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Abstract

Purpose of Review Anterior cruciate ligament (ACL) injury is one of the most common ligamentous injuries suffered by athletes
participating in cutting sports. A common misperception is that ACL reconstruction can prevent osteoarthritis (OA). The goal of
this paper is to review and discuss the contributing factors for the development of OA following ACL injury.

Recent Findings There has been interesting new research related to ACL reconstruction. As understanding of knee biomechanics
following ACL injury and reconstruction has changed over time, many surgeons have changed their surgical techniques to low anterior
drilling to position their femoral tunnel in an attempt to place the ACL in a more anatomic position. Even with this change in the
femoral tunnel position, 85% of knees following ACL reconstruction have abnormal tibial motion compared to contralateral non-
injured knees. Studies have shown increases in inflammatory cytokines in the knee following ACL injury, and newer MRI sequences
have allowed for earlier objective detection of degenerative changes to cartilage following injury. Recent studies have shown that
injecting IL-1 receptor antagonist and corticosteroids can modulate the post-injury inflammatory cascade.

Summary ACL reconstruction does not prevent the development of OA but can improve knee kinematics and reduce secondary
injury to the cartilage and meniscus. Advancements in imaging studies has allowed for earlier detection of degenerative changes
in the knee, which has allowed researchers to study how new interventions can alter the course of degenerative change in the knee
following ACL injury.
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Introduction cutting, such as soccer, football, and skiing [1]. The incidence
of ACL tears in the general population has been estimated at
0.8 per 1000 people, though this number is likely skewed by a

higher prevalence in younger, more athletic populations [1, 2].

Epidemiology of ACL Injury

Anterior cruciate ligament (ACL) rupture is a common injury
suffered by athletes in sports that require quick pivoting and
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It is estimated that anywhere between up to 250,000 ACL
ruptures occur annually in the USA alone, and the majority
of injuries occur in people under the age of 30 [1-3].

From the moment of the initial ACL injury, the future
health and function of the knee is profoundly affected.
Roughly half of ACL-injured knees progress to osteoarthritis
(OA) within 5-15 years after the initial injury, and at least a
portion of this elevated risk of OA may be a result of trauma
from the initial injury itself [4-6]. Patients electing to proceed
with ACL reconstruction often do so with the goal of returning
to sports that involve pivoting and cutting [7]. The Multicenter
Orthopaedic Outcomes Network (MOON) group has reported
that approximately 70% of athletes return to high-level sports
after ACL reconstruction, with fear of reinjury and risk of
further damage commonly cited as reasons for failure to do
so [8]. ACL reconstruction enables patients to return to sport
though it does not reliably alter the natural history of post-
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traumatic osteoarthritis (PTOA). Long-term studies demon-
strate that around 50% of patients who undergo ACL recon-
struction still develop OA within 12—14 years [9, 10].

With the high prevalence of ACL injuries and the young
population affected by these injuries, it is important to under-
stand the specific factors that may contribute to the elevated
risk of OA after an ACL injury. The goal of this paper is to
review the contributing factors for knee OA after ACL injury
and how ACL reconstruction may influence these outcomes.

Debilitating Effects of Knee OA

Osteoarthritis is one of the most prevalent diseases in the USA
and is the most common musculoskeletal disease. It is esti-
mated that up to 67 million adults in the USA will be affected
by OA by 2030 [11]. OA is characterized by a loss of articular
cartilage, and is associated with osteophyte formation,
subchondral bone changes, bone cysts, and synovitis and loss
of joint space on radiographic evaluation [12]. Clinically, OA
is often associated with pain, stiffness, and functional impair-
ment [12]. A combination of patient symptoms and radio-
graphic changes are used to make the clinical diagnosis of
OA. In 2005, clinic visits for the primary diagnosis of OA
were second only to those for hypertension. Health care costs
attributed to OA constitute up to 3.5% of the national hospital
bill in the USA, making it the fifth most expensive condition
treated in 2008 [13].

While the causes of OA are multifactorial, an estimated
12% of cases of symptomatic OA in the USA are attributed
to PTOA [14]. One of the most common causes of knee
PTOA is ACL injury [12, 15]. ACL tears most commonly
occur in a younger, more active population, which is generally
free of other risk factors for developing knee OA [16]. This
injury can lead to a monumental change of the trajectory in the
health of their injured knee. The prevalence of knee OA after
an isolated ACL injury has been reported as up to 13% [17].
When associated with meniscal injuries, this rate increases up
to 21 to 48% of patients [17]. Imaging and long-term studies
have shown that changes in the articular cartilage occur in the
medial compartment of the knee first [18], and long-term
changes show that the medial compartment is more common-
ly affected than the lateral side (Fig. 1) [19].

Though it is known that ACL injury leads to radiographic
OA, the reported association between radiographic knee OA
and symptomatic knee pain and function is inconsistent
[20-22]. Qiestad et al. examined 210 patients who were 10—
15 years from an ACL reconstruction and compared knee
radiographs to KOOS outcome scores. The group found that
patients with any radiographic knee OA had significantly in-
creased symptoms compared with those without radiographic
OA [23]. While radiographic OA may be an incidental find-
ing, patients with a history of ligament reconstruction undergo
TKA at a significantly younger age relative to patients without
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this prior surgical history. A total joint registry of over 1300
patients found that mean age of patients who had previous
ligament reconstruction and underwent knee arthroplasty
was 50.2+9.1 compared to 59.9+9.6 for those who did not
have a ligament reconstruction [24]. Given that ACL injury is
a leading cause of PTOA in a younger population, there has
been growing interest to understand the pathophysiology of
PTOA following ACL injury as well factors that may alter the
natural history of the knee following ACL reconstruction.

Potential Pathophysiology for Post-Traumatic
OA after ACL Injury

Mechanical Alterations/Neuromuscular Changes

After ACL tear, a number of kinematic changes occur at the
knee joint including an anterior shift of the tibia relative to the
femur, increased anterior-posterior translation of the knee, in-
creased internal rotation, and decreased external of the tibia
during knee range of motion [1, 25]. Even after ACL recon-
struction, which restores stability to the knee, an abnormal
anterior position of the tibia has been linked with evidence
of early degenerative cartilage changes as soon as 1 year after
surgery, suggesting this persistence of abnormal kinematics
may contribute to the development of PTOA (Fig. 2) [26].
Additionally, biomechanical studies have shown that 85%
ACL reconstructed knees, as compared to the contralateral
knees, have abnormal tibial rotation during the stance phase
of gait [27]. Besides providing physical restraint, the ACL
also serves an important role for proprioception within the
knee. Disruption of the native ACL may impair the dynamic
stabilizers of the knee, such as the quadriceps and hamstrings,
in sensing joint positioning [28], which may contribute to
knee instability. Though there is no single explanation, it is
likely that a combination of these kinematic changes contrib-
utes to the finding that patients still develop early radiographic
OA after ACL reconstruction.

Quadriceps atrophy and residual muscle weakness follow-
ing knee injuries is another obstacle that arises after ACL
injury. Due to ongoing neuromuscular deficits, less than half
of patients with ACL tears were able to achieve normal
strength levels as far out as 2-5 years after injury [29].
Quadriceps weakness following ACL surgery directly corre-
lates with radiographic joint space narrowing in patients with
PTOA [29]. Psychological factors following injury, such as
pain and fear of reinjury, have also been shown to affect mus-
cle activation patterns thus affecting joint stabilization [30]. It
is likely that a combination of all these factors lead to an
abnormal distribution of forces and torques across the knee,
which alters cartilage contact forces [31]. These alterations
can lead to changes in chondrocyte gene expression and thus
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Fig. 1 XR and T2 weighted MRI showing early evidence of left knee medial wear and medial compartment breakdown following ACL reconstruction

compared to the contralateral, non-injured knee

changes in the structure and mechanical properties of the ar-
ticular cartilage [32].

Inflammatory Response

Following ACL injury, it has been shown that numerous
cytokine levels, such as TNF-a, IL-1B, and MMP-1 and
MMP-13, immediately increase within the joint [33, 34].

Fig. 2 Newer imaging modalities
like T1p MRI can detect changes
to the cartilage following ACL
reconstruction. This figure shows
the relationship between tibial
position (x-axis) and changes in
T1p MRI relaxation values (y-
axis) following ACL reconstruc-
tion. Values on the left of the ori-
gin signify that the tibia has a
more posterior position and the
knee may be over-constrained,
whereas values to the right of the
origin show that the tibia is more
anterior and suggests that the graft
may be loose. Borrowed with
permission from Zaid et al. [26]
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TNF-a has been linked to an increase in the apoptotic
caspase pathway within chondrocytes [32]. This finding
is further corroborated by the increase in chondrocyte
apoptosis seen in the days following initial injury [35].
While the levels of these cytokines slowly fall with
time, ACL-deficient knees continue to demonstrate in-
creased levels of inflammatory cytokines up to at least
1 year after injury [36, 37].
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Mechanical activation of chondrocytes during injury has
been shown to alter their gene expression leading to activation
of degradative enzymes such as matrix metalloproteinases
(MMPs) [32]. MMPs, in turn, contribute to the degradation
of extracellular matrix (ECM) proteins such as glycosamino-
glycans (GAGs) and collagen. These elevated levels of MMPs
within the joint have been shown to persist long after the initial
injury, thus causing continuous degeneration of GAGs and
collagen up to 12 months afterwards [38, 39]. While
chondrocytes have some ability to respond to injury, an
ACL injury might cross a threshold where this catabolic cas-
cade from MMPs overwhelms the regenerative capacity of
chondrocytes. This may be yet another mechanism that con-
tributes to the development of PTOA following ACL tear.

There have been some early studies examining whether the
inflammatory and catabolic cascade of events which occurs
following a knee injury can be pharmacologically
counteracted during the acute post-injury period. IL-1 levels
are elevated following ACL injury, and its levels correlate
with the severity of chondral damage [40]. Decreasing the
levels of IL-1 may be a target of future therapies. To test this
hypothesis, Kraus et al. conducted a small randomized con-
trolled pilot study looking at the clinical effects of early aspi-
ration of the knee and injection of IL-1 receptor antagonist
(IL-1Ra) versus placebo [41]. The authors found that patients
who received an early injection of IL-1Ra after injury had
improved patient reported outcomes compared to those re-
ceiving placebo injections. Similarly, Lattermann et al. evalu-
ated the effect of aspiration and injection with corticosteroids
versus saline [42¢¢]. There were no changes in patient reported
outcomes, but there were significantly fewer collagen break-
down products following the corticosteroid injection relative
to placebo. These early findings suggest that modulation of
the initial inflammatory response after injury may have poten-
tial lasting effects on early knee cartilage degeneration.

Meniscal/Cartilage Insult at Time of Injury

During any injury to a joint, shear and compressive forces on
the articular cartilage may create stress fractures through the
cartilage matrix and as well as the underlying bone [43].
Unlike bone, articular cartilage lacks regenerative capacity
which likely contributes to the development of PTOA follow-
ing injury [44, 45]. One study assessing ankle fractures con-
firmed this finding [46]. Any intra-articular fracture in the
ankle joint was found to lead to PTOA even if visually
assessed anatomic joint reduction was achieved intra-
operatively.

While most ACL tears are not associated with intra-
articular fractures, the injury mechanism may still be traumatic
enough to the joint to induce lasting cartilage damage. At the
time of ACL injury, there is frequently an impaction injury
with subchondral bone marrow edema, indicating load
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transmission through the articular cartilage. Typically, there
may be bone marrow contusions at the posterolateral tibial
plateau and the central aspect of the lateral femoral condyle
due to the initial impact of the ACL injury (Fig. 3). The effects
of this direct cartilage injury may persist even in the absence
of visualizable injury at the articular cartilage. It has been
reported though that the prevalence of cartilage injury follow-
ing acute ACL injury is between 16 and 46% [47]. The true
incidence of articular cartilage damage may be higher. Using
MRYI, it has been reported that up to 100% of knees imaged
after ACL rupture had some evidence of cartilage damage
after injury [48]. This immediate cartilage damage from the
initial injury is not sufficient to account for development of
PTOA following ACL tear. Most ACL tears have concomitant
damage to the lateral tibial plateau and lateral femoral con-
dyle, yet PTOA more commonly affects medial compartment
in these patients.

In addition to cartilage damage following ACL injury, the
meniscus is commonly affected. Large population-based stud-
ies of patients with ACL tears have shown the prevalence of
meniscal tears to be between 47 and 61% [49, 50], with the
timing of presentation following injury influencing the type of
meniscal injury. Lateral meniscal injuries are more common in
the acute setting. For patients who undergo arthroscopic eval-
uation and surgical treatment for their ACL tear and associated
injuries within 8 weeks of injury, 69.4% have lateral meniscus
injuries, 19.9% have medial and lateral meniscal injuries, and
10.8% have been found to have medial meniscal injuries [S1].
The same study found a higher incidence of medial meniscus
and medial and lateral meniscus injuries in patients undergo-
ing surgery more than 8 weeks from injury [51]. This is likely
because the medial meniscus acts as a secondary stabilizer to
anterior translation and sees more stress in the ACL-deficient
states, and therefore is more prone to injury.

Meniscal tear patterns are variable, and each type of tear
has different clinical implications. Meniscal root injuries, de-
fined as radial tears occurring within 1 cm of the posterior
insertion sites of the meniscus, are important to recognize.
Root tears cause an inability of the meniscus to resist hoop
stresses leading to significantly increased tibiofemoral contact
pressures [52], which may predispose knees to arthritic chang-
es. Repair of medial and lateral meniscal root tears can have a
dramatic effect on the long-term health of the knee. One study
showed that 35% of patients with partial medial
meniscectomy for root injury undergo TKA at 5 years follow-
ing surgery, whereas no patients underwent TKA who had a
medial meniscal root repair [53]. The lateral meniscal root is
estimated to be injured in 7-12% of patients with ACL injury
[54], and lateral meniscal root repair can restore tibiofemoral
contact pressures [55]. A thorough understanding of associat-
ed meniscal injuries at the time of ACL injury, and how dif-
ferences in management of these injuries affect the natural
history of PTOA is important. Physicians should make every
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Fig.3 T2 weighted MRI showing
the typical bone bruise pattern for
ACL tear with lateral femoral
contusion, posterior lateral tibial
contusion, and posterior lateral
meniscus tear

effort to restore the integrity of meniscal hoop stresses through
meniscal repair and preserve meniscus, which may improve
knee kinematics and may affect the onset of PTOA.

Can ACL Reconstruction Alter the Natural
History of PTOA?

ACL injury alone can lead to the development of knee OA
regardless of whether a patient undergoes ACL reconstruction
or conservative treatment. Recently, it has been reported that
there is a 57% incidence of knee OA 14 years following ACL
reconstruction, compared to an 18% incidence of knee OA in
the contralateral knee [56]. In a 2014 meta-analysis, the rela-
tive risk (RR) of developing radiographic signs of moderate to
severe osteoarthritis (Kellgren & Lawrence grade III or IV)
was 3.84 (P < 0.0004), with 20.3% of ACL-injured knees with
moderate or severe radiologic changes compared with 4.9% of
uninjured contralateral knees at an average of 10 years. ACL-
injured knees that did not undergo reconstruction had a sig-
nificantly higher RR (RR, 4.98; P <0.00001) of developing
any grade of osteoarthritis compared with those treated with
surgery (RR, 3.62; P<0.00001) [57]. In a more recent meta-
analysis, the prevalence of radiographic knee OA following
ACL reconstruction at 5, 10, and 20 years after surgery was
11.3% (6.4-19.1%), 20.6% (14.9-27.7%), and 51.6% (29.1—
73.5%), respectively [58e°].

One common misperception is that ACL reconstruction
prevents OA. Though ACL reconstruction does not prevent
the eventual development of knee OA, one study suggested
that it can delay its onset [56]. This is in contrast to other
studies which have found an increased evidence of knee OA
following ACL reconstruction compared to patients with
chronic ACL tears treated conservatively [7]. Though ACL
reconstruction may not prevent knee OA, it can reduce sec-
ondary injury to the meniscus and cartilage. Compared to a
non-operative cohort of patients with ACL injuries, Chalmers
et al. found that ACL reconstruction had an approximately
twofold decreased need for secondary operation of meniscal
surgery [59].

Meniscus and cartilage injuries alone can lead to the devel-
opment of knee OA. Cross-sectional studies have demonstrat-
ed that regardless of their morphology, meniscus tears can
predict the development of knee OA [60, 61]. Similarly, in
early follow up, focal cartilage lesions have led to progression
of knee OA [62]. In the setting of ACL injury, the status of the
meniscus and the cartilage play a big role in the development
ofknee OA. At an average of 7.5 years following ACL recon-
struction, 3% of patients with intact cartilage and menisci
during ACL reconstruction had abnormal IKDC radiographic
scores compared to 32% of patients with injury to both carti-
lage and menisci at the time of surgery [63]. At 10-15 years
following ACL reconstruction, 80% of patients with com-
bined ACL and meniscus or cartilage injuries developed knee
OA compared to 62% with isolated ACL injury [64]. In the
same cohort study, only 15% of contralateral uninjured knees
developed knee OA. In a computer model used to estimate the
timing of total knee arthroplasty and knee OA, Suter et al.
found that the lifetime risk of symptomatic OA was 34% with
combined ACL and meniscal injuries compared to 16% for
isolated ACL injuries and 14% for uninjured controls [65].
Based on our current understanding, patients without ACL
injury have the lowest risk for knee OA followed by isolated
ACL injury, followed by combined injuries of the ACL and
meniscus or cartilage.

There is some debate if the timing of ACL reconstruction
following injury may also influence the eventual onset of knee
OA. Jombha et al. followed 72 patients for 7 years following
BTB ACL reconstruction and found that early reconstruction
with meniscal preservation led to the lowest incidence of de-
generative changes on radiographic follow up compared to
delayed ACL reconstruction, or reconstruction with meniscus
debridement [66]. These findings differ from findings from
another cohort study by Harris et al. which showed that early
ACL reconstruction led to a higher proportion of tibiofemoral
radiographic OA (16 vs. 7%) compared to delayed ACL re-
construction [67]. Additionally, it has been shown that the
subsequent risk of having a meniscus tear or undergoing
TKA were no different between patients undergoing early
ACL reconstruction compared to matched patients without
ACL injury [68ee]. Finally, early ACL reconstruction within
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6 months of injury has a lower risk of concomitant meniscal
surgery, and within 12 months of injury has a lower risk of
concomitant cartilage injury [69].

Future Directions

There has been extensive research examining the effects of
ACL reconstruction on the short-term and long-term health
of the knee, but there is still work to be done. Much of our
understanding related to PTOA following ACL injury comes
from long-term follow up studies and retrospective studies of
total joint registries and radiographic evaluation of knees de-
cades after the initial injury. Though these studies have helped
clinicians better understand the natural history of PTOA fol-
lowing knee injury, quantitative MRI imaging is allowing for
earlier and more objective analysis of articular cartilage
changes [70e¢]. By identifying changes in articular cartilage
earlier in the disease process, clinicians may have the oppor-
tunity to intervene early and follow the effects of those inter-
ventions over time. As understanding of knee kinematics has
changed, so has surgical technique. In a follow up survey
study in 2014, low anterior femoral tunnel drilling was pre-
ferred by 47% of surgeon respondents, compared to 15% in a
survey from 5 years previous. Additionally, the position of the
tibial tunnel shifted anteriorly, and the femoral tunnel shifted
posterior-superiorly [71]. As our understanding of ACL bio-
mechanics improves, surgical techniques will continue to be
refined to better re-create normal knee kinematics. Lastly, it
will be exciting to see how injectable biologics and pharma-
ceuticals will affect the inflammatory cascade. What seems to
be apparent is that prevention of injury, reduction of catabolic
cytokines following injury, restoration of the normal kinemat-
ics of the knee, and preservation of meniscus and cartilage are
all key factors in preserving the long-term health of the knee.

Conclusion

The final common pathway for end-stage, symptomatic knee
OA is total knee arthroplasty. As many ACL injuries occur in
a younger population, the ultimate goal in the care of these
patients is to reduce the incidence of knee OA and eventual
TKA. ACL injury alone leads to increased inflammatory
markers in the knee which can influence the development of
knee osteoarthritis, which cannot be reversed by ACL recon-
struction. Additionally, mechanical alterations in ACL-injured
patients may predispose patients to secondary chondral and
meniscal injuries. Early ACL reconstruction versus late ACL
reconstruction may have an effect on secondary injuries and
may influence the onset of knee OA. Each of these areas likely
contributes to the development of knee OA, and future re-
search could focus identifying the exact inflammatory
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modulators that affect OA, while focusing on anti-
inflammatory treatment. Additionally, as biomechanical re-
search continues to focus on the knee and our surgical tech-
niques improve, we continue to an improved understanding of
how to restore normal knee kinematics with surgical
treatments.
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