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INTRODUCTION
Anterior Cruciate Ligament (ACL) tears are among the most common orthopaedic injuries
with an incidence of approximately 250,000 per year in the United States. The majority of these
injuries occur in young athletes, ages 15-25, involved in sports that require planting, cutting, and
pivoting [1-4]. Arthroscopic reconstruction of the ACL has become the standard of care in athletes,
and patients who place a high demand on their knee. It is estimated that 175,000-200,000 ACL
reconstructions are performed annually [5,6]. The goals of ACL reconstruction are to restore knee
biomechanics and minimize the risk of subsequent meniscal and cartilage damage while allowing
patients to return to their desired activities.

ANATOMY AND BIOMECHANICS

The ACL functions to provide stability to the knee joint. The average ACL has a length of 33mm
and a diameter of 11mm [7]. The ACL originates on the posteromedial aspect of the lateral femoral
condyle in the intercondylar notch and inserts on the tibial plateau medial to the anterior horn
of the lateral meniscus.The ACL is composed of two functional bundles named for the location of
their respective tibial insertions, Anteromedial (AM) and Postero lateral (PL) [8-11]. The lateral
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intercondylar ridge (resident’s ridge) marks the anterior border of the femoral insertion and the
lateral bifurcate ridge divides the origin of the two respective bundles [12]. The AM bundle is tight
in flexion and provides the majority of restraint to anterior translation; while the PM bundle is
tight in extension and provides restraint to axial rotation. In addition, the ACL helps prevent knee
hyperextension, tibial rotation and protects the menisci from shear forces [13,14].

RISK FACTORS

Both intrinsic and extrinsic risk factors contributing to ACL tears have been identified.
Extrinsic risk factors are typically related to increased torsional resistance and an increased
playing surface friction coefficient, such as cleat design and playing surfaces [15]. Intrinsic risk
factors may be related to anatomy, gender, or biochemical properties. Anatomic factors include
decreased intercondylar femoral notch size [16], depth of concavity of the medial tibial plateau,
and increased posterior tibialslope [16,17].
Gender plays a complex role in the risk of ACL injury. ACL injuries are more common in males,
due to the greater absolute number of males participating in athletic activities, however, when
collegiate sports with both male and female participation are compared, females have a 2-8 times
greater likelihood of experiencing an ACL injury than males [18]. Women have a larger Q angle,
which increases the biomechanical stresses on the ACL [19]. The female ACL has a smaller cross
sectional area, 8% lower tensile load to failure, and 22% lower modulus of elasticity. These factors,
in combination with the increased knee valgus moments in omen during leg landings, have all
been associated with a greater rate of injury [20-22]. Hormonal receptors on ACL fibroblasts and
variations in knee laxity during the menstrual cycle have been demonstrated; however, there
is no clear statement regarding the effects of the menstrual cycle on the rate of ACL injury [2226]. In addition, a genetic predisposition may exist; 23.4% of individuals with an ACL tear report
having a first-degree relative with ACL injury as well, compared to 11.7% in control group [27].

PRESENTATION AND DIAGNOSIS

Injuries to the ACL are often immediately disabling. Diagnosis of ACL injury is best accomplished
with the combination of a thorough history, physical examination, and imaging. Suspicion for ACL
injury should be elevated when the patient describes a noncontact injury that occurred while
changing direction or landing from a jump. Injury is often associated with a popping sensation,
followed by swelling, pain, an acute hemarthrosis, and difficulty with weight bearing [28].
In order to obtain an accurate physical exam, it is essential that the patient be relaxed and
comfortable. The injured knee should always be compared to the contralateral knee. Many times
the on-field physical exam can be done prior to the development of a large effusion, allowing for
the most accurate exam. The Lachman test is performed by placing the knee in approximately
20-30 degrees of flexion with the femur stabilized; an anteriorly directed force is applied to the
proximal tibia. The displacement and endpoint (firm, marginal, or soft) should be compared to the
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contralateral side with a noticeable difference considered a positive result. The anterior drawer
test is performed by applying an anteriorly directed force to the proximal tibia with the knee at 90
degrees of flexion and the foot stabilized under the examiner. The amount of displacement and the
feel of the end point (ie soft, firm) should be compared to the contralateral side with a noticeable
difference considered a positive result. In addition, a grading system has been developed: grade 1
= 5 mm, grade 2 = 5 to 10 mm, grade 3 > 10 mm [29]. The pivot shift test is performed by applying
a valgus stress and an axial load while internally rotating the tibia as the knee is moved from
full extension into flexion. A positive test is indicated by subluxation of the tibia while the femur
rotates externally followed by a reduction of the tibia at 30-40 degrees of knee flexion. This test is
most often reserved for the examination under anesthesia, as patients are rarely able to tolerate
this in the office. The Lachman test has shown to be the most accurate with a sensitivity of 81%
and specificity of 81% while awake, and sensitivity of 91% when under anesthesia. The pivot shift
test carries a sensitivity of 28% and specificity of 81% while awake, and a sensitivity of 73% and
a specificity of 98% when under anesthesia [30]. The anterior drawer test is only 49% sensitive
and 58% specific in acute conditions [31].
Upon initial examination, plain radiographic X-rays should be obtained. A segond fracture,
avulsion of the posterior lateral capsule off of the proximal tibia, can sometimes be seen and is
considered pathognomonic for ACL tears. If there is suspicion for an ACL tear based on history
and physical exam, a Magnetic Resonance Image (MRI) is then ordered to evaluate for soft tissue
injury. ACL tears and associated bone bruising are best visualized on sagittal T2 imaging (Figure
1). MRI has 100% sensitivity and 77.8% specificity in diagnosing ACL injury in adults, with similar
values in pediatric patients [32-34]. Additionally, MRI provides comparable sensitivity and
specificity for other knee structures such as the medial meniscus, lateral meniscus, and PCL [32].
Diagnostic arthroscopy should be considered when MRI findings do not correlate with clinical
findings.
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Figure 1: Sagittal STIR MRI image of the right knee demonstrating a complete tear of the ACL
(arrow).

TREATMENT

The decision between non-operative and operative treatment is based on many variables
including age, activity level, concomitant injuries, and overall goals of care. Non-operative
management has been shown to lead to an increased risk of developing meniscal and chondral
abnormalities in ACL deficient knees [35-38]. In addition, delaying ACL reconstruction (greater
than 6 months) has been shown to increase the rate and complexity of meniscal tears [39-41].

Controversy exists regarding the long-term clinical effects of ACL deficient knees. Frobell et al.
[42,43] conducted a randomized controlled trial with 121 young adults with complete ACL tears,
all of which underwent rehabilitation with either early or optional delayed reconstruction. The
study reported no statistically significant differences between the groups after 2 and 5 years with
regard to pain, function in sports or recreation, radiographic Osteoarthritis (OA), or meniscus
surgery [42,43]. Similarly, Grindemet al. [44] conducted a prospective cohort study with 143
patients with complete ACL tears that were divided into an operative verses non-operative

Sports Medicine | www.smgebooks.com

4

Copyright  Mulcahey MK.This book chapter is open access distributed under the Creative Commons Attribution
4.0 International License, which allows users to download, copy and build upon published articles even for commercial purposes, as long as the author and publisher are properly credited.

management. Biomechanical testing, International Knee Documentation Comittee (IKDC) scores,
and sports participation via an online survey were collected at baseline, six weeks, and two years.
They concluded that there are few differences in the clinical outcomes between operatively and
non-operatively treated patientsc [44].
A study by Mihelicet al. [45] in 2011 compared 51 patients, 33 who underwent ACL
reconstruction and 18 who were treated conservatively, to determine clinical and radiologic
outcomes 17-20 years after treatment [45]. Outcomes consisting of physical exams, functional
knee scores, and radiographic evaluation demonstrated that 83% of surgical patients had

stable knees with normal or nearly normal IKDC scores. However, all of the patients with nonoperative treatment had unstable knees, 84% of whom had had abnormal or severe laxity [45].
The group also reported that although reconstructive surgery does not prevent the development
of osteoarthritis, it significantly lowers the risk when compared to conservative methods [45].
Similarly, Ventura et al. [46] reported that ACL reconstructions were better than non-operative
treatment when examining functional knee scores, biomechanical testing, patient satisfaction,
return to sport, and risk of subsequent meniscal injury in a cohort of 100 patients. They concluded
that surgery should be the treatment of choice for young patients wanting to return to sports
[46]. Chronic instability leads to an increased probability of developing early degenerative knee
osteoarthritis [47], with accelerated chondral wear, and greater incidence of meniscal tears
[48,49]. According to Lohmander et al. [50], regardless of treatment type, athletes with ACL
injuries are 10 times more likely to develop early OA, with an overall incidence of greater than
50% 10-20 years after injury.
Given the conflicting reports in the literature, the decision of whether to proceed with
ACL reconstruction or conservative treatment lies in the hands of the physician and patient.
The American Academy of Orthopaedic Surgeons (AAOS) currently recommends early ACL
reconstruction in young active patients (less than 35 years old) to improve knee instability
and decrease the risk of subsequent meniscal damage [51]. In older patients, multiple factors
including activity level, concomitant injuries, and goals of care should be taken into account when
discussing operative verses non-operative management.

OPERATIVE RECONSTRUCTION

ACL reconstruction is routinely performed arthroscopically using either autograft or cadaveric
allograft. Graft selection for ACL reconstruction remains controversial. The optimal graft should

mimic the anatomy of the native ACL, provide sufficient strength, and allow for revascularization
of the tendon. According to Lynch et al. and the Multicenter Orthopaedic Outcomes Network
(MOON) prospective longitudinal cohort research study [52], ACL graft choice and age were the
most influential predictors of graft failure [53]. The most common autografts include four-strand
hamstrings, Bone-Patellar Tendon-Bone (BPTB), and quadriceps tendon [54]. Allograft options
include tibialis anterior tendon, tibialis posterior tendon, and Achilles tendon.
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Numerous studies demonstrated no clinical difference between the various autografts [55];
however, some differences have been debated. BPTB grafts are associated with higher IKDC scores
[56,57], lower failure rates [55], and superior Tegner scores, which also demonstrates higher
overall knee function and activity level [58]. Hamstring autografts have been shown to produce
better knee extension and lower risk of long-term osteoarthritic degenerative joint disease [59].
The main downside to autograft usage is the higher risk of donor site morbidity. BPTB
autografts may lead to an increased incidence of anterior knee pain [55,59], difficulty kneeling
[60,61], anterior knee numbness [62], patellar fracture [65], and patellar tendon rupture [65]

when compared to quadriceps and hamstring autografts. Use of hamstring autografts can produce
weakness of terminal knee flexion [66], damage to neurovascular structures, numbness over the
donor site, and increased graft laxity in female patients [67,68]. Quadriceps tendon autografts
have been shown to lead to hematoma formation and compartment syndrome if the graft harvest
causes a significant degree of damage [69].

The use of allografts has been extensively studied and compared to autograft use for ACL
reconstruction. The most attractive aspect of allograft usage is the lack of donor site morbidity,
in addition to minor advantages, like shorter operative time and better cosmesis [70]. The
major risk of allograft usage includes possible disease transmission, with an estimated risk of
HIV transmission of 1 in 1,600,00 [71]. Although numerous studies have compared allograft
versus autografts, a recent prospective, randomized clinical study by Bottoniet al.[72] evaluated
the use of hamstring autograft versus tibial is posterior allograft after a minimum of 10 years
post-op in young athletic patients. Although 80% of the grafts were stable and remained viable
after 10 years, allografts had a failure rate of greater than 3 times that of hamstring autografts
[72]. The authors reported a re-tear rate of 26.5% in allograft-reconstructed knees compared
to 8.3% in the hamstring autograft knees [72]. Furthermore, in the MOON cohort, Kaedinget al.
[53] prospectively demonstrated in 1000 ACL reconstructions a four times higher rate of failure
in allograft versus autograft. Patients aged 10-19 years had the highest risk and for each 10-year
decrease in age, the odds of allograft failure increased 2.3 times [53].

In recent years there has been increased interest in reconstructing both the anteromedial and
posterolateral bundles anatomically with a “double bundle reconstruction”. A recent Cochrane
database systemic review consisting of 17 clinical trials demonstrated no significant difference
in terms of clinical outcomes and functional knee scores between single verses double bundle
reconstruction. The report suggests that double bundle reconstruction may be biomechanically
superior; however, it has not shown clinical superiority [73]. Similarly, the AAOS guidelines
report similar outcomes between the two techniques [51].

Studies investigating double-bundle ACL reconstruction have improved our understanding of
the anatomy of the ACL, especially with regard to its origin on the medial wall of the lateral femoral
condyle. Historically, it was thought that the femoral tunnel had to be placed high and posterior
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in the notch at the 11 or 1 o’clock position in order to provide the most isometric position for the
graft [74,75]; however, recent biomechanical and clinical studies have shown that an anatomic
ACL reconstruction closer to 10 or 2 o’clock (Figure 2), improves rotational stability compared to
that obtained with the more vertical tunnel position. Lohet al. [76] biomechanically stressed 10
cadaveric knees with femoral tunnels at 10 and 11 o’clock position. The authors concluded that
while both the tunnel positions were equally effective under an anterior tibial load, the 10-o’clock
position more effectively resisted rotatory loads [77-80]. The femoral tunnel is commonly drilled
using either a transtibial or accessory anteromedial portal (Figures 3,4). Two large meta-analysis
and reviews suggests the anteromedial portal allows for creation a more anatomic femoral
tunnel; however, there has been no clinically significant difference in knee scores, failure rates,
or patient satisfaction between the two techniques [81,82]. Therefore, regardless of surgical
technique, meticulous femoral tunnel position has been shown to improve outcomes after ACL
reconstruction.

Figure 2: Arthroscopic view from the anterolateral portal of the medial wall of the lateral
femoral condyle of a right knee demonstrating appropriate positioning of the femoral tunnel
position. The tunnel was drilled through an accessory anteromedial portal.
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Figure 3: Arthroscopic view from the anterolateral portal of the ACL graft passing into
femoral tunnel.

Figure 4: Arthroscopic view from the anterolateral portal demonstrating completed ACL
reconstruction.
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REHABILITATION
ACL rehabilitation begins prior to surgery. Preoperative swelling and decreased range of
motion has been associated with the development of arthrofibrosis post operatively [83]. In
addition, preoperative quadriceps weakness has been shown to affect functional outcomes two
years after surgery [84,85]. Therefore, preoperative rehabilitation (pre-hab) should focus on
reducing swelling, improving range of motion, and increasing quadriceps strength.

Many ACL rehabilitation protocols exist in the literature. It is important to recognize that the
goal of rehabilitation after ACL reconstruction is to restore normal joint motion and strength
while protecting the graft in order to allow for healing. An accelerated rehab protocol is the most
current recommendation [51]. Typically, rehab protocols are broken up into several phases. The
first phase (0-2 weeks), focuses on decreasing pain and inflammation while improving range
of motion from full extension to 90 degrees of flexion. Cryotherapy, elevation, and electrical
stimulation are all modalities used to help restore patella mobility, regain quadriceps control,
and restore normal ambulation. The intermediate phases (weeks 2-16) aim to obtain full range
of motion (0 to 130 degrees of flexion) while improving muscle strength and proprioception.
Closed chain weight bearing exercises are gradually increased to allow for increased strength
and mobility. Neuromuscular training focuses on improving static stability while progressing to
dynamic stability. Jogging and light plyometrics are encouraged after week 8. The final phase
(4-6 months), prior to return to play, aims to maximize muscle endurance and strength with
particular emphasis on neuromuscular control. Jumping, agility training, and sports specific
activity are gradually allowed while maintaining strength and range of motion [86,87]. It is
essential to recognize that these protocols can differ based on surgeon preference, graft choice,
and concomitant pathology such as meniscal repairs and should only be used as a guideline.

Return to Play (RTP) criteria continues to be a topic of significant debate. Adern et al [88]
reported on 6,000 patient’s post-ACL reconstruction, 90% of which had normal or nearly normal
function, but only 44% of which were able to return to a competitive sport [88]. The term “return
to play” itself is ambiguous. Athletes are often permitted to RTP after 6-12 months following ACL
reconstruction, even though weakness and leg muscle imbalance is still present up to 2 years after
surgery [89,90]. As a result, identifying objective criteria to allow patients to RTP continues to be
an area of significant research.
Quadriceps and hamstring strength greater than 85% compared to the contralateral side has
commonly been as a measure of readiness to RTP [86].The hop test has been used to simulate

functional recovery prior to RTP. The hoptest has further been subdivided into the single-leg hop
for distance, single-leg triple hop for distance, single-leg timed hop, single-leg crossover hop for
distance, and vertical jump [91]. These measurements should be greater than 85% compared to
the contralateral side [87]. Most physicians use a combination of functional and strength testing
to determine when an athlete is ready to RTP. Bach and Cole et al. recommend the use of the hop
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test along with single leg squats, lateral agility and pivoting, drop to jump testing, and deceleration
testing as part of an overall “Functional Sports Assessment as an Aid for Determining Return
to play” [87]. Further studies should be conducted to verify and validate these tools in order to
develop guidelines to better define RTP criteria.

ADVERSE PSYCHOLOGICAL AFFECTS ASSOCIATED WITH ACL
TEARS

Although the majority of literature focuses on the outcomes of ACL reconstruction and
conservative management, the psychological aspects of rehabilitation and their effects on
the patient have recently been recognized. Since the majority of athletes who undergo ACL
reconstruction are able to return to sports, those that do not return are often overlooked. Tjong
et al. [92] conducted interviews of 31 patients following primary ACLR with good knee function
and found that 64% had not returned to their pre-injury level of sports after a minimum of
2-yearfollow-up. Among those who chose not to return, factors such as fear, priority changes, and
a cautious personality were the most influential in making their decision [92]. Similarly, Adern
et al. [88] reported that fear of re-injury was the most common reason for not returning to sport.
As a result, physicians must stress the importance of psychological rehabilitation (ie. coping,
adaptation) along with the physical rehabilitation in order to maximize the ability of athletes to
have a successful outcome.

COMPLICATIONS

Complications following ACL reconstruction are relatively rare and include graft failure (4.6
%) [94], infection (0.14% to 1.7%) [94] and knee stiffness (1.8% to 35%) [95]. The Multi-center
ACL Revision Study (MARS), a multi-center, multi-surgeon, prospective longitudinal cohort study
has provided valuable data regarding modes of graft failure. The most common cause of failure
has been identified as traumatic re-injury (32%) followed by technical error (24%) where femoral
tunnel position was the most common cause [96], further emphasizing the importance of proper
anatomic femoral tunnel position. Non-anatomic femoral or tibial tunnel placement can lead to
joint instability. A graft placed too anterior on the tibia can cause the knee to be tight in flexion
and may lead to graft impingement. Likewise, a graft placed too posterior on the tibia can impinge
on the Posterior Cruciate Ligament (PCL) [97]. Post-operative joint stiffness should be treated
first by prevention. Prior to surgery, rehabilitation should focus on maintaining range of motion
and quadriceps strength, while decreasing joint effusions. If post-operative stiffness develops,
aggressive physical therapy, anti-inflammatory medications, and patella mobilization should be
the first line of treatment. If 90 degrees of knee flexion is not obtained by 6 weeks, arthroscopic
lysis of adhesions and manipulation under anesthesia should be considered. Following this
procedure, use of a Continuous Passive Motion (CPM) machine or dynamic splinting may be
appropriate [98].
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SOCIETAL AND ECONOMIC IMPACT
The estimated annual cost of ACL reconstruction is approximately $3 billion in the United
States [99]. Mather et al. [100] used the MOON cohort to investigate the cost and effectiveness
of patients undergoing ACL reconstruction, based on the societal perspective and included the
effects of the ACL tear on work status, earnings, and disability. Effectiveness was expressed as
Quality-Adjusted Life Years (QALYs) gained. In the short term, ACL reconstruction cost $4,503
less and was more effective (a QALY gain of 0.18) compared to rehabilitation alone. In the long
term, the mean lifetime cost to society for a typical patient undergoing ACL reconstruction was
$38,121 compared with $88,538 for rehabilitation [100]. A recent large meta-analysis evaluating
24 studies sought to provide a cost analysis on various topics related to ACL injuries. The authors
concluded that early single bundle ACL reconstruction with a BPTB or hamstring autograft in
an outpatient setting provides the most value to society compared to non-operative or delayed
treatment, use of allograft, or inpatient surgery [101].

CONCLUSION

The anterior cruciate ligament is an important component of anatomic stability to the knee
joint. Injuries to the ACL are common, and the risk factors associated with injury can be separated
into intrinsic and extrinsic factors. While males generally sustain more overall injuries, the rate
of ACL tears in female athletes is higher than in males largely due to anatomic and biomechanical
differences. Diagnosis of ACL tears is based on a combination of history and physical exam
findings, along with appropriate imaging studies. When an injury is identified, both operative and
non-operative treatment should be considered on the basis of multiple patient factors including
age, activity level, concomitant injuries, and goals of care. Excellent outcome can be obtained
through either transtibial or anteromedial portal techniques of arthroscopic ACL reconstruction.
Graft choice, number and placement of tunnels, and portal use can impact outcomes and should
be considered when tailoring optimal treatment to meet the needs of an individual patient. Postoperative rehabilitation is separated into phases to achieve sequential goals, which focus on
range of motion, strength, and stability. The timing and readiness for return to play depends on
the individual patient as well as their rehabilitation success. ACL tears represent a significant
economic burden, with operative treatment representing a lower overall cost than rehabilitation
alone. The decision to operate on a patient with an ACL tear, operative technique used, and
postoperative rehabilitation should be tailored to the individual patient to maximize the chance
of obtaining a good outcome.

Sports Medicine | www.smgebooks.com

11

Copyright  Mulcahey MK.This book chapter is open access distributed under the Creative Commons Attribution
4.0 International License, which allows users to download, copy and build upon published articles even for commercial purposes, as long as the author and publisher are properly credited.

References
1.

Boden BP, Dean GS, Feagin JA Jr, Garrett WE Jr. Mechanisms of anterior cruciate ligament injury .Orthopedics. 2000; 23: 573578.

2.

Griffin LY, Albohm MJ, Arendt EA, Bahr R, Beynnon BD. Understanding and preventing noncontact anterior cruciate ligament
injuries: a review of the Hunt Valley II meeting, January 2005. Am J Sports Med. 2006; 34: 1512-1532.

3.

Griffin LY, Agel J, Albohm MJ, Arendt EA, Dick RW. Noncontact anterior cruciate ligament injuries: risk factors and prevention
strategies. J Am Acad Orthop Surg. 2000; 8: 141-150.

4.

Sutton KM, Bullock JM. Anterior cruciate ligament rupture: differences between males and females. J Am Acad Orthop Surg.
2013; 21: 41-50.

5.

Mall NA, Chalmers PN, Moric M, Tanaka MJ, Cole BJ. Incidence and trends of anterior cruciate ligament reconstruction in the
United States. Am J Sports Med. 2014; 42: 2363-2370.

6.

Gottlob CA, Baker CL Jr, Pellissier JM, Colvin L. Cost effectiveness of anterior cruciate ligament reconstruction in young adults.
Clin Orthop Relat Res. 1999; : 272-282.

7.

Odensten M, Gillquist J. Functional anatomy of the anterior cruciate ligament and a rationale for reconstruction. J Bone Joint Surg
Am. 1985; 67: 257-262.

8.

Flandry F, Hommel G. Normal anatomy and biomechanics of the knee. Sports Med Arthrosc. 2011; 19: 82-92.

9.

Siegel L, Vandenakker-Albanese C, Siegel D. Anterior cruciate ligament injuries: anatomy, physiology, biomechanics, and
management. Clin J Sport Med. 2012; 22: 349-355.

10. Besier TF, Lloyd DG, Cochrane JL, Ackland TR. External loading of the knee joint during running and cutting maneuvers. Med Sci
Sports Exerc. 2001; 33: 1168-1175.
11. Longo UG, Buchmann S, Franceschetti E, Maffulli N, Denaro V. A systematic review of single-bundle versus double-bundle
anterior cruciate ligament reconstruction. Br Med Bull. 2012; 103: 147-168.
12. Hoppenfeld, Stanley, Piet DeBoer. Surgical Exposures in Orthopaedics: The Anatomic Approach. Philadelphia: Lippincott Williams
& Wilkins. 2003.
13. Frankel VH, Nordin M, Walker PS. Biomechanics of the knee. Basic biomechanics of the musculoskeletal system. 4th edition.
Philadelphia: Wolters Kluwer/Lippincott Williams & Wilkins Health; 2012. 180-205.
14. LaBella CR, Hennrikus W, Hewett TE; Council on Sports Medicine and Fitness, and Section on Orthopaedics. Anterior cruciate
ligament injuries: diagnosis, treatment, and prevention. Pediatrics. 2014; 133: e1437-1450.
15. Peterson JR, Krabak BJ. Anterior cruciate ligament injury: mechanisms of injury and strategies for injury prevention. Phys Med
Rehabil Clin N Am. 2014; 25: 813-828.
16. Ireland ML, Ballantyne BT, Little K, McClay IS. A radiographic analysis of the relationship between the size and shape of the
intercondylar notch and anterior cruciate ligament injury. Knee Surg Sports Traumatol Arthrosc. 2001; 9: 200-205.
17. Dejour H, Bonnin M. Tibial translation after anterior cruciate ligament rupture. Two radiological tests compared. J Bone Joint Surg
Br. 1994; 76: 745-749.
18. Arendt E, Dick R. Knee injury patterns among men and women in collegiate basketball and soccer. NCAA data and review of
literature. Am J Sports Med. 1995; 23: 694-701.
19. Giugliano DN, Solomon JL. ACL tears in female athletes.Phys Med Rehabil. Clin N Am. 2007; 18: 417-438, viii.
20. Pappas E, Hagins M, Sheikhzadeh A, Nordin M, Rose D. Biomechanical differences between unilateral and bilateral landings from
a jump: gender differences. Clin J Sport Med. 2007; 17: 263-268.
21. Anderson AF, Dome DC, Gautam S, Awh MH, Rennirt GW. Correlation of anthropometric measurements, strength, anterior
cruciate ligament size, and intercondylar notch characteristics to sex differences in anterior cruciate ligament tear rates. Am J
Sports Med. 2001; 29:1: 58-66.
22. Chandrashekar N, Mansouri H, Slauterbeck J, Hashemi J. Sex-based differences in the tensile properties of the human anterior
cruciate ligament. J Biomech. 2006; 39: 2943-2950.
23. Sutton KM, Bullock JM. Anterior cruciate ligament rupture: differences between males and females. J Am Acad Orthop Surg.
2013; 21: 41-50.
24. Chandrashekar N, Slauterbeck J, Hashemi J. Sex-based differences in the anthropometric characteristics of the anterior cruciate
ligament and its relation to intercondylar notch geometry: a cadaveric study. Am J Sports Med. 2005; 33: 1492-1498.

Sports Medicine | www.smgebooks.com

12

Copyright  Mulcahey MK.This book chapter is open access distributed under the Creative Commons Attribution
4.0 International License, which allows users to download, copy and build upon published articles even for commercial purposes, as long as the author and publisher are properly credited.

25. Scerpella TA, Stayer TJ, Makhuli BZ. Ligamentous laxity and non-contact anterior cruciate ligament tears: a gender-based
comparison. Orthopedics. 2005; 28: 656-660.
26. Shultz SJ, Schmitz RJ, Nguyen AD, Chaudhari AM, Padua DA. ACL Research Retreat V: an update on ACL injury risk and
prevention, March 25-27, 2010, Greensboro, NC. J Athl Train. 2010; 45: 499-508.
27. Flynn RK, Pedersen CL, Birmingham TB, Kirkley A, Jackowski D. The familial predisposition toward tearing the anterior cruciate
ligament: a case control study. Am J Sports Med. 2005; 33: 23-28.
28. Wagemakers HP, Luijsterburg PA, Boks SS, Heintjes EM, Berger MY. Diagnostic accuracy of history taking and physical
examination for assessing anterior cruciate ligament lesions of the knee in primary care. Arch Phys Med Rehabil. 2010; 91: 14521459.
29. Larson RL. Physical examination in the diagnosis of rotatory instability. Clin Orthop Relat Res. 1983; : 38-44.
30. Van Eck CF, Van den Bekerom MPJ, Fu FH, Poolman RW, Kerkhoffs GMMJ. Methods to diagnose acute anterior cruciate
ligament rupture: a meta-analysis of physical examinations with and without anesthesia. Knee Surg Sports Traumatol Arthrosc.
2013; 21: 1895-1903.
31. Benjaminse A, Gokeler A, van der Schans CP. Clinical diagnosis of an anterior cruciate ligament rupture: a meta-analysis. J
Orthop Sports Phys Ther. 2006; 36: 267-288.
32. Behairy NH, Dorgham MA, Khaled SA. Accuracy of routine magnetic resonance imaging in meniscal and ligamentous injuries of
the knee: comparison with arthroscopy. Int Orthop. 2009; 33: 961-967.
33. Boeree NR, Watkinson AF, Ackroyd CE, Johnson C. Magnetic resonance imaging of meniscal and cruciate injuries of the knee.
J Bone Joint Surg Br. 1991; 73: 452-457.
34. Lee K, Siegel MJ, Lau DM, Hildebolt CF, Matava MJ. Anterior cruciate ligament tears: MR imaging-based diagnosis in a pediatric
population. Radiology. 1999; 213: 697-704.
35. Corry IS, Webb JM, Clingeleffer AJ, Pinczewski LA. Arthroscopic reconstruction of the anterior cruciate ligament. A comparison of
patellar tendon autograft and four-strand hamstring tendon autograft. Am J Sports Med. 1999; 27: 444-454.
36. Øiestad BE, Engebretsen L, Storheim K, Risberg MA. Knee osteoarthritis after anterior cruciate ligament injury: a systematic
review. Am J Sports Med. 2009; 37: 1434-1443.
37. Wainer RA, Clarke TJ, Poehling GG. Arthroscopic reconstruction of the anterior cruciate ligament using allograft tendon.
Arthroscopy. 1988; 4: 199-205.
38. Webb J1. Hamstrings and the anterior cruciate ligament deficient knee. Knee. 2001; 8: 65-67.
39. Yoo JC, Ahn JH, Lee SH, Yoon YC. Increasing incidence of medial meniscal tears in nonoperatively treated anterior cruciate
ligament insufficiency patients documented by serial magnetic resonance imaging studies. Am JSports Med. 2009; 37: 1478-1483.
40. Church S, Keating JF. Reconstruction of the anterior cruciate ligament: timing of surgery and the incidence of meniscal tears and
degenerative change. J Bone Joint Surg Br. 2005; 87: 1639-1642.
41. Papastergiou SG, Koukoulias NE, Mikalef P, Ziogas E, Voulgaropoulos H. Meniscal tears in the ACL-deficient knee: correlation
between meniscal tears and the timing of ACL reconstruction. Knee Surg Sports Traumatol Arthrosc. 2007; 15: 1438-1444.
42. Frobell RB, Roos EM, Roos HP, Ranstam J, Lohmander LS. A randomized trial of treatment for acute anterior cruciate ligament
tears. N Engl J Med. 2010; 363: 331-342.
43. Frobell RB, Roos HP, Roos EM, Roemer FW, Ranstam J, et al. Treatment for acute anterior cruciate ligament tear: five year
outcome of randomized trial. BMJ. 2013; 346: 1-12.
44. Grindem H, Eitzen I, Engebretsen L, Snyder-Mackler L, Risberg MA. Nonsurgical or Surgical Treatment of ACL Injuries: Knee
Function, Sports Participation, and Knee Reinjury: The Delaware-Oslo ACL Cohort Study. J Bone Joint Surg Am. 2014; 96: 12331241.
45. Mihelic R, Jurdana H, Jotanovic Z, Madjarevic T, Tudor A. Long-term results of anterior cruciate ligament reconstruction: a
comparison with non-operative treatment with a follow-up of 17-20 years. Int Orthop. 2011; 35: 1093-1097.
46. Ventura A, Corradini C, Galli M, Panzeri A. ACL injuries: operative vs. non operative treatment. Follow-up at five years. J
OrthopaedTraumoatol. 2002; 2:75-85.
47. Bull AMJ, Amis AA. The pivot-shift phenomenon: aclinical and biomechanical perspective. Knee. 1998; 5: 141-158.
48. Junkin DM Jr, Johnson DL, Fu FH, Miller MD, Willenborg M, et al. Knee ligaments injuries. In: Kibler WB, editor. Orthopaedic
knowledge update: sports medicine, 4th edition. Illinois: Rosemont. 2009; 135-154.
49. Miller RH, Azar FM. Knee injuries. In: Canale ST, Beaty JH, editors. Campbell’s operative orthopaedics, 12th edition. Philadelphia:
Pennsylvania. 2013; 2052–2211.

Sports Medicine | www.smgebooks.com

13

Copyright  Mulcahey MK.This book chapter is open access distributed under the Creative Commons Attribution
4.0 International License, which allows users to download, copy and build upon published articles even for commercial purposes, as long as the author and publisher are properly credited.

50. Lohmander LS, Englund PM, Dahl LL, Roos EM. The long-term consequence of anterior cruciate ligament and meniscus injuries:
osteoarthritis. Am J Sports Med. 2007; 35: 1756-1769.
51. Carey JL, Shea KG. AAOS Clinical practice guideline: Management of anterior cruciate ligament injuries: evidence-based
guideline. J Am Acad Orthop Surg. 2015; 23: e6-8.
52. Lynch TS, Parker RD, Patel RM, Andrish JT; MOON Group, Spindler KP. The Impact of the Multicenter Orthopaedic Outcomes
Network (MOON) Research on Anterior Cruciate Ligament Reconstruction and Orthopaedic Practice.J Am Acad Orthop Surg.
2015; 23: 154-163.
53. Kaeding CC, Aros B, Pedroza A, Pifel E, Amendola A, et al. Allograft versus autograft anterior cruciate ligament reconstruction:
Predictors of failure from a MOON Prospective longitudinal cohort. Sports Health. 2011; 1: 73-81.
54. Prodromos CC, Fu FH, Howell SM, Johnson DH, Lawhorn K. Controversies in soft-tissue anterior cruciate ligament reconstruction:
grafts, bundles, tunnels, fixation, and harvest. J Am Acad Orthop Surg. 2008; 16: 376-384.
55. Freedman KB, D’Amato MJ, Nedeff DD, Kaz A, Bach BR Jr. Arthroscopic anterior cruciate ligament reconstruction: a metaanalysis
comparing patellar tendon and hamstring tendon autografts. Am J Sports Med. 2003; 31: 2-11.
56. Anderson AF, Snyder RB, Lipscomb AB Jr. Anterior cruciate ligament reconstruction. A prospective randomized study of three
surgical methods. Am J Sports Med. 2001; 29: 272-279.
57. O’Neill DB. Arthroscopically assisted reconstruction of the anterior cruciate ligament. A prospective randomized analysis of three
techniques. J Bone Joint Surg Am. 1996; 78: 803-813.
58. Maletis GB, Cameron SL, Tenegan JJ, Burchette RJ. A prospective randomized study of anterior cruciate ligament reconstruction:
a comparison of patellar tendon and quadruple-strand semitendinosus/gracilis tendons fixed with bioabsorbable interference
screws. Am J Sports Med. 2007; 35: 384-394.
59. Pinczewski LA, Lyman J, Salmon LJ, Russell VJ, Roe J. A 10-year comparison of anterior cruciate ligament reconstructions with
hamstring tendon and patellar tendon autograft: a controlled, prospective trial. Am J Sports Med. 2007; 35: 564-574.
60. Ejerhed L, Kartus J, Sernert N, Köhler K, Karlsson J. Patellar tendon or semitendinosus tendon autografts for anterior cruciate
ligament reconstruction? A prospective randomized study with a two-year follow-up. Am J Sports Med. 2003; 31: 19-25.
61. Goldblatt JP, Fitzsimmons SE, Balk E, Richmond JC. Reconstruction of the anterior cruciate ligament: meta-analysis of patellar
tendon versus hamstring tendon autograft. Arthroscopy. 2005; 21: 791-803.
62. Geib TM, Shelton WR, Phelps RA, Clark L. Anterior cruciate ligament reconstruction using quadriceps tendon autograft:
intermediate-term outcome. Arthroscopy. 2009; 25: 1408-1414.
63. Christen B, Jakob RP. Fractures associated with patellar ligament grafts in cruciate ligament surgery. J Bone Joint Surg Br. 1992;
74: 617-619.
64. Lee S, Seong SC, Jo CH, Han HS, An JH. Anterior cruciate ligament reconstruction with use of autologous quadriceps tendon
graft. J Bone Joint Surg Am. 2007; 89 Suppl 3: 116-126.
65. Laxdal G, Kartus J, Hansson L, Heidvall M, Ejerhed L. A prospective randomized comparison of bone-patellar tendon-bone and
hamstring grafts for anterior cruciate ligament reconstruction. Arthroscopy. 2005; 21: 34-42.
66. Samuelsson K, Andersson D, Karlsson J. Treatment of anterior cruciate ligament injuries with special reference to graft type and
surgical technique: An assessment of ran- domized controlled trials. Arthroscopy. 2009; 25: 1139-1174.
67. Barrett GR, Noojin FK, Hartzog CW, Nash CR. Reconstruction of the anterior cruciate ligament in females: A comparison of
hamstring versus patellar tendon autograft.Arthroscopy. 2002; 18: 46-54.
68. Carofino B, Fulkerson J. Medial hamstring tendon regeneration following harvest for anterior cruciate ligament reconstruction:
Fact, myth, and clinical implication. Arthroscopy. 2005; 21: 1257-1265.
69. Sloan HS, Romine SE, Premkumar A, Xerogeanes JW. Quadriceps tendon autograft for anterior cruciate ligament reconstruction:
a comprehensive review of current literature and systemic review of clinical results. Arthroscopy. 2015; 541-554.
70. Pallis M, Svoboda SJ, Cameron KL, Owens BD. Survival comparison of allograft and autograft anterior cruciate ligament
reconstruction at the United States Military Academy. Am J Sports Med. 2012; 40: 1242-1246.
71. Buck BE, Malinin TI, Brown MD. Bone transplantation and human immunodeficiency virus. An estimate of risk of acquired
immunodeficiency syndrome (AIDS). Clin Orthop Relat Res. 1989; : 129-136.
72. Bottoni CR, Smith EL, Shaha J, Shaha SS, Raybin SG, et al. Autograft versus allograft anterior cruciate ligament reconstruction:
a prospective, randomized clinical study with a minimum 10-year follow-up. Am J Sports Med. 2015; 43; 2501-2601.
73. Tiamklang T, Sumanont S, Foocharoen T, Laopaiboon M. Double-bundle versus single-bundle reconstruction for anterior cruciate
ligament rupture in adults.Cochrane Database Syst Rev. 2012; 11: CD008413.

Sports Medicine | www.smgebooks.com

14

Copyright  Mulcahey MK.This book chapter is open access distributed under the Creative Commons Attribution
4.0 International License, which allows users to download, copy and build upon published articles even for commercial purposes, as long as the author and publisher are properly credited.

74. Zavras TD, Race A, Amis AA. The effect of femoral attachment location on anterior cruciate ligament reconstruction: graft tension
patterns and restoration of normal anterior-posterior laxity patterns. Knee Surg Sports Traumatol Arthrosc. 2005; 13: 92-100.
75. Musahl V, Plakseychuk A, VanScyoc A, Sasaki T, Debski RE, et al. Varying femoral tunnels between the anatomical footprint
and isometric positions: effect on kinematics of the anterior cruciate ligament-reconstructed knee. Am J Sports Med. 2005; 33:
712-718.
76. Loh JC, Fukuda Y, Tsuda E, Steadman RJ, Fu FH, et al. Knee stability and graft function following anterior cruciate ligament
reconstruction: Comparison between 11 o’clock and 10 o’clock femoral tunnel placement. 2002 Richard O’Connor Award paper.
Arthroscopy. 2003; 19: 297-304.
77. Scopp JM, Jasper LE, Belkoff SM, Moorman CT 3rd. The effect of oblique femoral tunnel placement on rotational constraint of the
knee reconstructed using patellar tendon autografts. Arthroscopy. 2004; 20: 294-299.
78. Sadoghi P, Kröpfl A, Jansson V, Müller PE, Pietschmann MF, et al. Impact of tibial and femoral tunnel position on clinical results
after anterior cruciate ligament reconstruction. Arthroscopy. 2011; 27: 355-364.
79. Abebe ES, Utturkar GM, Taylor DC, Spritzer CE, Kim JP. The effects of femoral graft placement on in vivo knee kinematics after
anterior cruciate ligament reconstruction. J Biomech. 2011; 44: 924-929.
80. Fernandes TL, Fregni F, Weaver K, Pedrinelli A, Camanho GL. The influence of femoral tunnel position in single-bundle ACL
reconstruction on functional outcomes and return to sports. Knee Surg Sports Traumatol Arthrosc. 2014; 22: 97-103.
81. Chalmers PN, Mall NA, Cole BJ, Verma NN, Bush-Joseph CA. Anteromedial versus transtibial tunnel drilling in anterior cruciate
ligament reconstructions: a systematic review. Arthroscopy. 2013; 29: 1235-1242.
82. Riboh JC, Hasselblad V, Godin JA, Mather RC 3rd. Transtibial versus independent drilling techniques for anterior cruciate ligament
reconstruction: a systematic review, meta-analysis, and meta-regression. Am J Sports Med. 2013; 41: 2693-2702.
83. Mayr HO, Weig TG, Plitz W. Arthrofibrosis following ACL reconstruction--reasons and outcome. Arch Orthop Trauma Surg. 2004;
124: 518-522.
84. Eitzen I, Holm I, Risberg MA. Preoperative quadriceps strength is a significant predictor of knee function two years after anterior
cruciate ligament reconstruction. Br J Sports Med. 2009; 43: 371-376.
85. Shelbourne KD, Johnson BC. Effects of patellar tendon width and preoperative quadriceps strength on strength return after
anterior cruciate ligament reconstruction with ipsilateral bone-patellar tendon-bone autograft. Am J Sports Med. 2004; 32: 14741478.
86. van Grinsven S, van Cingel RE, Holla CJ, van Loon CJ. Evidence-based rehabilitation following anterior cruciate ligament
reconstruction. Knee Surg Sports Traumatol Arthrosc. 2010; 18: 1128-1144.
87. Ellman MB, Sherman SL, Forsythe B, LaPrade RF, Cole BJ. Return to Play Following Anterior Cruciate Ligament Reconstruction.
J Am Acad Orthop Surg. 2015; 23: 283-296.
88. Adern CL, Webster KE, Taylor NF, Feller JA. Return to sport following anterior cruciate ligament reconstruction surgery: A
systematic review and meta-analysis of the state of play. Br J Sports Med. 2011; 45: 596-606.
89. Di Stasi SL, Logerstedt D, Gardinier ES, Snyder-Mackler L. Gait patterns differ between ACL-reconstructed athletes who pass
return-to-sport criteria and those who fail. Am J Sports Med. 2013; 41: 1310-1318.
90. Palmieri-Smith RM, Thomas AC, Wojtys EM. Maximizing quadriceps strength after ACL reconstruction. Clin Sports Med. 2008;
27: 405-424, vii-ix.
91. Noyes FR, Barber SD, Mangine RE. Abnormal lower limb symmetry determined by function hop tests after anterior cruciate
ligament rupture. Am J Sports Med. 1991; 19: 513-518.
92. Tjong VK, Murnaghan ML, Nyhof-Young JM, Ogilvie-Harris DJ. A qualitative investigation of the decision to return to sport after
anterior cruciate ligament reconstruction: to play or not to play. Am J Sports Med. 2014; 42: 336-342.
93. Gabler CM, Jacobs CA, Howard JS, Mattacola CG, Johnson DL. Comparison of Graft Failure Rate Between Autografts Placed via
an Anatomic Anterior Cruciate LigamentReconstruction Technique: A Systematic Review, Meta-analysis, and Meta-regression.
Am J Sports Med. 2015.
94. Wang C, Lee YH, Siebold R. Recommendations for the management of septic arthritis after ACL reconstruction. Knee Surg Sports
Traumatol Arthrosc. 2014; 22: 2136-2144.
95. Petsche TS, Hutchinson MR. Loss of extension after reconstruction of the anterior cruciate ligament.J Am Acad Orthop Surg.
1999; 7: 119-127.
96. MARS Group, Wright RW, Huston LJ, Spindler KP, Dunn WR. Descriptive epidemiology of the Multicenter ACL Revision Study
(MARS) cohort. Am J Sports Med. 2010; 38: 1979-1986.

Sports Medicine | www.smgebooks.com

15

Copyright  Mulcahey MK.This book chapter is open access distributed under the Creative Commons Attribution
4.0 International License, which allows users to download, copy and build upon published articles even for commercial purposes, as long as the author and publisher are properly credited.

97. Iriuchishima T, Shirakura K, Fu FH. Graft impingement in anterior cruciate ligament reconstruction. Knee Surg Sports Traumatol
Arthrosc. 2013; 21: 664-670.
98. Larson RL, Tailon M. Anterior Cruciate Ligament Insufficiency: Principles of Treatment. J Am Acad Orthop Surg. 1994; 2: 26-35.
99. Brophy RH, Wright RW, Matava MJ. Cost analysis of converting from single-bundle to double-bundle anterior cruciate ligament
reconstruction. Am J Sports Med. 2009; 37: 683-687.
100. Mather RC 3rd, Koenig L, Kocher MS, Dall TM, Gallo P. Societal and economic impact of anterior cruciate ligament tears. J Bone
Joint Surg Am. 2013; 95: 1751-1759.
101. Saltzman BM, Cvetanovich GL, Nwachukwu BU, Mall NA, Bush-Joseph CA. Economic Analyses in Anterior Cruciate Ligament
Reconstruction: A Qualitative and Systematic Review. Am J Sports Med. 2015.

Sports Medicine | www.smgebooks.com

16

Copyright  Mulcahey MK.This book chapter is open access distributed under the Creative Commons Attribution
4.0 International License, which allows users to download, copy and build upon published articles even for commercial purposes, as long as the author and publisher are properly credited.

