior cruciate
ligament reconstructions. Other modifications include treatment options for meniscus and cartilage
injuries, as well as lifestyle choices made after anterior cruciate ligament reconstruction.

Anterior cruciate ligament (ACL) tears are the most common orthopaedic knee ligament
injuries, with younger, more active persons at highest risk. These injuries can result in
impaired function, especially during high-level competitive sports;! thus, the standard of
care for a ruptured ACL in persons who place a high demand on the ligament is an
arthroscopic autograft reconstruction of the damaged ligament.2 It is estimated that 175,000
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to 200,000 ACL reconstructions are performed annually in the United States.3 The rationale
is to restore knee biomechanics, thus allowing patients to return to cutting and pivoting
sports, as well as minimizing the risk of subsequent menisci and articular cartilage damage,
and potentially retarding the process of posttraumatic knee joint osteoarthritis. With an
increasingly active population and increased numbers of injuries, emphasis needs to be
placed on high-quality research related to ACL reconstruction, rehabilitation, and prevention
to establish patient-specific predictive models of clinically important outcomes.

The original concept for the Multicenter Orthopaedic Outcomes Network (MOON) was
originated in 1993 by the three senior authors (Dr. Parker, Dr. Spindler, Dr. Andrish). This
was first known as the Vanderbilt Sports Medicine—Cleveland Clinic Foundation ACL
Reconstruction Registry. These early studies identified the following factors as independent
predictors of poor outcome at 5 years: an audible pop at the time of injury, a recent weight
increase, and a lower number of years of education. The initial efforts evolved into the
inclusion of seven institutions (Cleveland Clinic Foundation, Vanderbilt Orthopaedic
Institute, The Ohio State University, University of lowa, Washington University, Hospital
for Special Surgery, and University of Colorado) with 17 surgeons; >4,400 ACL
reconstructions have been registered to establish the largest prospective longitudinal ACL
reconstruction cohort in the United States.

Agreement Among Surgeons

In the setting of a multicenter trial with multiple surgeons, it is imperative to have reliable
and reproducible arthroscopic evaluation and documentation of the intra-articular pathology.
Prior to enrolling patients into the MOON cohort, a validated consensus on pathology
definitions, as well as inter-rater agreement tests for meniscal and articular cartilage
pathology, was completed. Multi-rater kappa statistics were used to measure agreement
among surgeons; kappa represents a chance-adjusted statistic used to evaluate the observed
agreement present between raters that is beyond the agreement due to chance alone.
Expected agreement (ie, the probability that two surgeons provide the same response to a
specific question regarding any given patient) and observed agreement (ie, the probability
that two surgeons give the same response to a specific question for a specific patient)
contribute to kappa statistics (Table 1):

K= expected agreement—observed agreement

1 — expected agreement

Dunn et al® validated the classification of meniscal lesions, with seven surgeons reviewing
arthroscopic videos of 18 meniscal tears. With an observed agreement of type (73%, « =
0.63), location (87%, k = 0.67), and treatment (84%, k = 0.66) of the meniscal tears, it was
concluded that surgeons may grade meniscal tears through the arthroscope reliably and
reproducibly. Meanwhile, Marx et al® studied the validity of articular cartilage pathology,
with six surgeons reviewing 53 arthroscopic videos of articular cartilage pathology. Overall,
the observed agreement was 80% (x = 0.47). All medial and lateral articular lesions were in
substantial to almost perfect agreement, with the exception of the medial (x = 0.34) and
lateral (x = 0.51) tibial plateau. The patella had almost perfect agreement and the trochlea
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had substantial agreement. Therefore, arthroscopic grading of cartilage lesions was
reproducible among the different centers with multiple surgeons.

The Use of Patient-reported Outcome Measures

During the last decade in medical outcomes research, a paradigm shift has occurred,
changing from a focus on clinician-derived outcome measures to the addition of
psychometrically designed patient-reported outcome (PRO) measures. These new tools have
been tested and validated and are typically one of two types of measures, general health or
disease specific. One of the advantages of PRO measures is that they are self-administered;
thus, evaluator bias is eliminated. In the prospective longitudinal cohort design of the
MOON group, a series of five validated outcome measures were collected at baseline
(within 2 weeks of surgery) and again at follow-up (at a minimum of 2 years and 6 years
after ACL reconstruction). The PRO instruments used were administered in the following
sequence: the Knee Injury and Osteoarthritis Outcome Score (KOOS, five subscales), the
Western Ontario and McMaster Universities (WOMAC) Osteoarthritis Index, the Marx
Activity Rating Scale, the Medical Outcomes Study 36-Item Short Form, and the
International Knee Documentation Committee subjective knee evaluation form.

The KOOS assesses sports injuries in young and middle-aged athletes. This tool helps to
evaluate both short- and long-term effects of the injury and the potential for the development
of osteoarthritis.” The five subscale measures include pain, symptoms, activities of daily
living, sports and recreation function, and knee-related quality of life. The most responsive
subscale of the KOOS is the knee-related quality of life. The WOMAC is a PRO that is
condition-specific for osteoarthritis for the lower extremity. This is the most frequently used
PRO for the lower extremity because of its sensitivity to change and efficacy of use.811 The
WOMAC is completely contained within the KOOS subscales of pain, symptoms, and
activities of daily living.

The Marx Activity Rating Scale is an activity assessment that is used in conjunction with
joint-specific and general health outcome measures.12 This scale evaluates the level of
symptoms and disability of the patient in relation to his or her activity level. The patient is
asked about the components of physical function that are common to different sporting
activities; the scale consists of four questions that assess the patient’s ability to run, cut,
decelerate, and pivot. Each one of these activities is scored on a scale from 0 (performing
the task <1 time per month) to 4 (performing the task >4 times per week) for a total of 16
points. The score has been shown to positively correlate with patient activity and returning
to pivoting sports and to correlate inversely with age.12:13

The Medical Outcomes Study 36-Item Short Form is a general health PRO measure. This
scale may be used to compare musculoskeletal and non-musculoskeletal diseases and
conditions across the medical spectrum.14 This is the most frequently used general health
outcome measure, and it has an important role in health policy development as well as
clinical practice and research.1®
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The International Knee Documentation Committee is a knee-specific PRO measure. This
measure was psychometrically designed as a PRO questionnaire in 1999 by the American
Orthopaedic Society of Sports Medicine.16 The strength of this form lies in its simplicity (18
questions) and its ability to assess any knee condition.

Lessons for Clinical Decision Making

Preoperative Factors of Knee Pain

It has been postulated that increased knee pain at the time of ACL reconstruction may
predict a more difficult rehabilitation, a prolonged time to pain-free recovery, and/or be
associated with more knee pain at 2 years after surgery. Dunn et all’ prospectively
investigated in the MOON cohort the effect of various preoperative factors on knee pain at
index ACL reconstruction. Of the 525 patients analyzed, 419 patients (80%) presented with
a bone bruise on MRI. Bone bruises were present in younger patients with a mechanism not
involving jumping; however, bone bruises were not found to have any effect on pain or
symptoms. A multivariable analysis was completed; increased pain and symptoms at the
time of ACL reconstruction were associated with higher body mass index (BMI), female
gender, and concurrent lateral collateral ligament injury.

Concomitant Intra-articular Pathology

During ACL reconstruction, concomitant intra-articular pathologies, such as meniscal tears
and articular cartilage injuries, are usually present. Borchers et al8 studied these injuries in
the MOON and the Multicenter ACL Revision Study (MARS) prospective cohorts. Five
hundred eight patients (taken from the MOON cohort) underwent primary ACL revision
(ACLR), and 281 patients (taken from the MARS cohort) underwent revision reconstruction.
Meniscal injuries were the most common injury found in both the primary and the revision
procedures; lateral meniscal tears were more common in the primary surgery cohort, and the
prevalence of medial meniscal tears was similar between the primary and revision groups.
This study also confirmed that a history of a previous meniscectomy is a risk factor for
future chondral damage in both the medial and the lateral compartments. Previous
meniscectomies play a greater role in chondral damage than does an ACL rupture alone in
both primary and revision ACL reconstructions.

With the high prevalence of meniscal tears associated with ACL tears, meniscal repairs are a
necessary component of the ACL reconstruction procedure to help minimize the potential
for posttraumatic osteoarthritis. Toman et al? retrospectively reviewed a prospective cohort
of 437 ACL reconstructions with 82 concomitant meniscal repairs (54 medial and 28 lateral)
with a minimum 2-year follow-up. Longitudinal tears were the most common type of
meniscal tear present in both the medial and the lateral compartments. Most of these tears
were repaired with an all-inside technique (65 of 82 patients [80%]). Overall, regardless of
the repair technique, a 96% clinical success rate was seen at 2-year follow-up, defined as no
repeat surgery for clinically symptomatic re-tears.
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A tear of the reconstructed ACL graft can be a devastating event, with the risk factor for
graft failure largely unknown. Kaeding et al20 prospectively investigated predictors of graft
failure in a cohort of approximately 1,000 ACLRs. A predictive regression model was
created by a single surgeon’s ACL reconstruction collection over a 2-year period. This was
then validated with data from the rest of the MOON cohort. Using multivariable analysis,
ACL graft choice and patient age were the most predictive variables of graft failure across
all surgeons. Reconstruction with an allograft had a rate of failure that was four times higher
than that of reconstruction with autograft. Patients who were aged 10 to 19 years had the
highest risk of failure. For each 10-year decrease in age, the odds of graft failure increased
2.3 times. Patient characteristics (gender and BMI) and surgical considerations (meniscal
pathology and revision ACL) were not associated with an increased risk of graft failure.
Figure 1 demonstrates the risk of reinjury in patients with autograft versus allograft
reconstructions, as well as the age of the patient at failure.

Intraoperative Decision Making

Inappropriate tunnel placement is thought to be the most common technical and preventable
cause of ACL reconstruction failure, leading to poor anterior-posterior rotational stability
and/or increased graft stress that can be a risk factor for failure. Revision surgery is more
technically challenging than primary reconstruction, and the outcomes are significantly
poorer.21:22 Thus, preventing these failures is imperative. Several postoperative imaging
techniques have been described to analyze tunnel placement accuracy.

Sullivan et al23 investigated the reliability of various radiographic measurements of ACL
tunnels. This was performed by 12 MOON surgeons in 73 cadaver specimens. The
measurements included those described by Harner et al,2* Aglietti et al, 2> and Jonsson et
al?8 (Figure 2).

Intraclass correlation coefficients were used to determine the reliability of these
measurements: excellent, >0.75; good, 0.4 to 0.7; and poor, <0.40. For most of the
measurements, the reliability of ACL tunnels measures was good to excellent. Excellent
reliability was found for the tibial tunnel angle and tunnel measurement, the clock-face
measurement, and the measurements by Aglietti et al?® and Jonsson et al.26

Meanwhile, Wolf et al27 evaluated the MOON intersurgeon and intrasurgeon variability of

ACL tunnel placement. Seventy-eight patients who underwent ACL reconstruction by eight
MOON surgeons were investigated by means of postoperative CT. These MOON surgeons

were relatively consistent with their ACL tunnel placement; 85% of the femoral tunnels and
90% of the tibial tunnels were placed within literature-based guidelines (Figures 3 and 4).

In terms of intrasurgeon variability, consistency between surgeons was evident; however,
tunnel placement was variable in regard to condylar depth. This was postulated to be the
result of differences in individual surgeons’ tunnel placement preference, but ultimately
these differences were not felt to be clinically significant.
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Finally, McConkey et al?® investigated arthroscopic agreement of ACL tunnel placement
using transtibial, medial portal, or two-incision techniques. This study was performed on a
single day in a cadaver wet laboratory with 12 MOON knee surgeons. The surgeons were
chosen in a manner to ensure that there was an even distribution of surgeons who performed
each of these ACL reconstruction techniques. Additionally, experience level was recorded,
and each technique had two surgeons with >9 years of clinical experience after fellowship
and two surgeons with <6 years of clinical experience.

Tunnel placement was evaluated arthroscopically by the operating surgeon and an
independent reviewing surgeon. Tunnels were also evaluated by three-dimensional (3D) CT
imaging. Overall, it was concluded that surgeons do not agree on the appropriate placement
of single-bundle ACL tunnels. Operating surgeons were more likely to approve of their
tunnels compared with the reviewing surgeon. Meanwhile, the reviewing surgeon was found
to provide a more critical evaluation compared with the reports issued based on the 3D CT
findings. Finally, it was subjectively concluded that the transtibial technique yielded more
poorly placed tunnels.

Rehabilitation

Wright et al2930 performed a two-part systematic review of the level I and I1 literature
evaluating rehabilitation after ACL reconstruction. To establish evidence-based MOON
postoperative ACL reconstruction guidelines, a thorough analysis of the literature resulted in
a total of 54 studies for this review. Continuous passive motion was found to have no
rehabilitation benefit, with increasing costs to the patient. Early knee range of motion was
deemed safe, and its use was felt to prevent arthrofibrosis. Meanwhile, immediate weight
bearing was observed to be beneficial and was believed to decrease patellofemoral pain.
Any type of postoperative bracing did not offer any rehabilitation advantage compared with
no bracing. Home-based rehabilitation was found to be safe, leading to successful ACL
reconstruction rehabilitation with no complications.

The second part of this systematic review focused on specific individual aspects of the
rehabilitation process.2? Closed-chain exercises were observed to be the appropriate
protocol for the first 6 weeks of rehabilitation. High-intensity neuromuscular electrical
stimulation was considered safe to implement in the early rehabilitation phase. It is believed
that this stimulation may help to improve quadriceps strength, but it was not deemed
necessary for a successful rehabilitation. Finally, an accelerated rehabilitation protocol with
recovery by 5 to 6 months was found to be safe. The information from both of these
systematic reviews, as well as the input of physical therapists, was used to design
standardized rehabilitation guidelines for the MOON group.

Postoperative Outcomes and Predictors after Anterior Cruciate Ligament

Reconstruction

Dunn et al3! prospectively evaluated the MOON database for predictors of Marx activity
level at 2 years following ACL reconstruction. In the MOON cohort, 45% of patients were
able to return to the same or higher level of activity. The strongest predictor for return to
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activity was the patients’ preoperative activity level. An additional factor for return to
activity was a low BMI. Factors that were associated with a lower level of activity after
surgery were female gender, smoking within 6 months before surgery, and ACLR.

In terms of return to specific sports, the MOON group investigated the return to play in
football and soccer athletes within the cohort. McCullough et al32 studied the return to play
for high school-level and college-level football. The rate of return to play was similar
between the two groups (high school, 63%; college, 69%). When these athletes were
interviewed, 43% returned to their previous level of play, 27% returned to a lower level of
play, and 30% were not able to return to play. Of the athletes who did not return to play,
50% cited fear of reinjury or further damage as the critical factor for not returning to play at
any level of competition.

Meanwhile, Brophy et al®3 studied the return to play and future ACL injury risk after ACL
reconstruction in soccer athletes. Overall, 72% of these athletes (76% male, 67% female)
were able to return to play at an average of 12.2 to 14.3 months following reconstruction. Of
this group, 85% were able to return to the same level of play as that before their injury or a
higher level of play than that before their injury.

At an average 7-year follow-up, only 36% of the athletes were still playing; older athletes
and females were less likely to return to soccer. Within this cohort, there were 12 additional
ACL injuries (9 contralateral, 3 ipsilateral), with females more likely to undergo additional
ACL surgery. Furthermore, the authors found that athletes who had ACL reconstruction on
the nondominant leg had a higher rate of contralateral ACL reconstruction (16%) than did
those who had ACL reconstruction on the dominant leg (3.5%).

Hettrich et al3* examined the rate of subsequent surgery at short-term (2 years) and mid-
term (6 years) follow-up in 980 patients. At 6-year follow-up, 285 of 905 patients underwent
further knee surgery: ipsilateral knee (185 patients, 18.9%) and contralateral knee (100
patients, 10.2%). The rates of ipsilateral ACL graft rupture and contralateral normal ACL
tears were similar (7.7% versus 6.4%, respectively). Risk factors for subsequent surgery
were younger age at the index reconstruction and the use of allograft.

Complications

Anterior Cruciate Ligament Graft Rupture

The most distressing complication of an ACL reconstruction is a rupture of the reconstructed
ACL graft. The graft may fail as a result of traumatic overload, poor surgical technique,
undiagnosed concurrent knee injuries, or failure of the graft to biologically incorporate. At a
minimum 5-year follow-up, graft rupture rates have been estimated to be 5.8%.3% Wright et
al3® found that ACLR reconstructions have worse patient-reported outcomes than do
primary reconstructions. The MARS group is a large multicenter (52 sites), multisurgeon
(83 participating surgeons), prospective cohort that was developed to determine modifiable
predictors of clinical outcome.

The MARS group, consisting of 87 surgeons contributing 460 patients, described the
epidemiology of this devastating reinjury.3” The most commonly reported single mode of
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failure was traumatic reinjury (32%), followed by technical error (24%); femoral tunnel
placement was reported as the most common cause of technical failure. Graft choice for the
initial reconstruction was autograft (70%), followed by allograft (27%). Meanwhile, for the
revision procedure, allograft was the most commonly used graft, followed by autograft. The
most frequently used surgical technique for the initial surgery was arthroscopic single
incision (81%), followed by arthroscopic two-incision (16%). Articular cartilage and
meniscal injuries were very common in this population.

Contralateral Anterior Cruciate Ligament Rupture

Wright et al38 investigated contralateral ACL injury during the first 2 years after ACL
reconstruction. In an evaluation of 235 patients, there were 14 ACL injuries that included 7
injuries of the intact contralateral knee (3%) and 7 injuries of the ipsilateral reconstructed
knee (3%). Meanwhile, Wright et al38 performed a systematic review of six level I and 11
prospective studies with a minimum 5-year follow-up of 2,026 patients. The authors’
findings showed the risk of ACL graft rupture in the ipsilateral knee to be half that of the
contralateral normal knee (5.8% and 11.8%, respectively).

Societal and Economic Impact of Anterior Cruciate Ligament Tears

Mather et al3? investigated the short- and long-term outcomes of ACL injuries and
treatment. The cost-effectiveness of ACL reconstruction was compared with patients who
were treated with only rehabilitation at 10 weeks or less. A Markov decision model was
applied to a cohort of patients from the MOON database to estimate the total societal
savings associated with ACL reconstruction (Figure 5). This model compared direct medical
costs with indirect costs, such as lost wages from work and disability payment for both the
surgical and the nonsurgical groups. Quality-adjusted life years (QALY's) were used to
determine treatment effectiveness, with the costs based on the 2012 United States dollar.

Short-to-intermediate results found that the mean incremental cost of ACL reconstruction
was $4,503 less than that of rehabilitation, with reconstruction providing an incremental
QALY gain of 0.18. For a person undergoing ACL reconstruction, long-term outcomes
determined that the mean lifetime cost to society was $38,121, compared with $88,538 for a
patient who was treated with rehabilitation only, with a QALY gain of 0.72. The authors
concluded that limiting ACL reconstruction potentially could be harmful to not only the
patient because of the risk of the development of knee osteoarthritis, but also to society
because ACL reconstruction demonstrated improved QALY at a lower cost compared with
rehabilitation.

MOON Impact on Orthopaedics

The MOON group is not a registry of ACL reconstructions, but rather a hypothesis-driven,
prospective, longitudinal population cohort designed to determine prognosis and predictors
of ACLR outcomes. The impact has been to provide a model for multicenter, multisurgeon
orthopaedic research and comparative effectiveness research in orthopaedics. This
challenges the current experience-based physician decision-making model, replacing it with
higher-level evidence for physicians to use in discussion with patients about their prognosis,
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treatment options, and lifestyle choices that affect the knee. For example, the knowledge that
failure of ACL reconstruction is age- and allograft-dependent has led to changes in clinical
practice; surgeons now avoid the use of allograft in young athletes.

Furthermore, the MOON group has led to several spinoff ventures. Not only has the MARS
group for ACLR been launched, but most Meniscal Tear and Osteoarthritis Research
(MeTeOR) sites have been established where MOON and MARS study groups are present.
MeTeOR is a multicenter randomized controlled trial comparing surgical and nonsurgical
management for mild to moderate osteoarthritis with meniscal injury; the results have
influenced our treatment algorithms for these patients.4%41 The MOON Shoulder group has
also been established. Additionally, the KOOS patient-reported outcome measure is similar
to the outcome measures in the Swedish and Norwegian ACL registries, thus allowing for
cross-cultural collaboration for discovery of common modifiable predictors to improve ACL
reconstruction outcomes?*2

MOON has laid a foundation on several future fronts. First, the modifiable predictors of
ACLR outcomes thus far identified provide opportunities for further investigation (when
appropriate) in randomized controlled trials. For example, we expect to perform an ACL
prevention trial using neuromuscular training techniques on patients at the highest risk who
have been identified within the MOON cohort. Other potential clinical trials include using
the latest tissue engineering technology to substitute for meniscus loss or for grade 111 and
IV articular cartilage injuries to determine if outcomes can be improved. Second, the high
follow-up rate (approximately 85%) reported with patient-reported outcomes can serve as a
model for monitoring clinical practice or for comparative effectiveness in discrete episodes
of care, such as an acute injury or surgery. Third, we are currently exploring the relationship
between patient-reported outcomes and physical examination and structural measures (eg,
radiographs, KT-1000, functional hop testing); these studies should provide interesting
insights. Finally, the results thus far suggest that a minimum 10-year follow-up may be
required to differentiate the clinically successful ACLR and the avoidance of posttraumatic
osteoarthritis from the ACLRs that have poor outcomes with or without osteoarthritis.

It has been 10 years since the first MOON publication, with more than 40 subsequent
publications to date. The investigations that have been identified from this prospective
longitudinal cohort will continue to help clarify modifiable and nonmodifiable predictors
related to injury, intraoperative decision making and treatment, postoperative rehabilitation,
and behavioral characteristics that contribute to a spectrum of clinically relevant outcomes.
This has subsequently had a direct impact on providing both the physician and the patient
with the highest quality evidence (ie, prospective longitudinal cohort) for decision making,
with the goal of improving the outcomes of most ACL reconstructions.
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Figure 1.
Probability of re-tear (in percentage on vertical axis) for autograft versus allograft by age for

the combined consortium cohort.
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Figure 2.
lllustrations describing each radiographic measurement. A, Harner et al?* (%). B, Aglietti et

al?5/Jonsson et al?® (%). C, Notch height (%). D, Clock face on Rosenberg view (degrees).
E, Tibial medial-lateral position (%). F, Tibial anterior-posterior position (%). G, Tibial
sagittal tunnel angle (degrees). H, Tibial coronal tunnel angle (degrees).
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Figure 3.
Sagittal three-dimensional CT demonstrating acceptable femoral tunnel placement ranges

for depth (c/C) of 0 to 0.55 and height (n/N) of 0.2 to 0.65. The depth was calculated as a
percentage of the anterior-to-posterior dimension of the lateral femoral condyle (c/C) with
the posterior edge of the condyle as 0%. Tunnel height is the maximal height of the
intracondylar notch with the notch apex designated as 0% (n/N).
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Figure4.
Axial three-dimensional CT demonstrating acceptable tibial tunnel placement ranges for

anterior to posterior (a/A) of 0.3 to 0.55 and medial to lateral (m/M) of 0.4 to 0.51. Tibial
tunnel aperature location is calculated as a percentage of plateau width from the medial edge
of the tibia (m/M). The depth of the tibia plateau is measured from the anterior edge (a/A).
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Figure5.
Health state diagram. The diagram demonstrates the clinical pathway of patients within the

decision model. Patient health states include either a stable or an unstable knee, and patients
can undergo reoperation consisting of meniscal repair, meniscectomy, manipulation under
anesthesia, or hardware removal. ACL = anterior cruciate ligament, OA = osteoarthritis.
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Table 1

Criteria to Evaluate Kappa Agreement Statistics

KappaValue | Interpretation

Below 0.0 Poor agreement
0.00-0.20 Slight agreement
0.21-0.40 Fair agreement

0.41-0.60 Moderate agreement
0.61-0.80 Substantial agreement
0.81-1.00 Almost perfect agreement
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