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Anterior Cruciate Ligament (ACL) Reconstruction

Introduction to Anterior Cruciate Ligament Reconstruction

The procedure known as Anterior Cruciate Ligament (ACL) reconstruction is one of the most
common and critical orthopedic surgical interventions performed globally, primarily targeting active
individuals who have suffered a debilitating rupture of this crucial knee stabilizer. The primary
function of the ACL is to prevent anterior translation of the tibia relative to the femur and to act as a
secondary restraint to rotational forces, ensuring kinematic stability during demanding physical
activities. When the ligament is torn, typically resulting in significant functional instability,
reconstruction becomes necessary to restore normal knee mechanics and allow the patient to
return safely to pivoting and cutting sports. Unlike many other ligaments, the ACL possesses poor
intrinsic healing capacity, meaning that surgical intervention involves replacing the damaged
ligament with a suitable graft, rather than attempting direct repair, a technique proven to have high
failure rates.

ACL reconstruction is a highly technical, arthroscopically assisted procedure that has evolved
significantly since its inception, moving from open techniques to minimally invasive methods that
prioritize anatomic placement and preservation of surrounding soft tissues. The overarching goal of
the surgery is not merely to create a static tether, but to recreate the complex biomechanical
function of the native ACL, thereby minimizing the risk of subsequent meniscal and chondral
damage that often accompanies chronic knee instability. The success of the operation is
intrinsically linked to meticulous surgical execution, precise graft tensioning, and, perhaps most
importantly, adherence to a rigorous, structured postoperative rehabilitation protocol designed to
safely incorporate the graft into the host anatomy while restoring muscle strength and
proprioception.

While ACL injury was historically considered a career-ending event for professional athletes,
advances in surgical materials, imaging modalities, and rehabilitation science have dramatically
improved outcomes, making a successful return to high-level athletics a realistic expectation for a
majority of patients. However, the decision to undergo reconstruction is complex and must weigh
factors such as the patient's age, activity level, associated knee injuries (e.g., meniscal tears or
collateral ligament involvement), and commitment to the lengthy recovery process. The choice of
graft material--whether autograft harvested from the patient or allograft derived from a donor--is a
central decision point in the preoperative planning phase, influencing both the immediate stability
and the long-term structural integrity of the reconstructed ligament.

Anatomical and Biomechanical Significance of the ACL

The Anterior Cruciate Ligament is a dense band of connective tissue situated deep within the knee
joint, originating on the posterior aspect of the lateral femoral condyle and inserting into the anterior
intercondylar area of the tibial plateau. This placement gives it a unique and vital role in knee
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stability. Structurally, the ACL is generally described as consisting of two functional bundles: the
larger Anteromedial (AM) bundle and the smaller, but equally important, Posterolateral (PL)
bundle. These bundles operate in a reciprocal manner throughout the range of motion. The AM
bundle remains relatively taut in flexion, whereas the PL bundle is tighter in extension. This dual-
bundle architecture ensures that the ligament provides tension and stability across the entire arc of
knee motion, preventing excessive translation or rotation in various kinematic states.

Biomechanical analysis confirms that the ACL is the primary static restraint to anterior tibial
translation, accounting for approximately 85% of this restraint, especially near full extension.
Furthermore, it plays a critical secondary role in limiting internal rotation of the tibia, particularly
when the knee is subjected to valgus or varus stresses. The ligament is also richly populated with
mechanoreceptors, specialized nerve endings that contribute significantly to proprioception, or
the body's sense of joint position and movement. When the ACL is torn, not only is mechanical
stability lost, but the critical proprioceptive feedback loop is disrupted, contributing to the subjective
feeling of "giving way" or instability reported by patients, which significantly elevates the risk of
secondary injuries to the menisci or articular cartilage.

Understanding the native anatomical footprint is crucial for successful reconstruction. Modern
surgical techniques strive for an anatomic reconstruction, meaning the tunnels drilled into the
femur and tibia mimic the exact location and orientation of the native ligament's attachments.
Historically, some surgical approaches utilized non-anatomic, isometric positions, which provided
adequate stability in simple linear motion but failed to fully restore rotational stability, leading to
persistent "pivot shift" phenomena in many patients. The complexity of the ACL's fiber orientation
and its interaction with the surrounding structures, including the menisci and the posterior cruciate
ligament (PCL), underscores why merely replacing the ligament with a straight graft is insufficient;
the new graft must be tensioned and placed to replicate the dynamic behavior of the original
structure.

Etiology and Clinical Presentation of ACL Injury

ACL injuries most frequently occur in sports that involve sudden deceleration, pivoting, cutting, or
jumping, making them highly prevalent in activities such as soccer, basketball, skiing, and football.
The majority of ACL tears--estimated at 70% to 80%--are non-contact injuries. These typically
occur when an athlete lands from a jump or rapidly changes direction while the foot is planted,
leading to a complex loading mechanism involving a combination of knee valgus collapse, internal
rotation of the tibia, and hyperextension or slight flexion. This cascade of forces places immense
strain on the ligament, exceeding its ultimate tensile strength and resulting in rupture. Contact
injuries, while less common, usually involve a direct blow to the lateral aspect of the knee, forcing it
into a severe valgus position.
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The immediate clinical presentation following an acute ACL tear is often dramatic. Patients
commonly report hearing or feeling a distinct "pop" within the knee joint at the moment of injury.
This is rapidly followed by severe pain and the onset of a large, tense hemarthrosis (bleeding into
the joint space), typically developing within the first few hours. The swelling is often so significant
that it masks the underlying mechanical instability initially. The patient is usually unable to continue
activity and experiences difficulty bearing weight. Upon examination in the acute setting, the knee
is often exquisitely tender, limited in range of motion due to the effusion, and the apprehension and
muscle guarding can make definitive stress testing challenging, necessitating careful sedation or
delayed assessment.

Beyond the isolated ACL tear, it is common for the mechanism of injury to cause associated
damage to surrounding structures. The most notorious combination is the "unhappy triad" or
"terrible triad,” which involves tears of the ACL, the medial collateral ligament (MCL), and the
medial meniscus, though contemporary studies suggest involvement of the lateral meniscus is
more frequent. Additionally, severe rotational forces often lead to a characteristic bone bruise
pattern observed on MRI, known as the kissing contusion, involving the lateral femoral condyle and
the posterolateral tibial plateau. The diagnosis is confirmed by specialized physical examination
maneuvers, specifically the Lachman test and the Pivot Shift test, which assess the degree of
anterior translation and rotational instability, respectively, differentiating a partial tear from a
complete rupture and guiding the subsequent treatment pathway.

Diagnostic Procedures and Preoperative Assessment

The definitive diagnosis of an ACL tear relies on a combination of patient history, physical
examination, and advanced imaging. The physical examination remains paramount, particularly the
Lachman test, which is considered the most sensitive test for ACL rupture. This test is performed
with the knee flexed 20 to 30 degrees, assessing the amount of anterior translation of the tibia
relative to the femur and the quality of the endpoint--a soft or absent endpoint is indicative of a
complete tear. The Pivot Shift test, while more difficult to perform accurately in the acute setting, is
highly specific for clinically significant rotational instability and is a strong predictor of poor
functional outcomes if left untreated.

Imaging studies serve to confirm the diagnosis, assess for concomitant injuries, and aid in surgical
planning. Magnetic Resonance Imaging (MRI) is the gold standard modality for visualizing soft
tissue structures, reliably confirming the integrity of the ACL, PCL, collateral ligaments, and
menisci. The MRI provides crucial information regarding the presence of meniscal tears (which
may require repair), chondral defects (cartilage damage), and the aforementioned bone bruising
patterns, which help confirm the mechanism of injury. While plain radiographs are often normal
following an isolated ACL tear, they are necessary to rule out associated fractures, such as tibial
plateau fractures or the Segond fracture--an avulsion fracture of the lateral tibial plateau, which is
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pathognomonic for an ACL tear.

Preoperative planning extends beyond diagnosing the tear itself. The surgeon must carefully
assess the patient's biomechanical alignment, including any pre-existing genu varum (bow-legged)
or genu valgum (knock-kneed) deformities, as significant malalignment may require concurrent
osteotomy procedures to unload the affected compartment and protect the graft. Furthermore, the
decision regarding graft choice necessitates extensive discussion with the patient, reviewing the
functional demands of their intended return to activity, potential harvest site morbidity, and the
biological integration time required for each graft type. A comprehensive preoperative protocol
often includes a period of pre-habilitation, focusing on reducing swelling and restoring full range of
motion, as entering surgery with a stiff, swollen knee significantly increases the risk of
postoperative arthrofibrosis (scar tissue formation).

Surgical Principles and Techniques of Reconstruction

ACL reconstruction is overwhelmingly performed using arthroscopic techniques, which involve
small incisions and the use of a camera and specialized instruments to perform the surgery inside
the joint. This minimally invasive approach minimizes trauma to surrounding tissues, reduces
postoperative pain, and facilitates faster recovery compared to historical open procedures. The
core steps of the surgery involve preparing the joint, removing the remnants of the torn ligament,
harvesting and preparing the graft, drilling the femoral and tibial tunnels, passing the graft through
the tunnels, and securing it under appropriate tension using various fixation devices.

The most critical technical aspect of the procedure is achieving anatomic tunnel placement. The
goal is to place the tunnels so that the graft replicates the footprint of the native ACL bundles,
ensuring the graft maintains appropriate tension throughout the full range of motion. Modern
techniques emphasize drilling the femoral tunnel through the anteromedial portal of the knee rather
than the traditional transtibial approach, as the latter often leads to a more vertical, non-anatomic
graft orientation, which fails to control rotational forces effectively. Proper tunnel location is verified
using fluoroscopy or intraoperative visualization, ensuring that the graft is positioned in the center
of the native attachments to optimize both anterior and rotational stability.

Fixation of the graft must be robust to withstand the early forces of rehabilitation and allow time for
the graft to undergo the necessary biological integration process, known as ligamentization.
Various fixation methods are employed, often combining techniques on the femoral and tibial
sides. Common femoral fixation techniques include suspensory devices (e.g., cortical buttons),
which provide strong, immediate fixation outside the bone tunnel, and interference screws, which
compress the graft within the tunnel. Tibial fixation often relies on interference screws, staples, or
post-and-washer devices. The surgeon must carefully select the fixation method based on the graft
type, bone quality, and the desired biomechanical properties, ensuring the construct is stable
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enough to resist tunnel widening and subsequent graft laxity.

Considerations in Autograft and Allograft Selection

The choice of graft material is arguably the single most debated topic in ACL reconstruction. Grafts
are classified primarily into two categories: autografts, harvested from the patient's own body, and
allografts, derived from cadaveric donors. The selection process is highly individualized, balancing
the need for mechanical strength against potential donor site morbidity and the risk of disease
transmission or immune response.

The two most common autograft choices are the Bone-Patellar Tendon-Bone (BTB) graft and
the Hamstring Tendon (HT) graft, typically using the semitendinosus and gracilis tendons (STG).
The BTB graft is favored by many surgeons, particularly for high-demand athletes, because the
presence of bone blocks on either end allows for rapid bony healing within the tunnels, leading to
robust fixation and a quicker time to maximal stability. However, harvesting the BTB gratft is
associated with higher rates of anterior knee pain, kneeling pain, and a small risk of patellar
fracture. Conversely, the HT graft is associated with less anterior knee pain and smaller cosmetic
incisions, but its fixation relies solely on soft tissue integration, which can sometimes be slower,
and there is a documented risk of hamstring weakness post-harvest.

Allografts are often preferred in specific scenarios, such as multi-ligament knee injuries, revision
ACL surgery, or in older, lower-demand patients where avoiding donor site morbidity is prioritized.
Allografts offer the advantages of unlimited size, reduced surgical time, and no morbidity at the
harvest site. However, allografts carry inherent disadvantages, including a small risk of disease
transmission (despite rigorous screening and sterilization), slower incorporation into the tunnels,
and, crucially, a statistically higher rate of graft failure compared to autografts, particularly in young,
high-demand athletes. Therefore, for the primary reconstruction of a young, competitive athlete,
autografts generally remain the gold standard due to their proven superior long-term mechanical
outcomes and lower re-rupture rates.

The Structured Phases of Postoperative Rehabilitation

Successful ACL reconstruction is only half the battle; the long-term outcome is heavily dependent
upon adherence to a structured, multi-phased rehabilitation program, which typically spans nine to
twelve months or longer. Rehabilitation is crucial for protecting the healing graft while
simultaneously restoring range of motion (ROM), strength, and neuromuscular control. The
program is divided into distinct, progressive phases, each with specific biological and functional
goals.

The Phase I: Protection and Early Motion (Weeks 0-6) focuses on managing swelling, protecting
the graft from excessive stress, and achieving full passive knee extension, which is paramount to
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preventing long-term stiffness. Controlled ROM exercises are initiated, and muscle activation
exercises, particularly for the quadriceps (quadriceps sets and straight leg raises), are essential to
combat rapid atrophy. Weight-bearing status is often progressed from protected partial weight-
bearing to full weight-bearing, depending on the graft type and concomitant procedures. The
biological imperative during this phase is the initial cellular healing and fixation strength of the graft,
which is at its most vulnerable.

Phase Il and IlI: Intermediate Strength and Functional Progression (Weeks 6-24) transitions
the focus to restoring muscle strength, particularly hamstring and quadriceps strength, and
beginning light functional activities. Strength training progresses from closed-chain exercises (e.qg.,
squats and leg press) to controlled open-chain exercises, being mindful of anterior shear forces
that peak between 10 and 30 degrees of flexion. Proprioceptive training, utilizing balance boards
and single-leg stability drills, is introduced to restore the neuromuscular control lost during the
injury. By the end of this phase, the graft is beginning the process of ligamentization, slowly
transitioning from a necrotic structure to a viable ligament, but it is still structurally weaker than the
native ACL.

The final stage, Phase IV: Advanced Training and Return to Sport (Months 6-12+), involves
high-level sport-specific drills, agility training, plyometrics, and cutting maneuvers. The criteria for
returning to sport are strict and evidence-based, moving beyond simple time milestones. Athletes
must demonstrate symmetrical strength (quadriceps strength index of at least 90% compared to
the contralateral leg), passing scores on functional testing batteries (e.g., hop tests), and
confidence in their knee stability. Rushing the return to sport before adequate neuromuscular
control and graft maturation has occurred significantly increases the risk of re-injury to the
reconstructed knee or injury to the previously healthy knee.

Potential Risks, Complications, and Long-Term Outcomes

While ACL reconstruction is generally a successful procedure, like all surgeries, it carries potential
risks and complications that must be carefully considered. Immediate postoperative risks include
standard surgical complications such as infection, deep vein thrombosis (DVT), and neurovascular
injury, though these are rare. More specific to knee surgery are complications related to joint
mechanics, including arthrofibrosis (excessive scar tissue leading to stiffness and loss of motion),
and persistent pain, often related to the harvest site in BTB grafts. Early recognition and
aggressive management of stiffness, often requiring manipulation under anesthesia or arthroscopic
lysis of adhesions, are necessary to ensure a functional outcome.

The most concerning long-term complication is graft failure, or re-rupture of the reconstructed
ligament. Failure rates vary widely based on patient demographics, graft choice, and surgical
technique, but generally range between 5% and 10%. Factors strongly associated with increased
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risk of failure include young age (under 25), participation in competitive pivoting sports, and
technical errors such as non-anatomic tunnel placement. When graft failure occurs, a revision ACL
reconstruction is often required, which is a significantly more complex procedure due to altered
anatomy, hardware removal, and potential bone stock deficiencies, often necessitating a two-stage
approach.

Despite successful surgical restoration of stability, the long-term prognosis for the knee joint
remains a subject of ongoing research, specifically concerning the development of post-traumatic
osteoarthritis (PTOA). Studies indicate that even with a stable, functional ACL reconstruction,
patients have a substantially increased risk of developing radiographic signs of osteoarthritis within
10 to 15 years post-injury compared to the general population. This is hypothesized to be due not
solely to the instability, but primarily to the initial traumatic insult itself, which damages the articular
cartilage and initiates a cascade of inflammatory changes within the joint. Therefore, while
reconstruction restores function, ongoing research focuses on mitigating the inherent biological
damage caused by the initial ACL injury event.
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