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Anterior cruciate ligament (ACL) tears are a common injury, particularly in the athletic and youth populations. The known
association between ACL injury and subsequent osteoarthritis (OA) of the knee merits a more in-depth understanding of
the relationship between the ACL-injured knee and osteoarthritis. ACL injury, especially with concomitant meniscal or other
ligamentous pathology, predisposes the knee to an increased risk of osteoarthritis. ACL insufficiency results in deterioration of
the normal physiologic knee bending culminating in increased anterior tibial translation and increased internal tibial rotation.
This leads to increased mean contact stresses in the posterior medial and lateral compartments under anterior and rotational
loading. However, surgical reconstruction of the ACL has not been shown to reduce the risk of future OA development back
to baseline and has variability based on operative factors of graft choice, timing of surgery, presence of meniscal and chondral
abnormalities, and surgical technique. Known strategies to prevent OA development are applicable to patients with ACL deficiency
or afterACL reconstruction and includeweightmanagement, avoidance of excessivemusculoskeletal loading, and strength training.
Reconstruction of the ACL does not necessarily prevent osteoarthritis inmany of these patients andmay depend on several external
variables.

1. Introduction

Unlike many tendons and ligaments, a torn anterior cruciate
ligament (ACL) rarely heals into its anatomic or physiologic
position. It is commonly associated with damage to the
menisci, other ligaments, articular cartilage, and subchondral
or cancellous bone [1–3]. These associated injuries can occur
concurrently with the acute ACL injury, as well as over time
in the ACL-deficient knee [1]. Notching can occur in chronic
ACL injury from violation and bony loss at the anterolat-
eral femoral condyle due to impaction from the anterolat-
eral and/or posterolateral tibial rim and meniscus in this
region [1]. Subchondral sclerosis, meniscal degeneration, and
osteochondral defects are also commonly observed in the
chronic ACL-deficient knee [1]. Reticular patterns involv-
ing medullary edema comprise approximately 70% of such
lesions, and geographic patterns of bone bruise have been
observed in 66% of the patient population [1–4].

Research demonstrates that adolescents and young adults
who sustain an ACL injury are at a substantially increased
risk for the development of future osteoarthritis (OA) in the
patellofemoral and tibiofemoral joints [1, 3–9]. OA in this
situation is defined by objective structural findings including
cartilaginous wear or joint-line changes via radiographic
imaging or direct visualization. Some studies suggest that as
many as 80% of ACL injured knees may demonstrate radio-
graphic evidence of OA at 5 to 15 years after initial injury,
especially with concomitant meniscal damage [3, 4, 10–
12]. Basic science studies have demonstrated an increase in
biomarker concentrations of cartilage turnover after ACL
injury, indicating a role in the OA process [13]. Patients with
severe radiographic osteoarthritis have poorer health-related
quality of life, and as such the clinical impact is significant
[14]. Additionally, research has shown that individuals who
sustained an ACL injury while playing soccer had a 51%
higher chance of developing radiographic changes secondary
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to OA 12–14 years after injury [15, 16] and that the risk of
developing OA increased 100 times in athletes who have
sustained a knee injury [17, 18]. In light of these findings, it
is not surprising that only one study has shown that knee car-
tilage can remain preserved 20 years after ACL injury without
reconstruction [19].

While injury to knee articular cartilage, menisci, and/or
other ligaments is thought to contribute to the development
of OA in the ACL-deficient knee, secondary injury due to
instability and alterations in the normal biomechanics of the
knee is also thought to play a role in the development of OA
[9, 20–25]. Therefore, ACL injury has a dramatic impact on
the normal kinematics of the knee joint by making it highly
susceptible to further injury, chronic instability, and long-
term degenerative changes.

Current literature in ACL reconstruction has demon-
strated reproducible medium-term favorable clinical results
with low complication and graft failure rates, high rates of
negative pivot-shift testing, and similar KT-1000 arthrometer
measurements between operative and contralateral knees
[26]. While surgery aims to reproduce native ACL anatomy,
the best attempts at ACL reconstruction continue to fall short
of optimally restoring normal kinematics of the knee joint. As
a result, secondary lesions and degenerative changes continue
to impact the ACL-reconstructed population. A recent meta-
analysis of nine long-term studies noted an incidence of
20% (121 of 596) of ACL-injured knees exhibiting moderate
or severe radiologic changes (grade III or IV) compared to
just 5% (23 of 465) of contralateral uninjured knees. The
authors reported that the relative risk of developing minimal
osteoarthritic changes following ACL injury was 3.89 regard-
less of whether or not patients had surgery, while relative risk
of developing moderate to severe OA was 3.84 [27]. A recent
trial by Barenius et al. [28] reported that at 14-year follow-
up from ACL reconstruction an incidence of 57% of OA was
significantly greater than the 18% of OA cases in the con-
tralateral knee, with OAmost frequently found in the medial
compartment. A retrospective case series by Leiter et al. [29]
similarly concluded that knees which underwent ACLR had
a significantly greater incidence and severity of OA than their
non-ACL-injured counterparts. In a cross-sectional study by
Roos et al. [30], patients with injury to the ACL showed the
first radiologic signs of OA (joint space narrowing) at an
average age of about 40 years.

2. ACL Structure and Kinematic Function

The primary function of ligamentous structures about the
knee is to resist tensile forces in line with their functional axis.
Complex knee kinematics include multiple axes of rotation,
which are constantly changing under physiologic loads [31].
Therefore, forces across the knee are absorbed and counter-
balanced by selective engagement of fiber bundles within the
various ligaments in response to the flexion angle and load
applied. Consequently, individual ligamentous structures,
such as the ACL, may function as primary or secondary
stabilizers depending upon the position of the limb in space
[32].

The cruciate ligaments are the primary stabilizers of
anteroposterior translation of the tibia relative to the femur
when the knee is flexed, providing more than 80% of resis-
tance at flexion angles from 30 to 90 degrees [32]. At these
flexion angles, structures such as the iliotibial band, collateral
ligaments, joint capsule, andmenisci provide little to no addi-
tional secondary restraint [32]. Anterior tibial translation is
the greatest between 20 and 45 degrees of flexion [33]. At flex-
ion angles greater than 90 degrees, both components of the
MCL become important anteroposterior stabilizers.

Biomechanical studies have also revealed that sectioning
of the ACL results in a significant increase of internal tibial
rotation near extension, while additional sectioning of the
collateral ligaments produced no further increases, indicating
that the ACL is also an important restraint against inter-
nal rotation moments during flexion-extension [34, 35]. At
increasing flexion angles, anterolateral and posteromedial
capsular structures are recruited during internal rotation as
the ACL slackens and the posterior cruciate ligament tightens
[31].

Between 20 degrees of flexion and full extension, the cru-
ciate ligaments contribute to rotation between the tibia and
femur known as the “screw home”mechanism, which is a key
element in knee stability for standing upright. During normal
gait, the tibia internally rotates during swing phase and
external rotation occurs during terminal extension due to the
difference in the radius of curvature of themedial and smaller
lateral condyle. The net result is tightening of both cruciate
ligaments which locks the knee with the tibia in a position of
maximal stability with respect to the femur.

2.1. The ACL-Deficient Knee. Deficiency of the ACL results
in suboptimal kinematics as effective transfer of loads relies
on mechanical stability. ACL insufficiency causes deteriora-
tion of the physiologic roll-glide mechanism culminating in
increased anterior tibial translation as well as increased inter-
nal tibial rotation [31]. It results in increased mean contact
stress in themedial and lateral compartment posterior sectors
under anterior and rotational loads, respectively [36]. With
muscular fatigue or poor neuromuscular control, patients
experience combined anterior and rotatory instability as a
subluxation of the tibiofemoral joint. Ultimately, failure of a
primary restraint such as the ACL necessitates recruitment of
secondary structures (e.g., menisci) in order to resist external
forces and to stabilize joint motion. The higher loads borne
by secondary structures may render them more susceptible
to degeneration or secondary failure (Figure 1).

Numerous biomechanical studies on the ACL-deficient
knee have been performed to better understand the altered
kinematics at the knee with this anatomical change. As the
knee moves from extension into 70 degrees of knee flexion
duringwall squatting, the tibia is significantlymore internally
rotated in an ACL-deficient knee possibly interfering with
the “screw-home” mechanism of tibiofemoral kinematics
[37].Three-dimensional tibiofemoral kinematics of the ACL-
deficient knee during upright weight-bearing flexion demon-
strate posterior subluxation of the lateral femoral condyle at
early positions of flexion, with concomitant excess external
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Figure 1: AP and sunrise knee radiographic images of a 29-year-old male patient at (a-b) 8 months and (c-d) 30 months after an acute ACL
injury. The images show progression of osteoarthritic changes in a young male with an ACL-deficient knee.

femoral rotation; the lateral condyle moves slightly posteri-
orly causing reduced external femoral rotation during flexion
from the 15 to 60 degrees arc [38]. During stair ascent and
descent, as well as during the entire gait cycle, ACL-deficient
knees display a more varus and internally rotated tibial posi-
tionwhen compared to ACL-intact knees [39, 40]. Significant
reductions in extension were observed during the midstance
in ACL-deficient knees [39] but with significantly higher
anterior tibial translation and higher flexion angles than
the intact contralateral side [41], and significantly decreased
flexor and extensor muscle groups about the knee are present
[42]. In high-demand activities such as side cutting motions,
theACL-deficient knee increases offset toward less valgus and
more external tibial rotation potentially as an adaptation to
avoid pivot shift dynamically [43].

There have additionally been multiple biomechanical
analyses on the knee after ACLR to assess for restoration of
native kinematics about the joint; these have almost uni-
formly found that abnormalities in kinematics are not elimi-
nated with reconstruction of the ACL. Step length, maximum
knee flexion angle during loading response, walking speed,
threshold to detect passive motion, and joint position sense
are found to be restored after ACLR; however, no significant
improvements are observed in maximum angular knee flex-
ion excursion during stance, peak knee flexion moment dur-
ing walking, peak knee flexion angle, or maximum external
tibial rotation angle throughout the gait cycle [44]. Gao et al.
found that ACL reconstructed knees were more similar to
normal spatiotemporal gait parameters and joint kinematics
but still with deficits in comparison to ACL-intact knees [40].

Significant reductions in extension were observed during the
swing phase in ACL-deficient knees [39]. The quadriceps
remain weak even up to 6 months after ACLR, potentially
contributing to altered mechanics about the knee [45].

3. Concomitant Bone, Cartilage, and
Synovial Pathology with ACL Injury

ACL injury leads to anterior subluxation of the tibia with
impaction of the posterior lateral tibial plateau against the
anterior aspect of the lateral femoral condyle and can cause
significant bony and cartilaginous injury to these regions
[46]. Cortical depression fractures seen as differing volumes
of bonemarrow edema after ACL injury are often present and
found to be associated with lower clinical outcome scores at 1
year after ACLR [46]. Rarely, more widespread bone contu-
sions at the inferior patella and anteromedial tibial plateau
have been described [47].

Cartilage injury that is associated with ACL injury has
been extensively evaluated with advanced imaging studies,
including quantitative T(1)p MRI [48]. Potter et al. [49]
prospectively evaluated 40 knees with acute, isolated ACL
injury and found that all patients sustained chondral injury
acutely at the time of ACL tear.With use ofmorphologicMRI
and quantitative T2 mapping, the following adjusted risks of
cartilage loss over time were reported: two-time baseline for
the lateral compartment and medial femoral condyle and 3-
time baseline for the patella at 1 year after injury. Adjusted
risks were also fifty-time baseline for the lateral femoral con-
dyle, thirty-time baseline for the patella, and 19-time baseline
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Figure 2: (a) Anteroposterior (AP) and (b) sunrise view of the right knee in a 39-year-old female patient who underwent ACL reconstruction
withmedial meniscectomy at the age of 33 after sustaining an ACL tear with concomitant medial meniscus andMCL tears.These radiographs
demonstrate joint space narrowing, particularly in themedial and patellofemoral compartments, consistent with early osteoarthritic changes.

for the medial femoral condyle at 7 to 11 years after injury.
There was additionally an association between the initial
size of bone marrow edema pattern and subsequent cartilage
degeneration [49].The cartilage overlying a consequent bone
marrow edema-like lesion after ACL injury is reported to
have persistent T(1p)MRI signal changes at 1 year after injury
despite improvement of the bony changes; these MRI signal
changes additionally demonstrate that the superficial layers of
cartilage at site of injury have greater matrix damage than the
deep layers at the lateral tibia after ACL tear [50]. The MRI
T(1)p changes still do not return to baseline over the pos-
terolateral tibial cartilage, in addition to T2 MRI quantitative
values in the cartilage over the central medial femoral con-
dyle, even 2 years after ACLR [51]. All of these aforemen-
tioned changes may correlate to the eventual development of
posttraumatic OA in the knee after ACL injury and ACLR.

It is proposed that synovial biomarkersmay provide prog-
nostic indicators of OA in ACL-deficient and reconstructed
patients before radiographic damage is evident and may rep-
resent a continued inflammatory state of the knee. Synovial
fluid biomarkers demonstrate elevated collagen turnover in
both deficient and reconstructed patients, and reconstructed
patients show continued elevated synovial inflammatory
cytokines postoperatively compared to preoperative values
[52]. Increased levels of the proinflammatory cytokines
Interleukin- (IL-) 6, IL-8, interferon gamma, macrophage
inflammatory protein 1B, and monocyte chemotactic protein
in the acute phase (as early as 1 day) after ACL injury are
hypothesized to play a role in triggering early cartilage
catabolism [53, 54]. C-reactive protein (CRP), as a marker of
ongoing tissue damage, is additionally elevated significantly
at day 3 after an ACL injury before returning thereafter to
preinjury normal values [55]. Elevated serum levels of a chon-
droitin sulfate epitopeWF6 are additionally found in patients
after ACL injury and may be helpful in the future as early
assays for detection of posttraumatic OA development [56].

4. Knee-Related Risk Factors

4.1. Meniscectomy. Approximately 50% of ACL tears are
believed to be accompanied by meniscal injury at the time
of the acute injury, while in the chronic ACL-deficient knee,
meniscal tears have been observed in as high as 80% of the
patient population [3, 9]. Meniscectomy might be the most
important risk factor for developing knee osteoarthritis after
an ACL injury (Figures 2 and 3). A review of risk factors
responsible for the development of knee OA after surgical
management of meniscal tears highlighted a significantly
higher outcome score regarding osteoarthritis when partial
meniscectomywas performed compared to subtotal and total
meniscectomy [57]. The authors thus concluded that the
amount ofmeniscus resectedwas themost important surgical
predictive factor for the development of OA. In evaluating
the risk factors predictive of tibiofemoral OA after ACLR,
the strongest discriminator wasmeniscectomy per the cohort
study by Keays et al. [58]; this was also the strongest predictor
of patellofemoral OA. In their systematic review of the
literature, Øiestad et al. [59] detailed that the most frequently
reported risk factor for the development of knee OA was
meniscal injury (defined as either meniscectomy, meniscal
tear, or meniscal surgery) in the 7 prospective and 24 ret-
rospective studies included. A nested cohort analysis within
the MOON (Multicenter Orthopaedic Outcomes Network)
database determined that ACL reconstructed knees with
meniscectomy had more narrowminimum joint space width
compared to their contralateral normal knees [60].

4.2. Graft Choice. A systematic review of autograft choice
comparing hamstring and patellar tendon autografts iden-
tified no difference between grafts in clinical assessment
or patient-reported outcomes [61]. ACL reconstruction pro-
vides good short and intermediate-term results, regardless of
graft used [62–64], but degenerative changes in knee cartilage
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Figure 3: Arthroscopic images depicting arthritic changes in the same 39-year-old female patient described in Figure 1, who underwent ACL
reconstruction with medial meniscectomy at the age of 33 after sustaining an ACL tear with concomitant medial meniscus and MCL tears.

can become apparent with time after surgery [65] and there is
potential for increased incidence of OA in the patellar tendon
group [61, 66]. A prospective comparison study of ham-
string and patellar tendon autograft has additionally demon-
strated significantly higher rates of radiologically detectable
patellofemoral OA (grade A: 46% in patellar tendon and 69%
in hamstring tendon use) [67]. Barenius et al. [28] did not
report any significant difference in OA of the medial com-
partment with use of BPTB or quadrupled semitendinosus
tendon graft at 14 years afterACLR, although the data trended
toward higher OA after BPTB as well (65% versus 49%).
This association with less OA may be a result of the lessened
relative alteration in native knee joint mechanics inherent to
hamstring graft harvest [7], but this relationship is contro-
versial and has yet to be definitively proven in the literature.
In evaluating the risk factors predictive of tibiofemoral OA
after ACLR, patellar tendon grafts were the second strongest
discriminator per the cohort study by Keays et al. [58].

4.3. Conservative versus Surgical Treatment. ACL injury alone
is a well-known risk factor for the development of knee OA
with orwithout reconstruction [68]. Retrospectively, the rates
of radiographic OA and limitations in activities of daily living
are the highest in nonreconstructed patients with concomi-
tant knee injuries. The authors also found that ACL recon-
struction did not prevent the development of OA but did

lead to a lower prevalence of its onset in some studies [69].
Other studies, by contrast, have found more radiographic
evidence of OA changes in surgically repaired ACL cohorts
when compared to those with chronic ACL deficiency treated
nonoperatively [70]. Any damage sustained after ACL injury
has important clinical implicationswhenACL reconstruction
is being considered. A systematic review of the literature
illustrated that surgical reconstruction of the ACL is superior
to conservative treatment [11, 71] because it offers the best
approach for reestablishing normal joint kinematics and
structural integrity and thusminimizing the likelihood of the
affected knee suffering further joint injury or deterioration
[71]. While multiple factors confound the issue including
concomitant meniscal injury, surgical technique, and patient
activity levels [7], the meta-analysis by Aljuied et al. [27]
reported a significantly higher relative risk (4.98) of devel-
oping any grade of OA after nonoperative treatment of an
ACL-injured knee than those treated with reconstruction
(3.62). Additionally, revision reconstruction patients have
been shown to havemore signs ofOAandworsened quality of
life than their primary counterparts [72]. A recent systematic
review of the literature by Chalmers et al. [73], however, did
not find any significant differences in radiographically evi-
dent OA in a cohort of 1484 total patients who had undergone
ACLR versus 685 patients who had been treated nonopera-
tively.
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4.4. Timing of Surgery. Research has also shown worse sur-
gical outcome for delayed ACL reconstruction (ACLR) com-
pared to subacute reconstruction. Sernert et al. [74] found an
increase in meniscal tears combined with poorer outcome in
patients who underwent delayed ACL reconstruction com-
pared to those who were reconstructed subacutely. Results
from theMarkov decisionmodel analysis byMather et al. [75]
using outcome probabilities and effectiveness derived from
the KANON (knee anterior cruciate ligament, nonsurgical
versus surgical treatment) and MOON databases found an
incremental gain of 0.28 QALYs (quality-adjusted life years)
at a lower overall cost to society of $1572with earlyACLR than
with rehabilitation plus optional delayed ACLR. In the pedi-
atric patient, meta-analysis has additionally revealedmultiple
trends favoring early surgical stabilization over nonoperative
or delayed ACLR as the latter experienced more instability or
pathological laxity and an inability to return to previous levels
of activity [76]. In the prospective randomized clinical trial
comparing early versus delayed ACLR by Bottoni et al. [77],
the range of motion, operative time, KT-1000 arthrometer
differences, and subjective knee evaluations were not signif-
icantly different between the two cohorts. Although these
analyses do not report on osteoarthritis changes when com-
paring the timing ofACLR, a prospective analysis by Jomha et
al. [78] of 72 patients at 7 years after arthroscopic BPTBACLR
determined that early reconstruction of ACL-deficient knees
demonstrated the lowest incidence of degenerative changes
on radiographic follow-up. By contrast, Harris et al. [79] con-
cluded that at 5 years after ACLR, early ACLR did not provide
superior results and had a higher proportion of development
of tibiofemoral radiographic osteoarthritis (16% versus 7%)
than did delayed ACLR in a cohort of 121 moderately active
adults.

4.5. Double versus Single Bundle Reconstruction. Trials com-
paring osteoarthritis after double bundle versus single bundle
ACL reconstruction are limited but increasing in number
given the superior rotational control after double bundle
reconstructionwhichmay better restore knee rotational kine-
matics during functional activity [7]. However, Ventura et
al. [80] retrospectively compared 36 patients who underwent
single bundle reconstruction to 14 patients who underwent
double bundle reconstruction and reported no difference in
the rate of radiological osteoarthritic changes at amean of 4.4
years postoperatively.The results from Suomalainen et al. [81]
were similar in their prospective study of 90 patients at 5-year
follow-up. Likewise, Song et al. [82] did not find a difference
between techniques in preventing OA in their prospective
randomized controlled trial, with 9.6% of patients in the
double bundle cohort and 10% in the single bundle cohort
exhibiting findings of more advanced OA at final follow-
up. Additionally, no significant differences were observed
in Knee injury and Osteoarthritis Outcome Scores (KOOS)
between techniques in prospective randomized studies by
Zhang et al. [83], Ahldén et al. [84], and Aglietti et al. [85].

5. Demographic Risk Factors

5.1. Residual Laxity/Muscle Weakness. Muscles around the
knee act to facilitate knee mobility and stability, as well as
aid in force transfer across the knee joint. Muscle weakness
is associated with the development of OA [86, 87] and may
be one of the earliest and most commonly observed findings
in patients with OA [86]. In evaluating the risk factors pre-
dictive of tibiofemoral OA after ACLR, weak quadriceps and
low quadriceps-to-hamstring strength ratios were very close
discriminators per the cohort study by Keays et al. [58]. Early
ACL injury-prevention protocols focused on enhancing the
protection offered to the knee joint by the hamstrings, but
research by Simonsen et al. [88] has shown that they may
be ineffective in protecting knee ligaments due to delayed
neuromuscular response. Nevertheless, a prospective cohort
study by Tourville et al. [89] demonstrated that patients who
had undergone ACL reconstruction and had documented
quadriceps muscle weakness after surgery had significantly
narrowed radiographic tibiofemoral joint space at four-year
follow-up, perhaps characterizing the onset of posttraumatic
osteoarthritis before the clinical manifestation of the disease.
Patientswith previousACL injuriesmay benefit from exercise
interventions to prevent or delay the progression of OA [90],
including quadriceps strengthening.Muscle function is rarely
fully restored in ACL-deficient patients regardless of whether
surgical reconstruction has taken place and this resul-
tant weakness is considered a potential contributor to OA
development. Neuromuscular knee rehabilitation and sub-
sequent strengthening and proprioception awareness have
been related to a low prevalence of radiographic knee OA in
patients with ACL injury treated without reconstruction [91].

5.2. Age. With regards to the ACL, age greater than 50
significantly increases (hazard ratio of 37.28 compared to age
less than 50 years) the risk of osteoarthritic changes requiring
knee arthroplasty at fifteen years status after ACL reconstruc-
tion [92]. Older patients at the time of ACLR have been
demonstrated to have greater degrees of patellofemoral OA
at follow-up 12 years after ACLR [93]. However, individual
studies have demonstrated that the level ofOAdoes not statis-
tically increase atmore than 32months afterALCR in patients
over the age of 50 years old [80]. The aforementioned nested
MOON cohort study by Jones et al. [60] additionally found
a significant association between older age and narrower
radiographic joint space width from 2 to 3 years after ACLR.
In evaluating the risk factors predictive of patellofemoral OA
after ACLR, older age at surgery was a defined discriminator
per the cohort study by Keays et al. [58]. In the animal model,
cartilage degradation has been shown to be significantly
higher in middle-aged rats rather than young rats after ACL
transection [94].

5.3. Gender. It has been reported that female gender is an
important risk factor to the occurrence of ACL injury [95].
Additionally, female sex has been reported to have an asso-
ciation with radiographic knee OA after ACLR [96]. Recent
data has also demonstrated that female gender has a marked
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effect (hazard ratio of 1.58 compared to male gender) on
the risk of post-ACL reconstruction patients requiring knee
arthroplasty after fifteen years [92].

5.4. Knee Alignment. Interestingly, varus alignment of the
uninjured knee has been demonstrated to have an association
with OA in the ACL-injured knee at 15 years after injury
according to data from Swärd et al. [97]. Development of
degenerative changes after ACL injury was associated with
varus deformity knees in the cohort evaluation by McDaniel
Jr. andDameron Jr. [98]. In a comparison of patients undergo-
ing revision andprimaryACLR,Won et al. [99] demonstrated
that patients undergoing revision ACLR had more frequent
varus malalignment and this was associated with a greater
tendency for higher-grade radiographic OA at the medial
tibiofemoral joint. Sagittal displacement of the tibia was
evaluated by Egund and Friden [100], who reported in a
cohort study of 29 patients that 5 of the 11 patientswith sagittal
displacement of between 10 and 19mm had developed early
OA at 10 years after surgery despite age ranges from 23 to 28
years old. The occurrence of malalignment as a consequence
of ACL injury is seen in the report by Dejour et al. [101] which
demonstrated that the development of varus deformity, char-
acterizing progressive OA, has its origination in the wear of
the posteromedial tibial plateau due to ACL laxity.

6. Prevention

The prevention of knee OA in individuals with ACL injury
who undergo nonsurgical or operative reconstruction treat-
ment options is a topic of current study. Efforts are limited at
this time primarily to controlled laboratory studies. Shen et
al. [102] recently demonstrated that after 18 months, a knitted
silk-collagen sponge scaffold used in a rabbit ACL injury
model had enhanced expression of ligament genes and better
microstructural morphology.This effectively protected artic-
ular cartilage and preserved joint space over the postoperative
time period, thus suggesting its clinical use as a functional
bioscaffold for preventing OA in the setting of ACL recon-
struction. Murray and Fleming [103] performed a controlled
laboratory study on Yucatan minipigs which demonstrated
that bioenhanced (bioactive scaffold used to stimulate heal-
ing) ACL repair may provide a new, less invasive treatment
option that reduces macroscopic cartilage damage and thus
progression of OA postoperatively. Finally, Jean et al. [104]
demonstrated on Wistar rats that intraarticular injection
of hyaluronic acid limited articular cartilage and synovium
damage, reduced excitatory amino acid neurotransmitter
levels, and ultimately decreasedOAdevelopment in theACL-
transected knee suggesting a potential link to its clinical
utility for prolonging or eliminating the early development
of OA in ACL-deficient individuals.

7. Conclusion

ACL injury, especially with concomitant meniscal or other
ligamentous pathology, predisposes to an increased risk of
osteoarthritic changes at the knee joint.Deficiency of theACL

results in suboptimal kinematics since effective load transfer
relies on mechanical stability. Evidence has demonstrated
that ACL reconstruction does not necessarily prevent this
increased risk for cartilage degradation and depends on such
factors as graft choice, timing of surgery, and surgical tech-
nique. General prevention of OA changes with weight man-
agement, avoidance of excessive loading, and strength train-
ing of the surrounding muscles are especially relevant to this
patient population.
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Smith & Nephew, and Tornier. Peter MacDonald received
research support from a company or supplier (Conmed
Linvatec) as a PI and from medical/orthopaedic publications
editorial/governing boards (Journal of Shoulder and Elbow
Surgery and Clinical Journal of Sport Medicine). Bryan M.
Saltzman received royalties with no relation to the submitted
work (Nova Science Publishers). The remaining authors,
David Simon, Randy Mascarenhas, and Meaghan Rollins, do
not have any existing potential conflict of interests.

References

[1] H. P. Jones, R. C. Appleyard, S. Mahajan, and G. A. C. Murrell,
“Meniscal and chondral loss in the anterior cruciate ligament
injured knee,” Sports Medicine, vol. 33, no. 14, pp. 1075–1089,
2003.

[2] L. S. Lohmander, P. M. Englund, L. L. Dahl, and E. M. Roos,
“The long-term consequence of anterior cruciate ligament and
meniscus injuries: osteoarthritis,” The American Journal of
Sports Medicine, vol. 35, no. 10, pp. 1756–1769, 2007.

[3] P. Neuman, M. Englund, I. Kostogiannis, T. Fridén, H. Roos,
and L. E. Dahlberg, “Prevalence of tibiofemoral osteoarthritis 15
years after nonoperative treatment of anterior cruciate ligament
injury: a prospective cohort study,” The American Journal of
Sports Medicine, vol. 36, no. 9, pp. 1717–1725, 2008.

[4] E. Tayton, R. Verma, B. Higgins, and H. Gosal, “A correlation of
time with meniscal tears in anterior cruciate ligament defi-
ciency: stratifying the risk of surgical delay,”Knee Surgery, Sports
Traumatology, Arthroscopy, vol. 17, no. 1, pp. 30–34, 2009.

[5] N. Al-Hadithy, A. L. Dodds, K. S. N. Akhtar, and C. M. Gupte,
“Current concepts of the management of anterior cruciate lig-
ament injuries in children,”The Bone and Joint Journal, vol. 95,
no. 11, pp. 1562–1569, 2013.

[6] A. G. Culvenor, J. L. Cook, N. J. Collins, and K. M. Crossley,
“Is patellofemoral joint osteoarthritis an under-recognised out-
come of anterior cruciate ligament reconstruction? A narrative
literature review,” British Journal of Sports Medicine, vol. 47, no.
2, pp. 66–70, 2013.

[7] R. Z. Fu andD.D. Lin, “Surgical and biomechanical perspectives
on osteoarthritis and the ACL deficient knee: a critical review of



8 Advances in Orthopedics

the literature,” The Open Orthopaedics Journal, vol. 7, pp. 292–
300, 2013.

[8] A. C. Gelber, M. C. Hochberg, L. A. Mead, N.-Y. Wang, F. M.
Wigley, and M. J. Klag, “Joint injury in young adults and risk
for subsequent knee and hip osteoarthritis,” Annals of Internal
Medicine, vol. 133, no. 5, pp. 321–328, 2000.

[9] H. Louboutin, R. Debarge, J. Richou et al., “Osteoarthritis in
patients with anterior cruciate ligament rupture: a review of risk
factors,” Knee, vol. 16, no. 4, pp. 239–244, 2009.

[10] D. M. Daniel, M. L. Stone, B. E. Dobson, D. C. Fithian, D. J.
Rossman, and K. R. Kaufman, “Fate of the ACL-injured patient:
a prospective outcome study,” The American Journal of Sports
Medicine, vol. 22, no. 5, pp. 632–644, 1994.

[11] M. A. Kessler, H. Behrend, S. Henz, G. Stutz, A. Rukavina, and
M. S. Kuster, “Function, osteoarthritis and activity after ACL-
rupture: 11 years follow-up results of conservative versus recon-
structive treatment,”Knee Surgery, Sports Traumatology, Arthro-
scopy, vol. 16, no. 5, pp. 442–448, 2008.

[12] A. M. Kiapour and M. M. Murray, “Basic science of anterior
cruciate ligament injury and repair,” Bone and Joint Research,
vol. 3, no. 2, pp. 20–31, 2014.

[13] S. J. Svoboda, T. M. Harvey, B. D. Owens, W. F. Brechue, P. M.
Tarwater, and K. L. Cameron, “Changes in serum biomarkers of
cartilage turnover after anterior cruciate ligament injury,” The
American Journal of Sports Medicine, vol. 41, no. 9, pp. 2108–
2116, 2013.

[14] S. R. Filbay, I. N. Ackerman, T. G. Russell, E. M. Macri, and K.
M.Crossley, “Health-related quality of life after anterior cruciate
ligament reconstruction: a systematic review,” The American
Journal of Sports Medicine, vol. 42, no. 5, pp. 1247–1255, 2014.

[15] E. M. Roos, “Joint injury causes knee osteoarthritis in young
adults,”Current Opinion in Rheumatology, vol. 17, no. 2, pp. 195–
200, 2005.

[16] A. von Porat, E. M. Roos, and H. Roos, “High prevalence of
osteoarthritis 14 years after an anterior cruciate ligament tear in
male soccer players: a study of radiographic and patient relevant
outcomes,” Annals of the Rheumatic Diseases, vol. 63, no. 3, pp.
269–273, 2004.

[17] K. R. Ford, G. D. Myer, H. E. Toms, and T. E. Hewett, “Gender
differences in the kinematics of unanticipated cutting in young
athletes,”Medicine and Science in Sports and Exercise, vol. 37, no.
1, pp. 124–129, 2005.

[18] K. B. Freedman, M. T. Glasgow, S. G. Glasgow, and J. Bernstein,
“Anterior cruciate ligament injury and reconstruction among
university students,”ClinicalOrthopaedics andRelatedResearch,
no. 356, pp. 208–212, 1998.

[19] P. Neuman, H. Owman, G. Müller, M. Englund, C. J. Tiderius,
and L. E. Dahlberg, “Knee cartilage assessment with MRI
(dGEMRIC) and subjective knee function in ACL injured
copers: a cohort study with a 20 year follow-up,” Osteoarthritis
and Cartilage, vol. 22, no. 1, pp. 84–90, 2014.

[20] S. Church and J. F. Keating, “Reconstruction of the anterior cru-
ciate ligament. Timing of surgery and the incidence of menis-
cal tears and degenerative change,” The Journal of Bone & Joint
Surgery—British Volume, vol. 87, no. 12, pp. 1639–1642, 2005.

[21] N. J. de Roeck andA. Lang-Stevenson, “Meniscal tears sustained
awaiting anterior cruciate ligament reconstruction,” Injury, vol.
34, no. 5, pp. 343–345, 2003.

[22] A. Foster, C. Butcher, andP.G. Turner, “Changes in arthroscopic
findings in the anterior cruciate ligament deficient knee prior to
reconstructive surgery,” Knee, vol. 12, no. 1, pp. 33–35, 2005.

[23] P. A. Indelicato and E. S. Bittar, “A perspective of lesions
associated with ACL insufficiency of the knee. A review of 100
cases,” Clinical Orthopaedics and Related Research, vol. 198, pp.
77–80, 1985.

[24] G. C. R. Keene, D. Bickerstaff, P. J. Rae, and R. S. Paterson, “The
natural history of meniscal tears in anterior cruciate ligament
insufficiency,”The American Journal of Sports Medicine, vol. 21,
no. 5, pp. 672–679, 1993.

[25] D. Kohn, “Arthroscopy in acute injuries of anterior cruciate-
deficient knees: fresh and old intraarticular lesions,” Arthro-
scopy, vol. 2, no. 2, pp. 98–102, 1986.

[26] P. B. Lewis, A. D. Parameswaran, J.-P. H. Rue, and B. R.
Bach Jr., “Systematic review of single-bundle anterior cruciate
ligament reconstruction outcomes: a baseline assessment for
consideration of double-bundle techniques,” The American
Journal of Sports Medicine, vol. 36, no. 10, pp. 2028–2036, 2008.

[27] A. Ajuied, F. Wong, C. Smith et al., “Anterior cruciate ligament
injury and radiologic progression of knee osteoarthritis: a
systematic review and meta-analysis,” The American Journal of
Sports Medicine, vol. 42, no. 9, pp. 2242–2252, 2014.

[28] B. Barenius, S. Ponzer, A. Shalabi, R. Bujak, L. Norlén, and K.
Eriksson, “Increased risk of osteoarthritis after anterior cruci-
ate ligament reconstruction: a 14-year follow-up study of a
randomized controlled trial,” The American Journal of Sports
Medicine, vol. 42, no. 5, pp. 1049–1057, 2014.

[29] J. R. S. Leiter, R. Gourlay, S. McRae, N. de Korompay, and P.
B. MacDonald, “Long-term follow-up of ACL reconstruction
with hamstring autograft,” Knee Surgery, Sports Traumatology,
Arthroscopy, vol. 22, no. 5, pp. 1061–1069, 2014.

[30] H. Roos, T. Adalberth, L.Dahlberg, and L. S. Lohmander, “Oste-
oarthritis of the knee after injury to the anterior cruciate liga-
ment or meniscus: the influence of time and age,”Osteoarthritis
and Cartilage, vol. 3, no. 4, pp. 261–267, 1995.

[31] J. Dargel, M. Gotter, K. Mader, D. Pennig, J. Koebke, and R.
Schmidt-Wiethoff, “Biomechanics of the anterior cruciate lig-
ament and implications for surgical reconstruction,” Strategies
in Trauma and Limb Reconstruction, vol. 2, no. 1, pp. 1–12, 2007.

[32] D. L. Butler, F. R. Noyes, and E. S. Grood, “Ligamentous
restraints to anterior-posterior drawer in the human knee. A
biomechanical study,” The Journal of Bone & Joint Surgery—
American Volume, vol. 62, no. 2, pp. 259–270, 1980.

[33] K. L. Markolf, A. Kochan, and H. C. Amstutz, “Measurement of
knee stiffness and laxity in patients with documented absence
of the anterior cruciate ligament,” The Journal of Bone & Joint
Surgery Series A, vol. 66, no. 2, pp. 242–253, 1984.

[34] T. Fukubayashi, P. A. Torzilli, M. F. Sherman, and R. F. Warren,
“An in vitro biomechanical evaluation of anterior-posterior
motion of the knee. Tibial displacement, rotation, and torque,”
Journal of Bone and Joint Surgery—American Volume, vol. 64,
no. 2, pp. 258–264, 1982.

[35] J. M. Lipke, C. J. Janecki, C. L. Nelson et al., “The role of incom-
petence of the anterior cruciate and lateral ligaments in antero-
lateral and anteromedial instability. A biomechanical study of
cadaver knees,”The Journal of Bone and Joint Surgery. American
Volume, vol. 63, no. 6, pp. 954–960, 1981.

[36] C. Imhauser, C. Mauro, D. Choi et al., “Abnormal tibiofemoral
contact stress and its association with altered kinematics after
center-center anterior cruciate ligament reconstruction: an in
vitro study,” The American Journal of Sports Medicine, vol. 41,
no. 4, pp. 815–825, 2013.

[37] S. L. Keays, M. Sayers, D. B. Mellifont, and C. Richardson, “Tib-
ial displacement and rotation during seated knee extension and



Advances in Orthopedics 9

wall squatting: a comparative study of tibiofemoral kinematics
between chronic unilateral anterior cruciate ligament deficient
and healthy knees,” Knee, vol. 20, no. 5, pp. 346–353, 2013.

[38] K. Chen, L. Yin, L. Cheng, C. Li, C. Chen, and L. Yang, “In vivo
motion of femoral condyles during weight-bearing flexion after
anterior cruciate ligament rupture using biplane radiography,”
Journal of Sports Science and Medicine, vol. 12, no. 3, pp. 579–
587, 2013.

[39] B. Gao and N. N. Zheng, “Alterations in three-dimensional
joint kinematics of anterior cruciate ligament-deficient and
–reconstructed knees during walking,” Clinical Biomechanics
(Bristol, Avon), vol. 25, no. 3, pp. 222–229, 2010.

[40] B. Gao,M. L. Cordova, andN. Zheng, “Three-dimensional joint
kinematics of ACL-deficient and ACL-reconstructed knees
during stair ascent and descent,”HumanMovement Science, vol.
31, no. 1, pp. 222–235, 2012.

[41] C.-H. Chen, J.-S. Li, A. Hosseini, H. R. Gadikota, T. J. Gill, and
G. Li, “Anteroposterior stability of the knee during the stance
phase of gait after anterior cruciate ligament deficiency,” Gait &
Posture, vol. 35, no. 3, pp. 467–471, 2012.

[42] E. S. Gardinier, K. Manal, T. S. Buchanan, and L. Snyder-
Mackler, “Gait and neuromuscular asymmetries after acute
anterior cruciate ligament rupture,” Medicine and Science in
Sports and Exercise, vol. 44, no. 8, pp. 1490–1496, 2012.

[43] K. Takeda, T. Hasegawa, Y. Kiriyama et al., “Kinematic motion
of the anterior cruciate ligament deficient knee during function-
ally high and low demanding tasks,” Journal of Biomechanics,
vol. 47, no. 10, pp. 2526–2530, 2014.

[44] D.-L. Shi, Y.-B. Wang, and Z.-S. Ai, “Effect of anterior cruciate
ligament reconstruction on biomechanical features of knee in
level walking: a meta-analysis,” Chinese Medical Journal, vol.
123, no. 21, pp. 3137–3142, 2010.

[45] S.-F. Hsiao, P.-H. Chou, H.-C. Hsu, and Y.-J. Lue, “Changes of
muscle mechanics associated with anterior cruciate ligament
deficiency and reconstruction,” The Journal of Strength &
Conditioning Research, vol. 28, no. 2, pp. 390–400, 2014.

[46] R. Kijowski, M. L. Sanogo, K. S. Lee et al., “Short-term clinical
importance of osseous injuries diagnosed at MR imaging in
patients with anterior cruciate ligament tear,” Radiology, vol.
264, no. 2, pp. 531–541, 2012.

[47] R. D. Wissman, E. England, K. Mehta et al., “Patellotibial con-
tusions in anterior cruciate ligament tears,” Skeletal Radiology,
vol. 43, no. 2, pp. 247–250, 2014.

[48] R. Gupta, W. Virayavanich, D. Kuo et al., “MR T
1
𝜌 quan-

tification of cartilage focal lesions in acutely injured knees:
correlation with arthroscopic evaluation,” Magnetic Resonance
Imaging, vol. 32, no. 10, pp. 1290–1296, 2014.

[49] H. G. Potter, S. K. Jain, Y.Ma, B. R. Black, S. Fung, and S. Lyman,
“Cartilage injury after acute, isolated anterior cruciate liga-
ment tear: immediate and longitudinal effect with clinical/MRI
follow-up,” The American Journal of Sports Medicine, vol. 40,
no. 2, pp. 276–285, 2012.

[50] A. A. Theologis, D. Kuo, J. Cheng et al., “Evaluation of bone
bruises and associated cartilage in anterior cruciate ligament–
injured and –reconstructed knees using quantitative T

1𝜌
mag-

netic resonance imaging: 1-year cohort study,” Arthroscopy, vol.
27, no. 1, pp. 65–76, 2011.

[51] F. Su, J. F. Hilton, L. Nardo et al., “Cartilage morphology and
T1p and T2 quantification inACL-reconstructed knees: a 2-year
follow-up,” Osteoarthritis and Cartilage, vol. 21, no. 8, pp. 1058–
1067, 2013.

[52] M. S. Harkey, B. A. Luc, Y. M. Golightly et al., “Osteoarthritis-
related biomarkers following anterior cruciate ligament injury
and reconstruction: a systematic review,” Osteoarthritis and
Cartilage, vol. 23, no. 1, pp. 1–12, 2015.

[53] M. Bigoni, P. Sacerdote, M. Turati et al., “Acute and late changes
in intraarticular cytokine levels following anterior cruciate liga-
ment injury,” Journal of Orthopaedic Research, vol. 31, no. 2, pp.
315–321, 2013.

[54] V. G. Cuellar, J. M. Cuellar, S. R. Golish, D. C. Yeomans, andG. J.
Scuderi, “Cytokine profiling in acute anterior cruciate ligament
injury,” Arthroscopy, vol. 26, no. 10, pp. 1296–1301, 2010.

[55] C. M. Haslauer, B. L. Proffen, V. M. Johnson, A. Hill, and M. M.
Murray, “Gene expression of catabolic inflammatory cytokines
peak before anabolic inflammatory cytokines after ACL injury
in a preclinical model,” Journal of Inflammation, vol. 11, no. 1,
article 34, 2014.

[56] D. Pruksakorn, S. Rojanasthien, P. Pothacharoen et al., “Chon-
droitin sulfate epitope (WF6) and hyaluronic acid as serum
markers of cartilage degeneration in patients following anterior
cruciate ligament injury,” Journal of Science and Medicine in
Sport, vol. 12, no. 4, pp. 445–448, 2009.

[57] R. Papalia, A. del Buono, L. Osti, V. Denaro, and N. Maffulli,
“Meniscectomy as a risk factor for knee osteoarthritis: a system-
atic review,” British Medical Bulletin, vol. 99, no. 1, pp. 89–106,
2011.

[58] S. L. Keays, P. A. Newcombe, J. E. Bullock-Saxton,M. I. Bullock,
and A. C. Keays, “Factors involved in the development of oste-
oarthritis after anterior cruciate ligament surgery,” The Ameri-
can Journal of Sports Medicine, vol. 38, no. 3, pp. 455–463, 2010.

[59] B. E. Øiestad, L. Engebretsen, K. Storheim, and M. A. Risberg,
“Knee osteoarthritis after anterior cruciate ligament injury: a
systematic review,” American Journal of Sports Medicine, vol. 37,
no. 7, pp. 1434–1443, 2009.

[60] M. H. Jones, K. P. Spindler, B. C. Fleming et al., “Meniscus
treatment and age associated with narrower radiographic joint
space width 2-3 years after ACL reconstruction: data from the
MOON onsite cohort,” Osteoarthritis and Cartilage, vol. 23, no.
4, pp. 581–588, 2015.

[61] R. A.Magnussen, J. L. Carey, and K. P. Spindler, “Does autograft
choice determine intermediate-term outcome of ACL recon-
struction?”Knee Surgery, Sports Traumatology, Arthroscopy, vol.
19, no. 3, pp. 462–472, 2011.

[62] K. B. Freedman, M. J. D’Amato, D. D. Nedeff, A. Kaz, and B. R.
Bach Jr., “Arthroscopic anterior cruciate ligament reconstruc-
tion: a metaanalysis comparing patellar tendon and hamstring
tendon autografts,” The American Journal of Sports Medicine,
vol. 31, no. 1, pp. 2–11, 2003.

[63] L. A. Pinczewski, J. Lyman, L. J. Salmon, V. J. Russell, J. Roe, and
J. Linklater, “A 10-year comparison of anterior cruciate ligament
reconstructions with hamstring tendon and patellar tendon
autograft: a controlled, prospective trial,” American Journal of
Sports Medicine, vol. 35, no. 4, pp. 564–574, 2007.

[64] S. Zaffagnini, M. Marcacci, M. Lo Presti, G. Giordano, F.
Iacono, andM. P.Neri, “Prospective and randomized evaluation
of ACL reconstruction with three techniques: a clinical and
radiographic evaluation at 5 years follow-up,” Knee Surgery,
Sports Traumatology, Arthroscopy, vol. 14, no. 11, pp. 1060–1069,
2006.

[65] A. Ferretti, F. Conteduca, A. de Carli, M. Fontana, and P. P.
Mariani, “Osteoarthritis of the knee after ACL reconstruction,”
International Orthopaedics, vol. 15, no. 4, pp. 367–371, 1991.



10 Advances in Orthopedics

[66] J. R. D. Murray, A. M. Lindh, N. A. Hogan et al., “Does anterior
cruciate ligament reconstruction lead to degenerative disease?:
thirteen-year results after bone-patellar tendon-bone autograft,”
American Journal of Sports Medicine, vol. 40, no. 2, pp. 404–413,
2012.

[67] T. Leys, L. Salmon, A. Waller, J. Linklater, and L. Pinczewski,
“Clinical results and risk factors for reinjury 15 years after
anterior cruciate ligament reconstruction: a prospective study
of hamstring and patellar tendon grafts,”The American Journal
of Sports Medicine, vol. 40, no. 3, pp. 595–605, 2012.

[68] H. Takeda, T. Nakagawa, K. Nakamura, and L. Engebretsen,
“Prevention and management of knee osteoarthritis and knee
cartilage injury in sports,”British Journal of SportsMedicine, vol.
45, no. 4, pp. 304–309, 2011.

[69] R. Mihelic, H. Jurdana, Z. Jotanovic, T. Madjarevic, and A.
Tudor, “Long-term results of anterior cruciate ligament recon-
struction: a comparison with non-operative treatment with a
follow-up of 17–20 years,” International Orthopaedics, vol. 35,
no. 7, pp. 1093–1097, 2011.

[70] D. E. Meuffels, M. M. Favejee, M. M. Vissers, M. P. Heijboer,
M. Reijman, and J. A. N. Verhaar, “Ten year follow-up study
comparing conservative versus operative treatment of anterior
cruciate ligament ruptures. A matched-pair analysis of high
level athletes,” British Journal of Sports Medicine, vol. 43, no. 5,
pp. 347–351, 2009.

[71] S. Hinterwimmer, M. Engelschalk, S. Sauerland, F. Eitel, and
W. Mutschler, “Operative or conservative treatment of anterior
cruciate ligament rupture: a systematic review of the literature,”
Unfallchirurg, vol. 106, no. 5, pp. 374–379, 2003.

[72] A. J. Kievit, F. J. Jonkers, J. H. Barentsz, and L. Blankevoort,
“A cross-sectional study comparing the rates of osteoarthritis,
laxity, and quality of life in primary and revision anterior cru-
ciate ligament reconstructions,” Arthroscopy, vol. 29, no. 5, pp.
898–905, 2013.

[73] P. N. Chalmers, N. A. Mall, M. Moric et al., “Does ACL recon-
struction alter natural history?: a systematic literature review
of long-term outcomes,” The Journal of Bone & Joint Surgery—
American Volume, vol. 96, no. 4, pp. 292–300, 2014.
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