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INTRODUCTION 
 
 The motion characteristics of the articular surfaces of the tibia relative to the femur 
are very complex and are guided by the anterior cruciate ligament (ACL) and the other 
primary ligaments that span the knee. Studies performed using cadaveric models have 
revealed that the ACL is the primary restraint to anterior displacement of the tibia relative to 
the femur (Butler 1980; Fukubayashi 1982), and acts as a restraint to internal-external 
rotation (Markolf 1990; Fleming 2001; Kanamori 2002), varus-valgus angulation  (Marder 
1991) and combinations thereof (Markolf 1995; Kanamori 2002). In addition to this the ACL 
is an important component in the proprioceptive feedback mechanism of the joint.  

The management of ACL injuries is one of the most challenging issues in the field of 
sports traumatology. Sporting activities in modern society are increasing and have also 
increased the incidence of ACL injuries. Danish studies have shown an annual incidence of 
3.1 ACL injuries per 10.000 inhabitants between 0 and 50 years of age (Nielsen 1989). The 
reported incidence of ACL tears for female athletes ranges between 4 and 6 times greater than 
that of male athletes competing in similar activities. In women’s professional soccer Giza et 
al. (Giza 2005) found an overall injury incidence rate of 1.93 injuries per 1000 player hours. 
The incidence of injury during practice and games was 1.17 and 12.63 per 1000 player hours, 
respectively. Sports activities are responsible for approximately 95% of all ACL ruptures 
seen in our hospital (Grontvedt 1996b). Bjordal et al (Bjordal 1997) studied 176 patients who 
had participated in organized soccer. Women had an incidence rate of 0.10 injuries per 1000 
game hours, significantly higher than that for men (0.057). The Norwegian National ACL 
Registry was initiated in 2004. The numbers of ACL reconstructions recorded in Norway in 
2005 was 1543 (Strand, Hafjell 2006). Hamstrings autografts were used in 57% of the cases 
and bone-patella-tendon-bone graft in 43%.  
 The material properties of the ACL vary along its length and cross section, and 
therefore, it may be important to match the structural properties of the graft with those of the 
native ACL to fully restore normal kinematics and knee function (Butler 1992). Woo et al 
(Woo 1991) reported that the structural properties of the ACL decrease with age and that in 
younger subjects the failure load and stiffness values of the ACL were 2160 ± 157 N and 242 
± 28 N/mm, respectively. These values are similar to a 10-mm-wide patellar tendon graft (the 
failure strength and stiffness properties are 1784 [± 580] N and 210 N/mm) and a 4-bundled 
hamstring tendon graft (the failure strength and stiffness values are 2422 [± 538] N and 238 
N/mm) (Wilson 1999). Therefore, theoretically both graft types should provide adequate 
strength and normal laxity to the knee immediately after surgery.  

Biological substitutes for the ACL can be prepared as either bone-tendon-bone grafts 
or tendon grafts. Depending on the graft material that is selected for ACL reconstruction, the 
bony or soft tissue portions of these constructs can be fixed either within bone tunnels or 
externally to cortical bone. From a biomechanical perspective, fixation represents the weakest 
link during the early stages of healing. The long-term goal is to obtain biological 

incorporation of the graft at the anatomical attachment sites of the ACL and to restore the 
transition from soft tissue to fibrocartilage, to calcified fibrocartilage, and to bone. 
Some of these grafts and fixation methods are evaluated in the studies included in this thesis. 
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ANATOMY 
 
 
 The knee joint develops from a cleft between the mesenchymal rudiments of the 
femur and tibia during the 8th week of the human embryo (GRAY 1950; Gardner 1968). As 
the mesenchyme in the region of the future knee joint condenses to form the precartilage and 
the capsule of the joint, vascular mesenchyme becomes isolated within the joint. This tissue 
is the precursor to the cruciate ligaments and the menisci. 
    At 9 weeks, the cruciate ligaments are composed of numerous immature fibroblasts, 
the long axes of which are parallel to the course of the ligaments. At 10 weeks, the ACL and 
posterior cruciate ligament (PCL) are separated from each other, and over the next 4 weeks 
the cruciate ligaments continue to differentiate from the adjacent tissues and the insertion 
sites becomes more defined. By 18 weeks, the cruciate ligaments stand almost alone, and a 
few vascular elements are found within their substance. During the next weeks there is a 
continuous growth and increase in vascularity, until the ACL resembles that found in the 
adult. The remaining development consists of marked growth but little change in form. 
The mature ACL is a band of regularly oriented, dense connective tissue which connects the 
femur and tibia. It is surrounded by a fold of synovium that originates from the posterior 
intercondylar area of the knee, and completely envelopes both the anterior and posterior 
cruciate ligaments. Thus, the cruciate ligaments are intraarticular and extrasynovial (Girgis 
1975; Arnoczky 1983).    
    The ACL is attached to a fossa on the posterior aspect of the medial surface of the 
lateral femoral condyle. The attachment has a semilunate form, with the anterior border 
straight and the posterior border convex. The long axis of the femoral attachment is tilted 
slightly forward from the vertical, and is about 23 mm long (Kennedy 1974; Arnoczky 1983). 
   On the tibia, the ACL is attached to a fossa in front of and lateral to the anterior tibial 
spine. The anterior part of the tibial attachment lies beneath the transverse meniscal ligament, 
and some fascicles of the ACL may blend with the anterior attachment of the lateral 
meniscus. The tibial attachment of the ACL is somewhat broader than the femoral. Its length 
is about 30 mm. Thus, because the tibial attachment is somewhat larger than the femoral, the 
ACL is fan-shaped. 
    The ACL courses anteriorly, medially and distally across the joint as it passes from 
the femur to the tibia. It also has a slight outward (lateral) spiral form, as a result of its bony 
attachments. 
    The average thickness of the ACL is 11 mm, but the cross-sectional area varies along 
its length, being larger at its insertion sites than in the mid-region. The average length varies 
from 31 mm (Girgis 1975) to 38 mm (Odensten 1985a). 

The geometry of the ACL is complex and not duplicated with current reconstruction 
techniques. The fibers on the anterior border of the ACL are longest, whereas those on the 
posterior edge are the shortest. The ACL has a distinct crimp pattern that straightens as the 
ligament is strained. Although the ACL does not have bundles that are distinct from an 
anatomical perspective, it has been subdivided into at least 2 functional bundles, the 

anteromedial (AMB) and posterolateral bundles (PLB), which work synergistically with each 
other to optimize its restraining function over the range of knee motion (Xerogeanes 
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1995).The orientation of the femoral attachment of the ACL in flexion and extension is 
responsible for maintaining tension in the ligament throughout the range of motion. The ACL 
is attached to the femur and tibia as a collection of individual fascicles that fan out over a 
broad, flattened area. When the knee is extended, the entire ligament is taut, with most of the 
load on the PLB. In flexion, the femoral attachment of the ACL assumes a more horizontal 
orientation, causing the AMB to tighten and the PLB to slacken (Arnoczky 1983). 
 An intermediate bundle is also described (Norwood 1979). This is felt to be 
responsible for the straight anterior stability of the knee. However, these macroscopic 
bundles lack a corresponding microstructure in the substance of the ACL. The functional 
significance of the fascicles of the ACL is that groups of fascicles work together throughout 
the range of joint motion (Odensten 1985a; Clark 1990) 
 The cells of the ACL are fibroblasts surrounded by an extracellular matrix formed by 
a solid, highly ordered arrangement of macromolecules, primarily type I collagen, and water. 
The mechanical properties of the ligament depend on the composition of the matrix, the 
organization of the macromolecules, and the interaction between these and the water. Small 
changes in this composition may lead to changes in mechanical properties, as seen with 
increasing age. Microscopically, the ACL is composed of 30 to 175 nm wide collagen fibrils, 
which are arranged in parallel (Clark 1990). These fibrils are in turn grouped into fibers that 
vary from 1 to 20 micrometers in diameter. They run almost parallel to the long axis of the 
ligament. These fiber bundles coalesce to form subfascicular units, which vary from 100 to 
250 micrometers in diameter. Three to 20 subfasciculi form a collagen fasciculus which can 
be several millimeters in diameter. Clark and Sidles (Clark 1990) could not demonstrate an 
anatomical delineation of bands within the ligament. In this respect the ACL is different from 
other ligaments around the knee.  
    The ACL has a microstructure of collagen bundles of multiple types (mostly type I) 
and a matrix made of a network of proteins, glycoproteins, elastic systems, and 
glycosaminoglycans with multiple functional interactions. The complex ultrastructural 
organization and abundant elastic system of the ACL allow it to withstand multiaxial stresses 
and varying tensile strains (Duthon 2005).   
    The blood supply to the ACL arises from the ligamentous branches of the middle 
genicular artery as well as from some terminal branches of the medial and lateral inferior 
genicular arteries (Arnoczky 1985). These vessels reach the synovial fold that covers the 
ACL. In this synovium they arborize to form a web-like network of periligamentous vessels 
that give rise to smaller connecting branches that penetrate the ligament transversely and 
anastomose with a network of endoligamentous vessels. These, together with their connective 
tissue, are orientated in a longitudinal direction and lie parallel to the collagen bundles within 
the ligament. 
    The role of the vascular tissues in ACL repair and reconstruction has been 
documented both in experimental (Arnoczky 1979) and clinical (O'Donogue 1963) studies. 
Bray et al  (Bray 2003) found the superior capacity of the medial collateral ligament (MCL) 
to increase its blood supply through angiogenesis and increased flow to be essential for 
ligament healing to occur, and may be the major difference in healing potential between the 
ACL and MCL. 
  Both the synovium and the fat pad serve as potential sources for revascularization of 
repaired ligaments. When no bone tunnels are used, revascularization in the dog begins at 6 
weeks and is complete by 20 weeks following repair. Howell et al (Howell 1995) used MRI 
and an intravenous contrast agent (gadolinium diethylenetriamine pentacetic acid) to evaluate 
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the blood supply of hamstring autografts and periligamentous tissues during the first 2 years 
after reconstruction. They found that the grafts acquired no discernable blood supply during 
the first 2 years, and the graft retained the same hypovascular appearance as the normal PCL. 
In contrast, the periligamentous soft tissues were richly vascularized and covered the graft by 
1 month postoperatively. They concluded that the viability of the grafts may depend more on 
synovial diffusion than on revascularization.     
    The ACL receives nerve fibers from branches of the tibial nerve which penetrate the 
joint posteriorly. Nerve fibers and sensory receptors follow the vessels in the form of 
neurovascular bundles, entering the ligament from the synovium. Some nerve fibers and a 
variety of sensory end organs are also located in the ligament, isolated from the vessels 
(Kennedy 1982; Zimny 1988; Halata 1989). The nerve fibers are either unmyelinated or 
myelinated, and four morphologically different types of sensory endings have been described. 
These are two types of Ruffini end organs, Pacinian corpuscles, and free nerve endings 
(Schutte 1987). It has been hypothesized that these nerve endings have an important 
proprioceptive function in the knee (Johansson 1991; Pitman 1992). Adachi et al. (Adachi 
2002) found a positive correlation between the number of mechanoreceptors and accuracy of 
the joint position sense, suggesting that proprioceptive function of the ACL is related to the 
number of mechanoreceptors.   
 
 
 
 
FUNCTION 
 
 
    Studies performed using cadaveric models have revealed that the ACL is the primary 
restraint to anterior displacement of the tibia relative to the femur  (Butler 1980; Fukubayashi 
1982) and acts as a restraint to internal-external rotation  (Markolf 1990; Fleming 2001; 
Kanamori 2002) varus-valgus angulation (Marder 1991), and combinations thereof (Markolf 
1995; Kanamori 2002). The anteromedial part is most important in flexion, whereas the 
posterolateral part contributes most to stability in extension (Furman 1976; Amis 1991). In 
addition, the ACL resists hyperextension, and is an important factor in preventing 
anterolateral rotatory instability of the tibia (Girgis 1975). In extension it aids medial and 
lateral structures in maintaining the varus-valgus stability of the knee.  
    The estimated loading of the ACL during daily activities vary in different studies. 
Morrison (Morrison 1970) estimated in vivo forces from force plate analysis, and found a 
peak load of 169 N in level walking, 67 N in ascending a ramp, and about 500 N in 
descending a ramp. Chen and Black (Chen 1980) estimated the tensile forces in the ACL to 
be 67 N in ascending stairs and 630 N in jogging. Downhill running seems to create the 
highest ACL strain (strain = change in length / initial length of the structure) among the 
activities tested (Henning 1985). Both cadaveric (Grood 1984) and clinical (Henning 1985; 
Beynnon 1995) studies have demonstrated a considerable rise in ligament stress (stress = 
force / area) from 30 degrees of flexion to full extension, especially if done actively against 
resistance placed distally on the leg.  

The muscles spanning the knee apply forces and moments to the joint. As the position 
of the knee joint is changed, the moment arms of the different muscles and tibiofemoral joint 
contact position also change, which, in turn, affect ACL biomechanics. It is well documented 
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that the ACL is strained when the quadriceps are contracted with the knee near extension 
(between full extension and 50° of flexion) (Markolf 1990; Fleming 2001). In contrast, 
contraction of the hamstring muscles produces a posterior-directed force that acts on the tibia 
throughout the range of knee flexion. These muscles thus protect the ACL or ACL graft 
(O'Connor 1993). The gastrocnemius muscle also spans the knee joint, yet its effect on the 
ACL has only been recently established. O’Connor (O'Connor 1993) hypothesized that 

contraction of the gastrocnemius could displace the tibia in an anterior direction, which, in 
turn, would increase the strain on the ACL. Direct measurements of ACL strain during 
gastrocnemius contractions have verified that the gastrocnemius is an ACL antagonist when 
the knee is near extension and that combined contraction of the gastrocnemius and quadriceps 
produces greater ACL strain values than isolated contraction of these muscles (Fleming 
2001). Compressive loading of the tibiofemoral joint has been shown to increase joint 
stiffness and decrease anterior displacement of the tibia relative to the femur (Markolf 1981; 
Torzilli 1994; Beynnon 2002).Therefore, a compressive joint load, such as that produced by 
body weight, has been considered by some to protect a healing ACL graft. However, recent 
research has demonstrated that ACL strain values increase as the knee undergoes a transition 
from nonweightbearing to weight bearing conditions (Fleming 2001).  

The ultimate strength of the ACL in a young cadaver specimen is about 1750 N. This, 
however, depends on several factors, of which one is the direction of the load applied. If 
loaded in the anatomical axis, the ligament fails at about 2200 N, and if the load is applied in 
the tibial axis, the failure occurs at about 1500 N. These values are similar to a 10-mm-wide 
patellar tendon graft (the failure strength and stiffness properties are 1784 [± 580] N and 210 
N/mm, respectively) and a 4-bundled hamstring tendon graft (Woo 1991). The ultimate 
strength is also highly dependent on the strain rates (Noyes 1974; Kennedy 1976). At low 
strain rates, the failure will occur early, and at the ligament-bone junction. As the rate of load 
application is increased, the bony junction becomes stronger and stiffer than the ligament, 
due to its viscoelastic properties. In the experiment performed by Kennedy et al. (Kennedy 
1976) with a fourfold increase in strain rate, the maximum load tolerated by the ACL 
increased by 32%. 
    By the use of a scanning electron microscope, Yahia et al. (Yahia 1990) found that 
some of the collagen fibers in the ACL start to fail between 10 - 15% of ultimate strain, and 
at 20% it showed ruptures of thick collagen fibers, thus indicating microscopic partial 
ruptures before macroscopic or total rupture occurs.  
 
 
 
MECHANISMS OF INJURY    
 
 
    Rupture of the ACL was first described by J. Stark in the Edinburgh Medical and 
Surgical Journal in 1850. Since then, and especially during the last three decades, this injury 
has been the topic of many publications.  
    Four types of injury mechanisms have been described. The classic "unhappy triade": 
ACL rupture, damage to the medial collateral ligament and rupture of the medial meniscus, is 
caused by a forceful valgus-external rotation of the knee (Fetto 1980). This injury is often 
seen in skiing, when the tip of the ski is caught on an obstacle, the knee is bent into valgus, 
and the tibia goes into external rotation. Olsen et al. (Olsen 2004) found that the injury 



 

 
 
 11

mechanism for anterior cruciate ligament injuries in female team handball appeared to be a 
forceful valgus collapse with the knee close to full extension combined with external or 
internal rotation of the tibia. Sell et al. (Sell 2006) concluded that the lateral jumps are the 
most dangerous of the stop-jumps. 
    A second mechanism of injury is varus-internal rotation, as seen in team handball and 
basketball players. Recent cadaveric research has shown that simulated contraction of the 
quadriceps with the knee near extension produces substantial anterior tibial translations that 
can create ACL injury and may explain, at least in part, one mechanism responsible for 
noncontact ACL injury (DeMorat 2004). In contrast, contraction of the hamstring muscles 

serves a protective function for the ACL or ACL graft (O'Connor 1993). Special shoes on 
indoor floors with high frictional surfaces are usually involved. Injury factors such as 
friction, angular velocity and rate of directional change seem to be important. Today’s elite 
team handball is played at high speed. With rapid directional changes, the foot may be 
"locked" on the surface; the knee bent in varus and the tibia go into internal rotation. This 
may either cause an isolated ACL rupture, or a rupture combined with damage to the lateral 
meniscus, lateral capsular structures, and the lateral collateral ligament.  

A third mechanism of injury is the forceful internal rotation of the tibia in knee 
extension, which might cause impingement of the ACL on the anterior aspect of the medial 
femoral condyle, and rupture of the ligament (Kennedy 1974; Fetto 1980). In support of this 
theory, studies have shown that a narrow intercondylar notch leads to a higher risk of ACL 
ruptures in athletes (Souryal 1993; Lund-Hanssen 1994). In another study however 
(Lombardo 2005), anterior cruciate ligament injury could not be predicted by the absolute 
measurement of the femoral inter-condylar notch. 

In a study by Ebstrup et al (Ebstrup 2000) three video recorded incidents of knee 
injuries inflicted during indoor ball games were reported. Injuries and especially anterior 
cruciate ligament ruptures seemed to be triggered in varus loaded knees by femoral external 
rotation or in valgus loaded knees by femoral internal rotation with the pivot shifted to the 
lateral femurotibial compartment.  
    Finally, the fourth mechanism of injury is typically seen in the down-hill skier who is 
at the point of falling backwards. To prevent this, he or she powerfully contracts the 
quadriceps, thus pulling the tibia anteriorly. It may, however, be even more important that in 
this situation, the posterior part of the ski boot pushes the tibia forward. This may lead to an 
isolated tear of the ACL (Johnson 1982; McConkey 1986). MRI examinations of acute ACL 
tears have shown consistent and recurring subchondral bone lesions in the femoral and tibial 
condyles, with locations typical for this specific injury mechanism (Spindler 1993). These 
findings have led to the conclusion that the ski acts as a lever arm, producing a sudden and 
violent rotation of the tibia on the femur (Speer 1995). This, in combination with the 
pull/push mechanism, is suggested to cause the ACL rupture.  
 Anterior cruciate ligament injury occurs with a 4- to 6-fold greater incidence in 
female athletes compared with male athletes playing the same landing and cutting sports 
(Arendt 1995). Uhorchak et al (Uhorchak 2003) performed a comprehensive study on 
military academy cadets and reported that several risk factors predisposed them to noncontact 
ACL injury. Significant risk factors included a small femoral notch width, generalized joint 
laxity, and, in women, higher than normal body mass index and KT-2000 arthrometer 
measurements of A-P knee laxity that were 1 standard deviation or more above the mean. The 
mechanism underlying gender disparity in ACL injury risk is likely multifactorial in nature. 
Several theories have been proposed to explain those observations. These theories include 
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related extrinsic (physical and visual differences, bracing, and shoe-surface interaction) and 
intrinsic (anatomical, hormonal, neuromuscular, and biomechanical differences between 
genders) variables. Potential factors that have not been discussed may play a role (e.g., 
genetics). In addition, injury data from many fields demonstrate that numerous physical and 
psychological parameters affect injury rates. Although there are multiple factors underlying 
the differences in ACL injury rates in male and female athletes, neuromuscular control may 
be important to injury risk and the most modifiable factor. Neuromuscular training in female 
athletes has been shown to increase active knee stabilization in the laboratory and to decrease 

the incidence of ACL injury (Hewett 1996, 1999; Myklebust 2003a). 
 
 
NATURAL HISTORY OF THE ACL-INJURED KNEE 
 
 Over time, ACL-deficient patients may experience giving-way episodes and are more 
likely to develop further intra-articular damage, such as meniscal tears, (Noyes 1983a-b; 
Hawkins 1986b; Bray 1989; Buss 1995; Grontvedt 1999) and osteoarthritis of the knee 
(Johnson 1974; Kannus 1987). Subjects with ACL injury and posttraumatic osteoarthritis are, 
on average, 15 to 20 years younger than patients with primary osteoarthritis when they seek 
medical advice for their symptoms and when their joints show radiographic evidence of 
osteoarthritis (Roos 1995a). 
 
 
ASSOCIATED INJURIES  
 
 Injuries of the ACL rarely occur in isolation. The effects of other injuries, including 
other ligament sprains, meniscal tears, articular cartilage injuries, and bone bruises, 
complicate the treatment and final outcome of ACL ruptures. There can be no doubt that the 
addition of one or more of these associated injuries adversely affects the outcomes of 
treatment, but it is very difficult to quantify or predict exactly how they will alter the results. 
Many surgeons now advocate nonsurgical management, even when grade III tears of the 
MCL exist in association with ACL disruptions (Noyes 1995). 

Disruption of the posterolateral and lateral structures of the knee is not commonly 
associated with rupture of the ACL, but when they are present and not recognized, an ACL 
reconstruction will often fail (Jaureguito 1996; Getelman 1999; Harner 2001; Noyes 2001; 
Allen 2003). 
 Meniscal damage frequently occurs at the time of an ACL injury, and the incidence 
increases in patients who do not undergo reconstruction. Reports of meniscal injury 
associated with acute ACL disruption range from 15% to 40% and become much higher with 
chronic ACL deficiency (Levy 2003).The effects of chondral lesions observed at the time of 
ACL reconstruction are difficult to ascertain from the current literature. With the advent of 
MRI, it became apparent that occult osteochondral lesions (bone bruises) are commonly 
found in association with ACL injuries. Several investigators reported that 80% or more of 

ACL injuries were associated with bone bruises in the lateral compartment (Rosen 1991; 
Spindler 1993; Johnson 1998). Johnson et al (Johnson 1998) performed histological analysis 
of bone bruises in humans. They found large areas of degeneration of chondrocytes in the 
overlying articular cartilage and necrotic osteocytes in subchondral bone, which led them to 
suggest that MRI evidence of bone bruising indicates significant damage to articular cartilage 
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homeostasis. 
 
 
TREATMENT 
 
 
    The treatment options for ACL ruptures are either conservative or surgical. The 
rationale for surgical treatment includes the assumption that the ACL is vital for knee 
function, that ACL-deficient knees frequently degenerate, and that surgical reconstructions 
can succeed in restoring normal function. The rationale for nonsurgical treatment assumes 
that the ACL-deficient knee may function reasonably well under certain circumstances and 
that reconstructions do not necessarily prevent the untoward sequela of osteoarthritis. Several 
studies reported during the last decade, however, show that conservative treatment often 
leads to increasing instability of the joint, meniscal tears, cartilage injuries, pain and 
eventually osteoarthritic changes in patients who subject their knee to rotational loads 
(McDaniel Jr 1983; Noyes 1983a; Kannus 1987; Engebretsen 1990; Tandogan 2004). 
Patients who may be satisfactorily treated without surgical intervention, despite a totally 
disrupted ACL, include those who have little exposure to high-risk activities such as sports 

and heavy work, those who are willing to avoid high-risk activities, those who are more than 
40 years of age, those who are successful in long-term coping with or adapting to an ACL 
insufficiency, those who have advanced arthrosis of the involved joint, and those who are 
unable or unwilling to comply with postreconstruction rehabilitation. Several case series 
reveal that a nonoperative approach to the torn ACL can be effective for the majority of 
patients willing to avoid high-risk activities (Bonamo 1990; Ciccotti 1994; Buss 1995; 
Segawa 2001). Other case series have indicated that even with return to high-risk activities, 
many patients do well (Roos 1995b; Casteleyn 1996). In three Swedish randomized clinical 
trials (RCT), superior results were achieved in patients with ACL repairs with augmentation 
using the iliotibial band, compared to nonoperative treatment (Odensten 1984b; Andersson 
1989b, 1991).    

Interest in repair techniques was low until Palmer (1937) reported success in suturing 
10 cases of torn ACLs. Short term follow-up showed good results (O'DONOGHUE 1963; 
Liljedahl 1965). There was considerable controversy concerning the importance of the ACL 
until the 1970s. Thus, simply excising the disrupted ACL was common before that time. In 
the 1970s a trend toward primary repair of the ACL was started by surgeons who thought the 
ACL performed an important function (Odensten 1985b; Sandberg 1987b; Andersson 1989b, 
1991). Several long term follow-up studies during recent years conclude, however, that the 
results of this operation deteriorate with time (Odensten 1984b; Sommerlath 1991b; 
Fruensgaard 1992b; Grontvedt 1996a; Strand 2005).  
 A nearly universally accepted indication for an ACL reconstruction is a high-risk 
lifestyle requiring heavy work, sports, or recreational activities (Daniel 1994). Likewise, 
repeated episodes of giving way (pivot shift) in spite of rehabilitation are considered a strong 
indication for ACL reconstruction.  

In order to preserve as much as possible of the ruptured ACL with its nerve endings 
and possible proprioceptive function (Johansson 1991; Pitman 1992) several surgical 
procedures with synthetic or biologic augmentation of the repaired ACL have been 
published. Some of these have shown promising short term results (Clancy Jr 1988b; Schabus 
1988; Sgaglione 1990). However, Grøntvedt et al (Grontvedt 1995a, 1996a) showed an 
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unacceptable high incidence of reruptures in repairs augmented with a synthetic graft. 
 In recent years, arthroscopically assisted ACL reconstruction has become the 
procedure of choice (Arciero 1996). Initially, arthroscopic techniques required 2 incisions for 
outside-in drilling of bone tunnels, but there has been a trend toward using a single-incision 

arthroscopic approach with inside-out drilling of the femoral tunnel. This technique has also 
been called the 1-incision, endoscopic, or all-inside arthroscopic reconstruction of the ACL. 
Karlsson et al (Karlsson 1999a) found a significantly higher Lysholm score in their 1-incision 
group. Delay et al (Delay 2001) published a large survey among members of the American 
Orthopaedic Society for Sports Medicine (AOSSM) that found that 85% of surgeons use an 
endoscopic single-incision technique, 12% use an arthroscopic 2-incision technique, and 3% 
use mini-open techniques. In reviewing the additional literature concerning the outcomes of 
the 1-incision versus 2-incision procedures for ACL reconstruction, there is no clear evidence 
that one method is superior to the other. 
 The complex anatomy and the biomechanical function of the ACL have been well 
described by numerous authors. Several investigators, using human cadaveric knees, have 
reported improved ability to restore ACL function after ACL reconstructions in which 2 
femoral attachment sites are used to more nearly replicate the normal ACL anatomy (Amis 
1991; Radford 1994; Muneta 1999; Mae 2001; Yagi 2002). In spite of these findings, several 
authors conclude that 2 femoral attachment sites are not superior to a single site (Radford 
1994; Hamada 2001). 
 In chronic ACL deficient knees the primary cause of pain and discomfort is the 
anterolateral rotatory instability. To prevent this, several extraarticular surgical procedures 
have been proposed. Benum reported a method using the lateral one third of the patellar 
tendon with a bone block from the patella, for stabilization. This method has shown good 
short term results (Benum 1982). However, the recurrence rate of symptomatic instability and 
the deterioration of subjective knee function are too high (Grontvedt 1995b). 
 There are many methods of tenodesing the lateral aspect of the tibia to the femur in 
order to prevent anterolateral rotation of the tibia and minimize anterior translation of the 
tibia relative to the femur, either as an isolated procedure or as a backup for intra-articular 
reconstruction. Several groups have not been satisfied with the results of these procedures 
and do not advise their continued routine use (Dahlstedt 1988; Larsen 1991; Vail 1992). 
 Despite the uncertainties of outcomes after ACL reconstructions reported in the 
literature, many investigators conclude that patients who desire to return to high-risk 
activities or who have other significant knee injuries (meniscal tears, disruptions of other 
ligaments, articular cartilage damage, as well as marked anterior laxity) are probably best 
served by an ACL reconstruction. Conversely, patients with low-risk activity levels, isolated 

ACL injuries, and mild pathologic laxity may be successfully treated without surgery. 
 
 
 
GRAFTS 
 
    In the last decade, intraarticular reconstructions using autografts or allografts have 
become popular. Prosthetic devices have also been in use. 
 Many studies have compared bone–patellar tendon–bone with hamstrings tendon 
grafts (used as 2-strand or 4-strand constructs). Corry et al (Corry 1999) compared the 
outcome of anterior cruciate ligament reconstruction using hamstring tendon autograft with 
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patellar tendon autograft. Kneeling pain after reconstruction with the hamstring tendon 
autograft was significantly less common than with the patellar tendon autograft. These 
findings are supported in a Norwegian study (Aune 2001). Eriksson et al (Eriksson 2001) 
concluded that patellar tendon and quadruple semitendinosus tendon grafts had similar 
outcomes in the medium term. Associated meniscal pathology significantly affected the final 
outcome and early reconstruction seemed to be beneficial. Aglietti et al (Aglietti 2004) 
concluded that both grafts were an equivalent option for anterior cruciate ligament 
reconstruction. In contrast to findings in the RCTs that compared ACL reconstruction with 
the 2-strand hamstrings graft to the BPTB- graft, ACL reconstruction with a 4-strand 

hamstrings graft appears to result in similar clinical and functional outcomes as 
reconstruction with a BPTB- graft during a 2-year follow-up period. Freedman et al. 
(Freedman 2003) found in a Meta analysis that patellar tendon autografts had a significantly 
lower rate of graft failure and resulted in better static knee stability and increased patient 
satisfaction compared with hamstring tendon autografts. However, patellar tendon autograft 
reconstructions resulted in an increased rate of anterior knee pain. 
 Allografts have been advocated as an option for ACL reconstruction and have been 
used a lot for many years. Decreased morbidity, preservation of the extensor or flexor 
mechanisms, provision of a source of graft material when the patient has none, decreased 

operative time, availability of larger graft sources, lower incidence of arthrofibrosis, and 
improved cosmetic appearance are all advantages that have been attributed to the use of 
allografts (Harner 1996; Victor 1997; Kleipool 1998). The possible disadvantages have been 

the risk of infection, slow and incomplete incorporation and remodeling of the graft, higher 
costs, availability, and tunnel enlargement, alteration of graft structural properties by 
sterilization and storage procedures, and immunologic response (Pinkowski 1989; Marks 
1993; Linn 1993; Jackson 1996; Zijl 2000). 
 Prosthetic replacement of the ACL with synthetic material, whether for total, 
permanent replacement (prosthesis), a scaffold for ingrowth of host tissue, or a ligament 
augmentation device to protect an allograft or autograft as it heals, has not been proven to be 
a satisfactory solution to the ACL-deficient knee (Noyes 1992; Moyen 1994; Denti 1995; 
Grontvedt 1996b; Kumar 1999; Marumo 2000; Muren 2003). Although claims of acceptable 
results with short-term follow-ups have been published, at the present time, we are unaware 
of any investigation that indicates that these devices have any place in the treatment of ACL 
injuries (Guidoin 2000). 
 The position of an ACL graft is the most critical surgical variable because it has a 
direct effect on knee biomechanics and, ultimately, on clinical outcome. In the well-designed 
study by Good et al  (Good 1994) subjects with an ACL graft insertion greater than 2 mm 
anterior to the center of the anatomical femoral insertion had significantly greater anterior-
posterior (A-P) knee laxity values than subjects with centrally or posteriorly positioned 
femoral tunnels. Howell and Clark (Howell 1992) performed a retrospective study with a 6-
month follow-up period of BPTB grafts and reported that knee stability and extension were 
significantly better when the center of the tibial tunnel was 2 to 3 mm posterior to the center 
of the normal ACL insertion on the tibia. 
 Most surgeons would agree that the initial tension applied to an ACL graft at the time 
of fixation has a direct effect on outcome. An under-tensioned graft may result in abnormal 
knee laxity and an unstable knee, and an over-tensioned graft may lead to graft failure, 
fixation failure, or restricted range of motion. The effect of preloading (application of a 39-N 
tensile load for 10 minutes before graft implantation) to no preloading before graft 
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implantation showed no differences between the treatment groups with regard to activity 
level, clinical outcome (IKDC grade), and A-P knee laxity after two years (Ejerhed 2001). 

Graft tensioning at the time of fixation involves consideration of the knee’s position 
during the tensioning procedure (i.e., the flexion angle and internal-external rotational 
position of the tibia relative to the femur) and, of course, the magnitude of tension applied to 
the graft at the time of its fixation to bone. Both variables interact and have a direct effect on 

knee biomechanics. If a BPTB graft is used and the tensioning procedure is performed with 
the knee in extension, application of high tension (90 N) appears to produce more normal A-P 
knee laxity values compared to application of low tension (45 N). Similarly, if a 4-strand 
hamstring graft is used, application of high tension (80 N) appears to produce A-P knee laxity 
values similar to normal, whereas low tension (40 N and less) results in increased anterior 
knee laxity (Yoshiya 2002; Nicholas 2004). 

Most of the studies of graft material have considered AP knee laxity as an important 
primary outcome measure. It is, however, essential to point out that it may be equally 
important to restore the rotational laxity of the reconstructed knee to within the limits of the 
normal knee. To accomplish this, new techniques must be developed to measure internal-
external rotational laxity of the knee, or at least document displacements of the medial and 
lateral compartments of the tibiofemoral joint.  
 
 
GRAFT FIXATION 

 
The bony or soft tissue portions of grafts can be fixed either within bone tunnels or 

externally to cortical bone. The long-term goal is to obtain biological incorporation of the 
graft at the anatomical attachment site and to induce the transition from soft tissue to 

fibrocartilage, to calcified fibrocartilage, and to bone. Current rehabilitation protocols after 
knee ligament surgery stress immediate full range of motion, return of neuromuscular 
function, proprioception, and early weight bearing. Fixation methods must be rigid and stiff to 
allow aggressive rehabilitation principles. Current fixation techniques involve soft tissue or 
bone within a bone tunnel or periosteal fixation away from joint surfaces.  

Stiffness is the slope of the linear region of the load-elongation curve and is usually 
reported in units such as Newtons per millimeter (N/mm). Present graft fixation alternatives 
are less stiff than the native ACL. Mechanically, the majority of tendon fixation constructs 
are less stiff than the interference screw against a bone plug, which has been considered the 
standard for fixation. Many tendon fixation devices are "indirect." They rely on linkage 

material to connect the tendon to the fixation device. 
 In the native cruciate ligament, the point of fixation is at the joint surface. However, 
most tendon fixation constructs are placed at a distance from the joint surface with a staple, 
screw and suture, or soft tissue washer. When interference fixation is placed closer to the 
joint surface, there is increased knee stability and also improved graft isometry. 

It has been suggested that bone plug incorporation occurs before tendon incorporation 
in a bone tunnel, (Safran 1995) but basic science on this matter is not definite. 
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BONE PLUG GRAFT FIXATION 
 
Interference Fixation 
 
 The fixation strength required for activities of daily living and an aggressive 
rehabilitation program appears to be met by the strength and stiffness of interference fixation. 
It has for this reason become the standard of graft fixation (Steiner 1994).  Interference 
fixation was first described by Lambert (Lambert 1983) in a study using a 6.5-mm cancellous 
screw. In 1987, Kurosaka et al. (Kurosaka 1987) demonstrated superior strength with a larger 
screw diameter. Currently, a screw that is 9 mm in diameter and at least 20 mm in length is 
the standard used for fixation. Despite the clinical success of interference fixation, 
complications, usually preventable, have been reported. Screw laceration, of either the bone 
plug suture or the graft itself is clinical concerns. It may require another graft. 
 
Biodegradable Interference Screws 
 
 Several different biodegradable interference screws consisting of different polymeric 
raw materials are currently available. Biodegradable implants consist mainly of the poly-
alpha-hydroxy acids, polylactide and polyglycolide, including their copolymers, poly-D,L-
lactide-co-glycolide and polyglycolide-co-trimethylencarbonate. Stereopolymers, such as 
poly-L-lactide, poly-L-co-D, L-lactide and poly-D, L-lactide are also used. 
 One polymer consists of slow degrading and highly crystalline poly-L-lactide and 
poly-L-co-D, L-lactide stereocopolymers with a low D, L amount. These materials are 
considered to have high mechanical properties compared to other poly-alpha-hydroxy acids, 
but their degradation can take up to several years and can be incomplete because of an 
accumulation of insoluble crystalline implant remnants (Claes 1992; Pistner 1993; Bergsma 
1995). Another polymer is represented by amorphous poly-L-co-D, L-lactide 
stereocopolymers with high D, L amount and the porous poly-D, L-lactide. These materials 
degrade completely within 1 to 2 years, but their mechanical properties are lower (Stahelin 
1997). The third polymer consists of fast-degrading copolymers such as poly-D, L-lactide-co-
glycolide or polyglycolide-co-trimethylencarbonate, whose strength retention lasts for only 
some weeks. 
 For many years, biodegradable implants have been thought to offer advantages over 
metal. Metal implants can distort magnetic resonance imaging and release metal ions into the 
surrounding tissue (Shellock 1992). Further disadvantages include the need for a second 
surgical procedure for implant removal and revision surgeries may be complicated by the 
presence of a metal implant. In cruciate ligament surgery, the major advantage of 
biodegradable interference screws is an uncompromised revision surgery. This is especially 
important because the number of revisions has risen dramatically during the last few years 
(Noyes 1996; Uribe 1996). In case of revision after using biodegradable interference screws, 
surgery may be performed like a primary procedure if the material has degraded and osseous 
replacement has taken place with an appropriate amount of newly formed bone at the former 
implant site. The major disadvantage of biodegradable screws is screw breakage or drive 
failure during insertion. 
 There are still concerns about an appropriate biocompatibility of biodegradable 
materials because of reports on severe foreign-body reactions associated with the use of self-
reinforced and highly crystalline polyglycolide implants (Bostman 1992; Hoffmann 1992; 
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Caborn 1997b). Today, other materials such as polylactide and its copolymers and 
stereocopolymers are considered to have better biocompatibility,  (Bucholz 1994; Bostman 
1995; Hunter 1996)found that a large proportion of patients who underwent ACL 
reconstruction within 3 weeks of the injury had additional surgical intervention for 
complications related to loss of motion, whereas none of the patients who underwent ACL 
reconstruction more than 3 weeks after injury required repeat operations for revision surgery 
or motion problems. After reviewing the literature on this subject (Cosgarea 1995; Karlsson 
1999b; Mayr 2004), it appears that the time interval from ACL injury to reconstruction is not 
as important as the condition of the knee at the time of surgery. The knee should have a full 
range of motion with minimal effusion; the patient should have minimal pain and be mentally 
prepared for the reconstruction and rehabilitation after surgery. 
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AIMS OF THE STUDY 
 
 
      
The study was designed to answer the following questions: 
 

1. Which of the following three treatment options for acute anterior cruciate ligament 
tears gives the best long term results: simple repair, synthetic augmented repair 
(LAD), or biologic augmented repair (BPTB)? Are any of the procedures good 
enough to be recommended for use today? 

 
2. What is the long term incidence of osteoarthritis of these three repair techniques? 

 
3. Does the Kennedy Ligament Augmentation Device (LAD) have any effect on the 

functional and clinical outcome when using BPTB graft followed by an aggressive 
rehabilitation program to reconstruct chronic anterior cruciate ligament ruptures? 

 
4. What is the medium term incidence of osteoarthritis in these two reconstruction 

techniques? 
 

5. Does fixation with the poly-L-lactic acid (PLLA) interference screw improve clinical 
outcome after ACL reconstructions with BPTB graft compared to the metal screws? 

 
6. Is it possible to quantify the amount of resorption of PLLA interference screws by 

MRI examinations two years after ACL reconstruction with BPTB graft fixed with 
these screws, and what is the clinical relevance of these findings? 

 
7. How good is the short term bony integration of screws and bone blocks as measured 

by MRI after ACL reconstruction with BPTB grafts fixed with PLLA interference 
screws? 

 
8. Is the biocompatibility of the PLLA interference screw any different from that of the 

metal screw? 
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REVIEW OF PAPERS 
 
Paper I:  
 
A 16-year Follow-up of Three Operative Techniques for the Treatment of Acute Ruptures of 
the Anterior Cruciate Ligament. 
 

This study compares three surgical procedures used in the past to treat ruptures of the 
anterior cruciate ligament: acute primary repair, acute repair augmented with a synthetic 
ligament-augmentation device (LAD), and acute repair augmented with autologous bone-
patellar tendon-bone graft (BPTB). 

This is the third report on a group of patients who were randomized to the three 
different procedures between 1986 and 1988.  There were 50 patients in each group. The 
patients were evaluated prospectively at one, two, five, and 16-years with use of the Tegner 
activity score and the Lysholm functional score. Stability of the knee was assessed with 
clinical examination and with use of the KT-1000 arthrometer.  

A total of 129 patients (88%) completed the study. Eleven patients (24%) in the 
primary repair group, four patients (10%) in the LAD-group and one patient (2%) in the 
BPTB-group underwent anterior cruciate ligament revisions between the primary operation 
and the 16 years follow-up. The incidence of revisions was ten times higher in the primary 
repair group compared to the BPTB-group (p=0.003) 
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Figure 1: 
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In the remaining patients, the BPTB group had significantly more stable knees than the LAD-
augmented group as measured by the Lachman test. 
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TABLE 1 LAXITY: 
 
Laxity  Primary repair group  LAD-group        BPTB-group 
 
Pivot Shift 
   Preop. 
       0   3 (6)  1 (2)  0 (0) 
       1+  17 (34) 14  (30) 11 (22) 
       2+  24 (48)  29 (62)  35 (70) 
       3+   6 (12)  3 (6)  4 (8) 
      Total 50 (100)  47 (100)  50 (100) 
    
   Five years postop. 
      0 11 (27)  20 (48) 36 (75) 
      1+  9 (22)  7 (17)  8 (17) 
       2+  9 (22) 8 (19) 4 (8) 
       3+  12 (29) 7 (17) 0 (0) 
      Total  41 (100) 42 (100) 48 (100) 
  
16 years postop. 
 0 16 (57) 14 (48) 24 (68) 
 1+ 7 (25) 10 (35) 9 (26) 
 2+ 2 (7) 5 (17) 2  (6) 
 3+ 3  (11) 0 (0) 0  (0) 
      Total 28 (100) 29 (100) 35 (100) 
 
Lachman test 
   Preop. 
       0  1 (2) 0 (0) 0 (0) 
       1+  1 (2) 1 (2) 0 (0) 
       2+ 40 (80) 37 (79) 39 (78) 
       3+ 8 (16) 9 (19) 11 (22) 
      Total 50 (100) 47 (100) 50 (100) 
    
   Five years postop. 
       0  11 (27) 16 (38) 27 (56) 
       1+ 12 (29) 14 (33) 16 (33) 
       2+ 15 (37) 11 (26) 4 (8) 
       3+ 3 (7) 1 (2) 1 (2) 
      Total  41 (100) 42 (100) 48 (100) 
 
 16 years postop. 
 0 11 (39) 6 (21) 15 (43) 
 1+ 12 (43) 13 (45) 16 (46) 
 2+ 4 (14) 9 (31) 4 (11) 
 3+ 1 (4) 1 (3) 0 (0) 
      Total 28 (100) 29 (100) 35 (100) 
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KT 1000 measurements 
      
   Five years postop. 
       <3 mm 14 (34) 22 (52) 38 (79) 
       3-5 mm 17 (41) 15 (36) 10 (21) 
       >5 mm 10 (24) 5 (12) 0 (0) 
     Total  41 (100) 42 (100) 48 (100) 
 16 years postop. 
 <3 mm 14 (52) 18 (62) 23 (70) 
 3-5 mm 11 (41) 8 (28) 9 (27) 
 >5 mm 2 (7) 3 (10) 1 (3) 
     Total 27 (100) 29 (100) 33 (100) 
 
The values are given as the number of patients, with the percentage in parentheses. 
 
Pivot shift: A grade of 0 is negative, 1+ is trace-positive, 2+ is moderate shift, and 3+ is subluxation. 
 
The preoperative Lachman test was performed with the patient under anesthesia. A grade of 0 is negative, 1+ is slight (less 
than five Millimeters), 2+ is moderate (five to ten millimeters), and 3+ is severe (more than ten millimeters), compared with 
the normal knee. 
The side-to-side difference in anterior laxity of the knee was measured with the KT-1000 arthrometer, with a load level of 
eighty-nine Newtons (twenty pounds) applied at 20 degrees of flexion. 
 
 
 



 

 
 
 24

Of the patients 11% had any grade of osteoarthrosis in the primarily reconstructed knee and 
4% had osteoarthrosis in the other knee at 16 years (p=0.001) with no difference noted 
between the groups.  
 
Figure 2: 
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The Lysholm activity score was 88 in the primary repair group, 85 in the LAD group and 90 
in the BPTB-group at 16 years (p=0.286). 
 At long-term follow-up, the incidence of revision anterior cruciate ligament surgery is 
much higher following primary repair as compared to primary repair augmented by a bone-
patellar tendon bone graft.  It can be expected that approximately 11% of patients undergoing 
anterior cruciate ligament reconstruction acutely will develop radiologic signs of 
osteoarthritis in the reconstructed knee.  
 
 
 
 
 
Paper II:  
 
ACL-reconstruction with and without LAD-augmentation. Results after 8 years follow-up. 
 

It has been suggested that load sharing between the Kennedy ligament augmentation 
device (LAD) and the biological graft would protect the latter during the early period of 
degeneration and weakening and that that this would allow the graft to regain mechanical 
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strength with less risk of elongation and rupture. It was postulated that the load would 
gradually be transferred from the synthetic device to the autogenous graft as the biological 
graft remodeled and became stronger. Because of the strength of the device, a more 
aggressive rehabilitation would be possible. 

Between 1991 and 1993 100 patients were randomized in a prospective study to ACL-
reconstruction with bone-patella tendon-bone grafts with and without a LAD. A total of 51 
patients were operated without augmentation (control group), and 49 patients with LAD-
augmentation.  

A total of 94 patients were examined in an average of eight years after surgery. Of 
these 15 patients were excluded because of ACL-reconstruction in the other knee in the 
observation period and 11 patients excluded because of reruptures in the same knee.  
In the remaining 68 patients, the mean Lysholm function score was 84 in the LAD-group and 
87 in the control group. There was a statistically significant relationship between 
peroperative detected cartilage injury and osteoarthritis after eight years (p<0.005). The 
patients assessed their clinical situation after eight years as better than before surgery. This is 
despite the fact that almost half of the patients had developed osteoarthritis shown on X-ray-
examinations. The presence of a cartilage injury is an important predisposition for the 
development of osteoarthritis.  
 
Table 2: 
 
OA in the two groups after eight years: 
     
   Augmented Controls Total  
 No OA  13  21  34 
Grade      1  9  9  18 
     2  10  5  15 
     3  1  1  2 
Total   32  36  68 
 
 
Table 3:  
 
The relationship between cartilage injury detected at the time of surgery and OA after eight 
years (p<0,005) 
 
OA   Cartilage injury 
   No Yes Total 
No   24 10 34 
Yes   12 22 34 
Total   36 32 68 
 
 

We observed no significant difference between the two groups concerning reruptures, 
Lysholm score, Lachman`s test or KT-1000 measurements. We found no positive long-term 
effects supporting the use of LAD-augmentations in ACL-reconstructions. 
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Paper III: 
 
Endoscopic reconstruction of the anterior cruciate ligament using bone-patellar tendon-bone 
grafts fixed with bioabsorbable or metal interference screws.  
A prospective randomized study of the clinical outcome. 
 

Forty-one patients were randomized for the use of either metal interference screws 
(20 patients) or biologic absorbable PLLA-screws (21 patients). The patients were followed 
with clinical examinations at 6, 12 and 24 weeks, 1 and 2 years postoperatively. 
The subjective knee function was better in the patients in the metal screw group. 
 
Table 4: Subjective knee function as evaluated by the patients. 
 
 
Subjective knee function Metal screws   Bioscrews p value 
 _________________________________________________________________ 
Preoperatively 
 Excellent    0   0   
 Good     2   6   
 Fair     11   9 
 Poor     4   5  0.47 
 
Six weeks postoperatively 
 Excellent    0   0   
 Good     15   13   
 Fair     4   4 
 Poor     0   0  0.86 
 
12 weeks postoperatively    
 Excellent    2   2   
 Good     11   10   
 Fair     2   3 
 Poor     0   0  0.74 
 
Six months postoperatively    
 Excellent    5   6   
 Good     9   12   
 Fair     0   0 
 Poor     0   0  0.89 
 
One year postoperatively    
 Excellent    10   2   
 Good     7   16   
 Fair     0   0 
 Poor     0   0  0.03 
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Two years postoperatively    
 Excellent    14   7   
 Good     5   11   
 Fair     0   0 
 Poor     0   0  0.03 
 
 
 
 
They had less pain at rest and a higher Tegner score. 
 
Figure 3: Mean Tegner Activity score in the two groups. 
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The patients in the metal screw group also had a higher Lysholm score compared to 
the bioscrew group. However, there was no difference in stability between the groups. 
Because of the inferior results in the bioscrew group in our study, and until larger studies 
show other, we do not find the potential advantages of using bioscrews compared to metal 
screws sufficient to warrant the routine use of PLLA-screws in ACL-reconstructions. 
 
 
Paper IV: 
 
MRI analysis of bioabsorable interference screws used for fixation of bone-patellar tendon-
bone autografts in endoscopic reconstruction of the anterior cruciate ligament.  
 

The purpose of this study was to evaluate the resorption of poly-L-lactic acid (PLLA) 
interference screws and bony integration of the screws and bone blocks two years after 
endoscopic ACL reconstruction. It is useful to know whether an absorbable screw really is 
absorbed. The absorption of the screws is also of interest for the surgeon planning a revision. 
Postoperative MRI-evaluation is easier without metal artifacts.  

The goal of the study was to quantify the amount of resorption of PLLA interference 
screws and integration of the femoral and tibial bone blocks two years after endoscopic ACL 
reconstruction. The hypothesis was that the screws are resorbed after two years. 

The study group consisted of 19 patients with isolated ACL ruptures reconstructed 
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with bone-patellar tendon-bone autografts fixed with PLLA interference screws using an 
endoscopic technique. 
 
 
Figure 4: 
Measurement of the screw volume preoperatively. (V1= пr² x h) 
d= 2r   

 
 
MRI was used to evaluate resorption of the screws, bony integration of the screws and 
integration of the bone blocks after two years. 
 
Figure 5:  
Measurement of the screw volume postoperatively. (V2=п (½(r1+r2))² x h) 
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At two years the mean reduction in the volume of the femoral screws was 64% and 63% for 
the tibial screws. 
 
Figure 6: 
The mean volume of the femur and tibia screws preoperatively and at the follow up 
examination. 
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Bony integration of the femoral bone block was considered good in 17 patients and fair in 
two patients. Integration of the tibial bone block was considered good in 16 patients and fair 
in one patient who demonstrated widening of the tibial tunnel. 
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Figure 7: 
Intermediately weighted coronal oblique image (TR/TE 2840/16) along the femur screw. 
Good integration of the bone block in the femur with no visible border between the bone 
block and the bone.  
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Figure 8: 
Widening of the tibia tunnel. 
 

  
 
Osteolysis around the screws was seen in three patients in the femur, and none in the tibia. 
 
Figure 9: 
Osteolysis with visible fluid around the screw in the femur on T2-weighted image. 
 

 
 
 

In conclusion the mean reduction in volume of the PLLA screws as measured by MRI 
after two years was approximately 2/3. The integration of the bone blocks was good in 90% 
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of the patients. Osteolysis around the screws was visible in 16% (3/19) of the patients. Two 
years after ACL reconstruction using PLLA interference screws, the surgeon can thus expect 
to find approximately 1/3 of the volume of the screw remaining in the bone tunnels. 
 
 
 
 
Paper V: 
 
Comparison of in vitro and in vivo complement activation by metal and bioabsorbable screws 
used in ACL reconstruction. 
 

The purpose of the study was to evaluate the biocompatibility of bioabsorbable 
screws (PLLA) in comparison to standard metal screws for fixation of the patellar tendon 
graft in human anterior cruciate ligament (ACL) reconstruction.  
In this prospective randomized study we compared the biocompatibility of bioabsorbable 
screws with metal screws using synovial fluid complement activation (C5a and TCC), 
cytokine release (IL-1β, Il-8 and IL-10) and C-reactive protein (CRP) as read-outs. 
Furthermore, we investigated whether in vitro incubation of the two types of screws in serum 
was associated with a difference in complement activating potential. 

41 patients (22 women and 19 men) were prospectively randomized for the use of 
either metal interference screws (20 patients) or biologically resorbable PLLA-screws from 
Linvatec® (21 patients). Average age at the time of surgery was 26 years (15-51 years). 
Synovial fluid and plasma were collected preoperatively and after six weeks in both groups. 
Plasma was analyzed for C5a and synovial fluid in addition for TCC and IL-8. One year after 
surgery serum was incubated with metal, PLLA and no screws, and analyzed for C5a after 
one and six hours of incubation. The inflammatory mediators were measured with ELISA. 
Four patients in the bioscrew group samples had high C5a concentration in synovial fluid 
after 6 weeks, but there was no statistically significant difference between the two groups 
(p=0.11).  
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Figure 10: The increased C5a-concentration (ng/ml) in four patients in the bioscrew group in 
synovial fluid in the two groups after six weeks is a trend toward increased complement 
activation in the bioscrew group. 
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One patient in the bioscrew group had a high TCC value after 6 weeks, but there was 
no statistically significant difference between the two groups (p=0.20). 
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Figure 11: 
The increased TCC-concentration (AU/ml) in two patients in the bioscrew group in synovial 
fluid in the two groups after six weeks is a trend toward increased complement activation in 
the bioscrew group. 
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   In the in vitro study, no increased C5a generation was observed in sera incubated with 
a bioscrew or a metal screw compared to control. 

In conclusion we did not find a statistically significant difference between the 
bioscrew and metal screw groups concerning C5a, TCC and IL-8 formation. However, some 
of the patients in the bioscrew group showed elevated values. We do not find the potential 
advantages of using bioscrews compared to metal screws sufficient to warrant the routine use 
of PLLA-screws in ACL-reconstructions. 
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GENERAL DISCUSSION 
 
 
EVALUATION OF MATERIALS  
 
  
 

Paper I, II, III and V are prospective, randomized studies. Paper IV is a prospective 
case series. The patients in paper IV were recruited from an arm of paper III comparing 
bioscrews with metal interference screws. In addition to this, the material in paper I was 
obtained from a continuation of a long-term follow-up multicenter study. 
 This thesis mainly deals with the surgical treatment of ACL injuries. As new surgical 
methods have developed over the years, we have tried to compare some of these procedures 
in an attempt to find the best graft and the best fixation of these grafts. 
    Paper I, II, III and V are designed according to the "golden standard" of clinical 
studies, as they are all prospective and randomized. The patients were included 
consecutively, and randomized to the special surgical procedure after the ACL rupture was 
verified clinically and/or arthroscopically. There were no statistically significant differences 
between the groups in these studies concerning preinjury activity level, concomitant ligament 
or meniscal injuries, sex or age.  
 In each of the studies in paper I, II, III and V, the patients participated in a 
standardized rehabilitation program designed for each study. This was managed by a team of 
physical therapists, who followed the patients until they were considered to be fully 
rehabilitated.  
  

Paper I compares three surgical procedures we used in the past to treat ruptures of the 
anterior cruciate ligament: acute primary repair, acute repair augmented with a synthetic 
ligament-augmentation device (LAD), and acute repair augmented with autologous bone-
patellar tendon-bone graft (BPTB). The material presented in paper I consists of 150 patients 
participating in a multicenter study, with three participating hospitals. In the different 
hospitals there was a possibility of dissimilar performance of the surgical procedures. 
However, in each hospital an experienced orthopedic surgeon was in charge of the surgery of 
these patients. Furthermore, prior to initiation of the study, surgery on cadaver knees were 
performed by these three surgeons to standardize the procedure. The follow-up protocol was 
similarly rehearsed with particular emphasis on the Tegner and Lysholm registrations, the 
Lachman and pivot shift tests, and the KT-1000 arthrometer tests. At the 16 year follow-up, 
all the patients were examined by one surgeon, to ensure similar evaluation of the outcome. 

There were 50 patients in each group. It is difficult to interpret the outcome of repair 
procedures for the treatment of ACL ruptures because most published studies are 
retrospective, nonrandomized, and compare different surgical techniques, rehabilitation and 
follow-up protocols. Sandberg et al. (Sandberg 1987a) performed a prospective study 
comparing nonoperative cast treatment with direct repair of the ACL. They found that 
although there was no significant difference between the functional outcomes of the two 
treatments, there was a higher percentage of patients who had a positive pivot shift, in the 
group treated nonoperatively. Fruensgaard et al. (Fruensgaard 1992a) and Sommerlath et al. 
(Sommerlath 1991a)   reported, in long-term retrospective follow-up studies that conservative 
treatment and simple suture of acutely torn ACL`s produced similar poor outcomes.  
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Our study was designed to see if there was a difference in the revision rate between 
the three procedures. Patients who had concomitant meniscal and/or medial collateral 
ligament injuries were included, whereas those who had posterior cruciate or lateral collateral 
ligament ruptures were excluded. Three patients were lost to follow-up during the first 
postoperative year and were excluded from the study. The two and five years results have 
previously been published (Grontvedt 1996a; Engebretsen 1997).  

The clinical results after 16 years are presented in this paper. At this follow-up four 
patients were deceased, eight patients had emigrated and nine patients were lost to follow-up 
for other reasons. 129 patients (88%) were followed up at 16 years; 14 of these patients were 
interviewed by telephone only. Therefore, 78% (115 patients) had complete follow up data 
including an examination at 16 years. Only patients who had no ACL revisions in the 
operated knee and no ACL reconstructions in the contra lateral knee were included in the 
comparisons of the groups at the 16 year follow-up (103 patients). The reason for that is the 
difficulty in comparing stability without having a normal knee for comparison. Although no 
power analysis was performed in this study, this number of patients was considered sufficient 
for statistical evaluation of the results. 
   

In paper II, which is a consequence of the results in paper I, 100 patients were 
randomized in a prospective study to ACL-reconstruction with bone-patella-bone grafts with 
and without a Kennedy ligament augmentation device (LAD, polypropylen).  
  Although no power analysis was performed in our study, 100 patients were 
considered sufficient for statistical analyses, even if the differences between the two groups 
should turn out to be minor. There were no statistically significant differences between the 
two groups concerning time from injury to surgery, preoperative meniscal injuries, preinjury 
activity level, preoperative functional level, age or sex. A total of 94 patients were examined 
an average of eight years after surgery. The patients had previously been evaluated at six 
months, one and two years after surgery. The evaluation after eight years was performed by 
one independent observer (The author, JOD). A total of 16 patients were excluded because of 
ACL-reconstruction in the other knee in the observation period and 10 patients, four in the 
control group and six in the LAD- augmented group, were excluded because of reruptures in 
the same knee. Of the 68 patients left, 36 were in the control group and 32 in the LAD-
augmented group. 
   

In paper III, forty one patients (22 women and 19 men) were prospectively 
randomized for reconstruction with either metal interference screws (20 patients) or biologic 
absorbable PLLA-screws (21 patients). Several other studies show no statistical difference in 
pullout tests using bioscrews or a metal screw (Johnson 1996; Caborn 1997a; Abate 1998; 
Rupp 1999; Kousa 2001). Other studies (Marti 1997; Benedetto 2000; Hackl 2000; Barber 
2000; Kotani 2001; Lee 2003) show no statistical difference between the clinical results 
using either the bioscrew or the metal screw. 

Patients with isolated ACL-ruptures or ACL-ruptures with additional minor meniscal 
and cartilage lesions (Outerbridge grade I and II) were included.  

There were no statistically significant differences between the two groups in any 
measured parameter preoperatively. We wanted to observe a KT1000 max. man. difference 
<2mm. From previous studies the standard deviation was calculated to 1.33. From this 
information we calculated that we needed 10 patients in each group to be able to observe this 
difference. The number of patients was doubled to be able to observe differences also in other 
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variables.  
One patient in the metal screw group suffered a rupture of the ACL in the contralateral knee 
six months postoperatively, and was excluded from the study. Three patients in the bioscrew 
group were lost to follow up at two years. The patients were followed up at 6, 12 and 24 
weeks, 1 and 2 (24-35 months) years.    
 
 
 The study presented in paper IV was designed to quantify the amount of resorption of 
PLLA interference screws and integration of the femoral and tibial bone blocks two years 
after endoscopic ACL reconstruction on MRI. A total of 19 consecutive patients (12 women 
and seven men) with ACL- ruptures were included in the study. Average age at the time of 
surgery was 28 years (17-51 years). Mean time from surgery to MRI was 26.5 months (24-35 
months). Patients with isolated ACL-ruptures or ACL-ruptures with additional minor 
meniscal lesions and minor cartilage lesions (Outerbridge grade I and II) were included. The 
patients were recruited from an arm of Paper 3. 

The patients were reconstructed with a BPTB-procedure fixed with biologic 
resorbable poly L-lactic acid (PLLA) (Linvatec, Largo, FL, USA) screws using the 
endoscopic technique. It is useful to know how fast an absorbable screw is absorbed. The 
absorption of the screws is also of interest for the surgeon planning a revision. Postoperative 
MRI-evaluation is also easier without metal artifacts. Very little is found in the literature 
concerning quantification of the absorption and integration of the screws in humans. The 
absence of metal implants for fixation gives an opportunity to examine the adjacent tissue in 
detail and to form a time line of the tissue response in this type of surgery. As a consequence 
of this we wanted to quantify the integration of the femoral and tibial bone blocks and the 
PLLA interference screws two years after endoscopic ACL reconstruction. 
 

In paper V, the same forty one patients as in paper III were evaluated. The aim of this 
study was to compare the biocompatibility of bioabsorbable screws with metal screws using 
synovial fluid complement activation (C5a and TCC), cytokine release (IL-1β, Il-8 and IL-
10) and C-reactive protein (CRP) as read-outs. Furthermore, to investigate whether in vitro 
incubation of the two types of screws in serum was associated with a difference in 
complement activating potential. The use of bioabsorbable material for interference screws 
has potential benefits if the problems of inflammation are minimal and the fixation properties 
are sufficient. Many of these patients are young and prefer having an implant that will 
disappear over time. Other potential advantages for use of bioabsorbable screw fixation are a 
diminished need for hardware removal and that revision surgery is simplified. Postoperative 
MRI-diagnostics also are made easier without artifacts from metal (Macarini 2004). Blood 
sampling and synovial fluid aspiration were carried out prior to surgery. Serum samples were 
collected one year after surgery for the biocompatibility studies.   

Complement analyses are being used to evaluate the biocompatibility of biomaterials 
(Mollnes 1991). We are not aware of previous publications studying complement activation 
after using biodegradable interference screws in ACL-reconstruction. Therefore we did not 
have a standard deviation of the results, and no sample size estimation could be performed 
beforehand. The weaknesses of this study were the relatively small number of patients and 
the fact that it was difficult to perform sample size estimation beforehand. 
 

There is general agreement in the literature on the necessity of at least a 4 year 
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follow-up in studies of ACL repair or reconstructions. The results in paper I and II fulfill this 
criterion, with a follow-up between 8 and 16 years. In paper III, IV and V, the follow-up was 
only 2 years. This is too short to make definitive statements about the surgical procedures 
used per se. Paper IV and V were, however, designed to study the biocompatibility, the 
integration and the resorption of the bioabsorbable interference screws and the integration of 
the bone blocks in the first two years postoperatively.  
 
 
 
EVALUATION OF METHODS 
 
 
 
    All patients in the studies were examined by the author. This should ensure a 
standardized evaluation of the patients. However, due to the fact that in paper III, IV and V 
the author had performed the surgery on about half of the patients, there is a theoretical risk 
of bias. The use of an experienced, blinded independent observer would have provided the 
best chance of avoiding detection bias. Due to the fact that I did not perform any of the 
surgery in paper I and II, I should be considered an independent observer in these papers. 
    Many different methods of evaluating disability after knee ligament injury exist. 
Some are based on a combined evaluation of symptoms, objective knee instability, level of 
activity and a performance test (Noyes 1987). A comparison between a symptom-related 
score and a score of more complex design showed that the symptom-related score gave a 
more differentiated picture of the disability (Tegner 1985). As a consequence, the Lysholm 
score of the patients` own opinion of function was used in the clinical part of this thesis 
(Lysholm 1982). Risberg at al  (Risberg 1999) found that the Lysholm score was not 
sensitive to changes over time. The Cincinnati knee score (Noyes 1984b), however, was 
highly sensitive to changes over time and showed significantly improved outcome between 
each follow-up in that study. This score has previously been found to be a sensitive outcome 
measurement both early and during long-term follow-up after ACL reconstruction (Risberg 
1995). The Cincinnati knee score was therefore used in paper III. 
    The weakness of a functional score such as Lysholm is the possibility that limitations 
in knee function may be masked by lowering of the activity level. The functional score 
therefore needs to be combined with a score measuring the activity level in daily living and 
during recreational and competitive sports. Although terms such as "return to sports" are 
frequently used in similar evaluations, they do not take into consideration the vast difference 
in various sports in the amount of stress to the knee. Consequently, we decided to use the 
Tegner activity level score (Tegner 1985) which grades different activities in a standardized 
way on a numeric scale. The preinjury and present level of activity is readily defined with 
this scale. However, using these scores, we were still not able to determine whether the 
patient reached the same skill level in their sport. Even though the patient returned to the 
previous sport activity, he or she might be playing at a lower level. Furthermore, delay of 
surgery in chronic unstable knees may contribute significantly to a reduced level of sports 
activity. Thus, the Tegner score is of limited value in studies of such cases, except where 
various treatment methods are compared.  
    
 Grading of knee stability at clinical examination is difficult, obviously subjective, and 
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dependent upon the skill and experience of the investigator. In the clinical studies of this 
thesis, the Lachman test, pivot shift tests and the KT-1000 test in paper I, II and III were all 
carried out by me.  The Lachman test was carried out according to Torg et al (Torg 1976), 
and was graded as negative, slight (1+; < 5mm), moderate (2+; 5-10mm) or severe (3+; > 
10mm), compared to the normal knee. The pivot shift sign (Galway 1980) is a clinical finding 
that confirms ACL insufficiency. In the present studies, the pivot shift sign was evaluated 
according to the McIntosh, Slocum and flexion-rotation-drawer (FRD) tests (Slocum 1976). 
The results were graded as negative, trace positive (1+), moderate (2+) or severe (3+), as 
compared to the normal knee. A trace positive anterolateral rotatory instability is a subtle, but 
definitely abnormal catching of the lateral tibial condyle felt by palpation. A 3+ anterolateral 
rotatory instability is a classic pivot shift phenomenon, felt like a subluxation of the lateral 
tibial condyle. The McIntosh, Slocum and FRD tests were used and the highest degree of 
instability obtained was recorded.     
    Instrumented testing has been introduced in an attempt to increase the precision of 
knee stability measurements. Several different types of arthrometers have been developed. 
The one used in our studies, the KT-1000 arthrometer, was designed by Daniel and 
coworkers (Daniel 1985). It measures anterior laxity of the tibia at constant loads of 67 and 
89 N, and at maximal manual force, which is dependent on the investigator, with the knee in 
approximately 25 degrees of flexion. The uninjured knee serves as a control, and a side-to-
side difference of more than 3 mm has been found to be indicative of ACL injury (Daniel 
1985). However, it is important to consider the limitations of these types of measurements. A 
normal KT-1000 result does not indicate normal biomechanics of the knee. It merely reflects 
the position of the tibia compared to the femur and the amount of anterior-posterior 
translation at a certain flexion angle of the knee. The results depend firstly on finding the 
"neutral" position of the tibia on the femur each time the measurements are repeated, and 
secondly on the reproducibility of the placement of the test apparatus on the tibia. In a study 
by Sernert et al (Sernert 2004) the KT-1000 arthrometer testing revealed a significant 
increase in laxity measurements in right knees compared with left knees. This difference was 
found both preoperatively and postoperatively in patients undergoing ACL reconstruction. 
However, the KT-1000 test, done correctly, is a convenient way to check the Lachman results 
of the investigator (Konig 1998). In our studies the results of the two tests correlated well.     
    A combination with a functional knee performance test would probably have given a 
better indication of the rehabilitation status. One of the weaknesses of the present study is the 
lack of a functional test in the postoperative evaluations. 
   
  A radiographic evaluation of the knee was carried out in paper I, II and IV.  
In paper I radiographs of both knees standing at 45 degrees of flexion and with a 30 degree 
angulation of the beam were obtained at the 16 year follow-up, and the degree of 
osteoarthritis  was graded by an independent experienced radiologist (A.T. Viset) using the 
Ahlback-classification  (Ahlback 1968). Also in this study the radiologist, in more than half 
of the patients, could tell which knee had undergone surgery. 
   The knees in paper II were examined with antero-posterior radiographs of both knees 
while standing with equal weight on both legs. The film-focus distance was standardized. The 
amount of osteoarthritic changes was graded according to the method reported by Ahlback 
(Ahlback 1968). Grade 0 indicates no degenerative changes, grade 1 minor change, grade 2 
major changes, and grade 3 severe osteoarthritic changes. The radiographs were evaluated by 
an experienced radiologist (Ø. Haave), not involved in any other part of these studies, and 
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blinded with respect to the other test results. However, due to the fact that the involved knee 
had implants, the radiologist knew which knee had undergone surgery.  
 

Paper IV was a MRI evaluation of the knees. The MRI examinations were performed 
on a Marconi Edge 1.5T MR-scanner with sagittal FSE 4000/16/128, coronal fat saturated 
1500/15, and coronal SE 500/10 with 4 mm slices thickness and image matrix 256x384. Two 
oblique coronal FSE 2840/16 imaging sequences with slice thickness 3 mm and image matrix 
256x384 were added in all patients. Number of excitation was one and field of view was 16. 
The oblique sequences were oriented along the biological screws. 
In paper IV the measurement of the screw volume preoperatively (V1) was calculated from 
the formula V1= пr² x h  
where 
r = radius of the screw 
h = length of the screw 
The measurement of the screw volume postoperatively (V2) was calculated from the formula 
V2=п (½(r1+r2))² x h   
where 
r1 = largest radius of the screw 
r2 = smallest radius of the screw 
The resorption of the screw ΔV was 
ΔV= V1-V2 
The resorption of the screw in percent was 
% = 100% x ΔV/V1 

The integration of the bone block was considered good if no visible border between 
the bone block and the bone was visible on MRI; fair with <1mm visible border and poor 
with >1mm visible border between the bone block and the bone. Osteolysis around the 
screws was defined as visible fluid around the screws. To choose the appropriate imaging 
sequences and avoid distortions, MRI measurements were compared to an in vitro MRI 
measurement of a sample screw. 
 The volume of the screws in this study is calculated as the volume of a cylinder. The 
fact that the screws are conical at one end, and therefore do not have the shape of a cylinder, 
is a systematic error and should not influence the results. The surface of the screw is 
threaded. The MRI measurements were done at the outer part of the thread. The screws are 
also resorbed from the inside through the screw hole, and this factor is not measured in our 
study.   The MRI evaluation was performed by a radiologist (G. Myhr), experienced in 
musculoskeletal MRI.  
 

In paper V blood sampling and synovial fluid aspiration were carried out prior to 
surgery. Plasma samples were analyzed for CRP and C5a. The preoperative synovial fluid 
and the synovial fluid after six weeks were analyzed with measurements of C5a, TCC, IL-1β, 
IL-8- and IL-10. Serum samples were collected one year after surgery for the 
biocompatibility studies. C5a was quantified by a sandwich ELISA technique using 
neoepitope-specific monoclonal antibodies as described elsewhere by Bergh et al (Bergh 
1992). TCC (soluble SC5b-9), the final activation product generated when complement is 
activated was detected by ELISA principally as described for C5a. The assay is based on a 
monoclonal antibody (aE11) specific for a neoepitope exposed in C9 when incorporated into 
the TCC complex, as previously described by Mollnes et al (Mollnes 1985). For the 
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quantification of cytokines the following commercial ELISA kits were used and the 
procedures performed according to the instructions of the manufacturer (CLB, Amsterdam, 
The Netherlands): IL-1β, IL-8 and IL-10. 

We are not aware of previous publications studying complement activation after using 
biodegradable interference screws in ACL-reconstruction. Complement analyses are used to 
evaluate the biocompatibility of biomaterials (Mollnes 1991). In this study we measured C5a, 
biologically the most potent of the anaphylatoxins generated during complement activation, 
and the terminal SC5b-9 complex (TCC) as a sensitive indicator of complement activation 
and bioincompatibility (Bergh 1992; Mollnes 1995, 1997). These studies have demonstrated 
widely varying complement activation properties of different materials. Reference levels of 
C5a in normal or inflamed synovial fluid have not been established. However, it is important 
to bear in mind that the true levels of C5a generated are not directly reflected by 
measurements of C5a in the fluid phase as C5a binds rapidly and strongly to cellular C5a 
receptors, particularly on leucocytes. The true extent of complement activation when 
measured in the fluid phase may thus be underestimated (Bergh 1991). 

The weaknesses of this study were the relatively small number of patients and the fact 
that it was difficult to perform a power analysis beforehand. 
 
 
 
 
STATISTICAL METHODS 
 
    All data in the clinical studies were processed with the Statistical Package for Social 
Studies (SPSS Inc, Chicago, Illinois).  
In paper I the Statistical Package for the Social Sciences (SPSS) 11.0 was used for the 
statistical analyses. A nonparametric analysis of variance (Kruskal-Wallis test) was used to 
determine the significance of the overall difference in the outcome measures between the 
three repair groups at a particular follow-up time point. Paired comparisons between the three 
groups at each evaluation time point were made using the Mann-Whitney test. The Wilcoxon 
test for paired data was used to test for the significance of the changes in the outcome 
measures for a particular repair group between any two follow-up time points. Comparisons 
were considered significant at a p level of less than 0.05.  

In paper II the Mann-Whitney, Pearson chi-squared and the unpaired t-tests were used 
for comparisons of the two groups. A p-value of <0.05 was considered as significant. 
In paper III the Mann-Whitney, Pearson chi-squared and the independent samples t-tests 
were used for statistical analysis. The significance level was set to p<0.05. A power of 0.9 
was selected for sample size estimation. We wanted to observe a KT1000 max. man. 
difference <2mm. From previous studies the standard deviation was calculated to 1.33. From 
this information we calculated that we needed 10 patients in each group to be able to observe 
this difference. The number of patients was doubled to be able to observe differences also in 
other variables (Karlsson 2003). 

In paper IV the Fisher Exact Test was used to calculate the correlation between 
resorption and osteolysis of the screws and the KT 1000 measurements. 
In paper V the level of significance was also set at p < 0.05. The Mann-Whitney, Wilcoxon 
Rank Test and the Pearson chi-squared were used. For the correlation analysis the Spearman 
Test was used. For the comparison of the three groups in the in vitro test, the Kruskal Wallis 
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Test was used. 
DISCUSSION 
 
 
Paper I:  
A 16-year Follow-up of Three Operative Techniques for the Treatment of Acute Ruptures of 
the Anterior Cruciate Ligament. 
    
 Several follow-up studies have reported that results of the acute repair of anterior 
cruciate ligament (ACL) ruptures deteriorate with time. (Feagin Jr 1976; Odensten 1984a; 
Sommerlath 1991a; Fruensgaard 1992a). Short-term results of ACL repair plus augmentation 
were encouraging (Clancy Jr 1988a; Schabus 1988; Andersson 1989a). However, there are no 
long-term studies.   
 Eleven patients (24%) in the primary repair group, four patients (10%) in the LAD-
group and one patient (2%) in the BPTB-group underwent ACL-revision surgery between the 
primary operation and the 16 years follow-up. The incidence of revisions was thus ten times 
higher in the primary repair group than in the BPTB-group (p=0.003). With the numbers 
available the incidence of revisions was not statistically significant different between the 
primary repair group and the LAD-group (p= 0.066) nor between the BPTB-group and the 
LAD-group (p=0.167). We found that the patients who had a primary repair of a ruptured 
anterior cruciate ligament had an unacceptably high revision rate. 

At 16 years there was no significant difference between the groups as measured with 
the Tegners activity level score. Concerning the Lysholm functional score, 30% of the 
patients in the primary repair group had functional scores within the poor and fair categories 
(0 to 83 points). A total of 35.5% of the LAD-group and 14% of the BPTB-group had 
functional scores within the poor and fair categories. 
 The subjective knee function as graded by the patients was fair/poor in five patients in 
the primary repair group, six patients in the LAD-group and one patient in the BPTB-group. 
We did not find any difference between the groups concerning subjective knee function. 
However, the patients who had the most lax knees and the greatest functional problems in 
each group had been revised and excluded from further comparison.  
In the present study, the patients in the BPTB-group had a higher activity and functional level 
at 16 years than the two other repair groups. The Tegner activity score was higher in the 
BPTB-group at all time intervals. In this group five patients underwent ACL-reconstruction 
in the contralateral knee as compared to only one patient in the primary repair group. This 
may indicate that the patients who had stable knees performed more risky activities and 
thereby more often injured their opposite knee and.  
 At 16 years one patient in the primary repair group, one in the LAD-group and none 
in the BPTB-group had an extension deficit greater than 10 degrees. In general, the patients 
in all three repair groups showed an improvement in their ability to attain full flexion over the 
one to 16 year follow-up period. However, one patient in the primary repair group and one in 
the BPTB-group still demonstrated a flexion deficit of more than 30 degrees at 16 years. At 
that time, there was no significant difference in range of motion among the three groups. 
Arthrofibrosis following patellar tendon reconstructions, when ACL surgery is done acutely, 
has been reported previously (Paulos 1987; Mohtadi 1991; Shelbourne 1991). The early 
limited range of motion problems in the BPTB-group in the present study is probably related 
to the acute, open surgical procedure and the conservative rehabilitation protocol that was 
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used. 
 The knees in the BPTB-group were more stable than those in the LAD-group at 16 
years (p=0.026). There was no difference in anterior laxity as measured with KT 1000 
between the knees in the primary repair group and those in the LAD group (p=0.55) nor those 
in the BPTB group (p=0.50) at 16 years. There was also no difference between the knees in 
the LAD group or the BPTB group (p=0.13). The percentage of patients with a side-to-side 
difference in anterior laxity of three millimeters or more were 48% (13 of 27) in the primary 
repair group, 38% (11 of 29) in the LAD- group and 30% (10 of 33) in the BPTB group. At 
the five-year follow-up, the rate of instability failures in the LAD group had increased 
significantly, probably due to ruptures of the LAD itself. However, the stability outcome of 
the LAD group was still significantly better than that of the primary repair group. In paper II, 
no positive long-term effects supporting the use of LAD augmentation in anterior cruciate 
ligament reconstruction were found. In the present study 21% of the BPTB-patients at five 
years and 30% at 16 years had side-to-side differences of three millimeters or more as 
measured by the KT-1000 at follow-up (p=0.114). This indicates that the BPTB-graft did not 
stretch during the 16 years of this study.   
 Nine out of 85 patients (11%) had osteoarthrosis in the operated knee compared to 4% 
(3 of 85) in the other knee 16 years after surgery (p=0.001). A total of 11% osteoarthrosis is 
surprisingly low, especially when the long postoperative immobilization and slow 
rehabilitation are taken into account.  Four patients in the primary repair group, one patient in 
the LAD-group and four patients in the BPTB-group had osteoarthrosis of the knee at 16 
years. In paper II, half developed osteoarthrosis at eight years as verified by radiographic 
examination using the Ahlback classification. The only differences between these two studies 
were that this study of 100 patients involved an aggressive rehabilitation protocol and 
arthroscopic surgery and that the patients were allowed to return to sports early. Myklebust et 
al. (Myklebust 2003b) found in a study of handball players with a reconstructed ACL that 
42% of the group had developed gonarthrosis after eight years. The high percentage of 
osteoarthrosis in their study may be explained by a high sports activity level. We found a 
surprisingly low incidence of osteoarthrosis in our patients after 16 years, but patients in our 
study had a lower activity level, compared to the handball players in Myklebust`s study. 

In summary we obtained the best results when the ACL repair was augmented with a 
BPTB-graft. In all outcome measures other than for early limited range of motion, the BPTB-
augmentation technique was superior to primary repair and repair augmented with the LAD.  
 Based on these data, we conclude that open primary repair has an unacceptably high revision 
rate and should not be performed. It can be expected that approximately 10% of patients 
undergoing anterior cruciate ligament reconstruction acutely will develop radiological 
evidenced osteoarthritis in the reconstructed knee. We no longer perform any of these open 
surgical techniques. 
 
   
 
 
Paper II:  
Anterior Cruciate Ligament Reconstruction with and without a Ligament Augmentation 
Device. Results at 8-Year Follow-up. 
 
    The treatment of chronic ACL deficient knees has been a problem for several 
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decades. ACL-reconstruction with the use of the bone-patellar tendon-bone autologous graft 
has been one of the most frequently used methods with overall good results (Noyes 1984a).  
However, it has been well documented in animal studies that these grafts undergo an initial 
necrosis, followed by revascularization and remodeling (Clancy Jr 1981; Butler 1989). 
During this period, the mechanical resistance of the graft is reduced, and theoretically it can 
stretch or rupture if submitted to strong forces before it has regained normal strength. The 
length of this reduced strength period is not known in humans, but the majority of surgeons 
recommend not returning to twisting sports until 6 to 12 months after surgery. Since Kennedy 
and his colleagues (Kennedy 1980) in 1980 introduced the LAD made of a polypropylene 
braid to protect the autologous transplant during the initial repair phase, several reports have 
been published on the short term effects of the use of the augmentation of various biological 
grafts both in animals and in humans. They claimed that the load-shearing between the LAD 
and the biological graft would protect the graft during the period of degeneration and 
weakening sufficiently to allow the transplant to regain mechanical strength without risk of 
elongation or rupture.  
    Grøntvedt et al (Grontvedt 1996b) compared 100 patients randomized to ACL-
reconstruction with and without augmentation of the bone-patellar tendon-bone graft with the 
Kennedy ligament augmentation device, and observed no significant functional or clinical 
difference between the two groups after two years.  

The aim of our study was to observe any differences concerning these parameters in 
the same patients after eight years. A total of 15 patients were excluded because of 
reconstruction of the anterior cruciate ligament in the other knee in the observation period. 
Eleven patients suffered reruptures of the reconstructed anterior cruciate ligament in the same 
knee and were excluded from the study; four in the non-augmented and six in the augmented 
group. There was no statistically significant difference in the Tegner activity level between 
the two groups at either the preinjury or follow-up examinations. For both groups together, 
the Tegner score decreased from a mean preinjury level of 7.5 to 5.3 after eight years. This 
decrease is highly significant (p<0,001) and can at least partly be explained by the fact that 
these patients have become older, and for that reason have decreased their level of activity. 

There was no statistically significant difference in the Lysholm score between the two 
groups at either the preinjury or follow-up examinations. The Lysholm score was statistically 
highly significantly improved after 8 years compared to the preinjury level (p<0,001). 
There was no statistically significant difference in the range of motion between the two 
groups at either the preinjury or follow-up examinations. 

At eight years three patients had a Lachman 2+ in the augmented group and six in the 
non-augmented group. One patient in each group had a Lachman 3+. In addition four patients 
(7.8% of all the patients in the non-augmented group) and six patients in the augmented 
group (12.3%) were revised. 

There was no statistically significant difference in the Lachman test between the two 
groups at either the preinjury or follow-up examinations. Eight years of follow-up should 
have shown the putative benefit of the LAD in the remodeling process. Several other studies 
also show no significant benefit with respect to residual laxity after augmentation (Noyes 
1984a, 1992; Roth 1985; Jonsson 1992; Moyen 1992). 

There was a significant relationship between peroperative detected cartilage injury 
and osteoarthritis after eight years (p<0,005). There was no significant relationship between 
meniscal injuries and osteoarthritis after eight years. This indicates that concomitant cartilage 
injuries may play an important role in the development of osteoarthritis in ACL- injured 
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patients. There was a significant correlation between decrease in subjective function and the 
development of osteoarthritis (p=0,001). 50% of the patients had developed radiological 
osteoarthritis after eight years. There was no significant difference between the groups 
concerning osteoarthritis (p=0,145). Several other studies also show a similar incidence of 
osteoarthritis (Sommerlath 1992; Roos 1995a; Otto 2002; Myklebust 2003b). 
    In summary, our results show no benefit of the LAD, as we found a complete 
equivalence both in functional and clinical tests between the augmented and the non-
augmented groups. Half of the patients had developed osteoarthritis. The presence of a 
cartilage injury is an important predisposition for the development of osteoarthritis. 
 
 
   
Paper III:  
Endoscopic reconstruction of the anterior cruciate ligament using bone-patellar  
tendon-bone grafts fixed with bioabsorbable or metal interference screws. A prospective 
randomized study of the clinical outcome. 
 

The great majority of patients with non operated ACL injuries experience that giving 
way is a  problem (Hawkins 1986a). ACL reconstruction using bone-patella-tendon-bone-
grafts (BPTB) has been the gold standard. Metal screws have been used for graft fixation. 
Because these screws will remain in the femur and tibia, and may cause problems if revision 
is required, different bioabsorbable screws have been developed.  
Several studies show no statistical difference in pullout tests using bioscrews or metal screws  
(Johnson 1996; Caborn 1997a; Abate 1998; Rupp 1999; Kousa 2001). The 
bioabsorbable screws in the present study are made from poly L-lactic acid (PLLA) and are 
fully resorbed. Many of these patients are young and prefer having an implant that disappears 
over time. The aim of this study was to compare the clinical outcome using bioabsorbable 
interference  screws or metal screws for ACL-reconstruction. 

At the one and two year follow-up the patients’ assessments of the subjective knee 
function showed that there was a statistically significant difference between the two groups in 
favor of the metal screw group (p<0.05). At the one year control mean pain score at rest on 
the modified Cincinnati score from 0 (no pain) to 10 (unbearable pain) was 0.27 in the metal 
screw group and 0.84 in the bioscrew group (p<0.05). At the two year control the mean 
values were 0.04 in the metal screw group and 0.81 in the bioscrewgroup (p<0.005). There 
was a statistically significant difference between the two groups 
concerning Tegner activity score in favor of the metal screws at the 2-year control (p<0.005). 
The knee function at two years compared to before injury was evaluated on a scale from 0 
(same function as before the injury) to 10 (very bad knee function compared to before 
injury). The mean values were 0.93 in the metal screw group and 2.19 in the bioscrew group 
(p<0.05). This may be due to dissolving of the screws and activation of the complement 
system with an inflammatory reaction and pain (Paper IV). The mean Lysholm score was 84 
in the metal screw group and 78 in the bioscrew group at six weeks (p<0.05) and respectively 
97 and 94 at two years (p<0.05). Six patients in the bioscrew group had an extension deficit 
between 5-10° after three months to only one patient in the metal screw group (p<0.05). 
Several other studies  (Marti 1997; Benedetto 2000; Hackl 2000; Barber 2000; Kotani 2001; 
Lee 2003) show no statistical difference between the clinical results when using either the 
bioscrew or the metal screw. 
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We found no statistically significant difference between the groups in stability 
measured by pivot shift, the Lachman test or the KT-1000 at any time. In our study the 
measurements of increased pain and decreased subjective knee function may be explained by 
an increase in inflammatory parameters in some patients in the bioscrew group (Paper V), 
although we could not detect any difference in intraarticular swelling between the groups. 
The differences in the parameters found in this study are numerically small but statistically 
significantly different. The clinical significance of these findings is uncertain. 

Because of the inferior results in the bioscrew group in our study, and until larger 
studies show other, we do not find the potential advantages of using bioscrews compared to 
metal screws sufficient to warrant the routine use of PLLA-screws in ACL-reconstructions. 
 
 
 
Paper IV:  
MRI analysis of bioabsorable interference screws used for fixation of bone-patellar tendon-
bone autografts in endoscopic reconstruction of the anterior cruciate ligament. 
 

Metal screws have been used for many years for interference fixation of ACL 
reconstructions performed using bone-patellar tendon bone grafts with good clinical results 
reported (Clancy Jr 1988a; Grontvedt 1996a; Shelbourne 1997; Drogset 2002). Metal screws 
usually will be left in place both on the femoral and tibial side with difficulties in revising a 
reconstruction. The screws interfere with MRI imaging following surgery. Many of these 
patients are young and prefer having an implant that disappears over time. For the above 
reasons, bioabsorbable screws have been developed. It is interesting to know whether an 
absorbable screw really is absorbed. The absorption of the screws is also of interest for the 
surgeon planning a revision. Very little is found in the literature concerning quantification of 
the absorption and integration of the screws in humans. The use of MRI (Lajtai 1999) 
provides observations not available by other imaging methods. The absence of metal implants 
for fixation gives an opportunity to examine the adjacent tissue in detail and to form a time 
line of the tissue response in this type of surgery. 

The bioabsorbable screws used in this study were made from poly L-lactic acid 
(PLLA). The mean reduction in volume was 64% (26.0- 86.1) of the femur screw and 63% 
(24.0-76.7) of the tibia screw. Pistner et al (Pistner 1993) used three poly L-lactides with 
different molecular weights and implanted them as small rods into the dorsal muscle of rats. 
The samples degraded very fast, reaching the same molecular weight level after 20 weeks, 
and then degraded simultaneously. Morgan et al (Morgan 2002) reported 75% decrease in the 
molecular weight of the PLLA-screws after 30 months in vivo after ACL-reconstruction in 
one patient. In another study Fink (Fink 2000) included 20 patients who had the femoral bone 
block fixed with a polyglyconate bioabsorbable interference screw. Computed tomography 
scans showed complete degradation of the bioabsorbable screws at 12 months. The reason for 
the big differences in the results between these studies is probably because of the different 
polymers used in the different implants. 

The integration of the bone blocks in the femur in our study was good in 17 patients 
(90%) and fair in two patients (10%). The integration of the bone blocks in the tibia was good 
in 16 patients (94%) and fair in one patient (6%) who had widening of the tibia tunnel. None 
of the patients had a poor integration of the bone blocks in the femur or tibia. In Warden’s 
study (Warden 1999) two patients developed an abnormal signal in the tibial tunnel; one with 
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fluid anterior to the graft and the other with fluid/edema within the graft. The abnormal signal 
resolved with time in both patients. Martinek (Martinek 1999) reported a case of an osteolytic 
tibial tunnel enlargement in association with a pretibial cyst formation 8 months after 
successful ACL reconstruction with autologous BPTB graft and tibial graft fixation with a 
bioabsorbable interference screw.  

In our study osteolysis around the screws in the femur was visible in 3 patients (16%). 
In a retrospective study Marti (Marti 1997) compared the clinical outcome and the 
radiographic incorporation of the bone blocks between two groups of patients undergoing 
ACL reconstruction using either metallic or bioabsorbable interference screws for fixation of 
the BPTB autograft. All patients showed osseous incorporation of the bone block autografts 
within the femoral and tibial bone tunnels with no osteolytic changes. In a prospective, 
randomized study comparing the safety and efficacy of the PLLA screw with that of the 
metal cannulated interference screw for ACL- reconstruction, McGuire (McGuire 1999) 
found no radiographic evidence of osteolytic change or bone resorption around the 
bioscrews. In our study there was no statistically significant correlation between the patients 
having osteolysis around the screws in the femur and the patients having poor subjective knee 
function (p=1.00), low Lysholm score (p=0.34) or intraarticular effusions (p=1.00) at two 
years. None of the patients had osteolysis with fluid around the screw in the tibia.  

There was no significant correlation between the absorption of the screws in the 
femur and the KT 1000 measurements (p=1.000) or the screws in the tibia and the KT 1000 
measurements (p=1.000). There was no significant correlation between the osteolysis around 
the screws in the femur and the KT 1000 measurements (p=0.817). Macarini et al (Macarini 
2004) found that in only 4 out of 35 cases was the process of osteointegration of the PDLLA 
bioabsorbable screw and bone plug complete 3 years after the operation, with consequent 
restoration of bone morphology. In another study by Barber (Barber 1995), six of 85 
bioscrews (7%) broke on insertion. No lytic bone changes or tunnel widening were found in 
any patient where bioscrews were used. In our study none of the screws broke during 
insertion. Overall the integration of the bioabsorbable screws is satisfactory in most studies, 
and the rate of osteolysis is low. 
 
Paper V:  
Comparison of in vitro and in vivo complement activation by metal- and bioabsorbable 
screws used in ACL reconstruction. 
 
 Metal screws have been used for graft fixation of ACL reconstructions with bone-
patella-tendo-bone-grafts (BPTB) for several years. Due to the fact that the screws will be 
left in the bone, and difficulties in revising a reconstruction with metal interference screws, a 
bioabsorbable screw has been developed. The use of this material for interference screws has 
potential benefits if the problems of inflammation are minimal and the fixation properties are 
sufficient. Many of these patients are young and prefer having an implant that will disappear 
over time. Other potential advantages for use of bioabsorbable screw fixation are a 
diminished need for hardware removal and that revision surgery is simplified. Postoperative 
MRI-diagnostics also are made easier without artifacts from metal (Macarini 2004). Friden 
and Rydholm (Friden 1992) reported a case of severe synovial reaction to biodegradable rods 
used for fixation of osteochondritis dissecans of the knee, and Smith et al reported fractures 
of the screws on insertion (Smith 2003). Tegnander et al (Tegnander 1994) showed that the 
C5a-concentration in plasma incubated in the presence of polylactic acid was found to be 
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higher than in plasma incubated in the absence of PLLA. Activation of the alternative 
pathway of the complement system may occur when blood or other bodily fluids are exposed 
to foreign substances. It is highly important that biodegradable materials are biocompatible.   
 In this study there were no statistically significant differences between the groups in 
any measured parameter preoperatively. The C5a concentration in synovial fluid after 6 
weeks was 5.0 ng/mL (3-9) in the metal screw group and 10.3 ng/mL (3-51) in the bioscrew 
group (p=0.11). Four out of 21 patients in the bioscrew group, but no patients in the metal 
screw group had a substantially higher C5a value in the 6-week sample and correspondingly 
a greater increase during the 6 weeks after surgery. The clinical results in these patients 
(Paper III) showed that the subjective knee function was better in the patients with metal 
screws than those with bioscrews; the metal screw patients had less pain at rest, a higher 
Tegner score, a higher Lysholm score and a better subjective knee function at two years 
compared to the bioscrew group. However, there was no difference in stability between the 
groups. 

After six weeks the mean TCC concentration in synovial fluid was 2.3 AU/mL 
(range: 0.7-9.6) in the metal screw group and 4.1 AU/mL (1.0-25.1) in the bioscrew group 
(p=0.20). 

Selected samples were initially tested for the cytokines IL1-β, IL-8 and IL-10. Only 
IL-8 was detectable in the synovial fluid and thus the whole material was measured only for 
IL-8. The IL-8 concentration in synovial fluid after 6 weeks was 187.4 pg/mL (13.3-472.0) in 
the metal screw group and 180.4 pg/mL (13.7-480.0) in the bioscrew group (p=0.89). The 
increase in IL-8 concentration in synovial fluid from preoperatively to six weeks was 
statistically significant in both the metal screw group (p=<0.0001) and in the bioscrew group 
(p=<0.0001). There was a statistically significant correlation between the increase in C5a 
concentration and the increase in TCC concentration (r=0.52; p=0.001), between the increase 
in C5a concentration and the increase in IL-8 concentration (r=0.49; p=0.005) and between 
the increase in TCC concentration and the increase in IL-8 concentration (r=0.44; P=0.011) 
in synovial fluid from preoperatively to six weeks after operation. 

No overall difference was observed when sera were incubated for 1 h with a metal 
screw or a bioscrew (p=0.22). Similar results were obtained after six hours incubation. 
 In our study no patients had clinically detectable synovial reactions, however, some 
patients in the bioscrew group showed a trend toward increased complement activation. We 
are not aware of previous publications studying complement activation after using 
biodegradable interference screws in ACL-reconstruction. Complement analyses are used to 
evaluate the biocompatibility of biomaterials (Mollnes 1991). In this study we measured C5a, 
biologically the most potent of the anaphylatoxins generated during complement activation, 
and the terminal SC5b-9 complex (TCC) as a sensitive indicator of complement activation 
and bioincompatibility (Bergh 1992; Mollnes 1995, 1997). The results from those studies 
have demonstrated widely varying complement activation properties of different materials. 

We found significant increases of C5a, TCC and IL-8 in synovial fluid from 
preoperative values compared to six weeks postoperatively. At 6 weeks postoperatively a 
trend towards higher levels in the bioscrew group compared to the metal screw group was 
observed regarding C5a. The same trend is reflected by the finding that 3 of 21 patients 
receiving a bioscrew but none receiving a metal screw, responded with a more pronounced 
increase of C5a (i.e.> 10 ng/mL) from baseline to the 6 weeks control. Concerning TCC, this 
trend was somewhat less pronounced. 

However, it is important to bear in mind that the true levels of C5a generated are not 
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directly reflected by measurements of C5a in the fluid phase as C5a binds rapidly and 
strongly to cellular C5a receptors, particularly on leucocytes. The true extent of complement 
activation when measured in the fluid phase may thus be underestimated (Bergh 1991). 

The weaknesses of this study were the relatively small number of patients and the fact 
that it was difficult to perform sample size estimation beforehand. 

In summary no statistically significant difference was observed between the bioscrew 
and metal screw groups concerning C5a, TCC and IL-8 formation. We have therefore in this 
study not been able to demonstrate a general bioincompatibility of the materials used. 
However, some of the patients in the bioscrew group showed elevated values of C5a.  
 



 

 
 
 50

 
 
GENERAL CONCLUSIONS 
 

1. In paper I we obtain the best results when the ACL repair is augmented with a BPTB-
graft. In all outcome measures other than for early limited range of motion, the 
BPTB-augmentation technique is superior to primary repair and repair augmented 
with the LAD. Based on these data, we conclude that open primary repair has an 
unacceptable high revision rate and should not be performed.  

 
2. It can be expected that approximately 11% of patients undergoing acute anterior 

cruciate ligament reconstruction with these three repair techniques will develop 
osteoarthritis in the reconstructed knee.  

 
3. In paper II the patients assess their clinical situation after eight years as better than 

before surgery. We observe no significant difference between the two groups 
concerning reruptures, Lysholm score, Lachman`s test or KT-1000 measurements. We 
find no positive short or long-term effects supporting the use of LAD-augmentations 
in ACL-reconstructions. 

 
4. Almost half of the patients in the two groups in paper II have developed osteoarthritis. 

The presence of a cartilage injury is an important predisposition for the development 
of osteoarthritis.  

 
5. In paper III the subjective knee function is better in the patients in the metal screw 

group; they have less pain at rest, a higher Tegner score, a higher Lysholm score and 
a better subjective knee function. However, there is no difference in stability between 
the groups. Because of the inferior results in the bioscrew group in our study, and 
until larger studies show other, we do not find the potential advantages of using 
bioscrews compared to metal screws sufficient to warrant the routine use of PLLA-
screws in ACL-reconstructions. 

 
6. In paper IV we find that the mean reduction in volume of the PLLA screws after two 

years is approximately 2/3. The clinical relevance is that the surgeon can expect to 
find approximately 1/3 of the volume of the screw remaining in the bone tunnels at 
two years. 

 
7. When using PLLA interference screws for graft fixation, MRI analyses shows that the 

integration of the bone blocks is good in 90% of the patients. Osteolysis around the 
screws is visible in 16% of the patients. None of the patients had a poor integration of 
the bone blocks in the femur or tibia. 

 
8. In paper V no statistically significant difference was observed between the bioscrew 

and metal screw groups concerning C5a, TCC and IL-8 formation. We have therefore 
in this study not been able to demonstrate a general bioincompatibility of the 
materials used. However, some of the patients in the bioscrew group showed elevated 
values. 



Papers are not included due to copyright. 
 



 

 
 
 51

 
REFERENCES 
 
 
 
 
Abate JA. Initial fixation strength of polylactic acid interference screws in anterior cruciate 

ligament reconstruction. Arthroscopy 1998;14(3):278-84.  
Adachi N, Ochi M, Uchio Y, Iwasa J, Ryoke K, Kuriwaka M. Mechanoreceptors in the 

anterior cruciate ligament contribute to the joint position sense. Acta Orthop Scand 
2002;73(3):330-4.  

Aglietti P, Giron F, Buzzi R, Biddau F, Sasso F. Anterior cruciate ligament reconstruction: 
bone-patellar tendon-bone compared with double semitendinosus and gracilis tendon 
grafts. A prospective, randomized clinical trial. J Bone Joint Surg Am 2004;86-
A(10):2143-55.  

Ahlback S. Osteoarthrosis of the knee. A radiographic investigation. Acta Radiol Diagn 
(Stockh) 1968;:Suppl 277:7-72.  

Allen CR, Giffin JR, Harner CD. Revision anterior cruciate ligament reconstruction. Orthop 
Clin North Am 2003;34(1):79-98.  

Amis AA, Dawkins GP. Functional anatomy of the anterior cruciate ligament. Fibre bundle 
actions related to ligament replacements and injuries. J Bone Joint Surg Br 
1991;73(2):260-7.  

Andersson C. Surgical or non-surgical treatment of acute rupture of the anterior cruciate 
ligament. A randomized study with long-term follow-up. J Bone Joint Surg Am 
1989a;71(7):965-74.  

Andersson C, Odensten M, Gillquist J. Knee function after surgical or nonsurgical treatment 
of acute rupture of the anterior cruciate ligament: a randomized study with a long-
term follow-up period. Clin Orthop Relat Res 1991;264:255-63.  

Andersson C, Odensten M, Good L, Gillquist J. Surgical or non-surgical treatment of acute 
rupture of the anterior cruciate ligament. A randomized study with long-term follow-
up. J Bone Joint Surg Am 1989b;71(7):965-74.  

Arciero RA, Scoville CR, Snyder RJ, Uhorchak JM, Taylor DC, Huggard DJ. Single versus 
two-incision arthroscopic anterior cruciate ligament reconstruction. Arthroscopy 
1996;12(4):462-9.  

Arendt E, Dick R. Knee injury patterns among men and women in collegiate basketball and 
soccer. NCAA data and review of literature. Am J Sports Med 1995;23(6):694-701.  

Arnoczky SP. Anatomy of the anterior cruciate ligament. Clin Orthop Relat Res 
1983;172:19-25.  

Arnoczky SP. Blood supply to the anterior cruciate ligament and supporting structures. 
Orthop Clin North Am 1985;16(1):15-28.  

Arnoczky SP, Rubin RM, Marshall JL. Microvasculature of the cruciate ligaments and its 
response to injury. An experimental study in dogs. J Bone Joint Surg Am 
1979;61(8):1221-9.  

Aune AK, Holm I, Risberg MA, Jensen HK, Steen H. Four-strand hamstring tendon autograft 
compared with patellar tendon-bone autograft for anterior cruciate ligament 
reconstruction. A randomized study with two-year follow-up. Am J Sports Med 
2001;29(6):722-8.  



 

 
 
 52

Barber FA. Preliminary results of an absorbable interference screw. Arthroscopy 
1995;11(5):537-48.  

Barber FA. Bioscrew fixation of patellar tendon autografts. Biomaterials 2000;21(24):2623-
9.  

Benedetto KP. A new bioabsorbable interference screw: preliminary results of a prospective, 
multicenter, randomized clinical trial. Arthroscopy 2000;16(1):41-8.  

Benum P. Anterolateral rotary instability of the knee joint. Results after stabilization by 
extraarticular transposition of the lateral part of the patellar ligament. A preliminary 
report. Acta Orthop Scand 1982;53(4):613-7.  

Bergh K. Production of monoclonal antibodies against the human anaphylatoxin C5a des Arg 
and their application in the neoepitope-specific sandwich-ELISA for the 
quantification of C5a des Arg in plasma. J Immunol Methods 1992;152(1):79-87.  

Bergh K, Olsen PO, Halgunset J, Iversen OJ. Complement activation and pulmonary 
dysfunction in experimental Escherichia coli septicaemia. Acta Anaesthesiol Scand 
1991;35(3):267-74.  

Bergsma JE, de Bruijn WC, Rozema FR, Bos RR, Boering G. Late degradation tissue 
response to poly(L-lactide) bone plates and screws. Biomaterials 1995;16(1):25-31.  

Beynnon BD, Fleming BC, Johnson RJ, Nichols CE, Renstrom PA, Pope MH. Anterior 
cruciate ligament strain behavior during rehabilitation exercises in vivo. Am J Sports 
Med 1995;23(1):24-34.  

Beynnon BD, Johnson RJ, Fleming BC, Kannus P, Kaplan M, Samani J et al. Anterior 
cruciate ligament replacement: comparison of bone-patellar tendon-bone grafts with 
two-strand hamstring grafts. A prospective, randomized study. J Bone Joint Surg Am 
2002;84-A(9):1503-13.  

Bjordal JM, Arnly F, Hannestad B, Strand T. Epidemiology of anterior cruciate ligament 
injuries in soccer. Am J Sports Med 1997;25(3):341-5.  

Bonamo JJ, Fay C, Firestone T. The conservative treatment of the anterior cruciate deficient 
knee. Am J Sports Med 1990;18(6):618-23.  

Bostman OM. Intense granulomatous inflammatory lesions associated with absorbable 
internal fixation devices made of polyglycolide in ankle fractures. Clin Orthop Relat 
Res 1992;278:193-9.  

Bostman OM, Pihlajamaki HK, Partio EK, Rokkanen PU. Clinical biocompatibility and 
degradation of polylevolactide screws in the ankle. Clin Orthop Relat Res 
1995;320:101-9.  

Bray RC, Dandy DJ. Meniscal lesions and chronic anterior cruciate ligament deficiency. 
Meniscal tears occurring before and after reconstruction. J Bone Joint Surg Br 
1989;71(1):128-30.  

Bray RC, Leonard CA, Salo PT. Correlation of healing capacity with vascular response in the 
anterior cruciate and medial collateral ligaments of the rabbit. J Orthop Res 
2003;21(6):1118-23.  

Bucholz RW, Henry S, Henley MB. Fixation with bioabsorbable screws for the treatment of 
fractures of the ankle. J Bone Joint Surg Am 1994;76(3):319-24.  

Buss DD, Min R, Skyhar M, Galinat B, Warren RF, Wickiewicz TL. Nonoperative treatment 
of acute anterior cruciate ligament injuries in a selected group of patients. Am J Sports 
Med 1995;23(2):160-5.  

Butler DL, Grood ES, Noyes FR, Olmstead ML, Hohn RB, Arnoczky SP et al. Mechanical 
properties of primate vascularized vs. nonvascularized patellar tendon grafts; changes 



 

 
 
 53

over time. J Orthop Res 1989;7(1):68-79.  
Butler DL, Guan Y, Kay MD, Cummings JF, Feder SM, Levy MS. Location-dependent 

variations in the material properties of the anterior cruciate ligament. J Biomech 
1992;25(5):511-8.  

Butler DL, Noyes FR, Grood ES. Ligamentous restraints to anterior-posterior drawer in the 
human knee. A biomechanical study. J Bone Joint Surg Am 1980;62(2):259-70.  

Caborn DN. Biomechanical comparison between BioScrew and titanium alloy interference 
screws for bone-patellar tendon-bone graft fixation in anterior cruciate ligament 
reconstruction. Arthroscopy 1997a;13(2):229-32.  

Caborn DN, Urban Jr WP, Johnson DL, Nyland J, Pienkowski D. Biomechanical comparison 
between BioScrew and titanium alloy interference screws for bone-patellar tendon-
bone graft fixation in anterior cruciate ligament reconstruction. Arthroscopy 
1997b;13(2):229-32.  

Casteleyn PP, Handelberg F. Non-operative management of anterior cruciate ligament 
injuries in the general population. J Bone Joint Surg Br 1996;78(3):446-51.  

Chen EH, Black J. Materials design analysis of the prosthetic anterior cruciate ligament. J 
Biomed Mater Res 1980;14(5):567-86.  

Ciccotti MG, Lombardo SJ, Nonweiler B, Pink M. Non-operative treatment of ruptures of the 
anterior cruciate ligament in middle-aged patients. Results after long-term follow-up. 
J Bone Joint Surg Am 1994;76(9):1315-21.  

Claes LE. Mechanical characterization of biodegradable implants. Clin Mater 1992;10(1-
2):41-6.  

Clancy Jr WG. Acute tears of the anterior cruciate ligament. Surgical versus conservative 
treatment. J Bone Joint Surg Am 1988a;70(10):1483-8.  

Clancy Jr WG, Narechania RG, Rosenberg TD, Gmeiner JG, Wisnefske DD, Lange TA. 
Anterior and posterior cruciate ligament reconstruction in rhesus monkeys. J Bone 
Joint Surg Am 1981;63(8):1270-84.  

Clancy Jr WG, Ray JM, Zoltan DJ. Acute tears of the anterior cruciate ligament. Surgical 
versus conservative treatment. J Bone Joint Surg Am 1988b;70(10):1483-8.  

Clark JM, Sidles JA. The interrelation of fiber bundles in the anterior cruciate ligament. J 
Orthop Res 1990;8(2):180-8.  

Corry IS, Webb JM, Clingeleffer AJ, Pinczewski LA. Arthroscopic reconstruction of the 
anterior cruciate ligament. A comparison of patellar tendon autograft and four-strand 
hamstring tendon autograft. Am J Sports Med 1999;27(4):444-54.  

Cosgarea AJ, Sebastianelli WJ, DeHaven KE. Prevention of arthrofibrosis after anterior 
cruciate ligament reconstruction using the central third patellar tendon autograft. Am J 
Sports Med 1995;23(1):87-92.  

Dahlstedt LJ, Dalen N, Jonsson U. Extraarticular repair of the unstable knee. Disappointing 
6-year results of the Slocum and Ellison operations. Acta Orthop Scand 
1988;59(6):687-91.  

Daniel DM, Malcom LL, Losse G, Stone ML, Sachs R, Burks R. Instrumented measurement 
of anterior laxity of the knee. J Bone Joint Surg Am 1985;67(5):720-6.  

Daniel DM, Stone ML, Dobson BE, Fithian DC, Rossman DJ, Kaufman KR. Fate of the 
ACL-injured patient. A prospective outcome study. Am J Sports Med 1994;22(5):632-
44.  

Delay BS, Smolinski RJ, Wind WM, Bowman DS. Current practices and opinions in ACL 
reconstruction and rehabilitation: results of a survey of the American Orthopaedic 



 

 
 
 54

Society for Sports Medicine. Am J Knee Surg 2001;14(2):85-91.  
DeMorat G, Weinhold P, Blackburn T, Chudik S, Garrett W. Aggressive quadriceps loading 

can induce noncontact anterior cruciate ligament injury. Am J Sports Med 
2004;32(2):477-83.  

Denti M, Bigoni M, Dodaro G, Monteleone M, Arosio A. Long-term results of the Leeds-
Keio anterior cruciate ligament reconstruction. Knee Surg Sports Traumatol Arthrosc 
1995;3(2):75-7.  

Drogset JO, Grontvedt T. Anterior cruciate ligament reconstruction with and without a 
ligament augmentation device : results at 8-Year follow-up. Am J Sports Med 
2002;30(6):851-6.  

Duthon VB, Barea C, Abrassart S, Fasel JH, Fritschy D, Menetrey J. Anatomy of the anterior 
cruciate ligament. Knee Surg Sports Traumatol Arthrosc 2005;In press. 

Ebstrup JF, Bojsen-Moller F. Anterior cruciate ligament injury in indoor ball games. Scand J 
Med Sci Sports 2000;10(2):114-6.  

Ejerhed L, Kartus J, Kohler K, Sernert N, Brandsson S, Karlsson J. Preconditioning patellar 
tendon autografts in arthroscopic anterior cruciate ligament reconstruction: a 
prospective randomized study. Knee Surg Sports Traumatol Arthrosc 2001;9(1):6-11.  

Engebretsen L, Benum P, Fasting O, Molster A, Strand T. A prospective, randomized study 
of three surgical techniques for treatment of acute ruptures of the anterior cruciate 
ligament. Am J Sports Med 1997;5(3):585-90.  

Engebretsen L, Tegnander A. Short-term results of the nonoperated isolated anterior cruciate 
ligament tear. J Orthop Trauma 1990;4(4):406-10.  

Eriksson K, Anderberg P, Hamberg P, Lofgren AC, Bredenberg M, Westman I et al. A 
comparison of quadruple semitendinosus and patellar tendon grafts in reconstruction 
of the anterior cruciate ligament. J Bone Joint Surg Br 2001;83(3):348-54.  

Feagin Jr JA. Isolated tear of the anterior cruciate ligament: 5-year follow-up study. Am J 
Sports Med 1976;4(3):95-100.  

Fetto JF, Marshall JL. The natural history and diagnosis of anterior cruciate ligament 
insufficiency. Clin Orthop Relat Res 1980;147:29-38.  

Fink C. Bioabsorbable polyglyconate interference screw fixation in anterior cruciate ligament 
reconstruction: a prospective computed tomography-controlled study. Arthroscopy 
2000;16(5):491-8.  

Fleming BC, Renstrom PA, Beynnon BD, Engstrom B, Peura GD, Badger GJ et al. The effect 
of weightbearing and external loading on anterior cruciate ligament strain. J Biomech 
2001;34(2):163-70.  

Freedman KB, D'Amato MJ, Nedeff DD, Kaz A, Bach Jr BR. Arthroscopic anterior cruciate 
ligament reconstruction: a metaanalysis comparing patellar tendon and hamstring 
tendon autografts. Am J Sports Med 2003;31(1):2-11.  

Friden T. Severe aseptic synovitis of the knee after biodegradable internal fixation. A case 
report. Acta Orthop Scand 1992;63(1):94-7.  

Fruensgaard S. Suture of the torn anterior cruciate ligament. 5-year follow-up of 60 cases 
using an instrumental stability test. Acta Orthop Scand 1992a;63(3):323-5.  

Fruensgaard S, Kroner K, Riis J. Suture of the torn anterior cruciate ligament. 5-year follow-
up of 60 cases using an instrumental stability test. Acta Orthop Scand 
1992b;63(3):323-5.  

Fukubayashi T, Torzilli PA, Sherman MF, Warren RF. An in vitro biomechanical evaluation 
of anterior-posterior motion of the knee. Tibial displacement, rotation, and torque. J 



 

 
 
 55

Bone Joint Surg Am 1982;64(2):258-64.  
Furman W, Marshall JL, Girgis FG. The anterior cruciate ligament. A functional analysis 

based on postmortem studies. J Bone Joint Surg Am 1976;58(2):179-85.  
Galway HR, MacIntosh DL. The lateral pivot shift: a symptom and sign of anterior cruciate 

ligament insufficiency. Clin Orthop Relat Res 1980;147:45-50.  
Gardner E, O'Rahilly R. The early development of the knee joint in staged human embryos. J 

Anat 1968;102(PT 2):289-99.  
Getelman MH, Friedman MJ. Revision anterior cruciate ligament reconstruction surgery. J 

Am Acad Orthop Surg 1999;7(3):189-98.  
Girgis FG, Marshall JL, Monajem A. The cruciate ligaments of the knee joint. Anatomical, 

functional and experimental analysis. Clin Orthop Relat Res 1975;106:216-31.  
Giza E, Mithofer K, Farrell L, Zarins B, Gill T. Injuries in women's professional soccer. Br J 

Sports Med 2005;39(4):212-6 DISCUSSION 212.  
Good L, Odensten M, Gillquist J. Sagittal knee stability after anterior cruciate ligament 

reconstruction with a patellar tendon strip. A two-year follow-up study. Am J Sports 
Med 1994;22(4):518-23.  

GRAY DJ, GARDNER E. Prenatal development of the human knee and superior tibiofibular 
joints. Am J Anat 1950;86(2):235-87.  

Grontvedt T, Engebretsen L. Comparison between two techniques for surgical repair of the 
acutely torn anterior cruciate ligament. A prospective, randomized follow-up study of 
48 patients. Scand J Med Sci Sports 1995a;5(6):358-63.  

Grontvedt T, Engebretsen L, Benum P, Anda S. Extraarticular transposition of the patellar 
tendon for anterolateral instability of the knee. Poor results in 52 patients after 5-14-
year follow-up. Acta Orthop Scand 1995b;66(4):321-4.  

Grontvedt T, Engebretsen L, Benum P, Fasting O, Molster A, Strand T. A prospective, 
randomized study of three operations for acute rupture of the anterior cruciate 
ligament. Five-year follow-up of one hundred and thirty-one patients. J Bone Joint 
Surg Am 1996a;78(2):159-68.  

Grontvedt T, Engebretsen L, Bredland T. Arthroscopic reconstruction of the anterior cruciate 
ligament using bone-patellar tendon-bone grafts with and without augmentation. A 
prospective randomised study. J Bone Joint Surg Br 1996b;78(5):817-22.  

Grontvedt T, Heir S, Rossvoll I, Engebretsen L. Five-year outcome of 13 patients with an 
initially undiagnosed anterior cruciate ligament rupture. Scand J Med Sci Sports 
1999;9(1):62-4.  

Grood ES, Suntay WJ, Noyes FR, Butler DL. Biomechanics of the knee-extension exercise. 
Effect of cutting the anterior cruciate ligament. J Bone Joint Surg Am 1984;66(5):725-
34.  

Guidoin MF, Marois Y, Bejui J, Poddevin N, King MW, Guidoin R. Analysis of retrieved 
polymer fiber based replacements for the ACL. Biomaterials 2000;21(23):2461-74.  

Hackl W. Transplantatfixation bei der vorderen Kreuzbandrekonstruktion. Metall- vs. 
bioresorbierbare Polyglykonatinterferenzschraube--Eine prospektive randomisierte 
Studie von 40 Patienten. Unfallchirurg 2000;103(6):468-74.  

Halata Z, Haus J. The ultrastructure of sensory nerve endings in human anterior cruciate 
ligament. Anat Embryol (Berl) 1989;179(5):415-21.  

Hamada M, Shino K, Horibe S, Mitsuoka T, Miyama T, Shiozaki Y et al. Single- versus bi-
socket anterior cruciate ligament reconstruction using autogenous multiple-stranded 
hamstring tendons with endoButton femoral fixation: A prospective study. 



 

 
 
 56

Arthroscopy 2001;17(8):801-7.  
Harner CD, Giffin JR, Dunteman RC, Annunziata CC, Friedman MJ. Evaluation and 

treatment of recurrent instability after anterior cruciate ligament reconstruction. Instr 
Course Lect 2001;50:463-74.  

Harner CD, Olson E, Irrgang JJ, Silverstein S, Fu FH, Silbey M. Allograft versus autograft 
anterior cruciate ligament reconstruction: 3-to 5-year outcome. Clin Orthop Relat Res 
1996;324:134-44.  

Hawkins RJ. Followup of the acute nonoperated isolated anterior cruciate ligament tear. Am J 
Sports Med 1986a;14(3):205-10.  

Hawkins RJ, Misamore GW, Merritt TR. Followup of the acute nonoperated isolated anterior 
cruciate ligament tear. Am J Sports Med 1986b;14(3):205-10.  

Henning CE, Lynch MA, Glick Jr KR. An in vivo strain gage study of elongation of the 
anterior cruciate ligament. Am J Sports Med 1985;13(1):22-6.  

Hewett TE, Lindenfeld TN, Riccobene JV, Noyes FR. The effect of neuromuscular training 
on the incidence of knee injury in female athletes. A prospective study. Am J Sports 
Med 1999;27(6):699-706.  

Hewett TE, Stroupe AL, Nance TA, Noyes FR. Plyometric training in female athletes. 
Decreased impact forces and increased hamstring torques. Am J Sports Med 
1996;24(6):765-73.  

Hoffmann R, Krettek C, Hetkamper A, Haas N, Tscherne H. Osteosynthese distaler 
Radiusfrakturen mit biodegradablen Frakturstiften. Zweijahresergebnisse. 
Unfallchirurg 1992;95(2):99-105.  

Howell SM, Clark JA. Tibial tunnel placement in anterior cruciate ligament reconstructions 
and graft impingement. Clin Orthop Relat Res 1992;283:187-95.  

Howell SM, Knox KE, Farley TE, Taylor MA. Revascularization of a human anterior 
cruciate ligament graft during the first two years of implantation. Am J Sports Med 
1995;23(1):42-9.  

Hunter RE, Mastrangelo J, Freeman JR, Purnell ML, Jones RH. The impact of surgical 
timing on postoperative motion and stability following anterior cruciate ligament 
reconstruction. Arthroscopy 1996;12(6):667-74.  

Jackson DW, Corsetti J, Simon TM. Biologic incorporation of allograft anterior cruciate 
ligament replacements. Clin Orthop Relat Res 1996;324:126-33.  

Jaureguito JW, Paulos LE. Why grafts fail. Clin Orthop Relat Res 1996;325:25-41.  
Johansson H, Sjolander P, Sojka P. A sensory role for the cruciate ligaments. Clin Orthop 

Relat Res 1991;268:161-78.  
Johnson DL, Urban Jr WP, Caborn DN, Vanarthos WJ, Carlson CS. Articular cartilage 

changes seen with magnetic resonance imaging-detected bone bruises associated with 
acute anterior cruciate ligament rupture. Am J Sports Med 1998;26(3):409-14.  

Johnson LL. Metal and biodegradable interference screws: comparison of failure strength. 
Arthroscopy 1996;12(4):452-6.  

Johnson RJ, Ettlinger CF. Alpine ski injuries: changes through the years. Clin Sports Med 
1982;1(2):181-97.  

Johnson RJ, Kettelkamp DB, Clark W, Leaverton P. Factors effecting late results after 
meniscectomy. J Bone Joint Surg Am 1974;56(4):719-29.  

Jonsson H, Elmqvist LG, Karrholm J, Fugl-Meyer A. Lengthening of anterior cruciate 
ligament graft. Roentgen stereophotogrammetry of 32 cases 2 years after repair. Acta 
Orthop Scand 1992;63(6):587-92.  



 

 
 
 57

Kanamori A, Zeminski J, Rudy TW, Li G, Fu FH, Woo SL. The effect of axial tibial torque 
on the function of the anterior cruciate ligament: a biomechanical study of a simulated 
pivot shift test. Arthroscopy 2002;18(4):394-8.  

Kannus P, Jarvinen M. Conservatively treated tears of the anterior cruciate ligament. Long-
term results. J Bone Joint Surg Am 1987;69(7):1007-12.  

Karlsson J, Engebretsen L, Dainty K. Considerations on sample size and power calculations 
in randomized clinical trials. Arthroscopy 2003;19(9):997-9.  

Karlsson J, Kartus J, Brandsson S, Magnusson L, Lundin O, Eriksson BI. Comparison of 
arthroscopic one-incision and two-incision techniques for reconstruction of the 
anterior cruciate ligament. Scand J Med Sci Sports 1999a;9(4):233-8.  

Karlsson J, Kartus J, Magnusson L, Larsson J, Brandsson S, Eriksson BI. Subacute versus 
delayed reconstruction of the anterior cruciate ligament in the competitive athlete. 
Knee Surg Sports Traumatol Arthrosc 1999b;7(3):146-51.  

Kennedy JC, Alexander IJ, Hayes KC. Nerve supply of the human knee and its functional 
importance. Am J Sports Med 1982;10(6):329-35.  

Kennedy JC, Hawkins RJ, Willis RB, Danylchuck KD. Tension studies of human knee 
ligaments. Yield point, ultimate failure, and disruption of the cruciate and tibial 
collateral ligaments. J Bone Joint Surg Am 1976;58(3):350-5.  

Kennedy JC, Roth JH, Mendenhall HV, Sanford JB. Presidential address. Intraarticular 
replacement in the anterior cruciate ligament-deficient knee. Am J Sports Med 
1980;8(1):1-8.  

Kennedy JC, Weinberg HW, Wilson AS. The anatomy and function of the anterior cruciate 
ligament. As determined by clinical and morphological studies. J Bone Joint Surg Am 
1974;56(2):223-35.  

Kleipool AE, Zijl JA, Willems WJ. Arthroscopic anterior cruciate ligament reconstruction 
with bone-patellar tendon-bone allograft or autograft. A prospective study with an 
average follow up of 4 years. Knee Surg Sports Traumatol Arthrosc 1998;6(4):224-
30.  

Konig DP, Rutt J, Kumm D, Breidenbach E. Diagnostik der vorderen Knieinstabilitat. 
Vergleich zwischen dem Lachman-Test, KT-1000-Arthrometer und sonographischem 
Lachman-Test. Unfallchirurg 1998;101(3):209-13.  

Kotani A. Reconstruction of the anterior cruciate ligament using poly-L-lactide interference 
screws or titanium screws: a comparative study. The Knee 2001;8(4):311-5.  

Kousa P. Initial fixation strength of bioabsorbable and titanium interference screws in 
anterior cruciate ligament reconstruction. Biomechanical evaluation by single cycle 
and cyclic loading. Am J Sports Med 2001;29(4):420-5.  

Kumar K, Maffulli N. The ligament augmentation device: an historical perspective. 
Arthroscopy 1999;15(4):422-32.  

Kurosaka M, Yoshiya S, Andrish JT. A biomechanical comparison of different surgical 
techniques of graft fixation in anterior cruciate ligament reconstruction. Am J Sports 
Med 1987;15(3):225-9.  

Lajtai G. Ergebnisse nach Rekonstruktion vorderer Kreuzbandrupturen. Verwendung 
resorbierbarer Interferenzschrauben (minimum Follow-up 2.5 Jahre). Unfallchirurg 
1999;102(1):35-42.  

Lambert KL. Vascularized patellar tendon graft with rigid internal fixation for anterior 
cruciate ligament insufficiency. Clin Orthop Relat Res 1983;172:85-9.  

Larsen E, Blyme P, Hede A. Pes anserinus and iliotibial band transfer for anterior cruciate 



 

 
 
 58

insufficiency. Am J Sports Med 1991;19(6):601-4.  
Lee MC. Analysis of initial fixation strength of press-fit fixation technique in anterior 

cruciate ligament reconstruction. A comparative study with titanium and 
bioabsorbable interference screw using porcine lower limb. Knee Surg Sports 
Traumatol Arthrosc 2003;11(2):91-8.  

Levy AS, Meier SW. Approach to cartilage injury in the anterior cruciate ligament-deficient 
knee. Orthop Clin North Am 2003;34(1):149-67.  

Liljedahl SO, Lindvall N, Wetterfors J. Early diagnosis and treatment of acute ruptures of the 
anterior cruciate ligament; a clinical and arthrographic study of forty-eight cases. J 
Bone Joint Surg Am 1965;47(8):1503-13.  

Linn RM, Fischer DA, Smith JP, Burstein DB, Quick DC. Achilles tendon allograft 
reconstruction of the anterior cruciate ligament-deficient knee. Am J Sports Med 
1993;21(6):825-31.  

Lombardo S, Sethi PM, Starkey C. Intercondylar notch stenosis is not a risk factor for 
anterior cruciate ligament tears in professional male basketball players: an 11-year 
prospective study. Am J Sports Med 2005;33(1):29-34.  

Lund-Hanssen H, Gannon J, Engebretsen L, Holen KJ, Anda S, Vatten L. Intercondylar notch 
width and the risk for anterior cruciate ligament rupture. A case-control study in 46 
female handball players. Acta Orthop Scand 1994;65(5):529-32.  

Lysholm J, Gillquist J. Evaluation of knee ligament surgery results with special emphasis on 
use of a scoring scale. Am J Sports Med 1982;10(3):150-4.  

Macarini L, Murrone M, Marini S, Mocci A, Ettorre GC. [MRI in ACL reconstructive 
surgery with PDLLA bioabsorbable interference screws: evaluation of degradation 
and osteointegration processes of bioabsorbable screws]. Radiol Med (Torino) 
2004;107(1-2):47-57.  

Mae T, Shino K, Miyama T, Shinjo H, Ochi T, Yoshikawa H et al. Single- versus two-
femoral socket anterior cruciate ligament reconstruction technique: Biomechanical 
analysis using a robotic simulator. Arthroscopy 2001;17(7):708-16.  

Marder RA, Raskind JR, Carroll M. Prospective evaluation of arthroscopically assisted 
anterior cruciate ligament reconstruction. Patellar tendon versus semitendinosus and 
gracilis tendons. Am J Sports Med 1991;19(5):478-84.  

Markolf KL, Bargar WL, Shoemaker SC, Amstutz HC. The role of joint load in knee 
stability. J Bone Joint Surg Am 1981;63(4):570-85.  

Markolf KL, Burchfield DM, Shapiro MM, Shepard MF, Finerman GA, Slauterbeck JL. 
Combined knee loading states that generate high anterior cruciate ligament forces. J 
Orthop Res 1995;13(6):930-5.  

Markolf KL, Gorek JF, Kabo JM, Shapiro MS. Direct measurement of resultant forces in the 
anterior cruciate ligament. An in vitro study performed with a new experimental 
technique. J Bone Joint Surg Am 1990;72(4):557-67.  

Marks PH, Cameron M, Fu FH. Die Rekonstruktion der Kreuzbander mit allogenen 
Transplantaten. Techniken, Ergebnisse und Perspektiven. Orthopade 1993;22(6):386-
91.  

Marti C. Metallic versus bioabsorbable interference screw for fixation of bone-patellar 
tendon-bone autograft in arthroscopic anterior cruciate ligament reconstruction. A 
preliminary report. Knee Surg Sports Traumatol Arthrosc 1997;5(4):217-21.  

Martinek V. Tibial and pretibial cyst formation after anterior cruciate ligament reconstruction 
with bioabsorbable interference screw fixation. Arthroscopy 1999;15(3):317-20.  



 

 
 
 59

Marumo K, Kumagae Y, Tanaka T, Fujii K. Long-term results of anterior cruciate ligament 
reconstruction using semitendinosus and gracilis tendons with Kennedy ligament 
augmentation device compared with patellar tendon autografts. J Long Term Eff Med 
Implants 2000;10(4):251-65.  

Mayr HO, Weig TG, Plitz W. Arthrofibrosis following ACL reconstruction--reasons and 
outcome. Arch Orthop Trauma Surg 2004;124(8):518-22.  

McConkey JP. Anterior cruciate ligament rupture in skiing. A new mechanism of injury. Am 
J Sports Med 1986;14(2):160-4.  

McDaniel Jr WJ, Dameron Jr TB. The untreated anterior cruciate ligament rupture. Clin 
Orthop Relat Res 1983;172:158-63.  

McGuire DA. Bioabsorbable interference screws for graft fixation in anterior cruciate 
ligament reconstruction. Arthroscopy 1999;15(5):463-73.  

Mohtadi NG. Limitation of motion following anterior cruciate ligament reconstruction. A 
case-control study. Am J Sports Med 1991;19(6):620-4.  

Mollnes TE. Quantification of the terminal complement complex in human plasma by an 
enzyme-linked immunosorbent assay based on monoclonal antibodies against a 
neoantigen of the complex. Scand J Immunol 1985;22(2):197-202.  

Mollnes TE. A new model for evaluation of biocompatibility: combined determination of 
neoepitopes in blood and on artificial surfaces demonstrates reduced complement 
activation by immobilization of heparin. Artif Organs 1995;19(9):909-17.  

Mollnes TE. Biocompatibility: complement as mediator of tissue damage and as indicator of 
incompatibility. Exp Clin Immunogenet 1997;14(1):24-9.  

Mollnes TE, Videm V, Riesenfeld J, Garred P, Svennevig JL, Fosse E et al. Complement 
activation and bioincompatibility. The terminal complement complex for evaluation 
and surface modification with heparin for improvement of biomaterials. Clin Exp 
Immunol 1991;86 Suppl 1:21-6.  

Morgan CD, Gehrmann RM, Jayo MJ, Johnson CS. Histologic findings with a bioabsorbable 
anterior cruciate ligament interference screw explant after 2.5 years in vivo. 
Arthroscopy 2002;394:E47.  

Morrison JB. The mechanics of the knee joint in relation to normal walking. J Biomech 
1970;3(1):51-61.  

Moyen B, Lerat JL. Artificial ligaments for anterior cruciate replacement. A new generation 
of problems. J Bone Joint Surg Br 1994;76(2):173-5.  

Moyen BJ, Jenny JY, Mandrino AH, Lerat JL. Comparison of reconstruction of the anterior 
cruciate ligament with and without a Kennedy ligament-augmentation device. A 
randomized, prospective study. J Bone Joint Surg Am 1992;74(9):1313-9.  

Muneta T, Sekiya I, Yagishita K, Ogiuchi T, Yamamoto H, Shinomiya K. Two-bundle 
reconstruction of the anterior cruciate ligament using semitendinosus tendon with 
endobuttons: operative technique and preliminary results. Arthroscopy 
1999;15(6):618-24.  

Muren O, Dahlstedt L, Dalen N. Reconstruction of acute anterior cruciate ligament injuries: a 
prospective, randomised study of 40 patients with 7-year follow-up. No advantage of 
synthetic augmentation compared to a traditional patellar tendon graft. Arch Orthop 
Trauma Surg 2003;123(4):144-7.  

Myklebust G, Engebretsen L, Braekken IH, Skjolberg A, Olsen OE, Bahr R. Prevention of 
anterior cruciate ligament injuries in female team handball players: a prospective 
intervention study over three seasons. Clin J Sport Med 2003a;13(2):71-8.  



 

 
 
 60

Myklebust G, Holm I, Maehlum S, Engebretsen L, Bahr R. Clinical, functional, and 
radiologic outcome in team handball players 6 to 11 years after anterior cruciate 
ligament injury: a follow-up study. Am J Sports Med 2003b;31(6):981-9.  

Nicholas SJ, D'Amato MJ, Mullaney MJ, Tyler TF, Kolstad K, McHugh MP. A prospectively 
randomized double-blind study on the effect of initial graft tension on knee stability 
after anterior cruciate ligament reconstruction. Am J Sports Med 2004;32(8):1881-6.  

Nielsen AB, Yde J. Epidemiology and traumatology of injuries in soccer. Am J Sports Med 
1989;17(6):803-7.  

Norwood LA, Cross MJ. Anterior cruciate ligament: functional anatomy of its bundles in 
rotatory instabilities. Am J Sports Med 1979;7(1):23-6.  

Noyes FR, Barber SD. The effect of a ligament-augmentation device on allograft 
reconstructions for chronic ruptures of the anterior cruciate ligament. J Bone Joint 
Surg Am 1992;74(7):960-73.  

Noyes FR, Barber-Westin SD. The treatment of acute combined ruptures of the anterior 
cruciate and medial ligaments of the knee. Am J Sports Med 1995;23(4):380-9.  

Noyes FR, Barber-Westin SD. Revision anterior cruciate ligament surgery: experience from 
Cincinnati. Clin Orthop Relat Res 1996;325:116-29.  

Noyes FR, Barber-Westin SD. Revision anterior cruciate ligament reconstruction: report of 
11-year experience and results in 114 consecutive patients. Instr Course Lect 
2001;50:451-61.  

Noyes FR, Butler DL, Grood ES, Zernicke RF, Hefzy MS. Biomechanical analysis of human 
ligament grafts used in knee-ligament repairs and reconstructions. J Bone Joint Surg 
Am 1984a;66(3):344-52.  

Noyes FR, DeLucas JL, Torvik PJ. Biomechanics of anterior cruciate ligament failure: an 
analysis of strain-rate sensitivity and mechanisms of failure in primates. J Bone Joint 
Surg Am 1974;56(2):236-53.  

Noyes FR, Mangine RE, Barber S. Early knee motion after open and arthroscopic anterior 
cruciate ligament reconstruction. Am J Sports Med 1987;15(2):149-60.  

Noyes FR, Matthews DS, Mooar PA, Grood ES. The symptomatic anterior cruciate-deficient 
knee. Part II: the results of rehabilitation, activity modification, and counseling on 
functional disability. J Bone Joint Surg Am 1983a;65(2):163-74.  

Noyes FR, McGinniss GH, Mooar LA. Functional disability in the anterior cruciate 
insufficient knee syndrome. Review of knee rating systems and projected risk factors 
in determining treatment. Sports Med 1984b;1(4):278-302.  

Noyes FR, Mooar PA, Matthews DS, Butler DL. The symptomatic anterior cruciate-deficient 
knee. Part I: the long-term functional disability in athletically active individuals. J 
Bone Joint Surg Am 1983b;65(2):154-62.  

O'Connor JJ. Can muscle co-contraction protect knee ligaments after injury or repair? J Bone 
Joint Surg Br 1993;75(1):41-8.  

O'DONOGHUE DH. A method for replacement of the anterior cruciate ligament of the knee. 
J Bone Joint Surg Am 1963;45:905-24.  

Odensten M. Suture of fresh ruptures of the anterior cruciate ligament. A 5-year follow-up. 
Acta Orthop Scand 1984a;55(3):270-2.  

Odensten M, Gillquist J. Functional anatomy of the anterior cruciate ligament and a rationale 
for reconstruction. J Bone Joint Surg Am 1985a;67(2):257-62.  

Odensten M, Hamberg P, Nordin M, Lysholm J, Gillquist J. Surgical or conservative 
treatment of the acutely torn anterior cruciate ligament. A randomized study with 



 

 
 
 61

short-term follow-up observations. Clin Orthop Relat Res 1985b;198:87-93.  
Odensten M, Lysholm J, Gillquist J. Suture of fresh ruptures of the anterior cruciate ligament. 

A 5-year follow-up. Acta Orthop Scand 1984b;55(3):270-2.  
Olsen OE, Myklebust G, Engebretsen L, Bahr R. Injury mechanisms for anterior cruciate 

ligament injuries in team handball: a systematic video analysis. Am J Sports Med 
2004;32(4):1002-12.  

Otto D, Pinczewski LA, Clingeleffer A, Odell R. Five-year results of single-incision 
arthroscopic anterior cruciate ligament reconstruction with patellar tendon autograft. 
Am J Sports Med 2002;30(3):181-8.  

Paulos LE. Infrapatellar contracture syndrome. An unrecognized cause of knee stiffness with 
patella entrapment and patella infera. Am J Sports Med 1987;15(4):331-41.  

Pinkowski JL, Reiman PR, Chen SL. Human lymphocyte reaction to freeze-dried allograft 
and xenograft ligamentous tissue. Am J Sports Med 1989;17(5):595-600.  

Pistner H, Bendix DR, Muhling J, Reuther JF. Poly(L-lactide): a long-term degradation study 
in vivo. Part III. Analytical characterization. Biomaterials 1993;14(4):291-8.  

Pitman MI, Nainzadeh N, Menche D, Gasalberti R, Song EK. The intraoperative evaluation 
of the neurosensory function of the anterior cruciate ligament in humans using 
somatosensory evoked potentials. Arthroscopy 1992;8(4):442-7.  

Radford WJ, Amis AA, Kempson SA, Stead AC, Camburn M. A comparative study of 
single- and double-bundle ACL reconstructions in sheep. Knee Surg Sports 
Traumatol Arthrosc 1994;2(2):94-9.  

Risberg MA, Holm I, Ekeland A. Reliability of functional knee tests in normal athletes. 
Scand J Med Sci Sports 1995;5(1):24-8.  

Risberg MA, Holm I, Steen H, Beynnon BD. Sensitivity to changes over time for the IKDC 
form, the Lysholm score, and the Cincinnati knee score. A prospective study of 120 
ACL reconstructed patients with a 2-year follow-up. Knee Surg Sports Traumatol 
Arthrosc 1999;7(3):152-9.  

Roos H, Adalberth T, Dahlberg L, Lohmander LS. Osteoarthritis of the knee after injury to 
the anterior cruciate ligament or meniscus: the influence of time and age. 
Osteoarthritis Cartilage 1995a;3(4):261-7.  

Roos H, Ornell M, Gardsell P, Lohmander LS, Lindstrand A. Soccer after anterior cruciate 
ligament injury--an incompatible combination? A national survey of incidence and 
risk factors and a 7-year follow-up of 310 players. Acta Orthop Scand 
1995b;66(2):107-12.  

Rosen MA, Jackson DW, Berger PE. Occult osseous lesions documented by magnetic 
resonance imaging associated with anterior cruciate ligament ruptures. Arthroscopy 
1991;7(1):45-51.  

Roth JH, Kennedy JC, Lockstadt H, McCallum CL, Cunning LA. Polypropylene braid 
augmented and nonaugmented intraarticular anterior cruciate ligament reconstruction. 
Am J Sports Med 1985;13(5):321-36.  

Rupp S. Ligament graft initial fixation strength using biodegradable interference screws. J 
Biomed Mater Res 1999;48(1):70-4.  

Safran MR. Graft selection in knee surgery. Current concepts. Am J Knee Surg 
1995;8(4):168-80.  

Sandberg R, Balkfors B. Partial rupture of the anterior cruciate ligament. Natural course. Clin 
Orthop 1987a;220:176-8.  

Sandberg R, Balkfors B, Nilsson B, Westlin N. Operative versus non-operative treatment of 



 

 
 
 62

recent injuries to the ligaments of the knee. A prospective randomized study. J Bone 
Joint Surg Am 1987b;69(8):1120-6.  

Schabus R. Fixationen eines Kreuzbandersatzes. Experimentelle mechanische 
Stabilitatsprufung am Leichenknie. Unfallchirurg 1988;91(5):224-8.  

Schutte MJ, Dabezies EJ, Zimny ML, Happel LT. Neural anatomy of the human anterior 
cruciate ligament. J Bone Joint Surg Am 1987;69(2):243-7.  

Segawa H, Omori G, Koga Y. Long-term results of non-operative treatment of anterior 
cruciate ligament injury. The Knee 2001;8(1):5-11.  

Sell TC, Ferris CM, Abt JP, Tsai YS, Myers JB, Fu FH et al. The effect of direction and 
reaction on the neuromuscular and biomechanical characteristics of the knee during 
tasks that simulate the noncontact anterior cruciate ligament injury mechanism. Am J 
Sports Med 2006;34(1):43-54.  

Sernert N, Kartus Jr JT, Ejerhed L, Karlsson J. Right and left knee laxity measurements: a 
prospective study of patients with anterior cruciate ligament injuries and normal 
control subjects. Arthroscopy 2004;20(6):564-71.  

Sgaglione NA, Warren RF, Wickiewicz TL, Gold DA, Panariello RA. Primary repair with 
semitendinosus tendon augmentation of acute anterior cruciate ligament injuries. Am J 
Sports Med 1990;18(1):64-73.  

Shelbourne KD. Arthrofibrosis in acute anterior cruciate ligament reconstruction. The effect 
of timing of reconstruction and rehabilitation. Am J Sports Med 1991;19(4):332-6.  

Shelbourne KD. Anterior cruciate ligament reconstruction with autogenous patellar tendon 
graft followed by accelerated rehabilitation. A two- to nine-year followup. Am J 
Sports Med 1997;25(6):786-95.  

Shellock FG, Mink JH, Curtin S, Friedman MJ. MR imaging and metallic implants for 
anterior cruciate ligament reconstruction: assessment of ferromagnetism and artifact. 
J Magn Reson Imaging 1992;2(2):225-8.  

Slocum DB, James SL, Larson RL, Singer KM. Clinical test for anterolateral rotary 
instability of the knee. Clin Orthop Relat Res 1976;118:63-9.  

Smith CA, Tennent TD, Pearson SE, Beach WR. Fracture of Bilok interference screws on 
insertion during anterior cruciate ligament reconstruction. Arthroscopy 
2003;19(9):E4-6.  

Sommerlath K. The long-term course after treatment of acute anterior cruciate ligament 
ruptures. A 9 to 16 year followup. Am J Sports Med 1991a;19(2):156-62.  

Sommerlath K, Lysholm J, Gillquist J. The long-term course after treatment of acute anterior 
cruciate ligament ruptures. A 9 to 16 year followup. Am J Sports Med 
1991b;19(2):156-62.  

Sommerlath K, Odensten M, Lysholm J. The late course of acute partial anterior cruciate 
ligament tears. A nine to 15-year follow-up evaluation. Clin Orthop Relat Res 
1992;281:152-8.  

Souryal TO, Freeman TR. Intercondylar notch size and anterior cruciate ligament injuries in 
athletes. A prospective study. Am J Sports Med 1993;21(4):535-9.  

Speer KP, Warren RF, Wickiewicz TL, Horowitz L, Henderson L. Observations on the injury 
mechanism of anterior cruciate ligament tears in skiers. Am J Sports Med 
1995;23(1):77-81.  

Spindler KP, Schils JP, Bergfeld JA, Andrish JT, Weiker GG, Anderson TE et al. Prospective 
study of osseous, articular, and meniscal lesions in recent anterior cruciate ligament 
tears by magnetic resonance imaging and arthroscopy. Am J Sports Med 



 

 
 
 63

1993;21(4):551-7.  
Stahelin AC, Weiler A, Rufenacht H, Hoffmann R, Geissmann A, Feinstein R. Clinical 

degradation and biocompatibility of different bioabsorbable interference screws: a 
report of six cases. Arthroscopy 1997;13(2):238-44.  

Steiner ME, Hecker AT, Brown Jr CH, Hayes WC. Anterior cruciate ligament graft fixation. 
Comparison of hamstring and patellar tendon grafts. Am J Sports Med 
1994;22(2):240-6 DISCUSSION 246.  

Strand T, Molster A, Hordvik M, Krukhaug Y. Long-term follow-up after primary repair of 
the anterior cruciate ligament: clinical and radiological evaluation 15-23 years 
postoperatively. Arch Orthop Trauma Surg 2005;125(4):217-21.  

Tandogan RN, Taser O, Kayaalp A, Taskiran E, Pinar H, Alparslan B et al. Analysis of 
meniscal and chondral lesions accompanying anterior cruciate ligament tears: 
relationship with age, time from injury, and level of sport. Knee Surg Sports 
Traumatol Arthrosc 2004;12(4):262-70.  

Tegnander A. Activation of the complement system and adverse effects of biodegradable pins 
of polylactic acid (Biofix) in osteochondritis dissecans. Acta Orthop Scand 
1994;65(4):472-5.  

Tegner Y, Lysholm J. Rating systems in the evaluation of knee ligament injuries. Clin Orthop 
Relat Res 1985;198:43-9.  

Torg JS, Conrad W, Kalen V. Clinical diagnosis of anterior cruciate ligament instability in 
the athlete. Am J Sports Med 1976;4(2):84-93.  

Torzilli PA, Deng X, Warren RF. The effect of joint-compressive load and quadriceps muscle 
force on knee motion in the intact and anterior cruciate ligament-sectioned knee. Am J 
Sports Med 1994;22(1):105-12.  

Uhorchak JM, Scoville CR, Williams GN, Arciero RA, St Pierre P, Taylor DC. Risk factors 
associated with noncontact injury of the anterior cruciate ligament: a prospective 
four-year evaluation of 859 West Point cadets. Am J Sports Med 2003;31(6):831-42.  

Uribe JW, Hechtman KS, Zvijac JE, Tjin-A-Tsoi EW. Revision anterior cruciate ligament 
surgery: experience from Miami. Clin Orthop Relat Res 1996;325:91-9.  

Vail TP, Malone TR, Bassett FH 3. Long-term functional results in patients with anterolateral 
rotatory instability treated by iliotibial band transfer. Am J Sports Med 
1992;20(3):274-82.  

Victor J, Bellemans J, Witvrouw E, Govaers K, Fabry G. Graft selection in anterior cruciate 
ligament reconstruction--prospective analysis of patellar tendon autografts compared 
with allografts. Int Orthop 1997;21(2):93-7.  

Warden WH. Magnetic resonance imaging of bioabsorbale polylactic acid interference 
screws during the first 2 years after anterior cruciate ligament reconstruction. 
Arthroscopy 1999;15(5):474-80.  

Wilson TW, Zafuta MP, Zobitz M. A biomechanical analysis of matched bone-patellar 
tendon-bone and double-looped semitendinosus and gracilis tendon grafts. Am J 
Sports Med 1999;27(2):202-7.  

Woo SL, Hollis JM, Adams DJ, Lyon RM, Takai S. Tensile properties of the human femur-
anterior cruciate ligament-tibia complex. The effects of specimen age and orientation. 
Am J Sports Med 1991;19(3):217-25.  

Xerogeanes JW, Takeda Y, Livesay GA, Ishibashi Y, Kim HS, Fu FH et al. Effect of knee 
flexion on the in situ force distribution in the human anterior cruciate ligament. Knee 
Surg Sports Traumatol Arthrosc 1995;3(1):9-13.  



 

 
 
 64

Yagi M, Wong EK, Kanamori A, Debski RE, Fu FH, Woo SL. Biomechanical analysis of an 
anatomic anterior cruciate ligament reconstruction. Am J Sports Med 2002;30(5):660-
6.  

Yahia L, Brunet J, Labelle S, Rivard CH. A scanning electron microscopic study of rabbit 
ligaments under strain. Matrix 1990;10(1):58-64.  

Yoshiya S, Kurosaka M, Ouchi K, Kuroda R, Mizuno K. Graft tension and knee stability 
after anterior cruciate ligament reconstruction. Clin Orthop Relat Res 2002;394:154-
60.  

Zijl JA, Kleipool AE, Willems WJ. Comparison of tibial tunnel enlargement after anterior 
cruciate ligament reconstruction using patellar tendon autograft or allograft. Am J 
Sports Med 2000;28(4):547-51.  

Zimny ML. Mechanoreceptors in articular tissues. Am J Anat 1988;182(1):16-32.  
 
 
 
 
 
 
 
 
Abbreviations: 
 
ACL   anterior cruciate ligament 
AMB   anteromedial bundle 
BPTB graft  bone patella tendon bone graft 
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IL   interleukin 
KT 1000 max. man. KT 1000 maximum manual force 
MCL   medial collateral ligament 
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LAD   Kennedy ligament augmentation device 
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RCT   randomized clinical trials 
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TCC   terminal complement complex 
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