1 MENTORS N ORTHOPEDICS

Bl NATURAL HISTORY OF AN ANTERIOR CRUCIATE
LIGAMENT INJURY: ASSOCIATED INJURIES AND
CONSEQUENCES OF ROTATIONAL INSTABILITY

César Praz - Université de Caen, Caen, France
André Ferreira - Clinique du Parc, Lyon, France
Martin Tripon - Université de Caen, Caen, France

Christophe Hulet - Université de Caen, Caen, France

Background: Anterior cruciate ligament (ACL) injuries represent a significant clinical and economic
burden, with high incidences observed in young athletes participating in pivotal sports. While ACL
reconstruction (ACLR) is common, the complex pathophysiology of rotatory instability and the long-term

risk of post-traumatic osteoarthritis (OA) remain critical challenges in orthopedic management.

Objective: This review examines the epidemiology, biomechanical properties, and injury mechanisms of
the ACL, while evaluating the impact of associated intra-articular and extra-articular lesions on knee

stability and long-term joint health.

Key Points: The ACL functions as a primary restraint against anterior tibial translation and internal
rotation, characterized by a ribbon-like anatomy and distinct functional bundles. Non-contact ruptures
typically occur under valgus stress and quadriceps-induced anterior force, resulting in significant tibial
displacement. Rotational instability, quantified by the pivot shift, is exacerbated by concomitant injuries to
the medial meniscal ramp, lateral meniscal roots, and anterolateral structures. Bony factors, including
increased lateral tibial slope, further influence laxity. Although ACLR restores gross stability and reduces
the relative risk of secondary OA compared to non-operative management, it does not fully prevent
degenerative changes. Meniscal preservation is identified as a primary factor in mitigating OA progression,

as meniscectomy significantly increases the risk of Kellgren-Lawrence stage >2 changes.

Conclusion: Successful ACL management requires a comprehensive diagnostic approach that addresses
both the primary ligamentous deficit and associated peripheral lesions. Restoring normal knee kinematics
through anatomical reconstruction and meniscal repair is essential to delay the onset of post-traumatic

osteoarthritis.

Anterior Cruciate Ligament Injuries; Anterior Cruciate Ligament Reconstruction; Knee Joint; Osteoarthritis, Knee;
Joint Instability
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In 2019, 45,997 patients in France underwent anterior cruciate ligament (ACL) reconstruction, 60% of whom

underwent outpatient surgery (Source ATTH).

The incidence of ACL injury in sports populations varies based on studies of 10-65/100,000 persons. The
incidence is higher (241/100,000 persons) in at-risk populations that are 19 to 25 years of age and practicing
pivotal contact sports (1—4). Studies suggest that the annual incidence of ACL injury has not changed among

American athletes since the mid-1990s (5-7).

The incidence of ACL injury by gender is not well established in the general population but does appear to be

higher in female athletes playing contact sports (8). In the general population, a higher incidence is found in men

(4)-

A study conducted in the United States found that the societal cost is 2.3 times higher for patients who do not
receive ACL reconstruction surgery than those who do, as reflected by direct rehabilitation and indirect work-

related costs (9).

The ACL is a dense connective tissue band, approximately 3.5 cm in length, that extends from the femur to the
tibia. It resists the anterior translational and internal rotational loads of the tibia and is thus a pivotal structure of
the knee joint. The ACL has a microstructure of collagen bundles of several types (mainly type I) and a matrix
consisting of a protein, glycoprotein, elastic system, and glycosaminoglycan network with multiple functional
interactions. The complex structural organization and abundant elastic system of this ligament allow it to
withstand multiaxial stresses and variable tensile strains. The ACL contains three types of mechanoreceptors:
Pacinian corpuscles, Ruffini corpuscles, and free endings. Pacinian corpuscles are the most abundant, located in
almost 90% of the ACL insertion zones (tibial and femoral). These receptors represent an estimated volume of
nearly 5% of the total ligament (10). The ACL is innervated by posterior articular branches of the tibial nerve and is
vascularized by branches of the middle geniculate artery. This ligament also consists of two anatomically distinct
anteromedial and posterolateral bundles. A recent cadaveric study of 111 specimens identified a flat twisted ribbon
ligament that forms anteromedial and posterolateral fibres and reproduces the two bundles based on knee flexion

movements (Figure 1) (11).
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Figure 1: Ribbon anatomy of the ACL. Smigielski (11)

= .

Figure 1: Ribbon anatomy of the ACL. Smigielski (11)

The ACL controls the anterior translation and internal rotation of the knee. An anatomical study showed that
when the ACL is ruptured, the anterior drawer increases by 10-15 mm at 30° of knee flexion under an anterior
load of 134 N. Robotic/universal force-moment sensor test systems have been used to quantify the passive
anterior drawer in cadaveric knees at different flexion angles without the influence of active muscle forces.
Without these forces, the greatest increase in tibial anterior translation is observed at 15°— 40° of flexion (12). If
the ACL is defined as a ligament with two functional bundles, the anteromedial bundle behaves more isometrically
in all degrees of knee flexion, while the posteromedial bundle is tense during extension and relaxed during

maximum flexion (12).

The rotational control of the ACL is explained by its anatomy, the main structure of which has a complex diagonal
pathway, oblique upwards and outwards, through the knee. Cadaveric knees with complete ACL transection show
increased internal rotation (12). Amis et al. showed that the axis of rotation shifts from the centre of the knee to a

medial position near the medial meniscus when the ACL is ruptured. This includes a 20% shift in the centre of

Mentors in Orthopedics | No. 016: March-April 2022 3/16



knee rotation into the medial compartment. This increases motion in the lateral compartment (13). While the ACL
is the primary break that controls anterior translation and internal rotation, secondary brakes include the

collateral ligaments, anterolateral structures, and menisci (14).

The clinical pivot shift test is used to assess rotational instability and test for ACL tears but is influenced by active
muscle forces and inter-observer bias. This test includes four grades: grade 1, no snap, grade 2, early snap, grade
3, snap, and grade 4, explosive snap. Correlating these grades with an ACL rupture can be difficult because some
knees with a complete ACL rupture do not show a protrusion, highlighting the importance of the secondary

brakes (15,16) (Figure 2).

Acl deficiency creates combined anterior Tibial translation and internal rotation

Figure 2: The role of the anterior cruciate ligament from Amis, Bull (13)

New techniques and tools have been developed to quantify the pivot shift (17). While the pivot shift is more
difficult to assess than anterior tibial translation, quantitative accelerometer measurements appear to correlate
with the clinical grade (low- and high-grade pivot shifts) under general anaesthesia and tibial translation > 6mm
is shown to be a risk factor for high-grade pivot shift (18). A high-grade pivot shift is influenced by bony
anatomical factors, such as tibial slope and small lateral plateau area, but is associated with anterolateral

meniscal and capsular injuries (19).

MECHANISM OF THE RUPTURE

The anterior cruciate ligament is the primary brake on anterior tibial translation and internal tibial rotation.

ACL rupture is responsible for rotational instability with a recoil of both condyles (lateral condyle >medial
condyle) and posterior subluxation of the lateral condyle. Tibial internal rotation is reduced by approximately 13 +
8 degrees during the pivot shift manoeuvre with a posterior translation of the tibia by approximately 12 + 8mm

(20).

Numerical modeling has provided new options to address knee trauma. Koga et al. analysed the kinematics of an
ACL rupture from images of a non-contact injury of the anterior cruciate ligament of a professional athlete during
a football match (Figure 3) (21).
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Figure 3A: 3D kinematic analysis model of an ACL injury from Koga & al.(21)Figure 3B : Estimation of anterior tibial
translation from a model-based image comparison for non-contact anterior cruciate ligament injury in professional
football.
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Figure 3A: 3D kinematic analysis model of an ACL injury from Koga & al.(21)Figure 3B : Estimation of anterior tibial
translation from a model-based image comparison for non-contact anterior cruciate ligament injury in professional
football.

These images allowed a 3D analysis of the movement. At the time of the ACL rupture, the knee was flexed between
26-35°, after which the flexion angle continued to increase. The knee had an estimated valgus motion of 21° and

the internal rotation was 21°. Anterior tibial translation ranged from 9g—22 mm before returning to a reduced
position (Figure 4).
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Figure 4 : Knee position at time of ACL injury from Koga (21)

Using the same technique to analyse the kinematics of non-contact ACL rupture among ten female handball and

basketball players, Koga et al. hypothesised the mechanism of injury (Figure 5) (22).
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Figure 5 : Proposed mechanism of a non-contact ACL injury after Koga & al.(22)

In the initial phase, a valgus stress is applied, causing tension in the medial collateral ligament (MCL) and
compression in the lateral compartment. This compressive load, together with the anterior force vector caused by
the quadriceps contraction, causes a displacement of the femur relative to the tibia. While the lateral femoral
condyle moves backward, the tibia moves forward and internally rotates, resulting in a rupture of the ACL. Once
this occurs, the main restriction to the anterior translation of the tibia disappears. The lateral femoral condyle is

also displaced posteriorly, causing the medial condyle to move posteriorly and resulting in external rotation of the
tibia.
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Owusu-Akyaw et al. extrapolated the position of the knee at the time of ACL rupture from reconstructed MRI
images and observed bone swellings (23). No significant differences were found by gender (Figure 6). At the time
of rupture, the knee was in flexion at 18.4°-20.2°, the valgus was estimated at 8°-8.3°, the internal rotation was

estimated at 5.3°-8.6°, and the anterior tibial translation was estimated to be 24.6 mm-26.9 mm.
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Figure 6: Determination of knee position at ACL rupture for men versus women by bone bruise analysis from Owusu-
Akyaw & al. (23)

MRI analysis of non-contact ACL ruptures showed no gender differences in the location and severity of tibial or
femoral bone oedema or of meniscal injury (24). Viskontas et al. measured bone oedema on MRI based on the
mechanism of injury. More severe bone bruising in the medial and lateral compartments was found by the non-
contact than the contact mechanism (25). While the extent of lateral femoral condyle oedema appears to correlate
with the presence of lateral meniscal injury, the presence of bony oedema of the posteromedial tibial plateau

appears to correlate with the presence of medial meniscal ramp injury (26,27).

ASSOCIATED INTRA- AND EXTRA-ARTICULAR INJURIES: ROLE IN
KNEE STABILITY

The magnitude of rotational instability, assessed by the pivot shift test, is multifactorial (28). The grade of pivot

shift is influenced by intra- and extra-articular lesions.

Intra-articular injuries

Intra-articular injuries mainly include medial or lateral meniscal injuries. More specific lesions, such as those of
the medial meniscal ramp and the meniscal roots, in particular of the external meniscus, are also experienced
(29,30) (Figure 7). Cartilage injuries should also not be overlooked because they are important for the long-term

outcome of the knee. The prevalence of medial meniscal ramp injuries is estimated at 15.5-24% (29,31,32).
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Figure 7: Arthroscopic view of a medial meniscal ramp injury by passing the scope through the notch.

Meniscal root injuries also play a role in the rotational instability of the knee, in particular external meniscal root
injuries (35,36). The prevalence of external meniscus root injuries ranges from 6.6%— 13.5% (30,37). These injuries

should be diagnosed and treated simultaneously (Figure 8).

Figure 8: Arthroscopic view of a lateral meniscus root injury

Bone lesions should also be investigated, especially notches in the lateral condyle (Figure g9) and fractures of the
posterolateral tibial plateau (Figure 10). Cartilage damage, which may have negative consequences for the future

of the knee, can also be found.
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Figure 9: Impaction bone notch of the lateral femoral condyle

Figure 10: Posterolateral tibial plateau fracture

In this rotatory instability, there are varying extra-articular lesions of the anterolateral structures and
posteromedial capsular plane. Lesion assessment of the medial plane must include both the meniscotendinous
complex of the semimembranosus and the medial meniscotibial ramp. The semimembranosus is likely to be
involved in the physio-pathogenesis of a medial meniscal ramp injury because of its anatomical relationship with
the posterior segment of the medial meniscus and the meniscotibial ligament (33). Thus, according to Hughston,
the reflex contraction of the semimembranosus during trauma from excessive anterior tibial subluxation
secondary to ACL rupture stresses the posteromedial capsule while the meniscus is trapped between the femur
and tibia, leading to tears in the meniscocapsular and/or meniscotibial ligaments (34). These lesions correlate
with a high-grade pivot shift so it is important to look for and include them in surgical planning to restore the

rotational kinematics of the knee (32).
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Extra-articular injuries

Extra-articular meniscus-capsular lesions also influence rotational instability. These involve soft tissue
involvement of the anterolateral structures, including the anterolateral ligament and the iliotibial band (Figure

11).

Figure 11: MRI image of an anterolateral ligament injury.

Collateral plane injuries associated with the ACL injury that result in anteromedial or antero-external triads
should be investigated. Medial complex involvement includes the MCL and the posterior oblique ligament (POL)
(Figure 12) while lateral involvement primarily involves the lateral collateral ligament. MCL injuries are frequently

associated with ACL tears (38).

Figure 12: Involvement of the medial complex including the medial collateral ligament and the posterior oblique ligament.

Mentors in Orthopedics | No. 016: March-April 2022 10/16



While conservative treatment is acceptable for grade 1 and 2 MCL injuries with potential for healing, there is a
lack of consensus on the acute management of grade 3 injuries (39). In the case of delayed management, it is
recommended that a technique be used to reconstruct the MCL and the POL. The importance of the POL as the

primary stabiliser of internal rotation in early knee flexion should be taken into account (40).

In rare cases, damage to the extensor apparatus, in particular a rupture of the patellar ligament, may be

associated with ACL rupture (41).

Influence of associated injuries on the pivot shift

While damage to the external meniscus and anterolateral structures (anterolateral ligament and iliotibial band)
are associated with high-grade instability, the influence of associated injuries on the pivot shift remains to be
confirmed (19,42). Morphologically, a small lateral tibial plateau diameter and an increased tibial slope influence

the amplitude of the pivot shift (43,44).

Ferreti et al. assessed a population of 200 patients with acute ACL rupture and found that anterolateral structure
damage was the only risk factor significantly associated with a high-grade pivot shift (42). These results support a
biomechanical study that found that sectioning the anterolateral structures increased tibial internal rotation in all
degrees of knee flexion. Xu et al. showed that combining anterolateral reconstruction with ACL reconstruction
using either lateral tenodesis or anterolateral plasty reduced residual pivot shift and restored near-normal knee
kinematics (45). Meanwhile, an analysis evaluating postoperative pivot shift control by comparing isolated ACL
reconstructions versus reconstructions associated with lateral tenodesis showed that meniscal injury repair was
more closely correlated with pivot shift control than the addition of lateral tenodesis (46). Hoshino et al. also found
an increased pivot shift in meniscal lesions with a preponderant effect in case of injury to the lateral meniscus

(47).

The presence of meniscal lesions concomitant with an ACL rupture is estimated to be close to 80%, with a higher
proportion of acute lateral meniscus lesions and chronic medial meniscus lesions >8 weeks after the trauma (48).
The greater incidence of medial meniscus injury resulting from surgical delay is corroborated by other authors,

who find up to twice as many medial meniscus injuries 1 year after the trauma (49,50).

ACL rupture and meniscal injuries trigger a cascade of pathogenic processes in the acute phase which are poorly
understood. These injuries lead to changes in the static and dynamic loading of the knee that contribute to the
initiation and progression of OA. Exogenous factors such as surgery, activity, and new injuries, interact with
endogenous factors such as age, gender, genetic variations, and obesity that likely contribute to OA development.

These influences likely contribute to the variable rate of OA development after these injuries (51).

A chronic ACL rupture will lead to joint hypermobility, with increased stresses resulting in meniscal and cartilage
damage. The role of the menisci decreases as joint stress spreads resulting in premature cartilage wear and
eventually OA. Long-term imaging studies indicate that articular cartilage changes more often occur in the medial

compartment of the knee rather than the lateral side (52,53) .

Studies have assessed long-term follow-up of knees with chronic anterior laxity. Nebelung et al. reported on the
long-term follow-up of 19 athletes who were treated functionally in the 1960s. At 20 years of follow-up, 95% had
undergone a meniscectomy and at 35 years, 65% required a total knee arthroplasty (54) (Figure 13). Neyret et al.
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compared the outcomes of isolated meniscectomies on stable versus unstable knees over 20-34 years. While 86%
of patients with unstable knees had radiological OA, 38% of whom required repeat surgery at 30 years, 50% of

patients with stable knees had radiological OA, only 5% of whom required repeat surgery (55).

ACL injury alone can lead to knee OA regardless of whether the patient undergoes ACL reconstruction or
conservative treatment. In a randomised study of 135 patients, Berenius et al. showed that patients who
underwent ACL reconstruction were three times more likely to develop gonarthrosis by the 14 year follow-up than
those with healthy knees (56). While unable to completely prevent secondary OA, ACL reconstruction reduces the
rate of its occurrence, with moderate to severe OA present in 19% and 29% of cases at 12 and 20 years, respectively
(57-59). A comparative study at almost 20 years of follow-up showed that 16.5% of patients that received ACL
reconstruction surgery had severe OA compared to 56% of patients who did not receive surgery (60). The
protective role of ACL ligamentoplasty was confirmed by a 2014 meta-analysis, which found that the relative risk
of developing secondary OA was 3.62 and 4.98 in patients who received and did not receive ACL reconstruction,
respectively (61). These studies indicate that ACL reconstruction cannot prevent the onset of OA but can slow
down and delay it. ACL reconstruction also reduces the risk of secondary surgery. Chalmers et al. found that
patients who received ACL reconstruction had about half the need for secondary meniscal surgery than those who
did not receive surgery (62). In a computer model used to estimate the timing of total knee replacement and knee
OA, Suter et al. found that the lifetime risk of symptomatic OA was 34% for combined ACL and meniscal injuries,
compared with 16% for isolated ACL injuries and 14% for uninjured controls (63). Based on current knowledge,
patients without ACL injury have the lowest risk of knee OA, followed first by those with isolated ACL injury, and

then by those with combined ACL and meniscus or cartilage injury.

Meniscus and cartilage damage alone can lead to knee OA. Several risk factors for developing secondary OA have
been identified, of which the receipt of a medial or lateral meniscectomy is the main risk factor (56-59). In a 20
year follow-up study, Curado et al. showed that the rate of OA was 46% for patients who received a meniscectomy
versus 17% for those with an intact meniscus, confirming the protective role played by the menisci and the
importance of meniscal preservation during surgery (58). These results correlate with a recent study by Lindanger
et al, who found that 55% of patients had Kellgren-Lawrence stage >2 OA 25 years after ACL reconstruction
compared to 16% of those with healthy contralateral knees. The presence of medial and lateral meniscal lesions at
surgery have also been identified as risk factors for the development of OA (64). Residual laxity, >30 years of age at
the time of surgery, and contact sports are also identified as contributing factors while the type of graft does not

appear to have a long-term influence on OA (56-59).

ACL rupture leads to rotational instability that is not limited to ACL injury. Meniscus and cartilage injuries as well
as damage to the extra-articular soft tissues of the anterolateral complex and the posteromedial complex of the
knee can also occur. Optimising the reconstruction and restoration of knee anatomy will require thinking outside
the notch. The key to ACL reconstruction requires a strong understanding of the pathophysiology of an ACL
injury. Clinical preoperative evaluation and imaging will make it easier to identify lesions in and outside the notch

and anticipate relevant surgical solutions.
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