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          2.1   Introduction 

 Multiple ligament knee injuries, although rare, are severe injuries that often result in the loss of the passive and 
active knee stabilizers as well as often being associated with the compromise of neurovascular structures. Treatment of these 
injuries is controversial, and results after surgery are often poor. After sustaining injuries to multiple ligaments, the knee is 
at a biomechanical disadvantage which poses a reconstructive and rehabilitative challenge to even the most experienced 
orthopedic surgeon. Surgeons performing  reconstructions in patients with these injuries must have a complete under-
standing of the normal anatomy and  biomechanics of the knee to optimize the timing of surgery, surgical approach, tunnel 
preparation, and the anatomic placement of grafts. This chapter outlines the anatomy and biomechanics of the cruciate liga-
ments and their surgical implications. The structure and form of the anterior and  posterior cruciate ligaments, patterns of 
injury, structural properties of the cruciate ligaments and graft substitutes, functional biomechanics and interplay between 
the cruciate ligaments, and the surgical implications related to anatomic reconstruction of the anterior and posterior cruciate 
ligaments are all reviewed in detail.  

    2.2   Anatomy of the Cruciates 

    2.2.1   Anterior Cruciate Ligament Anatomy 

 The anterior cruciate ligament (ACL) extends from a broad area anterior to and between the intercondylar eminences of the 
tibia to a semicircular area on the posteromedial portion of the lateral femoral condyle. It not only prevents anterior translation 
of the tibia on the femur but also allows for normal helicoid knee action, thus preventing the chance for meniscal pathology. 
It is composed of two bundles that are named based on their relative attachments on the femur and tibia: an anteromedial 
bundle, which is tight in  fl exion, and a posterolateral bundle, which is more convex and tight in extension (Fig.  2.1 )  [  1,   2  ] . 
While there are reports in the literature that suggest up to 26% of knees with microscopic single bundle ACLs as well as knees 
that have a third intermediate bundle, it is now generally accepted that the native ACL consists of two discrete bundles  [  3,   4  ] . 
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Anatomic studies have shown that the ACL ranges from 31 to 38 mm in length and 10 to 12 mm in width  [  5  ] . The anteromedial 
 bundle on average measures 6–7 mm in width, while the  posterolateral bundle measures 5–6 mm  [  3,   4  ] .  

 Recently, the study of the ACL along with its osseous footprint and associated topographical anatomical landmarks 
has clari fi ed the understanding of ACL anatomy. On the femur, the lateral intercondylar ridge (sometimes referred to as resi-
dent’s ridge) and the lateral bifurcate ridge (also known as the cruciate ridge) are utilized to identify the discrete attachment 
points of the anteromedial and posterolateral bundles of the ACL on the lateral femoral condyle  [  6  ] . The two bundles of the 
ACL attachments are separated by the lateral bifurcate ridge just posterior to the lateral intercondylar ridge (Fig.  2.2 ). On the 
tibia, the medial and lateral intercondylar tubercles have been described in relation to the distal attachment sites for both 
bundles of the ACL (Fig.  2.3 )  [  6,   7  ] . These osseous landmarks have become increasingly important reference points during 
arthroscopy and cruciate ligament reconstruction.   

 The ACL is intra-articular; however, it is encased in its own synovial membrane. The vascular supply of the ACL is 
derived from the middle genicular artery, as well as from diffusion through its synovial sheath  [  8  ] . The innervation of the 
ACL consists of mechanoreceptors derived from the tibial nerve and contributes to its proprioceptive role  [  9,   10  ] . Pain  fi bers in 
the ACL are virtually nonexistent, which explains why there is minimal pain after an acute ACL rupture prior to development 
of a painful hemarthrosis  [  11  ] .  

  Fig. 2.1    Human anatomic 
specimen showing the 
complex helical arrangement 
of the ACL and its broad 
attachment (Figure 1.3 of 1st 
edition)       

  Fig. 2.2    Arthroscopic view 
of the lateral notch demon-
strating the femoral 
attachment sites of the 
anteromedial (AM) and 
posterolateral (PL) bundles of 
the ACL in relation to 
cruciate ridge and resident’s 
ridge. Springer images       
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    2.2.2   Posterior Cruciate Ligament Anatomy 

 The posterior cruciate ligament (PCL), like the ACL, is intra-articular and extrasynovial, with a much larger part existing 
extrasynovially. It extends from a broad semicircular area on the lateral aspect of the medial femoral condyle and projects 
to a sulcus that is posterior and inferior to the articular plateau of the tibia. The PCL consists of two bundles: a larger antero-
lateral bundle, which is tight in  fl exion, and a smaller posteromedial unit, which is tight in extension (Fig.  2.4 )  [  12,   13  ] . 
Its average length and width at its midportion, as reported by Girgis et al., are 38 and 13 mm, respectively  [  14  ] . The PCL 
cross-sectional area is 50% greater than the ACL at the femur and 20% greater at the tibia. In contrast to the ACL, the PCL 
is larger at its femoral insertion than at its tibial insertion  [  12  ] . Two intra-articular accessory ligaments, the meniscofemoral 
ligaments, extend from the posterior horn of the lateral meniscus and insert anterior and posterior to the PCL onto the medial 
femoral condyle. These are termed the ligaments of Humphrey and Wrisberg, respectively, and are not present in all knees. 
They average approximately 22% of the entire cross-sectional area of the PCL  [  12  ] . They serve as secondary stabilizers to 
posterior tibial translation (Fig.  2.5 ).   

  Fig. 2.3    Cadaveric specimen 
showing the attachment 
points of each bundle of the 
ACL onto the tibia. Springer 
images       

  Fig. 2.4    Anterior view of 
cadaveric specimen showing 
the two bundles of the PCL 
and the attachment sites on 
the femur. Springer images       
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 As with the ACL, PCL attachments on the femur and tibia are more complex than originally understood, and there exists 
some variance between individuals. The femoral footprint for the PCL on average measures 209 mm 2  with the anterolateral 
portion measuring 118 mm 2  and posteromedial insertion measuring 90 mm 2   [  15  ] . The medial intercondylar wall and medial 
bifurcate ridge have been described as osseous landmarks on the femur in relation to the site of attachment of the PCL. On 
the tibia, the surface area for the PCL attachment is 244 mm 2  on the posterior intercondylar fossa between the tibial plateaus 
one centimeter distal to the joint surface with the anterolateral and posteromedial insertions measuring 93 and 151 mm 2 , 
respectively  [  16  ] . 

 The vascular supply of the PCL is similar to that of the ACL since both are derived from the middle genicular artery. 
The vascular supply is mainly soft tissue based, not osseous based  [  17  ] . The innervation of the PCL is from the tibial and 
obturator nerves. As with the ACL, this serves primarily as a proprioceptive function  [  9  ] .  

    2.2.3   Vasculature of the Knee 

 Branches of the femoral and popliteal arteries supply the knee and its structures. The descending geniculate artery is a branch 
of the femoral artery proximal to Hunter’s canal and supplies the vastus medialis at the anterior border of the intermuscular 
septum. The medial and lateral geniculate arteries wrap around the distal femoral condyles and supply the menisci, while the 
middle geniculate artery supplies the cruciate ligaments  [  17  ] . The superior lateral geniculate artery is often injured during 
lateral release procedures, while the inferior lateral geniculate artery is often injured during posterolateral corner reconstructions 
(Fig.  2.6 )  [  23  ] .  

 The geniculate arteries, the descending branch of the lateral circum fl ex femoral artery, and the recurrent branches of the 
anterior tibial artery form the anastomosis around the knee that connects the femoral, popliteal, and anterior tibial arteries.  

    2.2.4   Injury Patterns of the Cruciate Ligaments 

 The injury pattern of both the cruciate ligaments and their discrete bundles has not been well studied. While the classic pre-
sentation and mechanism of injury leading to isolated ACL and PCL injuries is well described, combined multiligament 
injuries are often due to higher energy injuries. The anteromedial bundle of the ACL is more commonly torn from its femoral 
attachment site, whereas the posterolateral bundle is often torn at its midsubstance. The majority of ACL injuries involve 
complete rupture of both bundles with a 12% showing a completely intact posterolateral bundle  [  18  ] . Injury patterns of the 

  Fig. 2.5    Posterior view of 
knee showing the PCL 
attachment on the tibia and 
accessory ligaments located 
posteriorly. Springer images       
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PCL are not as well described in the literature but can consist of injury to the posteromedial, anterolateral, or both bundles. 
The surgical implications of  single- versus double-bundle reconstruction as it relates to the discrete injury patterns have 
become increasingly more important as our understanding of cruciate anatomy has increased.   

    2.3   Biomechanics of the Cruciates 

    2.3.1   Biomechanics and Kinematics of the Knee Joint 

 The goal of all joints is to allow for motion of the bony segments surrounding the joint while withstanding the loads against 
gravity imposed by these movements. Biomechanics is de fi ned as the science of the action of forces on the living body. The 
complex interaction of femur, tibia, and patella allows the knee joint to withstand tremendous forces during normal phases 
of ambulation. Kinematics is de fi ned as the study of body motion without regard for the cause of that motion  [  23  ] . Six planes 
of motion exist for the knee: anterior/posterior translation, medial/lateral translation, cephalad/caudad translation,  fl exion/exten-
sion, internal/external rotation, and varus/valgus angulation  [  22  ] . The knee joint must provide a normal amount of motion 
without sacri fi cing stability during static activities such as standing to more dynamic functions such as walking, jogging, run-
ning, pivoting, and ascending or descending stairs. These goals are achieved by the interaction of the osseous anatomy, articular 
surface, ligaments, menisci, and surrounding musculature about the knee  [  24  ] . Changes in any of these components can alter 
the biomechanics of the knee joint, greatly increasing the loads and functional demands placed on the remaining structures. 
Understanding the normal interactions of these structures is necessary prior to attempting any reconstructive procedures.  

    2.3.2   Passive Motion of the Knee 

 The primary motion of the knee is  fl exion and extension. The knee joint averages from 0 to 135° of  fl exion in the sagittal 
plane  [  2  ] . The passive motion of the knee joint is dictated by the anatomy of the articular surfaces and the surrounding soft-tissue 
capsule and ligaments  [  25  ] . As a result of the distal asymmetry between the medial and lateral femoral condyles, motion 

  Fig. 2.6    The vasculature of 
the knee viewed posteriorly 
(Figure 1.5 of the 1st edition)       
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between full extension and 20° of  fl exion is accompanied by rolling of the lateral femoral condyle posteriorly more than the 
medial femoral condyle. This allows the femur and tibia to unlock from full extension and occurs without the assistance of 
any dynamic muscle involvement  [  24  ] . After 20° of  fl exion, passive  fl exion of the knee joint occurs by a sliding motion, with 
relative tibial movement on the femur  [  2  ] .  

    2.3.3   The Functional Biomechanics of the Cruciate Ligaments 

 Of the knee ligaments, the cruciates are the most important in providing passive restraint to anterior/posterior knee motion. 
If one or both of the cruciates are disrupted, the biomechanics during ambulatory activities may be disrupted. The interplay 
between the cruciate ligaments, the collateral ligaments, and the other static and dynamic stabilizers of the knee is complex, 
and an appreciation for the osseous, articular, meniscal, tendinous, and other soft-tissue components that contribute to overall 
knee motion and stability is important.  

    2.3.4   Biomechanics of the ACL 

 The primary function of the ACL is to prevent anterior translation of the tibia. It acts as a secondary stabilizer against internal 
rotation of the tibia and valgus angulation at the knee  [  26,   27  ] . In full extension, the ACL absorbs 75% of the anterior transla-
tion load and 85% between 30 and 90° of  fl exion  [  28  ] . Loss of the ACL leads to a decreased magnitude of this coupled 
rotation during  fl exion and an unstable knee. Many studies have been performed to determine the biomechanical properties 
of the ACL. However, uniform testing with regard to strain rates and orientation is impossible. Several recent studies have 
demonstrated that the anterior bundles (both medial and lateral) have higher maximum stress and strain than the posterior 
bundles  [  29  ] . The tensile strength of the ACL is approximately 2,200 N but is altered with age and repetitive loads  [  19,   23, 
  30  ] . As the magnitude of the anterior drawer force increases, the in situ force of the ACL also increases  [  5  ] .  

    2.3.5   Biomechanics of the PCL 

 The primary function of the PCL is to resist posterior translation of the tibia on the femur at all positions of knee  fl exion  [  31  ] . 
It is a secondary stabilizer against external rotation of the tibia and excessive varus or valgus angulation at the knee  [  32  ] . The 
anterolateral band is tight in  fl exion and is most important in resisting posterior displacement of the tibia in 70–90° of  fl exion. 
The posteromedial portion is tight in extension; thus, it resists posterior displacement of the tibia in this position. While the 
PCL is the primary restraint to posterior translation of the tibia, this function is greatly enhanced by other structures  [  33,   34  ] . 
Recent cadaveric  studies have suggested that excessive posterior translation of the tibia requires injury to one or more sec-
ondary structures in addition to the PCL  [  35  ] . 

 Isolated PCL ruptures may cause a mild increased in external rotation at 90° of knee  fl exion; they do not greatly alter 
tibial rotation or varus/valgus angulation, however, because of the intact extracapsular tissues and ligaments. With both PCL 
and posterolateral corner injuries, there is a marked increase in tibia external rotation because of the lack of supporting 
restraints  [  36  ] . Harner et al. demonstrated that the anterolateral component had a greater stiffness and  tensile strength than 
the posteromedial bundle and the  meniscofemoral ligaments  [  12  ] . Furthermore, Fox et al. demonstrated that at varying 
degrees of knee  fl exion, different in situ forces existed. At 0°, the PCL had an average tensile strength of 6.1 N, while at 90°, 
it had a tensile strength of 112.3 N. The posteromedial bundle attained a maximum force of 67.9 N at 90° of knee  fl exion, 
while the anterolateral bundle reached a maximal force of 47.8 N at 60°  [  37  ] . Understanding these relationships is critical in 
reconstructive surgery to ensure that the grafts are tensioned properly. 

 In addition to its known role in the sagittal plane, the PCL in fl uences knee motion in the frontal plane. This occurs because 
the PCL inserts onto the lateral aspect of the medial femoral condyle and is oriented obliquely. This orientation of the PCL 
aids in the articular asymmetry between the medial and lateral femoral condyles and permits adequate tensioning of the PCL 
during the rolling of the lateral femoral condyle posteriorly in early  fl exion. 

 The popliteus muscle aids the PCL in resisting posterior tibial translation and enhancing stability. Harner et al. demon-
strated that in a PCL-de fi cient knee, the popliteus muscle reduced posterior translation of the tibia by 36%  [  38  ] .  
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    2.3.6   The Interplay of the Cruciate Ligaments 

 The complex interaction between ACL and PCL at varying degrees of  fl exion and extension helps account for the dynamic 
stability of the knee joint. The length and tension of the ACL and the PCL change during  fl exion and extension owing to their 
asymmetric insertion sites. In full extension, the ACL is taut, while the PCL is relatively lax. When a person is standing with 
the knee in hyperextension, the joint is passively stable, with little need for muscular support. As the knee  fl exes, the postero-
lateral portion of the ACL becomes lax, while the PCL tightens, especially the anterolateral bundle. Stability is more tenuous 
between 20 and 50° of  fl exion since neither cruciate ligament is very taut. The change in the orientation of the ACL and PCL 
 fi bers during knee  fl exion allows for dynamic stability in the sagittal plane. With increasing  fl exion, the ACL changes from a 
vertical position to a more horizontal orientation in relation to the joint line. The PCL’s orientation is opposite to the ACL’s 
during  fl exion and extension. 

 Consequently, as the knee reaches higher degrees of  fl exion, the PCL becomes more important in preventing distraction of 
the joint  [  24,   39  ] . This interplay between ACL and PCL is often referred to as the four-bar cruciate linkage system (Fig.  2.7 ) 
 [  40  ] . The intersection of these ligaments demonstrates that the center of joint rotation moves posterior with knee  fl exion. This 
allows for both sliding and rolling movements of the femur during  fl exion and prevents the femur from rolling off the tibial 
plateau at extremes of  fl exion  [  2  ] .  

 During the different phases of the gait cycle, the force vectors about the knee in the sagittal plane change. The mechanical 
loads across the knee joint are altered by changes in foot position as well as by the intensity and type of ambulatory activity. 
During normal ambulation, a joint reactive force of two to  fi ve times the body weight is produced; this force is up to 24 times 
the body weight during running. Dynamic muscle forces help to balance these functional loads and joint reactive forces, 
especially as the knee  fl exes and the weight-bearing axis shifts from a position anterior to the knee joint to one posterior  [  41  ] . 
If a ligamentous, muscular, and/or bony injury occurs that alters this delicate balance of forces, the joint is not as effective at 
withstanding these loads, hastening the degenerative process of the knee  [  24  ] . 

 The dynamic actions of the surrounding muscles are restrained by the cruciate ligaments during knee  fl exion and exten-
sion. The quadriceps muscles, by way of the patellar tendon, ultimately insert onto the anterior tibia, and, consequently, the 
tibia is translated anteriorly by the extensor mechanism and constrained by the pull of the ACL. The biomechanical advan-
tage is maximized when the center of  rotation of the knee joint is perpendicular to the joint line. If anterior translation occurs 
in the sagittal plane during ambulation, as with ACL de fi ciency, the center of rotation is altered, and the resultant increase in 
forces across the knee joint places increased stress upon the secondary restraints. The moment arm of the knee extensor 
apparatus is decreased, causing an increase in the muscle forces necessary to maintain balance across the knee joint. This 

  Fig. 2.7    The four-bar 
cruciate linkage system 
(Figure 1.9 of the 1st edition)       
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leads to an increase in joint reactive forces and, ultimately, stressed or injured supporting structures  [  42  ] . In an ACL-de fi cient 
knee, increased stress is placed on the secondary restraints of anterior translation, including the menisci and the surrounding 
soft-tissue capsule. When the quadriceps become atrophied after an ACL rupture, the extensor pull on the tibia lessens, 
decreasing the stresses placed on the secondary stabilizers. 

 The screw home mechanism again demonstrates the importance of the dynamic muscles in knee motion. As the lateral 
femoral condyle rolls posteriorly in early  fl exion, the moment arm of the extensor apparatus increases (Fig.  2.8 ). This gives 
a mechanical advantage to the knee in stair climbing and running, when there is maximal demand on the knee joint  [  39  ] .    

    2.4   Surgical Implications of Cruciate Anatomy and Biomechanics 

    2.4.1   The Biomechanics of Ligament Reconstruction 

 As the incidence of multiple ligament knee injuries increases, the order and necessity of the reconstruction of the ACL, PCL, 
and the posterolateral corner in combined injuries have become controversial. Harner et al. have demonstrated that in isolated 
PCL injuries, reconstruction led to an average posterior tibial translation of 1.5 and 2.4 mm at 30 and 90°, respectively. These 
numbers increased to 6.0 and 4.6 mm if the only PCL was reconstructed in a combined PCL-posterolateral corner injury. In 
addition, external rotation and varus angulation increased 14 and 7°, respectively. This study supports the reconstruction of 
both ligaments at the same setting in combined PCL-posterolateral corner injuries  [  37,   38  ] . If the ACL is also disrupted, it 
should be reconstructed either primarily or in a staged procedure, but the PCL and posterolateral corner should be considered 
to be a higher priority  [  19  ] . The speci fi c surgical treatments of ACL- and PCL-based multiple ligament injured knees and 
treatment approaches are reviewed in following chapters.  

    2.4.2   Structural Properties of Ligaments and Commonly Used Grafts 

 The maximal stress that a ligament or graft can withstand prior to failure has been studied extensively. The ACL has been 
reported to have an average maximal tensile stress to failure of between 1,725 and 2,500 N. Many studies have found the PCL 
to have signi fi cantly more tensile strength than the ACL, but this is controversial  [  19,   20  ] . 

 Cooper et al. have shown that the tensile strength of grafts taken from the central third of the patellar tendon averages 
4,389 N for grafts 15 mm wide and 2,977 N for grafts 10 mm wide. Twisting the graft 90° increased its strength approxi-
mately 30%. This study advocates using 10-mm central-third patellar tendon grafts for ACL reconstruction to avoid the risks 
of notch impingement and patellar fracture encountered with larger grafts  [  21  ] . See Table  2.1  for comparison of mechanical 
strength of native cruciates and commonly utilized autografts (Table  2.1 ).  

a b

  Fig. 2.8    Depiction of the knee in 0 ( left ) and 30 ( right ) degrees of  fl exion illustrating femoral rotation related to the tibia in early  fl exion. From 
Moglo KE, Shirzi-Adl A. Cruciate coupling and screw-home mechanism in passive knee joint during extension- fl exion. J Biomech 2011;38:1075–83. 
Reprinted with kind permission from Elsevier       
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 Over time, wear and degeneration cause ligaments and grafts to decrease in strength. This has been demonstrated in 
multiple studies by means of ACL and graft tensile tests. The biologic effects of aging, maturation, and immobilization may 
also affect the viscoelastic properties of a ligament or graft, leading to a decrease in biomechanical strength  [  22  ] .  

    2.4.3   Graft Tensioning 

 Cruciate anatomy has many surgical implications related to graft tensioning during ACL and PCL reconstruction. High 
amounts of tension through the graft can result in poor results after surgery due to excessive wear through the tunnels, 
impaired vascularity, and restricted range of motion  [  43–  49  ] . Too little tension may result in continued postoperative laxity 
of the knee. Generally, most surgeons will statically precondition the graft on the back table and/or cyclically precondition 
the graft in the knee prior to  fi nal  fi xation. Graft tensioning during cruciate reconstruction is also heavily dependent on tunnel 
placement. The importance of accurate tunnel placement in single- or double-bundle reconstructions or in revision recon-
struction situations of the ACL and PCL cannot be understated.  

    2.4.4   Tunnel Placement for Cruciate Reconstruction 

 Cadaver and computed tomography studies have lead to a different understanding of cruciate ligament anatomy and relation-
ships, osseous landmarks, and anatomical reference points for accurate placement of grafts and tunnels during ACL and PCL 
reconstructions  [  6,   15,   16  ] . The existence of two discrete attachment points of each of the bundles for both the ACL and PCL 
is now well understood and has brought to focus the surgical implications of reconstructing injured cruciate ligaments 
anatomically and the resultant functional outcome from surgery. 

 An abundance of studies have demonstrated the varying effects that tunnel placement and orientation or the addition 
of a second tunnel has on ACL or PCL graft tension  [  50–  52  ] . Historically, the most common technical mistake has been 
to place both femoral and tibial tunnels too far anteriorly. With newer cadaveric and radiologic studies that have clari fi ed 
the anatomic relationships between the ACL, PCL, and their corresponding bony sites of attachment, the subtleties of 
accurate tunnel placement during reconstruction are clearer. 

 Efforts have been made recently to reconstruct both the anterior and PCLs more anatomically utilizing double-bundle 
techniques and creating multiple tunnels when reconstructing multiple ligament injured knees. These techniques are 
increasing in use and have been well described  [  6,   7,   26  ] . However, drilling of multiple tunnels for double-bundle recon-
struction is technically demanding and requires good patient selection and technical skill to avoid complications related 
to its use. Continued clinical outcome studies are currently underway to further assess the ef fi cacy and safety of anatomic 
reconstructions of the cruciate ligaments utilizing double-bundle techniques.   

    2.5   Conclusion 

 Knee dislocations are severe injuries because they may result in disruption of multiple ligaments, surrounding musculature, 
and neurovascular structures  [  53  ] . Diagnosis and acute treatment can be dif fi cult, and the varying techniques that are utilized 
to reconstruct the anterior and PCLs can be controversial. These injuries, owing to ligamentous disruption and surrounding 
soft-tissue damage, may lead to a biomechanical disadvantage of the knee joint prior to or after reconstruction attempts are made. 

   Table 2.1    Tensile strength comparison   

 Material  Maximum load (N) 

 Anterior cruciate ligament  2,000 
 Posterior cruciate ligament  4,000 
 Bone-patellar tendon-bone (10 mm)  2,900 
 Semitendinosus and gracilis (2-strand)  1,900 
 Semitendinosus and gracilis (4-strand)  2,800 

  Table comparing tensile strength of the native ACL, PCL, patella ten-
don autograft, doubled hamstring and quadrupled hamstring autografts  
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To prevent abnormal translations and angulations in the reconstructed knee, surgeons performing reconstructions in 
patients with multiple ligament injuries must have a complete understanding of the normal anatomy and biomechanics 
of the entire knee as well as the anterior and PCLs. This knowledge should help optimize the timing of surgery, the order of 
ligamentous reconstruction, the anatomic placement of grafts, and the rehabilitation of the surrounding musculature.      
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