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ABSTRACT 
	  

The anterior cruciate ligament (ACL) is the most frequently injured ligament of the knee 

with over 100,000 injuries occurring annually in the United States alone. Often referred to as a 

single ligament, anatomically the ACL is composed of two distinct bundles: anteromedial (AM) 

and posterolateral (PL). Advancements in ACL surgery have focused on reconstructing the 

ligament in a manner that replicates the native anatomical position and biomechanical properties. 

However, in spite of these surgical advancements, 15-25% of patients continue to suffer from 

knee instability, and greater than 50% of patients will develop osteoarthritis.  

To date, the change in position of the AM and PL bundles in the frontal plane during 

internal and external rotation of the tibia have gone unreported. Therefore, the aim of this study 

was to quantify and compare the movements of the AM and PL bundles of the ACL during 15° 

of internal and external rotation, in the presence and absence of an anterior force. The main 

hypothesis was that there would be a significant difference between AM and PL bundle motion 

during both internal and external tibial rotation.  

Twenty- four cadaveric knees (12 male / 12 female) were dissected and mounted at 90° 

of knee flexion. Anthropometric data regarding the AM and PL bundles of the ACL were 

gathered, and each bundle was marked at: 1) Femoral insertion; 2) Midpoint of ligament; 3) 

Tibial insertion. Digital images of ACL motion in the frontal plane were taken as the tibia was 

internally and externally rotated 15° about a fixed femur. Using Kinovea, the change in position 

of the ACL markers during rotation was quantified. Descriptive data was generated on ACL 

motion, and paired T-tests were used to compare the change in position of the AM and PL 

bundles during rotation.  
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Anthropometric data indicated a significant difference between male and female 

specimens for all measured paramaters with the exception of ACL width. Interestingly, 

significant differences were found between internal and external rotation at the midpoint and 

tibial attachment for the AM and PL bundles in both the presence and absence of an anterior 

force. Moreover, there was a greater change in position for the midpoint and tibial attachment 

during internal rotation as compared to external rotation. Finally, for all conditions, the tibial 

attachment had the greatest change in position.  

This study is the first to quantify the motion of the ACL during internal and external 

tibial rotation. This normative data should help surgeons to select a graft position that is capable 

of replicating the native movement of the ACL, thus helping to improve the long-term outcomes 

associated with ACL injury and reconstruction.   
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1. INTRODUCTION 
 

The anterior cruciate ligament (ACL) is a band-like structure composed of dense 

connective tissue (Duthon et al., 2006) which attaches the femur to the tibia. As one of the major 

ligaments that provide knee joint stability, the ACL is often referred to as a single ligament; 

however, anatomically it is composed of two distinct bundles: anteromedial (AM) and 

posterolateral (PL) (Colombet et al., 2006; Girgis et al., 1975; Zantop et al., 2006a). The AM 

bundle is taut when the knee is flexed and prevents anterior tibial translation, whereas the PL 

bundle is loose and allows for tibial rotation (Gabriel et al., 2004; Zantop et al., 2006a). 

Although the two bundles have different functions, they do not work independently, but rather 

work together to keep the knee stable during pivoting and cutting, while still allowing for such 

actions as jumping and running (Griffin et al., 2000).  

 Injury to the ACL is common with over 100,000 injuries occurring annually in the United 

States alone (Siegel et al., 2012). ACL injuries represent 50% of all knee injuries (Lesic and 

Bumbasirevic, 1999) and over 50,000 ACL reconstructions are performed each year (Frank and 

Jackson, 1997; Spindler and Wright, 2008). Damage to the ACL frequently occurs during high 

impact or sporting activities (Gabriel et al., 2004), specifically when the knee is near full 

extension and a forceful valgus stress is placed on the joint, while the tibia is externally or 

internally rotated (Krosshaug et al., 2007; Olsen et al., 2004; Stijak et al., 2009a). A debilitating 

outcome of an ACL injury is severe knee instability, and given that the ACL does not heal 

following a lesion, surgical reconstruction is recommended (Arliani et al., 2012).  

Over the past 20 years, ACL reconstruction has undergone significant improvements with 

the development of simpler and less invasive techniques. Prior to the advent of arthroscopy, ACL 
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reconstructive surgery was performed using an open technique that permitted direct visualization 

of the injured structures (Schindler, 2012) . However, in recent decades, the gold standard 

surgical technique has become the arthroscopic 1-incision single-bundle ACL reconstruction 

(Iriuchishima et al., 2010; Siebold et al., 2008). The progression from open knee surgery to 

arthroscopic surgery has led to a decrease in surgical complications and post-operative recovery 

time, and an increase in patient satisfaction and overall function. In spite of these surgical 

advancements, short and long-term follow-up studies reveal that 15-25% of patients continue to 

suffer from knee instability (Anderson et al., 2001; Aune et al., 2001; Bach et al., 1998) which 

can often lead to osteoarthritis (Gabriel et al., 2004).  

The highest occurrence of ACL injuries are between the ages of 15 and 25 (Griffin et al., 

2000), and an estimated 50% of this age group will develop knee osteoarthritis within 20 years of 

their initial injury (Keays et al., 2010; Lohmander et al., 2007; Louboutin et al., 2009). 

Therefore, it is imperative to gather information that will enhance surgical precision that 

provides greater multiplanar joint stability and has the potential to improve the long-term 

prognosis of the ACL reconstructed knee by avoiding the onset of knee osteoarthritis. 

A wide range of topics have been examined regarding the ACL, some of which include: 

1) length changes during knee movement (Wang et al., 2012); 2) devices to measure static 

rotational knee laxity (Lorbach et al., 2012); 3) reliability of tunnel angles (Leiter et al., 2011); 4) 

functions of the AM and PL bundles (Lorbach et al., 2010); 5) reconstruction techniques (Zantop 

et al., 2008) and 6) anatomical descriptive studies (Amis and Dawkins, 1991; Girgis et al., 1975). 

More recently, emphasis has been placed on research that focuses on reconstructing the ACL in a 

way that reestablishes its original attachment site and function (Abreu-e-Silva et al., 2013; 

Colombet et al., 2006; Dodds and Arnoczky, 1994). To date, no study has explored the rotational 
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motion of the ACL. Therefore, this project will examine the positional changes of the ACL when 

the tibia is internally and externally rotated in the transverse plane at 90 degrees of knee flexion. 

Gaining this new information regarding ACL motion has the potential to aid surgeons in 

achieving a more precise alignment and position of the reconstructed ACL, thus reducing the 

probability of osteoarthritis and as a result, improving the long-term viability of the knee joint. 

2. REVIEW OF THE LITERATURE 
 

2.1 Anterior Cruciate Ligament Anatomy 

 

2.1.1 Embryology 

  The configuration of the tibiofemoral joint can be observed at approximately 4 weeks, or 

the 5-mm stage of the human embryo (Ellison and Berg, 1985). At this stage, a limb bud or 

nubbin composed of condensed mesenchyme is easily identifiable. By week 6, the limbs begin to 

bend anteriorly, chondrification of the femoral and tibial bodies begin (Ratajczak, 2000), and a 

knee joint is discernible (Ellison and Berg, 1985).  According to Garner et al., and Merida-

Velasco, the cruciate ligaments are derivatives from the space between the blastemal ends of the 

femur and tibia called the homogenous articular interzone (Gardner and O’Rahilly, 1968; 

Mérida-Velasco et al., 1997). 

As a result of genetic induction, the ACL itself begins to appear around 6.5 weeks as a 

condensation in the blastoma. Beginning as a ventral ligament, the ACL gradually invaginates 

with the formation of the intercondylar space, and by the start of the seventh week, the ACL is 

clearly visible (Ratajczak, 2000). The presence of the ACL occurs prior to the cavitation of the 

knee joint and therefore remains as an extrasynovial ligament (Ellison and Berg, 1985). The 
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ACL is recognizable early on during embryogenesis and remains relatively unchanged 

throughout the final stages of development (Ratajczak, 2000). 

 

2.1.2 Microanatomy 

 Microscopically, the ACL has three distinct zones: proximal (femoral), middle 

(midpoint), and distal (tibial) (Duthon et al., 2006). The proximal zone is not very solid; 

however, it is highly cellular. In addition to being rich in ovoid and round fibroblasts, the 

proximal zone encompasses type II collagen, and two different glycoproteins (i.e., fibronectin, 

laminin). The middle zone, which is often referred to as the fusiform zone contains both fusiform 

and spindle shaped fibroblasts, and possesses a highly dense area of collagen fibers. Within the 

middle zone, there is a specialized region of cartilage and fibrocartilage located near the anterior 

rim of the intercondylar notch. Also located in the middle zone is Elastin, which is the main 

component of elastic fibers in the extracellular matrix that provides elastic recoil and resilience 

in ligaments (Mithieux et al., 2013; Muiznieks et al., 2010). Based on the investigations by 

Duthon et al., the mid-substance of the ACL shows high collagen density, low cellularity, and 

elongated spindle shaped fibroblasts (Duthon et al., 2006). The distal zone is the most solid area, 

containing a low density of collagen bundles and a rich supply of chondroblasts and ovoid 

fibroblasts. Due to the abundance of cellular organelles, the distal zone has a high level of 

cellular activity (Duthon et al., 2006).  

 The microstructure of the ACL is similar to other soft connective tissue (Smith et al., 

1993). Ligaments are surrounded by loose connective tissue known as the paratenon, and are 

composed of multiple fascicles. Each fascicle encompasses 3 to 20 collagen fibers, which are 

enclosed by an epitenon. The collagen fibers are bordered by the endotenon and contain collagen 
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fibrils (Strocchi et al., 1992). Strocchi et al., identified two types of collagen fibrils. The first 

type accounts for 50.3% of the entire ACL and is secreted by fibroblasts. It has a variable 

diameter, irregular outline, and is specialized to resist high tensile stresses. The second type of 

collagen fibril is uniform in diameter and forms 43.7% of the entire ACL. It is secreted by fibro-

chondroblasts and maintains the three-dimensional organization of the ligament (Strocchi et al., 

1992). The remaining 6% of the ACL tissue corresponds to cells and components of the matrix.  

 The matrix of the ACL consists of four different systems: collagen, glycosaminoglycans, 

glycol-conjugates, and elastic components. There are five different types of collagen. The major 

collagen found in tendons and ligaments is type I collagen. As indicated by Amiel et al., the type 

I collagen fibrils found in the ACL are oriented parallel to the longitudinal axis of the ligament 

and are responsible for the tensile strength of the ligament (Amiel et al., 1984). Type II collagen 

is characteristically found in cartilage and is typically not found in ligaments. However, type II 

collagen is found in the fibrocartilaginous regions of the ACL, specifically at the tibial and 

femoral insertion sites. The presence of type II collagen in connective tissue such as ligaments, 

indicates that this portion of the ligament is exposed to shear forces (Benjamin and Evans, 1990; 

Koch and Tillmann, 1995). Reticular fibers are the framework for type III collagen, which is 

important for the pliability of a ligament (Neurath and Stofft, 1992). These fibers are located 

throughout the loose connective tissue within the ACL and function to separate the type I 

collagen bundles (von der Mark, 1981). Type IV collagen is found in all vascular basement 

membranes. Given that the middle third of the ACL is less vascularized, type IV collagen will 

mainly be positioned in the proximal and distal parts of the ligament (Neurath and Stofft, 1992). 

The final collagen to be found in the ACL is type VI. It has an equivalent orientation to that of 

type III collagen and serves as a gliding component between functional fibrillar units. Similar to 
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type IV collagen, type VI is present in higher concentrations in the proximal and distal thirds of 

the ACL (Duthon et al., 2006).  

 Compared to tendons, the concentration of glycosaminoglycans is two to four times 

higher in the ACL. Glycosaminoglycans alter the viscoelastic properties of the ACL and provide 

an additional “shock-absorbing” feature in the ligament (Duthon et al., 2006). Glyco-conjugates 

include such proteins as: laminin, tenascin, and fibronectin. In addition to cell adhesion, 

differentiation, migration and resistance towards apoptosis, laminin contributes to the structure 

of the extracellular matrix (Grounds et al., 2005; Taylor et al., 2011). Tenascins function to 

enable effective tissue repair (Mackey et al., 2011) and fibronectin plays the role of “master 

organizer” in extracellular matrix assembly (Dallas et al., 2006; Mao and Schwarzbauer, 2005). 

As a group, the gylco-conjugates function to attract and couple key elements in normal, healing, 

and growing tissues (Pitaru et al., 1987; Strocchi et al., 1992). Oxytalan, elaunin, mature elastic 

fibers, and elastic membranes are all components of the elastic system of the ACL. The elastic 

components function to allow for extreme distance changes of the ACL during motion (Mithieux 

et al., 2013; Muiznieks et al., 2010; Neurath and Stofft, 1992; Strocchi et al., 1992).  

 Unlike other ligaments and tendons, the ACL has a complex organization, varied cellular 

orientation, and an abundant elastic system. It is a unique structure that is able to withstand both 

multiaxial stresses and varying tensile strains (Strocchi et al., 1992). The ACL’s specificity and 

complexity make it extremely difficult to reproduce following reconstructive surgery.  

 

2.1.3 Macroanatomy 

 The ACL is a band-like structure that consists of dense connective tissue (Arliani et al., 

2012; Duthon et al., 2006). It is enveloped by the two layers of the synovial membrane of the 
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knee joint, which causes the ligament to remain in an extrasynovial position while maintaining 

an intraarticular orientation (Arnoczky, 1983; Ellison and Berg, 1985; Petersen and Tillmann, 

2002). The ligaments proximal attachment is on the posterior portion of the medial surface of the 

lateral femoral condyle (Ellison and Berg, 1985; Girgis et al., 1975). The shape of the femoral 

insertion site has been described as oval (Petersen and Tillmann, 2002; Petersen and Zantop, 

2007) and as circular with its anterior side straight and its posterior side convex (Girgis et al., 

1975). From its femoral attachment, the long axis of the ACL is tilted 26 degrees anteriorly from 

its vertical axis, and will externally rotate approximately 90 degrees towards itself as it 

approaches the tibial plateau (Arnoczky, 1983; Girgis et al., 1975).  

Palmer and Girgis et al., were amongst the first authors to distinguish two discrete 

ligamentous fascicles that compose the ACL: the anteromedial (AM) and posterolateral (PL) 

bundles (Girgis et al., 1975; Palmer, 2007).The terminology of the bundles was chosen according 

to their tibial insertion. The fibers of the AM bundle insert at the anteromedial aspect of the tibial 

attachment whereas the PL bundle insert on the posterolateral portion (Amis and Dawkins, 1991; 

Girgis et al., 1975; Palmer, 2007). Furthermore, Souryal et al., compared both bundles and 

identified that the PL bundle contains a greater number of fascicles (Souryal et al., 1988).  

As the ACL draws near the tibial attachment site, a variable amount of fibers will fan out 

and travel anteriorly beneath the transverse intermeniscal ligament. In addition, some fibers may 

blend with the anterior or posterior horn of the lateral meniscus (Bernard et al., 1997; Girgis et 

al., 1975). The ACL inserts into a wide depressed fossa located anterior and lateral to the tibial 

spine (Girgis et al., 1975). A study by Girgis et al., demonstrated that the posterior fibers of the 

ACL reached the lower part of the anterior surface of the tibial spine but did not attach to the tip 

or the upper portion (Girgis et al., 1975). The tibial attachment is somewhat wider and stronger 
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when compared to the femoral attachment (Duthon et al., 2006; Girgis et al., 1975), it has an oval 

shape, and it is longer in the anteroposterior dimension than its medial-lateral width (Giron et al., 

2006).  

The cross-sectional area of the ACL decreases in size as it travels from the tibia to the 

femur. Moreover, the ACL has a very unique cross-sectional shape. Given that the shape is not 

circular, elliptical or any other geometric form, it is often referred as “irregular” or “noncircular” 

(Arliani et al., 2012; Duthon et al., 2006). 

 

2.1.4 Vascularization 

 The vascular supply to the ACL is derived from the popliteal artery (Ellison and Berg, 

1985). As the femoral artery travels distally down the femur it passes through the adductor hiatus 

to gives rise to the popliteal and descending genicular artery. The descending genicular artery 

then divides into a saphenous and an articular branch (Arnoczky, 1985). The saphenous branch 

will form an anastomsis with the medial inferior genicular artery, whereas the articular branch 

anastomoses with the medial superior genicular artery (Scapinelli, 1968). Arising off the 

popliteal artery, the ligamentous branches of the middle genicular artery as well as terminal 

branches from the inferior genicular arteries will provide the major blood supply to the ACL 

(Arliani et al., 2012; Arnoczky, 1983; Arnoczky et al., 1979; Scapinelli, 1968). These vessels 

penetrate the oblique popliteal ligament and pierce through the posterior joint capsule (Arliani et 

al., 2012) to enter the proximal third of the ACL through a synovial sleeve (Ellison and Berg, 

1985). The synovial membrane, which forms an envelope around the ligament, is heavily 

supplied with a web-like network of periligamentous blood vessels. These periligamentous 
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vessels form smaller connecting branches that penetrate the ACL transversely and anastomose 

with a network of endoligamentous vessels (Arnoczky, 1985).  

 The lateral and medial inferior genicular arteries are also significant vessels to the ACL, 

particularly with regard to surgical reconstruction, due to the fact that they enter the ligament 

through the medial and lateral fat pads (Ellison and Berg, 1985). The lateral inferior genicular 

artery passes proximal to the fibular head and deep to the lateral collateral ligament at the level 

of the knee joint line. This artery enters the knee joint to supply the fat pad through a rich 

anastomosis that nourishes the distal cruciate ligament and synovium (Scapinelli, 1968, 1997). 

The medial inferior genicular artery passes below the medial condyle of the tibia and deep to the 

medial collateral ligament. Similarly, it enters the knee joint to supply the fat pad, anastomoses 

with the lateral inferior genicular artery, and finally passes into the area of ligamentous vessels 

that supply the ACL (Scapinelli, 1968). 

 

2.1.5 Innervation 

 The ACL receives nerve fibers from the posterior articular branches of the tibial nerve 

(Arliani et al., 2012; Kennedy et al., 1982). These fibers pierce the posterior joint capsule and 

run alongside the synovial and periligamentous vessels surrounding the ligament to reach the 

infrapatellar fat pad (Kennedy et al., 1982). In addition, there are smaller myelinated and 

unmyelinated nerve fibers that course independently of the vessels and lie alone among the 

fascicles of the ligament (Kennedy et al., 1982; Schultz et al., 1984). The free nerve endings will 

function as nociceptors as well as local effectors by releasing neuropeptides that promote 

vasoactivity. Therefore, they have a modulatory effect in normal tissue homeostasis or in late 

remodeling of ACL grafts (Hogervorst and Brand, 1998; Kennedy et al., 1982). 
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 Ruffini, vater-paccinian, and Golgi-like tension receptors are the three main 

mechanoreceptors that serve a proprioceptive function and provide the afferent arc for the knees 

postural signaling changes (Duthon et al., 2006). The Ruffini receptors are sensitive to stretch 

and are located on the surface of the femoral portion of the ACL where the most deformations 

occur (Haus and Halata, 1990; Zimny et al., 1986). Sensitive to rapid movements, the vater-

paccinian receptors are positioned at the femoral and tibial ends of the ACL (Haus and Halata, 

1990; Zimny et al., 1986). Lastly, the Golgi-like tension receptors are located near the 

attachment points of the ACL as well as at its surface beneath the synovial membrane (Haus and 

Halata, 1990; Zimny et al., 1986). The activation of the afferent nerve fibers in the upper portion 

of the ACL influences the motor activity in the muscles around the knee joint: a phenomenon 

called “ACL reflex” (Duthon et al., 2006). Thus, preserving ACL structural components during 

reconstructive surgery has the potential to help maintain proprioception after reconstruction 

(Adachi et al., 2002).  

 

2.2 Anterior Cruciate Ligament Biomechanics 
 

2.2.1 Knee Joint Classification and Function 

 Understanding the function of the ACL and knee joint kinematics is essential. The knee 

joint, which is often referred to as the tibiofemoral joint, is one of the largest in the human body 

(Basmanjian, 1982) and is represented by two units, the femur and the tibia. It is a complex 

synovial joint that combines the actions of three types of diarthrodial joints: a ginglymus (hinge), 

a trochoid (pivot) and an arthrodial (gliding) (Christensen and Telford, 1988). In the sagittal 

plane, the knee moves by a combination of rolling and gliding motions (Ellison and Berg, 1985). 
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Due to the contours of the femoral condyles and the tibial plateau (Kaplan, 1962), the knee is 

capable of performing movements such as flexion, extension and rotation (Gray and Carter, 

2008). The gliding motion is predominant in the early degrees of extension, where the femoral 

condyles are more spherical and offer less surface contact with the tibial plateaus. On the other 

hand, rolling of the femoral conydles prevail in the latter degrees of extension due to their oval 

configuration (Ellison and Berg, 1985). From anatomical position, the knee can be extended an 

average of 5 to 10 degrees. Conversely, the knee can be actively flexed to approximately 120 

degrees when the hip is extended, 140 degrees when the hip is flexed, and 160 degrees when 

aided by a passive element (i.e. sitting on the heels). Moreover, voluntary rotation can reach 

between 60 and 70 degrees, whereas conjunct rotation can only attain 20 degrees (Gray and 

Carter, 2008). 

 The articular surfaces of the knee joint can be characterized by their large size and 

incongruent shapes (Moore et al., 2011). The articular surfaces of the lateral and medial femoral 

condyles are covered by articular cartilage and articulate with the condyles of the tibia 

(Christensen and Telford, 1988). Both the medial and lateral tibial condyles are deepend by 

menisci that cover the peripheral two-thirds of the tibial plateau (Christensen and Telford, 1988). 

The anterior-posterior length of the medial femoral condyle is more than 1 cm longer than its 

lateral counterpart (Basmanjian, 1982). The inequality in the geometry of the femoral condyles 

allow for the “screw-home” mechanism to occur.  As the femur moves from a flexed position, 

the lateral femoral condyle approaches full congruence with the lateral tibial condyle 

approximately 30 degrees before the knee reaches full extension (Gray and Carter, 2008). Given 

that there is still more than 1 cm of medial femoral condyle to be “used up,” the ACL will act as 

a pivot (Christensen and Telford, 1988) so that medial rotation of the femur can occur during the 
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last degrees of extension until a final closed packed position of both femoral condyles is 

achieved (Gray and Carter, 2008).  

The tension in the ACL is critical for the precision of the screw-home mechanism. As the 

knee moves from full flexion to approximately 40 degrees of flexion, the tension in the ACL 

decreases. However, as the knee further extends, the tension increases rapidly and reaches a level 

where less force is required for the femur to medially rotate on the tibia, thus following a path of 

least resistance as dictated by the gliding surface (Ellison and Berg, 1985). 

 

2.2.2 Anterior Cruciate Ligament Motion 

 The ACL plays a crucial role in joint stability, and its unique movement is due to the 

orientation of the bony attachments of the AM and PL bundles. In full extension, the PL bundle 

is situated posterior to the AM bundle on the medial surface of the external femoral condyle of 

the femur. When viewed sagitally, the fascicles of both the AM and PL bundles of the ACL run 

in a parallel fashion (Duthon et al., 2006). As the knee begins to flex, there is a slight lateral 

rotation of the ACL around its longitudinal axis (Duthon et al., 2006). The AM bundle spirals 

around the rest of the ligament therefore changing its femoral insertion site to a more posterior 

position in relation to the PL bundle.  

The AM and PL bundles are not isometric in flexion or extension, and they experience 

changes in length and tensioning patterns throughout a full range of motion (Brautigan and 

Voshell, 1941; Wang et al., 2012). According to Hollis et al., the length of the AM bundle is 

approximately 11.5 mm longer than the PL bundle in full knee extension. At 30 and 90 degrees 

of knee flexion, the AM bundle increases in length by 5% and 12% respectively (Hollis et al., 

1991) and continues to increase beyond 90 degrees (Amis and Dawkins, 1991). Conversely, the 
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PL bundle decreases by 14% when the knee is passively flexed from 0 to 30 degrees, and by 

32% at 90 degrees of knee flexion (Hollis et al., 1991). When the knee is extended, the PL 

bundle is taut and the AM bundle is moderately lax. However, when the knee is flexed, the 

femoral attachments of the ACL become horizontally orientated thus causing the AM bundle to 

tighten and the PL bundle to loosen (Zantop et al., 2006b). Butler et al., and Fukubaysahi et al., 

described the ACL as being the primary restraint to anterior translation of the tibia relative to the 

femur (Butler et al., 1980; Fukubayashi et al., 1982). Studies have shown that in chronic ACL-

deficient knees, the anterior translation of the tibia relative to the femur is four times greater than 

in a normal knee (Beynnon et al., 2002).  Therefore, the roles of the AM and PL bundles in 

restraining anterior tibial translation can be determined by measuring their tensioning patterns 

throughout the full range of passive knee flexion and extension. In response to a 134 N (30 lbs) 

anterior tibial load, Sakane et al., demonstrated that the forces taken up by the PL bundle were 

higher in lower degrees of flexion while the AM bundle took up more of the applied external 

force in higher flexion angles (Sakane et al., 1997). Bach et al., further demonstrated this finding 

with the use of a liquid metal strain gauge. These researchers determined that the strain in the PL 

bundle was higher in comparison to the AM bundle in knee flexion below 20 degrees (Bach et 

al., 1997). When Zantop et al., transected the AM bundle while keeping the PL bundle intact, 

they found a significant increase in anterior tibial translation at 60 and 90 degrees of knee 

flexion. Conversely, when the PL bundle underwent isolated transection, there was an increase in 

anterior tibial translation at 30 degrees of knee flexion (Zantop et al., 2006a). In addition, a study 

using a robotic/universal force moment sensor by Gabriel et al., demonstrated that the PL bundle 

also plays a significant role in the stabilization of the knee against a combined rotatory load 

(Gabriel et al., 2004). Given that the insertion points of the AM bundle are located near the 
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central axis of the human knee, there is no significant increase in anterior tibial translation in 

response to a combined rotatory load when transected. However, a PL bundle deficient knee has 

a significantly higher anterior tibial translation, specifically when a rotatory load is applied to a 

knee that is flexed between 0 and 30 degrees (Zantop et al., 2006a). As a result, the ACL also 

functions as a major secondary restraint to internal rotation, particularly when the joint is near 

full extension (Duthon et al., 2006). Therefore, in order to maintain proper knee kinematics, the 

AM and PL bundles of the ACL must aid in restraining anterior translation and rotation of the 

tibia. 

 

2.3 Anterior Cruciate Ligament Injury 
 

2.3.1 Mechanism of Injury 

The ACL is one of the most frequently injured ligaments in the knee (Boden et al., 2000). 

In the United States, 81 in every 100,000 people in the United States sustain an injury to their 

ACL each year (Frobell et al., 2007), with the highest incidence in individuals between the ages 

of 15 and 25 years who participate in pivoting sports (Griffin et al., 2000) such as basketball, 

football, soccer, and team handball (Boden et al., 2000; Krosshaug et al., 2007; Olsen et al., 

2004).  

An ACL injury can occur with or without the presence of physical contact to the knee. 

The most common contact injury is a blow to the lateral aspect of the leg causing the knee to 

collapse medially from an excessive valgus stress (Krosshaug et al., 2007). Myklebust et al., 

showed that 95% of male and 89% of female athletes indicated that injuries to their ACL 

occurred without player-to-player contact (Myklebust et al., 1997, 1998). Contrary to Myklebust 
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et al., Boden et al., and McNair et al., both reported that 70% of injuries involved a noncontact 

situation, while 30% occurred with contact (Boden et al., 2000; McNair et al., 1990). Therefore, 

while there may be no physical contact at the time of the injury, the movement patterns of the 

athlete may be perturbed by an opponent (Boden et al., 2000; Ebstrup and Bojsen-Møller, 2000; 

Olsen et al., 2004). This theory is supported by the experimental studies performed by Granata et 

al., and McLean et al., which introduced a static defender in cutting maneuvers and an overhead 

goal during a vertical jump. Both of these distracters altered the biomechanics of the knee 

(Granata et al., 2002; McLean et al., 2004).   

 Many studies have performed video analysis on non-contact ACL injuries in order to 

describe the mechanism of injury (Boden et al., 2000; Krosshaug et al., 2007; Olsen et al., 2004). 

Over twelve seasons (1988-2000); Olsen et al., examined 22 videos of ACL injuries that 

occurred from European team handball, Krosshaug et al., performed 39 visual inspections of 

basketballs players, and Boden et al., analyzed 100 videos of ACL injuries from various sports 

such as basketball, football, and soccer. Each of these researches classified the mechanism of a 

non-contact ACL injury as a sudden deceleration prior to a change of direction or landing 

motion, with the majority of injuries occurring when the foot is outside the knee and is firmly 

planted on the floor. Moreover, in combination with either internal or external rotation of the 

tibia, a forceful valgus strain was placed on the knee when it was close to full extension (i.e., < 

30 degrees of knee flexion) (Boden et al., 2000; Feagin and Lambert, 1985; Krosshaug et al., 

2007; Olsen et al., 2004). In addition, Krosshaug et al., estimated that the time of injury ranged 

from 17-50 milliseconds after the foot made initial contact with the ground (Krosshaug et al., 

2007).   
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2.3.1.i Gender Differences 

 Female athletes are two to eight times more likely than their male counterparts to sustain 

an ACL injury (Arendt and Dick, 1995). Approximately 13,000 and 25,000 knee injuries occur 

each year in females who participate in athletics at the collegiate and high school level 

respectively (Huston et al., 2000). The increasing number of females participating in competitive 

sports has led researchers to examine potential risk factors that cause disproportionate rates of 

injury levels between genders.    

 The possible causative risk factors for the increase in ACL injuries among women can be 

described as extrinsic (i.e., modifiable) and intrinsic (i.e., non-modifiable) (Arendt and Dick, 

1995; Huston et al., 2000; Ireland, 2002; Sutton and Bullock, 2013). The extrinsic factors include 

strength, conditioning (i.e., agility, proprioception), shoe type and playing surface. A motivated 

athlete who maintains a proper conditioned physique during the season and completes an 

individualized training program in the off season can minimize these modifiable factors (Ireland, 

2002). The unique features present in females, such as a greater Quadriceps angle, smaller ACL 

size, A-shaped femoral notch, increased posterior tibial slope, and higher concentrations of 

estrogen are some of the non-modifiable intrinsic factors that can contribute to the increased 

frequency of ACL injuries in females (Chandrashekar, 2005; Huston et al., 2000; Ireland, 2002; 

Sutton and Bullock, 2013). Although a number of studies have examined these intrinsic factors, 

there remains a lack of consensus in the scientific community on the role they play in increasing 

the incidence of ACL injuries in the female population (Ireland, 2002).    
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2.3.2 Secondary Pathologies Associated with Anterior Cruciate Ligament Injuries 

 Anterior cruciate ligament injuries might occur in isolation or in combination with 

injuries to associated structures (Brukner and Khan, 2006). Situations involving an external 

contact force to the tibiofemoral joint may cause such injuries as: ACL sprain, meniscal lesion, 

or fibrous tears to the collateral ligaments. Moreover, injury to all three structures is commonly 

referred as the “unhappy triad” (Campbell, 1936; Richardson and Iglarsh, 1994; Shelbourne and 

Nitz, 1991). In addition, any damage to the articular cartilage of the tibiofemoral joint might 

cause occult osteochondral lesions (bone bruises) or degenerative changes such as osteoarthritis 

(Lohmander et al., 2007; Louboutin et al., 2009; Shelbourne et al., 2011; Silvers and 

Mandelbaum, 2007) 

 

 2.3.2.i Anterior Cruciate Ligament Sprains 

  The normal motion of the tibiofemoral joint is limited by ligaments (ACL and 

PCL), menisci (lateral and medial), articular surfaces, and the joint capsule (O’Connor et al., 

1989). When a strong force is applied to the joint, movement beyond its normal range of motion 

can occur, which often leads to ligamentous injuries. According to Prentice (Prentice, 2013), a 

three grade classification system is used to describe the severity of damage to the ligaments. In a 

grade one sprain, the ligamentous fibers are subject to stretching and separation causing minimal 

knee joint instability. A patient with a grade one sprain often presents with mild to moderate 

pain, localized swelling, and stiffness of the joint. Separation and partial tearing of the ligament 

fibers producing moderate instability of the joint is classified as a grade two sprain. In addition to 

joint stiffness and swelling, these patients experience moderate to severe pain. If the ligament is 

completely torn, the injury is described as a grade three sprain. The knee joint is at risk of 
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subluxation and dislocation due to severe knee joint instability. Initially, an individual with a 

grade three sprain experiences tremendous pain; however, the pain might eventually subside as a 

result of the total disruption of the nerve fibers.    

 

2.3.2.ii O’Donoghue “Unhappy” Triad 

  Injuries to the anterior cruciate ligament rarely occur in isolation (Brukner and 

Khan, 2006). The most common contact injury resulting in a combination of knee pathologies is 

the O’Donoghue “unhappy triad” (O’Donoghue, 1950; Richardson and Iglarsh, 1994). Campbell 

was the first to describe a “combination” knee injury involving the anterior cruciate and medial 

collateral ligaments, along with a tear to the medial meniscus (Campbell, 1936). The mechanism 

of injury for this triad results from a combination of a valgus stress placed on a flexed and 

externally rotated knee, while the individuals foot is planted on the ground (Richardson and 

Iglarsh, 1994).  In 1950, O’Donoghue further studied this combination injury and reported that 

77% of patients with a combined anterior cruciate and medial collateral ligament injury suffered 

a medial meniscus tear (O’Donoghue, 1950). Almost 40 years later, Cerabona et al., supported 

O’Donoghues findings by showing that 31% of their patients had meniscal tears at the time of 

ACL repair (Cerabona et al., 1988). Shelbourne and Nitz revisited the O’Donoghue triad in 1991, 

and revealed that 62% of their patients sustained this triad injury from participating in football 

(37%) or basketball (25%) (Shelbourne and Nitz, 1991). Therefore, based upon the wide 

recognition of the “unhappy triad” by healthcare professionals, and the increased number of 

individuals participating in sport, the combination of anterior cruciate-medial collateral ligament-

medial meniscus tears can be viewed as a common athletic injury. 
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2.3.2.iii Knee Injuries and Osteoarthritis 

  Osteoarthritis can be characterized by loss of articular cartilage, specifically in 

synovial joints. Within the joints, there can be varying degrees of osteophyte formation, 

subchondral bone change, and synovitis. Radiography is use by clinicians as the standard for 

assessing the progression of osteoarthritis. There are a number of grading scales for determining 

the presence and severity of radiographic osteoarthritis; however, the Kellgren-Lawrence (KL) 

scale is the most frequently used (Arden and Nevitt, 2006; Kellgren and Lawrence, 1957; Zhang 

and Jordan, 2008). The KL scale describes the severity of the disease based on a five point scale, 

ranging from zero (i.e., no signs of osteoarthritis) to four (i.e., severe osteoarthritis) (Arden and 

Nevitt, 2006; Kellgren and Lawrence, 1957; Zhang and Jordan, 2008). In the advanced stages of 

this disease, structural changes can be seen on a radiograph as joint space narrowing and the 

presence of osteophytes and subchondral sclerosis (Lohmander et al., 2007).  

 

2.3.2.iiia Anterior Cruciate Ligament Injuries and Osteoarthritis 

Rupture of the anterior cruciate ligament is associated with a significant risk of 

degenerative changes (Keays et al., 2010; Oiestad et al., 2010). Within 24 hours of an ACL 

rupture, the individual rapidly produces cytokines (i.e., interleukin 6 and 8, tumour necrosis 

factor and keratin sulfate) which remain at high concentrations for the first week following the 

injury (Cameron et al., 1997; Irie et al., 2003). These cytokines function to increase catabolism 

and inhibit anabolism of chondrocytes, which can lead to the development of chondral lesions 

(O’Connor et al., 1985; Setton et al., 1994). Marks and Donaldson reported that patients with an 

ACL deficiency showed increased concentrations of condrodestructive cytokines and decreased 

levels of condroproductive cytokines (Marks and Donaldson, 2005). Therefore, individuals who 
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have suffered an injury to their ACL experience biochemical disorganization of their synovial 

fluid and are at a higher risk of articular cartilage damage, which can lead to the development of 

osteoarthritis.   

The majority of patients who experience an ACL tear are under the age of 30 

(Griffin et al., 2000) and numerous studies have shown that greater than half of these individuals 

experience osteoarthritic changes 10 to 20 years following their initial injury (Neyret et al., 1993; 

Noyes et al., 1983; Sherman et al., 1988). Moreover, Parkkari et al., reported that radiographic 

osteoarthritis is 105 times more likely to occur in adults who sustained an ACL tear as a child 

(Parkkari et al., 2008). Similarly, Pinczewski et al., postulated that 100% of patients with an 

ACL rupture will develop osteoarthritis over time (Pinczewski et al., 2002). Therefore, a large 

number of individuals between the ages of 30 and 50 experience early-onset osteoarthritis with 

associated pain, functional limitations and a decreased quality of life (Lohmander et al., 2004; 

von Porat, 2004). As a result, Lohmander et al., coined the term, “the young patients with old 

knees” for this group (Lohmander et al., 2007). 

 

2.3.2.iiib Meniscal Injuries and Osteoarthritis  

  The force necessary to rupture the ACL is so great that associated structures 

within the joint, such as menisci, can be affected (Stevens and Dragoo, 2006; Tandogan et al., 

2004). The literature suggests that 50% of all ACL injuries contain a meniscal lesion (Butler and 

Andrews, 1988; Dehaven, 1980; Noyes et al., 1980). More recently, Brunker and Khan reported 

meniscal injuries can be seen in 75% of all ACL cases (Brukner and Khan, 2006). Several 

studies have reported that the lateral meniscus is injured more often in an acute ACL tear, 
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whereas the incidence of a medial meniscal tear increases significantly with chronic ACL 

insufficiency (Bellabarba et al., 1997; Cerabona et al., 1988; Noyes et al., 1980; Spindler et al., 

1993; Thompson and Fu, 1993). During an ACL injury, the anterior displacement of the tibia on 

the femur causes a shearing force on the knee. As the meniscus becomes wedged between the 

tibia and posterior condyle of the femur, a longitudinal split might arise on the posterior horn of 

the meniscus (Louboutin et al., 2009). An injured ACL and meniscus will alter the normal 

kinematics of the tibiofemoral joint. A change in the static and dynamic loading of the knee can 

result in greater weight bearing loads on the articular surfaces, which may account for the 

abnormal translation and rotational motions following an ACL and meniscal injury (Stergiou et 

al., 2007). Additionally, an ACL-deficient knee with a meniscal lesion might remain in contact 

with a section of the articular surface of the tibia, which previously was not functionally loaded. 

This kinematic change can result in point loading which can lead to degeneration and chondral 

damage (Gillquist and Messner, 1999).  

 

2.3.2.iiic Occult Osteochondral Lesions and Ostearthritis 

  It has been hypothesized that occult osteochondral lesions (i.e., bone bruises) 

might occur in more than 80% of individuals with an anterior cruciate ligament rupture (Speer et 

al., 1992, 1995; Stein et al., 1995). The axial load required to cause the ligament to rupture can 

be transmitted through the articular cartilage and subchondral bone (Johnson et al., 1998). The 

most common location of a “bone bruise” is within the lateral compartment of the knee, due to 

the impact between the posterior aspect of the lateral tibial plateau and the lateral femoral 

condyle during displacement of the joint at the time of injury (Brukner and Khan, 2006; Johnson 

et al., 1998). Following an ACL injury, the subchondral bone bruise can be visible on magnetic 
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resonance imaging (MRI) and is termed post-traumatic bone marrow lesions (Nakamae et al., 

2006). The presence of bone marrow lesions suggests damage has occurred to the joint resulting 

in disruption of the cartilage matrix, chondrocyte death, accelerated chondrocyte senescence, and 

changes in cell metabolism (Buckwalter, 2002; Nakamae et al., 2006). Several authors have 

suggested that the manifestation of these events are associated with the development of 

osteoarthritis (Buckwalter, 2002; Buckwalter et al., 1994). With the use of an animal model, 

Donohue et al., reported that localized injury to articular cartilage and subchondral bone might 

lead to osteoarthritic degeneration of the articular cartilage (Donohue et al., 1983). In addition, 

Vellet et al., and Faber et al., stated that approximately 60% of their previously documented 

patients with occult osteochondral lesions presented with persistent MRI evidence of 

osteoarthritis (Faber et al., 1999; Vellet et al., 1991).  

 

2.4 Anterior Cruciate Ligament Reconstruction 
 

2.4.1 History of Anterior Cruciate Ligament Reconstruction 

 In 1885, from the General Infirmary (Leeds England), Mayo Robson was the first 

individual to report surgically repairing a knee with chronic instability (Mayo Robson, 1903). 

The first ACL reconstruction was performed by Hey Groves in 1917, with the use of a 

proximally-based strip of the iliotibial band (Hey Groves, 1917). Much advancement occurred 

over 30 years in ACL reconstruction and assessment between 1920 and 1950. Bennett was the 

first to describe an extra-articular procedure for an ACL-deficient knee, and hypothesized that 

the knee could remain stable as long as the medial collateral ligament was intact (Bennett, 1936). 

Nine years later, Campbell reported using a tibia-based graft of the medial one-third of the 

patellar tendon, the prepatellar retinaculum, and a portion of the quadriceps tendon (Campbell, 
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1936). In 1938, Sweden’s Ivar Palmer cited the importance of proper drill hole placement by the 

use of a drill guide. In addition, Palmer discussed the “drawer sign” for the first time (Palmer, 

2007). By the end of the 1950s, the most popular technique was an intra-articular reconstruction. 

However, whether it should be dynamic or static, constructed of iliotibial band, quadriceps and 

patellar tendon, or hamstrings tendon was still debatable.    

 Between 1960 and 1980, focus was placed on developing new and improved surgical 

procedures, identifying proper tunnel placement, and defining the concept of “rotatory 

instability.” In 1962, Donald Starr’s report; “Repair of old ligamentous injuries of the knee,” 

placed great emphasis on proper placement of the femoral and tibial tunnels (Starr, 1962). 

Moreover, in the late 1960s, Kurt Franke of Berlin pioneered the use of a free bone-tendon-bone 

graft consisting of one quarter of the patellar tendon and attached tibial and patellar bone blocks 

(Franke, 1976).  

 Throughout history, ACL reconstruction has been deemed effective. As far back as Mayo 

Robson’s first patient, who described his leg as “perfectly strong” six years following his surgery 

(Mayo Robson, 1903), to the patient who received the first ACL reconstruction performed by 

Hey Groves and was able to return to work without a limp and free of his brace (Hey Groves, 

1917), reconstruction has been the preferred standard of care. However, not all advancements in 

ACL reconstruction were considered successful. In 1959, Lindstrom reconstructed the ACL 

using a meniscus with the hypothesis that since it was an avascular fibrocartilage nourished by 

the synovial fluid it would be the ideal intra-articular cruciate replacement (Lindstrom, 1959).  

Although it took almost two decades, Walsh eventually discouraged this procedure after there 

was a functional decline in seven patients and five required reoperation (Walsh, 1972).  
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 During the 1970s, emphasis was placed on defining and treating specific types of rotatory 

instabilities in an ACL-deficient knee. Slocum and Larson were the first to define “rotatory 

instability” in 1968 (Slocum and Larson, 1968, 2007; Slocum et al., 1973, 1974). Using this new 

definition, in 1972, MacIntosh et al., introduced the “pivot shift” test to diagnose ACL 

insufficiency (Galway et al., 1972). The “pivot shift” test was followed by the Lachman test in 

1976 by Joseph Torg, who explained its improved diagnostic accuracy over the anterior drawer 

test (Torg et al., 1976). 

 The open surgery techniques used in the late 1970s was aggressive to the soft tissue, 

which made it challenging to consistently produce good results. In the 1980s, the research 

focused on production of synthetic ligaments and the adaptation of a less invasive procedure 

(i.e., arthroscopy).  In 1981, from Cambridge, England, Dandy was the first researcher to implant 

a carbon fiber-reinforced ligament substitute arthroscopically. Unfortunately, the results were 

quite poor due to the accumulation of carbon deposits in the synovial membrane and the liver 

(Dandy and O’Carroll, 1982; Dandy et al., 1982). Therefore, the use of carbon fiber was halted 

and alternate synthetic materials such as Dacron and Gore-Tex were used as a means of 

performing reconstruction quickly, and with minimal trauma. However, toward the end of the 

late 1980s there was a high rate of synthetic ligament rupture and synovitis, so surgeons reverted 

back to the concept of autografts, and began experimenting with various arthroscopic techniques 

(Colombet et al., 1999). By 1988, Friedman had performed the first arthroscopically assisted 

four-stranded hamstring autograft technique (Friedman, 1988). Throughout the 1990s, many 

researchers modified this technique by using the tendons of semitendinosus and gracilis in three 

or four-strands, with the graft being placed in a femoral socket (Howell, 1993; Pinczewski et al., 

1997a, 1997b). 
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 Great advancements have been made over the past 130 years in the field of ACL 

reconstruction, and progress continues to this very day. Researchers are now focusing on gene 

therapy to aid in the healing process (Atesok et al., 2014; Wei et al., 2011), prevention of  

osteoarthritis following reconstruction (Song et al., 2013), and individualization of ACL 

surgeries (Araujo et al., 2014). One trend is evident: research on ACL surgery is continuing to 

progress in a positive direction for patient satisfaction.      

 

2.4.2 Conservative Treatment versus Anterior Cruciate Ligament Reconstruction 

Researchers have debated whether patients should undergo ACL reconstruction or follow 

a rehabilitation program following an ACL injury (Linko et al., 2005). Conservative treatment 

should begin from the time of injury to work towards decreasing swelling and pain, restoring full 

range of motion, increasing strength and power, and providing functional rehabilitation exercises 

(Brukner and Khan, 2006). Several authors have suggested that patients who follow a 

conservative treatment plan might obtain satisfactory results (Buss et al., 1995; Casteleyn and 

Handelberg, 1996; Giove et al., 1983; Kostogiannis et al., 2007). In a study performed by Buss et 

al., 55 patients who underwent conservative treatment for an acute ACL injury were surveyed. 

Approximately four years following the initial injury, 70% of the patients continued with 

moderately-demanding sports (Buss et al., 1995). More recently, Casteleyn and Handelberg 

assessed 109 non-operative patients using the International Knee Documentation Committee 

(IKDC) Subjective Evaluation Form and reported that 82.4% of patients stated their knee was 

normal or nearly normal (Casteleyn and Handelberg, 1996). Moreover, Giove and colleagues 

reported that 59% of patients diagnosed with an ACL tear who participated in a non-operative 

program, returned to their full pre-injury level of play (Giove et al., 1983).  
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2.4.3 Anterior Cruciate Ligament Reconstruction and Secondary Injuries 

Although there has been moderate success for non-operative patients with ACL injuries, 

additional studies have reported conflicting results. A seven year follow-up study on non-

operatively treated patients found that only 8% of the patients returned to performing cutting 

sports (Scavenius et al., 1999). Furthermore, Chalmers and associates reported that further 

surgery was required approximately twice as frequently in a non-operative group as compared to 

an operative cohort. In addition, the non-operative cohort required subsequent meniscal surgery 

more than twice as frequently (29.4% compared with 13.9% in the operative cohort) (Chalmers 

et al., 2014). Moreover, Keays et al., suggested that the time delay between injury and surgery 

might be a predictor for tibiofemoral osteoarthritis, with a higher chance of developing 

osteoarthritis with longer time delays (Keays et al., 2010). This relationship was supported by 

Marks and Donaldson, who identified a linear correlation between the severity of chondral 

damage and the amount of time between the injury and surgery (Marks and Donaldson, 2005). 

Thus, the decision to delay surgical reconstruction of a ruptured ACL can significantly increase 

the risk of secondary injuries.  

 

2.4.4 Optimal Timing for Anterior Cruciate Ligament Surgery 

In order to prevent secondary injuries, a number of studies have explored the amount of 

time needed between an ACL injury and surgical reconstruction (Church and Keating, 2005; 

O’Donoghue, 1950; Papastergiou et al., 2007; Wasilewski et al., 1993). Unfortunately, there is 

still debate on the exact timing required. O’Donoghue stressed the importance of repairing knee 

ligaments within two weeks of injury for the best results (O’Donoghue, 1950). Similarly, 

Shelborne et al., suggested that delaying reconstructive surgery for at least three weeks from the 
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time of an acute ACL injury results in a decrease in the incidence of arthrofibrosis (Shelbourne et 

al., 1991). On the other hand, Papastergiou and colleagues recommended ACL surgery be carried 

out in the first three months post injury to minimize the risk of secondary meniscal injuries 

(Papastergiou et al., 2007). Furthermore, Kennedy and associates advocated that patients with 

deficiency of the ACL should be counseled that there is a significant relationship between the 

duration of knee instability and subsequent incidences of both chondral changes and meniscal 

tears. Therefore, in order to minimize risk, they recommended that reconstructive surgery be 

performed within the first year from injury (Kennedy et al., 2010).  

 

2.4.5 Ligamentization 

It has been shown that a ruptured ACL will not heal spontaneously with non-operative 

management (Barrack et al., 1990). A surgical intervention using tendon grafts have become the 

standard treatment for an ACL deficient knee. Although tendons differ biologically from 

ligaments (Fujii et al., 1994; Rumian et al., 2007), multiple studies have reveled that the grafted 

tendon will remodel into a ligament (Abe et al., 1993; Amiel et al., 1984; Falconiero et al., 1998; 

Marumo, 2005; Pauzenberger et al., 2013; Sánchez et al., 2010). In 1986, Amiel et al., 

demonstrated that an autograft tendon transplanted to replace an excised ACL underwent a 

process called “ligamentization”-transition of the biochemical and histological parameters of the 

graft from tendinous to ligamentous in appearance (Amiel et al., 1984). The process of 

ligamentization is comprised of three different stages: “early,” “proliferation,” and “maturation” 

(Abe et al., 1993; Falconiero et al., 1998; Sánchez et al., 2010). In the early stage, the tissue 

contains properties similar to that of the initial tendon graft. The proliferation stage is where 

extensive remodeling and revascularization occurs. The final maturation stage is characterized by 
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the restructuring of the graft toward the properties of the native ACL (Abe et al., 1993; 

Falconiero et al., 1998; Scheffler et al., 2008). Following ACL reconstruction, many surgeons 

support the hypothesis that the maturation process of an ACL graft is complete after six months, 

and have therefore reduced a patients rehabilitation process from 12 months to advocating a six-

month return to sport (Brukner and Khan, 2006). However, many studies have shown that the 

ligamentization process can occur over a 12 to 36 month period (Abe et al., 1993; Falconiero et 

al., 1998; Marumo, 2005; Rougraff et al., 1993; Sánchez et al., 2010). Marumo and colleagues 

and Falconiero et al., concluded that ligamentization reaches peak maturity within one year after 

reconstruction (Falconiero et al., 1998; Marumo, 2005). However, Abe et al, reported that the 

reconstructed grafts were still immature one year after surgery (Abe et al., 1993). According to 

Sanchez and associated, a graft will reach maturity at approximately two years following surgery 

(Sánchez et al., 2010). Moreover, Rougraff et al., continued to observe areas of degeneration, 

neovascularity, and hypercellularity until three years following reconstruction (Rougraff et al., 

1993). Therefore, histologically a mature graft might resemble the normal ACL, but 

ultrastructural differences regarding collagen fibril distribution continue to exist (Claes et al., 

2011).   

	  

2.4.6 Current Trends in Anterior Cruciate Ligament Surgery 

  Research on ACL reconstruction is constantly evolving, which prompts orthopaedic 

surgeons to alter their surgical techniques. An autograft is defined as tissue derived from another 

site in or on the body of the organism receiving it (Stegman, 2012) and over the past 15 years, 

the most common forms of arthroscopic ACL reconstructions were performed using autografts 

from the patellar tendon or the four stranded hamstring tendon consisting of semitendinosus and 
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gracilis (Duquin et al., 2009; Marx et al., 2003; McRae et al., 2011; Mirza et al., 2000). In a 

survey conducted from 1998 to 1999, the members of the American Academy of Orthopaedic 

Surgeons (AAOS) preferred using a bone-patellar tendon-bone (BPTB) autograft (79%) to the 

hamstring tendon augtograft (12%) (Marx et al., 2003).  However, seven years later, the 

frequency at which the BPTB autograft was being used decreased by 33% and the hamstring 

tendon increased 20% (Duquin et al., 2009). Similar trends were seen from the members of the 

Canadian Orthopaedic Association (COA). In 2000, 59% of orthopaedic surgeons performed 

ACL reconstructions using the BPTB autograft, where as 32% used a hamstring tendon autograft 

(Mirza et al., 2000). Ten years later, researches from the University of Manitoba published an 

article entitled, “Survey Study of Members of the Canadian Orthopaedic Association on the 

Natural History and Treatment of Anterior Cruciate Ligament Injury,” which reported that the 

use of BPTB autografts dropped to 29.9% and hamstring tendon autograft use rose to 73% 

(McRae et al., 2011). Although there have been studies which show patient satisfaction with 

either BPTB or hamstring tendon autografts (Struewer et al., 2013), the latter presents with many 

advantages including; low comorbidity due to preservation of the extensor mechanism by not 

violating the patellar and quadriceps tendon, low percentage of patients developing postoperative 

patellofemoral pain, higher patient reported outcome scores, and better aesthetics due to a 

smaller incision (Mascarenhas et al., 2012; Shaieb et al., 2002).  

 In addition to examining graft selection, McRae et al., reported on the use of allografts, 

ACL remnants, and the percentage of surgeons performing single- or double-bundle surgeries. 

An allograft is a tissue obtained from a donor of the same species, with a different genetic make- 

up (Stegman, 2012). Typical allografts used for ACL reconstruction consists of the tendons from 

tibialis anterior or posterior, peroneus longus, Achilles, or BPTB (Maletis et al., 2013). From 
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2000 to 2010, the members of the COA have decreased their use of allograft by 8.7% (McRae et 

al., 2011), even though allografts have advantages such as decreased operative time, improved 

cosmesis, and the absence of donor site morbidity (Clark et al., 2009). Regardless of these 

advantages, a meta-analysis of 5182 individuals was performed by Kraeutler et al., which 

demonstrated that patients undergoing ACL reconstruction with autografts had a lower rate of 

graft rupture, lower levels of knee laxity, and the patients were generally more satisfied 

postoperatively compared with patients undergoing reconstruction with an allograft (Kraeutler et 

al., 2013). Similarly, Hettrich et al., and Sun et al., found that the use of allografts resulted in 

increased failure rates and subsequent surgeries (Hettrich et al., 2013; Sun et al., 2009).  

 Tibial and femoral remnants are typically debrided in traditional ACL reconstruction; 

however, research has shown that tibial remnants might contain several types of 

mechanoreceptors that provide positive effects on the proprioceptive function of the knee (Ahn 

et al., 2010; Lee et al., 2008). In addition, conserving the remnant ACL stump may accelerate 

revascularization and ligamentization, promote preservation of the proprioceptive nerve fibers, 

produce an enhanced biological environment for healing, and provide some biomechanical 

stability of the knee (Ahn et al., 2009, 2010; Claes et al., 2011; Fu, 2007; Kim et al., 2009; Lee et 

al., 2008). Therefore, approximately 55% of Canadian Orthopaedic surgeons will “always” or 

“sometimes” use the ACL stump (McRae et al., 2011). 

Previous studies have shown that ACL augmentation can be beneficial for the repair of a 

partial ACL injury. Preserving the uninjured portion of the ACL enables surgeons to maintain 

the anatomic position of the ligament and thus retain its biomechanical function (Mifune et al., 

2013). However, due to the high force required to rupture an ACL, some surgeons question 

whether partial ACL tears can occur. Yet, there are reports of isolated ruptures of the 
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anteromedial (AM) or posterolateral (PL) bundle (Buda et al., 2013; Lorenz and Imhoff, 2014; 

Ochi et al., 2006). In 2006, Ochi et al., reported on 169 patients with ACL ruptures, and only 

10% had a partial tear. From the 17 patients with a partial ACL tear, 13 tore their AM bundle and 

four tore their PL bundle (Ochi et al., 2006).  

 There has been a tremendous amount of research conducted on whether Orthopaedic 

surgeons should perform a single- or double-bundle reconstruction (Bedi and Altchek, 2009; 

Björnsson et al., 2013; Desai et al., 2013; van Eck et al., 2010; Hussein et al., 2012; Oiestad et 

al., 2010; Song et al., 2013). Unfortunately, there is still no definitive consensus on which 

technique is superior. A single-bundle ACL reconstruction aims at placing a one bundle graft in 

the center of the tibial and femoral attachment sites (Bedi and Altchek, 2009), whereas the 

double-bundle reconstruction tries to mimic both the AM and PL bundles by inserting a two 

bundle graft into the native ACL “footprint” (Bedi and Altchek, 2009). McRae and associates 

reported that 54% of Canadian Orthopaedic surgeons perform single-bundle surgeries and 46% 

perform the double-bundle technique (McRae et al., 2011).  Single-bundle ACL reconstruction 

has been considered the gold standard technique for restoring anterior instability; however, 10% 

to 30% of ACL reconstructed patients complain of feeling rotational instability (Prodromos et 

al., 2008). Therefore, it has been suggested that the single-bundle reconstruction does not fully 

restore normal knee kinematics (Georgoulis et al., 2003; Woo et al., 2002). Anatomic studies 

have revealed that the native ACL is composed of two functional bundles, anteromedial (AM) 

and posterolateral (PL) (Amis and Dawkins, 1991; Arnoczky, 1983; Girgis et al., 1975; Palmer, 

2007). In 2006, Zantop and associates performed a study, which measured anterior tibial 

translation and knee rotation. Their results showed that, when the AM bundle was transected and 

the PL bundle remained intact, there was an increase in anterior tibial translation. On the 
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contrary, when the PL bundle was transected and the AM bundle remained intact, there was a 

significant increase in both anterior tibial translation and knee rotation (Zantop et al., 2006a). In 

addition, cadaveric studies have shown that the PL bundle plays a more important role for 

providing rotational stability in comparison to the AM bundle (Gabriel et al., 2004; Sakane et al., 

1997). Because of these findings, there has been an increased interest in double-bundle ACL 

reconstruction, which replicates each bundle to more closely restore the normal knee stability 

and kinematics (Mae et al., 2001; Musahl et al., 2010; Yagi et al., 2002). When comparing 

single-bundle to double-bundle surgical techniques, Goldsmith et al., and Komzak et al., reported 

no difference in anterior translation but the patients who underwent double-bundle surgery had 

an increase in rotational stability (Goldsmith et al., 2013; Komzák et al., 2012). Notwithstanding 

these advantages, the double-bundle reconstruction technique is technically demanding, 

necessitates longer operative times, requires more surgeons to perform the procedure, and causes 

an extensive amount of bone loss, thereby rendering this surgical technique more difficult and 

less efficient. Recently, attention has returned to the single-bundle reconstruction with the graft 

placed in a more anatomical position (Bedi and Altchek, 2009; Yasuda et al., 2004; Zantop et al., 

2008). Several biomechanical studies have reported that, when ACL grafts are placed in the 

center of their anatomic insertions during a single-bundle surgery, they provide nearly normal 

knee kinematics that are comparable to a double-bundle reconstruction (Araki et al., 2011; Sastre 

et al., 2010; Steiner et al., 2009). Current methods of ACL reconstruction have improved in 

restoring optimal knee kinematics; however, the reconstructed joint continues to be an abnormal 

knee (Papannagari et al., 2006). 
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2.4.7 Short-term versus Long-term Outcomes of Anterior Cruciate Ligament Surgery 

 The goal for an ACL reconstruction should be the restoration of normal knee anatomy 

and mechanics, returning the joint to normal function, and preventing osteoarthritis. Short-term 

studies have shown positive results for patients with an ACL reconstructed knee. In 2002, Shaieb 

et al., conducted a prospective randomized study comparing the patellar tendon to the 

semitendinous and gracilis tendon autograft for an ACL surgery. After a two year follow-up, 

they found that 97% of the patients with the patellar tendon graft and 100% of patients with the 

hamstring tendon graft rated their results as good or excellent (Shaieb et al., 2002). However, 

there is still a lack of evidence to suggest that ACL reconstruction decreases the rate of 

posttraumatic osteoarthritis of the tibiofemoral joint. In fact, many long-term follow-up studies 

have presented that 60% to 90% of individuals have radiographic evidence of knee osteoarthritis 

within 10 to 20 years after ACL reconstruction (Fithian, 2005; Kessler et al., 2008; Lohmander et 

al., 2004; McDaniel Jr and Dameron Jr, 1983; Neyret et al., 1993; Noyes et al., 1983; 

Sommerlath et al., 1991). It has even been hypothesized that an ACL reconstruction might 

increase the risk of future osteoarthritis by enabling the athlete to return to high-performance 

pivoting sports (Ajuied et al., 2013; Myklebust et al., 2003; von Porat, 2004). Furthermore, 

biomechanical studies have shown that the grafted tissues never fully transform into the native 

ACL (Ballock et al., 1989; Butler et al., 1980; Ng et al., 1995). Therefore, although the grafted 

tissue may be morphologically similar, it might never function exactly the same as a normal 

ligament. 
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3. HYPOTHESIS AND OBJECTIVES  
 

 Several recent studies have examined the effect of tibial rotation on the ACL (Branch et 

al., 2010; Hofbauer et al., 2010; Lorbach et al., 2010; Zaffagnini et al., 2000). However, after an 

extensive literature review, no studies have been published on the effects of tibial rotation on 

ACL motion. Therefore, analysis of the positional changes of the ACL will provide new 

information regarding the motion of the ACL during internal and external tibial rotation of a 

knee flexed at 90 degrees, which has the potential to enhance the precision of graft placement.  

3.1 Hypothesis 
	  

Null Hypothesis: 

Regarding the anatomy of the ACL: 

1. There will be no significant change in the horizontal position of the anteromedial bundle 

(AM), with internal and external rotation of the knee. 

2. There will be no significant change in the horizontal position of the posterolateral bundle 

(PL), with internal and external rotation of the knee. 

 

Alternate Hypothesis: 

Regarding the anatomy of the ACL: 

1. There will be a significant change in the horizontal position of the anteromedial bundle 

(AM), with internal and external rotation of the knee 

2. There will be a significant change in the horizontal position of the posterolateral bundle 

(PL), with internal and external rotation of the knee  
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3.2 Objectives 

The purpose of this study was to examine the motion of the ACL, when the knee is flexed 

to 90 degrees and internally-externally rotated. Specifically, the study had the following 

objectives: 

 

1.  At 90 degrees of knee flexion, quantify the position of the tibial, midpoint, and femoral 

markers located on the medial edge of the anteromedial bundle, with the following motions: 

a. 0 and 15 degrees of internal and external rotation  

 

2.  At 90 degrees of knee flexion, quantify the position of the tibial, midpoint, and femoral 

markers located on the lateral edge of the posterolateral bundle, with the following motions: 

a. 0 and15 degrees of internal and external rotation  

 

3. Provide a detailed anatomical description of the ACL and related structures: 

a. Lateral-medial width (LMW) of the lateral femoral condyle 

b. LMW of the medial femoral condyle 

c. Bicondylar width 

d. Interncondylar notch width 

e. Length of the ACL 

f. Width of the ACL  
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4. With the addition of a 20-pound (89 Newton) anterior load to the tibial tuberosity of a 90 

degree flexed knee, quantify the position of the tibial, midpoint, and femoral markers located on 

the medial edge of the anteromedial bundle, with the following motions: 

a. 0 and15 degrees of internal and external rotation  

 

5. With the addition of a 20-pound (89 Newton) anterior load to the tibial tuberosity of a 90 

degree flexed knee, quantify the position of the tibial, midpoint and femoral markers located on 

the lateral edge of the posterolateral bundle, with the following motions: 

a. 0 and15 degrees of internal and external rotation  

 

4. MATERIALS AND METHODS 
 

4.1 Specimen Population  
	  

 The lower limbs measured in this study were obtained from cadaveric specimens used in 

the Undergraduate Medical Education program at the University of Manitoba. Prior to the study 

initiation, ethics approval was acquired from the University of Manitoba. The following 

inclusion criteria were used for cadaveric selection: 1) human specimens were obtained from the 

“Body Bequeathal Program,” at the University of Manitoba or Pan Am Clinic Foundation; 2) 

organizations supplying human specimens received approval of their use for research purposes 3) 

human specimens were embalmed; and 4) human specimens contained an intact ACL. Exclusion 

criteria included: 1) evidence of external scarring from previous surgeries; 2) injured ACL; 3) 

evidence of severe knee osteoarthritis (i.e., Grade 3 or higher on the SFA System); and 4) injured 

supporting structures (i.e., medial and lateral collateral ligament). 
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4.2 Study Design 
	  

The study is a descriptive laboratory and repeated measures design. Data collection 

occurred over a four-week period.     

 

4.2.1 Dissection 

The dissection protocol for the study was adopted from a format described by other 

investigators (Clemente et al., 2009; Colombet et al., 2006), and refined for the present study. 

Each dissection began with removal of the skin, subcutaneous fat, superficial fascia, and deep 

fascia from the cadaver’s thigh and leg. After the removal of these soft tissues, a circumferential 

incision was made around the proximal one-third of the femur and distal one-third of the tibia. 

Following the completion of these incisions, the quadriceps, hamstrings, and adductor muscle 

groups were released from the thigh. In addition, the anterior, posterior and lateral muscle 

compartments of the leg were removed. Careful attention was placed on maintaining the knee 

joint capsule and the structures that surround it (i.e., lateral collateral ligament, medial collateral 

ligament). Once the musculature and neurovascular bundles were removed, the knee was flexed 

to 90 degrees to inspect the intraarticular structures and condylar surfaces. Baring any exclusion 

criterion, removal of the lower limb was accomplished by the use of a Linvatec Hall PowerPro 

oscillating bone saw (Utica, NY, USA). The exposed surfaces of the femur and tibia were cut in 

the frontal plane, 12 inches above and below the knee joint line. In order to have a clear view of 

the ACL, sharp dissection was performed to remove any remaining fat and tissue that surrounded 

the ligament.    
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4.2.2 Apparatus Assembly 

Following dissection of the lower limb and isolation of the ACL, preparation was done to 

the leg prior to fixation in the orthopaedic extremity holder. First, individual holes were drilled 

one and two inches inferior to the knee joint line for the placement of a metal rod (i.e., rotational 

force) and an eye screw (i.e., anterior force) respectively. A third hole was drilled two inches 

above the distal medial border of the tibia where an additional eye screw was fastened (i.e., laser 

pointer). Following this step, the lower limb was ready to be secured in the orthopaedic 

extremity holder. With the aid of an Acumar inclinometer (Lafayette, IN, USA), the knee joint 

was flexed 90 degrees and the femur was clamped into place (Gabriel et al., 2004; Musahl, 2005; 

Zantop et al., 2006a). In addition, a screw was bolted to the base of the extremity holder and 

placed into the medullary cavity of the tibia to ensure that movement only occurred in the 

transverse plane (Figure 1). 

 

4.3 Data Collection 
	  

Data collection consisted of anthropometric and rotational measurements. The rotational 

measurements were further divided into rotation with and without an anterior force.  

 

4.3.1 Anthropometric Measurements 

 Anthropometric measurements were collected in the same dissection setting, using the 

same equipment for all cadaveric specimens. All of the following parameters were measured 

(i.e., millimeters) using a digital sliding caliper (Vernier sliding caliper): 1) LMW of the lateral 
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femoral condyle; 2) LMW of the medial femoral condyle; 3) bicondylar width of the femur; 4) 

intercondylar notch width; 5) ACL width; and 6) length of the ACL.  

 The LMW of each individual femoral condyle, as well as the bicondylar width, was 

measured from their widest point (Chandrashekar, 2005). The width of the intercondylar notch 

was measured in 90 degrees of knee flexion, at the distal margin of the articular cartilage (i.e., 

“low” in the notch)(Colombet et al., 2006). The width of the ACL was obtained by measuring 

the midway distance between the tibial and femoral insertions, perpendicular to the direction of 

the ligaments position (Stijak et al., 2009a).  

Once all rotational measurements were completed on the tibiofemoral joint, the length of 

the ACL was measured. In order to measure the length of the ACL, a scalpel was used to release 

the Posterior Cruciate Ligament (PCL) from its femoral and tibial attachments by sharp 

dissection. After the PCL was removed, an oscillating bone saw was used to make three cuts into 

the femur. Starting from a point located on the anterior, distal one-fourth, of the femoral surface, 

a midsagittal cut was made along the longitudinal axis to the intercondylar fossa. The specimen 

was then turned over and a second midsagittal cut was made through the posterior surface of the 

femur. The bone saw followed the distal end of the linea aspera and continued along the 

longitudinal axis until it met up with the anterior cut in the intercondylar notch. The final cut was 

made in the transverse plane from the medial surface of the distal one-fourth of the femur 

perpendicular to the proximal edge of the midsagittal cuts. Following the completion of this cut, 

the medial femoral condyle was removed (Clemente et al., 2009) (Figure 2). With the use of a 

scalpel the ACL was released from its femoral and tibial attachment points. With the ACL 

unattached, the anterior edge of the anteromedial bundle and posterior edge of the posterolateral 
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bundle were measured and the average of these two lengths represented the length of the ACL 

(Chandrashekar, 2005; Stijak et al., 2009a) (Figure 3). 

 

4.3.2 Rotational Measurements   

 Prior to the start of the rotational measurements, a Sony Digital HD Video Camera 

Recorder (San Diego, CA, USA) was set at its maximal optical zoom and placed three feet-three 

inches away from the knee (Figure 4). A protractor was fastened to the base of the orthopaedic 

extremity holder and a three-centimeter marker was pinned to the articular surface of the medial 

femoral condyle. In addition, each specimen was randomized into one of four groups (Figure 5). 

To illustrate, the AM bundle was measured without the presence of an anterior shear force in the 

first set of specimens for group one. With the femur fixed in place, three head pins were inserted 

into the ACL. The first pin was positioned on the medial portion of the AM bundle near the 

femoral insertion and was labeled the “femoral attachment” (FA). The placement of the second 

pin required the use of a digital caliper to measure the length and width of the ACL (in situ). The 

length was measured from the middle of the ACL, between the two bone insertions (superior-

inferior), and a mark was placed at the midway point. From the midway point, the width of the 

ACL was measured and the “midpoint” (MP) pin was placed at the halfway point. The final pin, 

which was labeled as the “tibial attachment” (TA), was positioned on the anterior medial edge of 

the tibial insertion. In order to maintain a visual of each pin, the knee retained a position of 90 

degrees of flexion.  
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With regards to pin placement on the PL bundle, the MP remained the same, however, 

the FA was placed on the lateral edge of the femoral insertion and the TA was positioned on the 

posterior lateral edge of the tibial insertion point.  

Following pin placement, a laser pointer at the distal end of the tibia was turned on and 

used to measure the degree of rotation (Figure 6). An initial digital image was taken of the ACL 

from a neutral position (i.e., no rotational motion). Since the present study used embalmed 

cadavers; and formalin fixation can alter the elasticity of a ligament (Abe et al., 2003), the 

maximum amount that the tibia could be internally or externally rotated was 15 degrees. 

Therefore, the tibia was manually rotated to 15 degrees of internal rotation and a subsequent 

image was captured (Daniel et al., 1985). This process was repeated three times to obtain an 

average measure of the three pins in a neutral and internally rotated position. The same steps 

were performed for external rotation, and for this study, internal rotation was always measured 

before external rotation.  

 This study also measured the change in position of the ACL when it was subjected to an 

anterior force. A modified pulley system was manufactured to allow an anterior shear force to act 

on the tibial tuberosity via a spring scale (Figure 7). With the addition of a 20-pound (89 

Newton) force, the same procedures were followed as described above. 

 

4.3.3 Picture Measurements 

 An open source video analyzer (Kinovea) was used to quantify the positional change of 

the ACL markers during rotation. The initial step of measurement required calibration of the 

analyzers scale. This step was accomplished by drawing a one-centimeter line on a piece of 
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measuring tape pinned to the medial condyle, and setting the value to 0.1 centimeters (0.1 cm = 

10 mm). Once calibrated, a horizontal line was placed from one end of the intercondylar notch to 

the other. To maintain consistency, the same points and distances were used for each 

corresponding picture. Taking the midpoint of the horizontal line, a vertical line was drawn 

straight down the intercondylar notch. Additional horizontal lines were then drawn from the pins 

to the vertical line. Pins located on the left side of the vertical line were given negative values 

and positive values were assigned to pins on the right side (Figure 8).  

 

4.3.4 Statistical Analysis 

 Microsoft Office Excel 2011 with the Analysis ToolPak add-in, StatPlus: Mac 2013, was 

used for data analysis. Descriptive statistics (i.e., mean, standard deviation, and range) were 

calculated for the specimen’s lateral and medial femoral condyles (i.e., LMW), bicondylar width, 

intercondylar notch width, ACL width, and ACL length. Parametric statistics (paired t-tests) 

were used to compare the positional change of the femoral, midpoint, and tibial markers to 

determine any significant differences occurring during 15 degrees of internal and external 

rotation (with and without an anterior force). In addition, anthropometric data were used to 

measure any gender differences. Differences were considered statistically significant at p <0.05. 

Furthermore, pearson correlation coefficients (r) were calculated between mean length 

and width of the ACL and width of the femoral intercondylar notch to the change in position of 

the tibial attachment of the anteromedial bundle during 15 degrees of internal rotation. 

Differences were considered statistically significant if p < 0.05. 
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 Intraclass correlation coefficients (ICC) were calculated in order to evaluate the intra- and 

interrater reliability of the rotational measurements. An ICC (3,2) model was used to evaluate the 

intrarater reliability. ICC values were calculated using a two-way ANOVA and the equation: 

ICC = (BMS - EMS)/BMS, where BMS is the between-subjects mean score, and EMS is the 

error mean score (Portney and Watkins, 2000). An ICC (2, 2) model was used to evaluate the 

interrater reliability. ICC values were again calculated using a two-way ANOVA and the 

equation: ICC = (BMS - EMS)/[BMS + (RMS - EMS)/n], where BMS is the between-subjects 

mean score, EMS is the error mean score, RMS is the between-raters mean score, and n is the 

number of subjects tested (Portney and Watkins, 2000). 

 Lastly, a one-way ANOVA was performed between each of the four randomized groups 

to determine if the order in which the ACL was measured had an effect on the results. 

Differences were considered statistically significant if p <0.05. 

  

5. RESULTS 
	  

5.1 Specimen Population 
	  

 Sixteen specimens (thirty knees) were dissected for this study. The average age of each 

specimen was greater than 65 years. Five specimens failed to meet inclusion criteria and were 

excluded from the study due to: 1- large osteophytes and deep fibrilations on the femoral condyle 

(2 knees); 2- open joint capsule (1 knee); 3- torn ACL fibers (1 knee); and 4- artificial knee (2 

knees). A total of 24 knees were measured for data analysis.  
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5.2 Anthropometric Measurements  
	  

 Anthropometric measurements of the LMW of the lateral and medial femoral condyle, 

bicondylar width, intercondylar notch width, and ACL length and width are summarized in Table 

1. Paired t-tests showed significant differences (p < 0.05) between male and female specimens 

for the LMW of the lateral femoral condyle (p = 0.0012), LMW of the medial femoral condyle (p 

= 0.0042), bicondylar width (p = 0.000), intercondylar notch width   (p = 0.027), and length of 

the ACL (p = 0.018). However, no significant differences were found in ACL width between 

genders (p = 0.50). Furthermore, each anthropometric parameter exhibited larger values in the 

male specimens as compared to the female specimens.  

  

5.3 Reliability Measurements 
	  

 Intraclass Correlation Coefficients (ICC) were used to evaluate the relative reliability of 

intra- and interrater scoring for the rotational measurements of the AM and PL bundles at the 

femoral, midpoint, and tibial attachment sites. Intra- and interrater results for the AM bundle are 

presented in Table 2. The ICC values for the intrarater reliability ranged from a low of 0.72 at the 

femoral attachment, to a high of 0.95 at the tibial attachment. The ICC values for the interrater 

reliability for the FA, MP, and TA were 0.68, 0.83, and 0.84 respectively.  

 Intra- and interrater results for the PL bundle are presented in Table 3. Across all three-

attachment sites, the average of the ICC values for the intrarater reliability was 0.87. The ICC 

values for the interrater reliability were 0.92 and 0.95 at the midpoint and tibial attachment 

respectively, and 0.73 at the femoral attachment.  



	  

	   45	  

 Table 4 displays the results from the one-way ANOVA which was used to determine if 

the measurement order had an effect on the change in position of the femoral, midpoint, and 

tibial attachment for the AM bundle. No significant differences were noted between the four 

randomized groups. 

 

5.4 Rotational Measurements 
	  

This study examined the change in position of the FA, MP and TA points for the AM and 

PL bundles in a 90 degree flexed knee undergoing 15 degrees of internal and external tibial 

rotation in the presence and absence of a 20 pound anterior shear force. The mean, standard 

deviation, and range were calculated from three sets of measurements: 1) neutral position to 15 

degrees of internal rotation; 2) neutral position to 15 degrees of external rotation; 3) 15 degrees 

of internal rotation to 15 degrees of external rotation (i.e., total knee movment). In addition, the 

percentage of movement during internal and external tibial rotation was calculated. Paired t-tests 

were performed to calculate differences in the change of position of the FA, MP and TA during 

internal and external tibial rotation (Figures 9 through 16).  

Analyzed data was organized into four different categories: 1) change in position of the 

AM bundle; 2) change in position of the AM bundle with an anterior force; 3) change in position 

of the PL bundle; 4) change in position of the PL bundle with an anterior force.  
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5.4.i Change in Position of the Anteromedial and Posterolateral Bundles  

Changes in the position of the AM bundle in male and female specimens are found in 

Figures 9 and 10. At an average of 91% of the total amount of rotation, the femoral attachment 

point showed the largest amount of positional change during external rotation. The midpoint and 

tibial attachments changed position more in internal than external rotation. Paired t-tests showed 

significant differences (p < 0.05) for the midpoint and tibial markers. Furthermore, the greatest 

total change in position occurred at the tibial attachment (i.e., females, x̅  = 5.14 mm; males, x̅ = 

6.11 mm).  

The corresponding data for the PL bundle is illustrated in Figures 11 and 12. Similar to 

the AM bundle results, the PL bundle showed the greatest change in position during external 

rotation at the femoral attachment point and the greatest total change in position at the tibial 

attachment. Moreover, the femoral attachment point demonstrated a greater change in position 

than the average change in position of the total amount of rotation (i.e., females = 119%; males = 

179%). A significant difference (p < 0.05) between internal and external tibial rotation was found 

for the midpoint and tibial attachment points. However, there was no significant difference for 

the femoral attachment (i.e., females, p = 0.054; males, p = 0.14 male).  

Table 5 displays pearson correlation coefficients (r) between the mean length and width of 

the ACL and width of the femoral intercondylar notch to the change in position of the tibial 

attachment of the anteromedial bundle during 15 degrees of internal rotation. Our results showed 

a statistically significant correlation between the mean length of the ACL and the change in 

position of the TA on the AM bundle during 15 degrees of internal rotation for the male 

specimens (r = 0.633; p < 0.05). In addition, there was a strong correlation between the mean 

length of the ACL and the change in position of the TA on the AM bundle during 15 degrees of 
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internal rotation for the female specimens (r = 0.446). There was a weak to very weak correlation 

between the width of the ACL/intercondylar notch width and the change in position of the TA on 

the AM bundle during 15 degrees of internal rotation for both genders. 

 

5.4.ii Change in Position of the Anteromedial and Posterolateral Bundles with an Anterior 
Force 

	  

 Data for the AM and PL bundles with an anterior force in male and female specimens are 

presented in Figures 13-16. The femoral attachments change in position for the male AM bundle 

was 9% higher in internal rotation than the average change in position of the total movement 

through 30 degrees of tibial rotation (Figure 14). With the exception of the femoral attachment 

point for the female AM bundle and male PL bundle; the percentage of movement for the PL 

bundle was always greater during internal tibial rotation for all three data points. Paired t-tests 

showed a significant difference between internal and external tibial rotation for both the AM and 

PL bundles. When male and female specimens were examined, the tibial attachment point for the 

male PL bundle showed the greatest change in position (i.e., x̅  = 4.94 mm) 
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6. TABLES AND FIGURES 
	  

Figure 1. Assembled Apparatus 

	  

Figure 1: A dissected knee flexed at 90 degrees, fixed in the orthopaedic extremity holder. An 

inclinometer fastened to the femur, a metal rod and two eyes screws drilled into the tibia, and a 

screw placed into the medually cavity of the tibia.  
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Figure 2. Bisected Femur 

	  

Figure 2: Sagittal view of a bisected femur with the medial femoral condyle removed. 
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Figure 3. Excised Anterior Cruciate Ligament 

	  

Figure 3: Anterior cruciate ligament removed from its tibial and femoral attachments. 

Measuring length of the ACL’s anteromedial (AM) and posterolateral (PL) bundle (left ACL). 

	  

	  

	  

	  

	  

 



	  

	   51	  

Figure 4. Sony Digital HD Video Camera Recorder Set-Up  

 

Figure 4: Placement of Sony digital HD video camera recorder in relation to the dissected knee. 
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Figure 5. Group Assignment Table 

Group	  1	   
Measurement ACL	  Bundle Force 

1 AM No 
2 AM Yes 
3 PL No 
4 PL Yes 

 
 

  Group	  2 
Measurement ACL	  Bundle Force 

1 PL No 
2 PL Yes 
3 AM No 
4 AM Yes 

 
 

  Group	  3 
Measurement ACL	  Bundle Force 

1 AM Yes 
2 AM No 
3 PL Yes 
4 PL No 

 
 

  Group	  4 
Measurement ACL	  Bundle Force 

1 PL Yes 
2 PL No 
3 AM Yes 
4 AM No 

 

Figure 5: Each specimen was randomly assigned into one of four groups. 
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Figure 6. Laser Pointer Placement 

 

Figure 6: Placement of laser point into an eye screw at the distal end of the tibia. 
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Figure 7. Modified Pulley System 

 

Figure 7: Modified pulley system with the attachment of two 10-pound weights.  
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Figure 8. Kinovea Analyzing Software 

 

Figure 8: Measurement of femoral (FA), midpoint (MP), and tibial (TA) markers using Kinovea 

analyzing software. 
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Table 1. Anthropometric Measurements (Means ±SD (Range)) 

Parameter Male (n=12) Female (n=12) Total (N=24) 
Lateral-medial width of 
lateral femoral condyle 

(mm) 

33.58 ± 2.95 
(38.35-29.04) 

29.02 ± 3.01 
(35.5-25.14) 

31.30 ± 3.67 
(38.35-25.14) 

p-value 0.0012*  
Lateral-medial width of 
medial femoral condyle 

(mm) 

32.16 ± 4.37 
(41.1-25.58) 

26.76 ± 3.66 
(34.25-21.53) 

29.34 ± 4.79 
(41.1-21.53) 

p-value 0.0042*  

Bicondylar width (mm) 90.79 ± 5.89 
(105.82-81.24) 

77.15 ± 4.22 
(83.53-70.47) 

83.97 ± 8.58 
(105.82-70.47) 

p-value 0.000**  
Intercondylar notch 

width (mm) 
22.92 ± 7.13 
(44.73-18.13) 

17.84 ± 1.98 
(20.85-14.49) 

20.38 ± 5.73 
(44.73-14.49) 

p-value 0.027*  

Length of ACL (mm) 29.58 ± 5.61 
(41.5-21.5) 

23.67 ± 5.68 
(30-11.5) 

26.63 ± 6.30 
(41.5-11.5) 

p-value 0.018*  

Width of ACL (mm) 8.71 ± 1.38 
(11.4-6.89) 

8.10 ± 1.47 
(10.41-5.77) 

8.39 ± 1.43 
(11.4-5.77) 

p-value 0.50  
 

*p < 0.05; **p < 0.01	  

Table 1: Anthropometric measurements are presented for male and female specimens. P-values 

are presented for mean score comparisons between male and female specimens.   
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Table 2. Reliability of AM Bundle Measurements  

 Femoral Attachment Midpoint Tibial Attachment 

Intrarater 

ICC (3,2) 

(N=6) 

 

0.72 

 

0.74 

 

0.95 

Interrater 

ICC (2,2) 

(N=12) 

 

0.68 

 

0.83 

 

0.84 

 

Table 2: Intraclass Correlation Coefficients (ICC) were calculated using Model (3,2) between 

the same examiner and Model (2,2) between two different examiners for the AM bundle during 

15 degrees of external tibial rotation. 
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Table 3. Reliability of PL Bundle Measurements 

 Femoral Attachment Midpoint Tibial Attachment 

Intrarater 

ICC (3,2) 

(N=6) 

 

0.90 

 

0.74 

 

0.98 

Interrater 

ICC (2,2) 

(N=12) 

 

0.73 

 

0.92 

 

0.95 

 

Table 3: Intraclass Correlation Coefficients (ICC) were calculated using Model (3,2) between 

the same examiner and Model (2,2) between two different examiners for the PL bundle during 15 

degrees of internal tibial rotation. 
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Table 4. Differences in Measurement Order for the AM Bundle 

 Internal Rotation External Rotation 

Femoral Attachment 2.55 2.27 

Midpoint 1.35 0.58 

Tibial Attachment 1.15 0.82 

*p < 0.05 

Table 4: A one-way ANOVA was performed between each of the 4 randomized groups for the 

AM bundle in order to obtain the F-statistic. None of the values were statistically significant, 

thus indicating that the order in which the AM bundle was measured had no effect on the results. 
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Table 5. Correlation Between Anthropometric Paramaters and Positional Changes of the 
ACL 

Anthropometric 
Parameter 

Male Female 

Mean length of ACL 0.633* 0.446 

Width of ACL 0.297 0.138 

Width of femoral 
intercondylar notch 

0.176 0.015 

      *p < 0.05 

Table 5: Pearson Correlation Coefficients (r) were calculated between mean length and width of 

the ACL and width of the femoral intercondylar notch to the change in position of the tibial 

attachment of the anteromedial bundle during 15 degrees of internal rotation. 
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Figure 9. Female Change in Position of AM Bundle  

 

*p < 0.05; **p < 0.01	  

Figure 9: Mean (SD) change in position was calculated in millimeters (mm) for internal, 

external, and total tibial rotation. Percentages are calculated by dividing the amount of 

movement during either internal/external rotation by the total amount of combined rotation. 

Percentage of Movement = (Internal Rotation/Total Rotation) X 100 

        = (0.17/0.28) X 100 

        = (0.60) X 100 

        = 60% 
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Figure 10. Male Change in Position of AM Bundle  

	  

*p < 0.05; **p < 0.01	  

Figure 10: Mean (SD) change in position was calculated in millimeters (mm) for internal, 

external, and total tibial rotation. Percentages are calculated by dividing the amount of 

movement during either internal/external rotation by the total amount of combined rotation. 
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Figure 11. Female Change in Position of PL Bundle  

	  

*p < 0.05; **p < 0.01	  

Figure 11: Mean (SD) change in position was calculated in millimeters (mm) for internal, 

external, and total tibial rotation. Percentages are calculated by dividing the amount of 

movement during either internal/external rotation by the total amount of combined rotation. 
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Figure 12. Male Change in Position of PL Bundle  

	  

*p < 0.05; **p < 0.01	  

Figure 12: Mean (SD) change in position was calculated in millimeters (mm) for internal, 

external, and total tibial rotation. Percentages are calculated by dividing the amount of 

movement during either internal/external rotation by the total amount of combined rotation. 
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Figure 13. Female Change in Position of AM Bundle with an Anterior Force 

	  

*p < 0.05; **p < 0.01	  

Figure 13: Mean (SD) change in position was calculated in millimeters (mm) for internal, 

external, and total tibial rotation. Percentages are calculated by dividing the amount of 

movement during either internal/external rotation by the total amount of combined rotation. 
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Figure 14. Male Change in Position of AM Bundle with an Anterior Force 

	  

*p < 0.05; **p < 0.01	  

Figure 14: Mean (SD) change in position was calculated in millimeters (mm) for internal, 

external, and total tibial rotation. Percentages are calculated by dividing the amount of 

movement during either internal/external rotation by the total amount of combined rotation. 
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Figure 15. Female Change in Position of PL Bundle with an Anterior Force 

	  

*p < 0.05; **p < 0.01	  

Figure 15: Mean (SD) change in position was calculated in millimeters (mm) for internal, 

external, and total tibial rotation. Percentages are calculated by dividing the amount of 

movement during either internal/external rotation by the total amount of combined rotation. 
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Figure 16. Male Change in Position of PL Bundle with an Anterior Force 

	  

*p < 0.05; **p < 0.01	  

Figure 16: Mean (SD) change in position was calculated in millimeters (mm) for internal, 

external, and total tibial rotation. Percentages are calculated by dividing the amount of 

movement during either internal/external rotation by the total amount of combined rotation. 
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7. DISCUSSION 
 

 The results of this study are, to our knowledge, the first to demonstrate the change in 

position of the ACL during internal and external tibial rotation. The objectives of the study 

included: 1. Providing a detailed anatomical description of the ACL and its boney attachments; 

2. Quantifying the change in position of the femoral, midpoint, and tibial attachments of the 

anteromedial and posterolateral bundles, at 0 and 15 degrees of internal and external tibial 

rotation; 3. Quantifying the change in position of the femoral, midpoint, and tibial attachments of 

the anteromedial and posterolateral bundles, at 0 and 15 degrees of internal and external tibial 

rotation, with the addition of a 20-pound (89 Newton) anterior force. We hypothesized that there 

would be a significant change in the horizontal position of the femoral, midpoint, and tibial 

attachments during tibial rotation. Our anthropometric data of the intercondylar width and 

median ACL length values were similar to that found in previous studies (Stijak et al., 2009a, 

2009b, 2014). In the absence of an anterior load, significant positional changes occurred at the 

midpoint and tibial attachments of the AM and PL bundles. Moreover, all three-attachment 

points showed a significant change in position for both bundles with the application of a 20-

pound anterior load. Interestingly, the largest change in position occurred at the tibial attachment, 

regardless of whether an anterior force was present or absent. Therefore, this pilot data has the 

potential to be useful when evaluating the restoration of rotational stability following an anterior 

cruciate ligament reconstruction.  
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7.1 Anthropometric Data  
	  

 Anthropometric data were collected on 24 human cadaveric specimens (12 male and 12 

female). When comparisons were made regarding gender, many previous studies have indicated 

higher anthropometric values for male specimens which, is consistent with the present study (van 

Diek et al., 2014; Park et al., 2012; Stijak et al., 2009a, 2009b; Vrooijink et al., 2011). A 

significant difference was seen between genders for the LMW of the lateral femoral condyle (p = 

0.0012), LMW of the medial femoral condyle (p = 0.0042), bicondylar width (p = 0.000), 

intercondylar notch width (p = 0.027) and ACL length (p = 0.018). However, no significant 

difference was observed for the ACL width (p = 0.50). Several researchers have examined the 

relationship between an ACL injury and the width of the intercondylar notch and have reported 

that narrowing of the intercondylar notch is a risk factor for an ACL rupture (Davis et al., 1999; 

Lund-Hanssen et al., 1994; Shelbourne et al., 1997; Simon et al., 2010). For example, Lund-

Hanssen et al., examined the intercondylar notch of the femur in female handball players and 

reported that players with a notch width of 17 mm or less were six times more susceptible to an 

ACL injury (Lund-Hanssen et al., 1994). In the present study the average widths of the ACL 

were similar in males (i.e., 8.71 mm) and females (i.e., 8.10 mm) but the width of the 

intercondylar notch was narrower in the female specimens (i.e., 17.84 mm) as compared to male 

specimens (i.e., 22.92 mm). These findings might be of importance when determining why 

females are two to eight times more likely to sustain an ACL injury than their male counterparts 

(Arendt and Dick, 1995).  

Furthermore, the average intercondylar notch width and ACL length were very similar to 

findings by Stijak et al., who collected data from 50 human cadaveric knees (32 male and 18 

female), suggesting that our findings are consistent with typical observations seen in larger 
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populations (Stijak et al., 2009a). However, these findings conflict with a previous study 

performed by Stijak and colleagues, who examined correlations between morphometric 

parameters of the ACL and the intercondylar notch width. They found the average width of the 

ACL in males to be 12.2 mm and 9.9 mm in females. A potential reason for these higher values 

could be due to the fact that Stijak et al., removed the ACL from its boney attachments prior to 

measuring their width, whereas our study measured the width of the ACL in situ.  

In addition to the bicondylar width, the LMW of each femoral condyle was measured. 

The average LMW of the lateral femoral condyle was greater than the medial femoral condyle in 

both male and female specimens. This finding was consistent with previous studies which 

examined knee morphometry differences in men and women (van Diek et al., 2014; Park et al., 

2012; Vrooijink et al., 2011). The average condylar width of the male specimens examined by 

van Diek et al., Park and colleagues, and Vrooijink and associates, were extremely similar to the 

average condylar width of the female specimens in our study (van Diek et al., 2014; Park et al., 

2012; Vrooijink et al., 2011). However, the average bicondylar width and condylar LMW values 

in the male and female specimens in these studies were lower than the average widths of the 

male and female specimens in our study. It is possible that different methods of measurement 

resulted in inconsistent values. The present study used a digital caliper to measure each 

parameter directly on the cadaveric specimen (i.e., three-dimensional measurement), while the 

previous studies obtained the measures by using magnetic resonance or computer tomography 

images (i.e., two-dimensional measurement) (van Diek et al., 2014; Park et al., 2012; Vrooijink 

et al., 2011).  
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7.2 Reliability Data 
	  

 According to Portney and Watkins, ICC values above 0.75 are indicative of having good 

reliability and values below 0.75 are considered to have moderate to poor reliability (Portney and 

Watkins, 2000). There are two major factors that can cause a low ICC value in the present study: 

1- raters not agreeing and 2- lack of variability among subject scores. Fist, if the raters do not 

agree, it would be reasonable to suggest that the researchers should reevaluate their 

methodological approach for measuring the change in position of each marker. Second, 

variability among subject scores must be large to demonstrate reliability. A lack of variability 

often occurs when raters are all too lenient or strict in their scoring (Portney and Watkins, 2000). 

The majority of the ICC values from the present study were above 0.75, thus indicating good 

intra- and interrater reliability. Therefore we can conclude that our results are reproducible. 

Furthermore, our results showed no statistical significance for the AM bundle between each of 

the four randomized groups, therefore demonstrating that the order or measurements had no 

effect on our results. 

 

7.3 Rotation of the Tibiofemoral Joint 
	  

 The ACL is known to be an important stabilizer of the human knee joint. In 1980, Butler 

and associates were the first to quantify the function of the ACL as the primary restraint to 

anterior translation of the knee by using an electrohydraulic testing system to carefully apply 

controlled displacements to the knee and measure the resulting forces (Butler et al., 1980). The 

notion that the ACL resists anterior tibial translation was further demonstrated by Daniel et al., 

who identified that 94% of patients with a complete ACL tear demonstrated a pathological 
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anterior knee laxity (Daniel et al., 1985). Therefore, the majority of studies performed, examined 

the contributions of the ACL fibre bundles in resisting anterior tibial translation.  

A great deal of progress has been made in the field of ACL research which has led to 

many advancements in reconstruction; however, researchers still suggest that overtime, more 

than 50% of individuals who suffer an ACL rupture will develop osteoarthritis (Neyret et al., 

1993; Noyes et al., 1983; Sherman et al., 1988). Although recent work on the ACL has become 

more concerned with the rotational instability of the knee, many of the earlier experiments did 

not examine how tibiofemoral rotation affects the change in position of the ACL.  

In the present study, markers were placed at the femoral, midpoint, and tibial attachments 

located on the medial edge of the anteromedial bundle, and lateral edge of the posterolateral 

bundle of the ACL. Each knee was flexed 90 degrees and the tibia was manually internally and 

externally rotated. Rotational scores were determined by calculating the length changes of each 

marker from a neutral position to 15 degrees of internal or external tibial rotation. Our results 

demonstrated a statistically significant difference was found between the internal and external 

rotation at the midpoint and tibial attachment for the AM and PL bundles of the ACL in both 

genders. Similar finding were reported by Komzak et al., who used a computer navigation 

system on 30 fresh human cadaveric knees. They found that rotational stability is better 

controlled by both the AM and PL bundles of the ACL as compared to only one of the bundles 

(Komzák et al., 2013). Two factors might help to explain why the AM and PL bundles 

performed similarly when the tibia was internally and externally rotated. Firstly, in order to 

distinguish between the behavior of the fibers in a cross-sectioned ACL, Amis suggested that 

researchers artificially divided the ACL into two “fiber bundles” (Amis, 2012). While, the 

nomenclature that researches use to describe the ACL may refer to two distinct anatomical 
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bundles, the ACL might actually be only one functional unit. Secondly, it has been shown that 

the ACL has different functions at different degrees of knee flexion. As the knee is extended the 

PL bundle becomes taut and the AM bundle remains moderately lax. This effect is reversed 

when the knee is flexed; the AM bundle tightens and the PL bundle loosens. The present study 

maintained the knee at 90 degrees of knee flexion; hence, using a similar methodological 

approach, future studies could collect data from various degrees of knee flexion to determine if 

the measurement angle has an effect on the change in position of the ACL. The fact that the AM 

and PL bundles have a similar functions in tibial rotation leads to the hypothesis that an 

anatomical single-bundle reconstruction might be just as effective as a double-bundle surgery, 

but further testing would have to be performed on an ACL graft to determine if it functions 

similarly to the native ligament. 

Our study showed that the greatest change in position between maximal internal rotation 

and maximal external rotation occurred at the tibial attachment. These results complemented the 

work performed by Hefzy and associates. During the late 1980s Hefzy et al., completed 

experiments, which measured the distance between the femoral and tibial attachments of the 

ACL during flexion. They found that length change patterns of the ACL are controlled 

principally by the anterior-posterior position of the femoral attachment sites, which shows 

minimal length changes in deep flexion (Hefzy and Grood, 1986; Hefzy et al., 1989). It is 

possible that in our study the tibial attachment had the greatest change in position because the 

tibia was rotated about a fixed femur. Perhaps in subsequent experiments, the femur can be 

rotated while the tibia is static. These data could possibly provide additional information to 

orthopaedic surgeons when determining proper tunnel placements during ACL reconstruction. 

For example, a narrow femoral intercondylar notch can make it difficult for othropaedic surgeons 
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to place surgical guide pins used for tunnel drilling. Since it appears that the femoral attachment 

has the ability to control the length changes in the ACL, surgeons might want to consider 

maintaining the femoral origin of the ACL if deviations to tunnel placements are required during 

surgery. However, further studies are required to examine deviations to the tunnel placement in 

both the femoral and tibial origins to determine if the greatest change in position occurs at the 

tibial attachment.     

According to Norman and Streiner, a pearson correlation coefficient greater than 0.4 

indicates a strong correlation (Norman and Streiner, 2000). Results from our study suggest that 

there was a strong correlation between the mean length of the ACL and the change in position of 

the TA on the AM bundle during 15 degrees of internal rotation for both genders. In addition, 

greater positional changes occurred during internal rotation than external rotation at the midpoint 

and tibial attachments. The results are consistent with data from previous research evaluating the 

end-to-end distance changes in the ACL fibers during flexion-extension and internal-external 

rotation (Wang et al., 2012). Using a digitized robotic system, Wang et al., reported the 

positional relationship between the femur and tibia as a force was applied from a neutral starting 

position. They observed that the end-to-end distance became longer during internal rotation 

compared to external rotation (Wang et al., 2012). A potential reason for this finding can be 

explained by an experiment performed by Amis and Dawkins, which showed that ACL fibers 

tended to lengthen more with internal rotation as compared to external rotation of the tibia (Amis 

and Dawkins, 1991). Therefore, it is possible that the position of the tibia during ACL graft 

fixation can affect the tension of the graft after reconstruction. Based on our findings, future 

research should investigate the tension on that graft during various angles of knee flexion to 



	  

	   76	  

determine optimal flexion angle for graft tensioning during ACL reconstruction. This method 

could potentially prevent graft failure following surgery.    

 

7.4 Rotation of the Tibiofemoral Joint with an Anterior Force 
	  

 Additional data were gathered in our study by applying a 20-pound anterior force 

to the knee while rotating the tibia. Our results indicated that all three pins located on the AM 

and PL bundles showed a significant change in position, with the greatest change occurring at the 

TA. Since the change in position for the FA, MP and TA pins were measured in the coronal 

plane and the anterior force was applied in the sagittal plane, the presence of the anterior force 

did not alter the rotational kinematics of the ACL. Therefore, the difference in the anatomical 

planes might have resulted in similar findings. Because the embalming process creates a non-

physiological state, future studies might require a larger anterior force and/or a greater degree of 

rotation to see differences in the change of position in the ACL. To our knowledge, the present 

study is the first to measure positional changes in an ACL experiencing a simultaneous anterior 

tibial load and rotational torque. A recent study conducted by Kondo et al., measured the 

distances between the femoral and tibial attachments of the AM and PL bundles. These 

researchers measured the effect of applying an anterior tibial load and an internal and external 

tibial torque; however, data were collected from each condition separately (Kondo et al., 2014). 

Therefore, in order to determine whether an ACL reconstruction is successful, it could be 

informative to test the rotational kinematics of the tibiofemoral joint might be beneficial. 

However, testing rotational kinematics objectively is an ongoing challenge in othopaedics. 
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7.5 Limitations 
	  

 The methodological design of this investigation has a number of limitations. First, 

because the cadaveric knees were obtained from the University of Manitoba undergraduate 

medical program, a limited number of specimens were available for measurement. After	  

performing	  a	  post-‐hoc	  power	  analysis,	  the	  power	  level	  was	  21	  %.	  To	  obtain	  a	  power	  of	  

80%	  with	  α = 0.05	  future	  studies	  would	  require	  an	  estimated	  samples	  size	  of	  88	  specimens.	  

Therefore, the number of measured specimens might have an impact on the generalizability of 

the study by creating type II errors. That being said, 24 human cadaveric knees were dissected 

for the current project, which is a larger sample size than many previous studies examining ACL 

kinematics. It is encouraging that, our study had similar findings to previous cadaveric studies 

with larger sample sizes, which suggests that our sample is likely comparable to that of the 

general population (Stijak et al., 2009a). Second, our study only had access to embalmed 

cadaveric specimens, which has the potential to alter the elastin crosslinks in the ACL (Abe et 

al., 2003). The majority of previous studies have used fresh frozen cadavers to perform 

experiments on the tibiofemoral joint (Gabriel et al., 2004; Lorbach et al., 2012; Zantop et al., 

2006a). Nonetheless, the present study obtained similar anthropometric results as those in a study 

by Dargel et al., who used 20 pairs of formalin fixed human cadavers to measure morphometric 

dimensions in the knee joint (Dargel et al., 2009). Third, the soft tissue and joint capsule of the 

knees in our project were removed to gain access to the ACL, which has the potential to affect 

the stability of the tibiofemroal joint. However, similar conditions were used in a number of 

previous studies examining tension differences in the ACL (Amis and Dawkins, 1991; Zavras et 

al., 2005).  
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7.6 Conclusion 
	  

 The results of this investigation provide foundational knowledge about the positional 

changes of the AM and PL bundles of the ACL during internal and external tibial rotation. This 

data could provide additional information in the evaluation of rotational stability of the 

tibiofemoral joint after an ACL reconstruction. The key findings of this study were as follows: 

Ø When compared to females, the male cadaveric specimens presented with higher values 

for the LMW of the medial and lateral femoral condyles, bicondylar width, intercondylar 

notch width, and ACL length. 

Ø No significant difference was observed for the ACL width between genders 

Ø Statistically significance differences (p < 0.05) were found between internal and external 

tibial rotation at the midpoint and tibial attachment for the AM and PL bundles in both 

the male and female specimens. 

Ø For both genders, the AM and PL bundles showed the largest change in position between 

maximal internal and external tibial rotation at the tibial attachment. 

Ø The addition of a 20-pound anterior force produced results that closely resembled the 

trends seen in both the AM and PL bundles in the absence of an anterior force. 

Ø Both the male and female specimens showed a greater change in position at the midpoint 

and tibial attachment during internal tibial rotation when compared to external tibial 

rotation.  
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Therefore, we accept the alternative hypothesis and conclude that in both male and 

female specimens there were significant changes in the horizontal position of the MP and TA 

markers located on the AM and PL bundles during internal and external tibial rotation. These 

key findings might help surgeons in determining a graft position that is capable of replicating 

the native movement of the ACL. By doing so, there could be an improvement in the long-

term outcomes associated with ACL injury and reconstruction.   

 

7.7 Future Directions 
	  

 The main focus of our investigation was to obtain primary data on the change in position 

of the ACL during internal and external tibial rotation. Future investigations could use a fresh 

frozen cadaveric model (i.e., physiological specimen) to validate the data of the present study. 

Following this, the change in position of the FA, MP, and TA during internal and external tibial 

rotation could be examined on a reconstructed ACL. If a significant difference is found between 

the normal and reconstructed ACL, then it might suggest that present day reconstructions 

techniques could be altered to better replicate the native kinematics of the ACL.  
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8. APPENDIX 
	  

8.1 Anthropometric Data Collection Sheet 
	  

Specimen Number:                  Male or 
Female 

Right or Left   Previously Dissected: Yes or 
No 

Measurement Length (mm) 
Anterior-Posterior Length of Lateral Femoral 

Condyle 
 

Anterior-Posterior Length of Medial Femoral 
Condyle 

 

Lateral-Medial Width of Lateral Femoral 
Condyle 

 

Lateral-Medial Width of Medial Femoral 
Condyle 

 

Bicondylar Width of Femur  
Lateral-Medial Width of Femoral Shaft (6 

inches from proximal end) 
 

Anterior-Posterior Length of Femoral Shaft (6 
inches from proximal end) 

 

Anterior-Posterior Length of Lateral Tibial 
Condyle 

 

Anterior-Posterior Length of Medial Tibial 
Condyle 

 

Lateral-Medial Width of Medial Tibial 
Condyle 

 

Lateral-Medial Width of Lateral Tibial 
Condyle 

 

Bicondylar Width of Tibia  
Lateral-Medial Width of Tibial Shaft (6 inches 

from distal end) 
 

Anterior-Posterior Length of Tibial Shaft (6 
inches from distal end) 

 

Intercondylar Notch Width  
Length of ACL (Intact)  

½ Way Point of ACL Length  
Width of ACL (Intact)  

½ Way Point of ACL width  
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