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3. Terms and abbreviations

ACL
ACLR
AM

AL
Allograft
Autograft
BC
BPTB
CACLR
DB
DNKLR
HA

HR

HT
IKDC
KOOS
LAD
MRI
MIS
NNAUAHF
NNKLR
N

Nm

OA
PEEK
PCL
PLA
PLLA

Anterior cruciate ligament

Anterior cruciate ligament reconstruction
Anteromedial

Anterolateral

Transplant of tissue from one individual to another of the same species
Transplant of tissue from the same individual

Before Christ

Bone-patellar tendon-bone

Contralateral anterior cruciate ligament reconstruction
Double-bundle

Danish National Knee Ligament Register
Hydroxyapatite

Hazard ratio

Hamstring tendon

International knee documentation committee

Knee Injury and Osteoarthritis Outcome Score
Ligament augmentation device

Magnetic resonance imaging

Metal interference screw

Norwegian National Advisory Unit on Arthroplasty and Hip Fractures
Norwegian National Knee Ligament Register

Newton

Newton meter

Osteoarthritis

Poly-ether-ether-ketone

Posterior cruciate ligament

Poly-lactic acid

Poly-L-lactic acid
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PROM
PTS
QoL
QT
QTB
RCT
SNKLR
ST
TKA
TT

Patient reported outcome measure
Posterior tibial slope

Quality of life

Quadriceps tendon

Quadriceps tendon-bone

Randomized controlled trial

Swedish National Knee Ligament Register
Semitendinosus

Total knee arthroplasty

Transtibial

Years



12

4. Abstract

The overall aim of this thesis was to investigate risk factors for revision anterior
cruciate ligament (ACL) reconstruction with a special attention to surgical technique
(graft choice and choice of graft fixation) and patients’ age and sex. Specific aims
were to describe the usage of the most common grafts and fixations for ACLR in
Norway and Scandinavia respectively. To answer these questions we used register
data for patients with isolated ACL tear who had undergone ACL reconstruction
(ACLR), with revision as the endpoint. We used data from the Norwegian National
Knee Ligament Register (NNKLR) for all papers, and in addition, data from the
Swedish and Danish National Knee Ligament Registries for paper I11. In study I,
12,643 patients were included to evaluate the revision rate and risk factors for
revision ACLR, primarily the influence of graft choice (patellar tendon [BPTB] or
hamstring tendon [HT] graft). The patients’ age and sex were included in the overall
analysis. The revision rate was higher for HT compared with BPTB grafts at all
follow-up times, and the adjusted revision risk were twice as high for HT compared
with BPTB. Young age was the strongest predictor for revision of the investigated
factors. In study II, we described the usage of fixation implants for 14,034 patients
with BPTB and HT in Norway and investigated the revision risk for the most
common combinations of fixations for BPTB and HT. We found combinations of
fixation implants with a higher risk of revision when using HT, especially when
suspensory fixation in the femur was used. In study III, we described the most
common fixation methods for HT grafts used in 38,666 patients in Scandinavia, and
investigated the influence of fixation method on the risk of revision. We found that
similar graft fixation methods influenced the risk of revision as in study II.

In conclusion, we found both surgical techniques and patient-specific factors that
affect the revision rate and revision-risk after ACLR. Young age was the strongest
predictor for further revision surgery. Patients reconstructed with HT had twice the
risk of revision compared with BPTB, and certain fixation methods for HT had an

increased risk of early and overall revision.



13

II

III

List of publications

Persson A, Fjeldsgaard K, Gjertsen JE, Kjellsen AB, Engebretsen L, Hole RM,
Fevang JM. Increased risk of revision with hamstring tendon grafts
compared with patellar tendon grafts after anterior cruciate ligament
reconstruction: a study of 12,643 patients from the Norwegian Cruciate

Ligament Registry, 2004-2012. Am J Sports Med. 2014 Feb;42(2):285-91.

Persson A, Kjellsen AB, Fjeldsgaard K, Engebretsen L, Espehaug B, Fevang
JM. Registry data highlight increased revision rates for endobutton/biosure
HA in ACL reconstruction with hamstring tendon autograft: a nationwide
cohort study from the Norwegian Knee Ligament Registry, 2004-2013. Am J
Sports Med. 2015 Sep;43(9):2182-8.

Persson A, Gifstad T, Lind M, Engebretsen L, Fjeldsgaard K, Drogset JO,
Forssblad M, Espehaug B, Kjellsen AB, Fevang JM. Graft fixation influences

revision risk after ACL reconstruction with hamstring tendon autografts.

Acta Orthop. 2018 Apr;89(2):204-210.



14

6. Introduction

6.1 The knee — an overview

The knee is a hinged joint with three joint surfaces; the medial and lateral
tibiofemoral joints and the patellofemoral joint. The tibiofemoral joint involves both
rotation (flexion-extension, internal-external tibial rotation, medial-lateral opening of
the joint space) and translation (anterior-posterior displacement, abduction-adduction,
and compression-distraction). The patella slides in the trochlea of the distal femur in
flexion-extension [1]. The tibiofemoral joint is stabilised dynamically by supporting
musculature in addition to the main stabilising ligaments. Other stabilising anatomic
structures includes the joint capsule, menisci, iliotibial tract and popliteus. An

overview of the main structures of the knee joint is presented in Figure 1.

Figure 1. Overview of the

anterior anatomy of the knee

joint:

1. Anterior cruciate ligament

2. Posterior cruciate
ligament

3. Medial collateral ligament

4. Lateral collateral ligament

5. Lateral meniscus

6. Medial meniscus

7. Pes anserinus (with the
insertion of the sartorius,
gracilis and

semitendinosus tendons)

8. Patellar tendon (cut)
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6.2 Anatomy of the anterior cruciate ligament

The anterior cruciate ligament (ACL) can be recognized from the 7" week of
embryonal development, just after the posterior cruciate ligament (PCL) appears in
the intercondylar notch. Although the ACL is intraarticular, it is completely extra-
synovial as it develops from mesenchymal cells in the posterior joint capsule [2]. It is
richly vascularized, mainly from the middle genicular artery and innervated with
vasomotoric and mechanoreceptive nerve fibers originating from the tibial nerve [3].
The ligament consists primarily of collagen type I fibers, organized in parallel
fascicles responsible for its main tensile strength. In addition, it consists of other
types of collagens, cells and matrix components (glycosaminoglycans attracting
water, glyco-conjugates and elastic components) [4].

Macroscopically the ACL runs between its bony insertions medially to the anterior
horn of the lateral meniscus to the posterior inner wall of the lateral femoral condyle.
The ACL is often described to consist of two distinct bundles, the anteromedial (AM)
and posterolateral (PL), referring to its area of insertion on the tibia [3, 5, 6]. The AM
bundle has its tibial insertion anteromedially in the tibial ACL footprint, wrapping
medially around the PL to its insertion proximal to PL on the femur when the knee is
in full extension. Some anatomical studies have also identified a third intermediate
bundle [7, 8], similar to what is described in various animal species [9]. The femoral
footprint can often be identified laying posterior of a bony ridge, the intercondylar
ridge. Between the femoral insertion of the AM and PM bundle is the lateral bifurcate
ridge, that together with the intercondylar ridge and the ACL remnants are crucial for
identification of the correct position for the femoral tunnel in the anatomic ACL
reconstruction. The main dense collagen fibers of the ACL inserts to bone with a
direct insertion, through a fibrocartilaginous layer [10]. The two-bundle version of
the ACL is widely acknowledged due to its direct correlation to the mechanical
functions of the ligament. However, the variance of the tibial insertion morphology
and size, and the inconsistence in reporting bundle-like structures in the anatomic
literature highlights the inter-personal variation and makes the macroscopic bundle-

appearance of the ACL controversial [11]. Some authors have reported that the ACL
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had a C-shaped tibial insertion and a flat midsubstance “ribbon-like” shape, with a
corresponding femoral insertion just posterior to the intercondylar ridge [11, 12]. The
shape of the ACL in a transverse plane changes with the degree of flexion of the knee
joint, but in general, it is larger in its anteroposterior aspect [13]. The anatomy and
length of the ACL fibers shows an interpersonal variation, with a reported average

length of 32-38 mm [5, 14].

6.3 Function of the ACL

The main biomechanical function of the ACL is to prevent anterior translation of the
tibia in relation to the femur. In addition, it has a role as a stabilizer for internal
rotation of the tibia. The individual contribution of the two functional bundles (AM
and PL) of restraining anterior translation of the tibia changes with the flexion of the
knee. The tension of the PL bundle significantly increases in extension, whereas the
tension of the AM bundle increases in flexion [15, 16]. In a combined rotatory load of
10 Newton meter (Nm) valgus and 5 Nm internal tibial torque, the force on the PM
bundle peaked at 15° knee flexion whilst the force on the AM bundle in 15° knee
flexion was similar to that in 30° knee flexion in a cadaver study by Gabriel [16]. In
total, the mechanical contribution of the PL bundle is largest close to full knee
extension [17].

The previously mentioned nerve supply of the ACL contributes to the afferent part in
knee proprioception activating supporting musculature around the knee, important for

postural control [2, 4, 18].

6.4 Epidemiology and risk factors for ACL injury

The exact incidence of ACL injury in the population is unknown. The majority of the
injuries to the ACL is thought to happen during physical activity, especially in
competitive sports that include cutting movements and landings [19-22]. The
incidence of clinically diagnosed ACL injuries has recently been found to be 68.6 per
100.000 person-years in a population-based cohort study in the United States, with a
peak in incidence for 19-25 year old males and 14-18 year old females [23]. The
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same age-specific pattern has been found in Norway, with females having a peak in
ACL reconstruction at the age <20 years, whereas males have their peak incidence at
the age 20-29 [24]. It is estimated that less than 50% of the patients with an ACL
injury undergoes reconstructive surgery [25]. The overall incidence of ACL
reconstructions in Scandinavia has been reported to be 32-38 per 100.000 inhabitants
per year, whereas for the high risk population (age 16-29) an incidence of 85 per
100.000 inhabitants per year has been reported [21, 26]. Even though males are
overrepresented in overall reported incidence of ACL injuries and reconstructions,
females have been reported to have a higher risk of ACL injuries when exposed to
sport activities in several studies [22, 27, 28]. Other potential risk factors for ACL
injury are anatomical variants of the intercondylar notch, general joint laxity, and

increased posterior tibial slope [29-31].

6.5 Injury mechanism

The majority of ACL injuries has been reported to happen in a non-contact situation,
typically in a landing situation or during sudden deceleration while cutting [32-34].
The knee joint seems to be in particular risk for ACL injury when it is in close to full
extension in combination with knee valgus and internal or external rotation of the
tibia [32, 35]. It has also been reported that the force from the quadriceps muscle is
straining the ACL, in particular between 15-30 degrees of flexion [36-38], and

therefore could act as an additional shear force at the time of the ACL injury.

6.6 Prevention of primary ACL injury

Given the long-term negative effects of an ACL injury (discussed later in this thesis),
the importance of prevention of the initial injury has been highlighted [39-41].
Several neuromuscular and proprioceptive training programs has been found effective
to reduce the risk of ACL injuries in athletes, and a pooled risk ratio reduction of 0.38
was found comparing prevention with control in a recent systematic review [42]. The

continuous compliance with the prevention programs seems important, as it was
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found that the protective effects from the training programs was reversed when the

participation compliance decreased [43].

6.7 The history of ACL surgery, highlighting graft choice and
fixation

In order to understand and properly evaluate the studies conducted in any research
field, it is important to be acquainted with the history. In ACL surgery research,
different surgical techniques have been directly compared possibly introducing bias,

which is important to acknowledge for the interpretation of the results.

6.7.1 The journey to the first ACL suture — at a glance

The existence of the cruciate ligaments has been known since the old Egyptian era,
and the first known anatomic description is found in the first known written
document of surgical treatments of injuries, the Edwin Smith Surgical Papyrus (3000
Before Christ [BC]). Hippocrates of Greece (460-370 BC), who was called “the
father of modern medicine” also described the instability of an ACL deficient knee
[44]. The name “genu cruciate” was given to the anatomical structure of the cruciate
ligaments by the Greek physician Claudius Galen (201-131 BC) who emphasized
their joint stabilizing role, but did not describe their function in detail [45]. It was not
until the 19" century that the Weber brothers described the pathological anterior
translation of the tibia in relation to the femur after transection of the ACL, nowadays
used clinically to assess potential ACL tears in stability testing. At this time, most
papers published by journals were case reports. In 1837, the Irish surgeon Robert
Adams reported the first clinical case of ACL-related injury where a tibial spine
fracture was found in a septic knee during autopsy 24 days after a knee injury
sustained during wrestling [46].

In line with most surgery at this time, the first attempts of repairing ruptured ACLs
must be considered as experimental. Sir Arthur William Mayo-Robson reported to
have performed the first known bicruciate repair in 1895 using a direct suture
technique with catgut. The patient reported his leg as “perfectly strong” at a 6-years

follow-up visit [47]. In the 20" century, different methods with suturing technique to
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achieve a direct repair were described. The famous Palmer suture technique of Ivar
Palmer for primary repair of acute ACL injuries was explained in his thesis published
in 1938 [48]. The technique was popular and laid ground for the treatment of acute
ACL injuries in the years to come. The concept of primary suture was further
described by Don O’Donoghue who, like Palmer, argued for the importance of early

surgery for success of the repair [49].

6.7.2 Fascia lata grafts

When the clinicians acknowledged patients with chronic knee laxity, they realized
they needed other treatment options than early repair. In 1917, Ernest William Hey
Groves published a short case report with patients he had treated with an intra-
articular technique of ACL reconstruction with an autologous ilio-tibial band graft.

He used a strip from the entire fascia lata

loosened from its tibial insertion,
threaded through bored femoral and
tibial tunnels, and the distal end of the
graft sutured to the deep fascia and
periosteum of the tibia (Figure 2) [50].
Together with Alwyn Smith, who further
presented an ACL reconstruction

technique based on Hey Groves

description, but with the distal end of the

Formation of a new anterior erucial ligament from the ilio-tibial
and of fascia,

graft further used for a MCL

augmentation [51], the two are known as Figure 1. Original drawing of Hey

. . . . Groves’ surgical technique.
pioneers in ACL reconstruction with an g d

(reprinted with kind permission

from Elsevier) [49]

anatomic approach to the drilling of the

bony tunnels.

6.7.3 Hamstring tendon grafts
Surgery for stabilization of the knee-joint continuously developed, and in 1934 the
Italian surgeon Riccardo Galeazzi used the same anatomic landmarks as Hey Groves

for tunnel placement, but used a semitendinosus (ST) graft with a preserved
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attachment in pes anserinus sutured to the periost of the lateral femoral condyle [52].
Several surgeons used the gracilis or the ST tendon with its proximal attachment to
the muscle/tendon unit intact, giving the possibility of dynamic stabilization [53, 54].
In 1981, Brant Lipscomb published his experience with combining the gracilis with
the ST tendon. He kept the distal attachment of the two tendons, sutured them
together with a Bunnell-type suture and passed through bony channels “at the
approximate site of origin of the anterior cruciate”. The graft was then fixed with
sutures to the periosteum of the lateral femoral condyle with the knee at 75° flexion
[55]. The principle of Lipscomb’s technique was further developed into today’s 4-6
strand hamstring tendon (HT) reconstruction techniques with a variety of fixation

implants available.

6.7.4 Patellar tendon grafts

When considering the knee extensor complex as a source of graft for ACL surgery,
Ernst Gold from Vienna was in 1928 the first to describe the usage of a strip from the
medial patellar retinaculum and tendon attached distally at its original insertion. He
passed the graft through a tibial tunnel and sutured it to the posterior cruciate
ligament [56]. In 1936, Willis C. Campbell described a technique using tendinous
tissue of the medial patellar tendon and quadriceps tendon with its original distal
insertion, but through bony tunnels of both the tibia and femur drilled according to
Hey Groves’ anatomic landmarks. He sutured the graft to the periosteum on the
femoral side [46]. By 1963, Kenneth Jones was the first to report the use of a bone
block from the patella. In addition to the bone block, he harvested the central third of
the patellar tendon keeping the original patellar tendon insertion on the tibia intact.
The procedure was popularly known as “the Jones procedure” [57]. Due to the short
graft produced and the inability to position this anatomically at the femoral
attachment, Helmut Briickner published a further modification in 1966 with the

addition of a tibial tunnel to give the graft more length by shortening the distance to



21

its original distal insertion. The graft was
fixed proximally with sutures attached to a
metal button resting on cortical bone [45], a
construct similar to the suspension devices
used in modern ACL reconstruction.

Kurt Franke described the reconstruction
technique with a free patellar tendon graft
with bone blocks in both ends, the so-called
bone-patellar tendon-bone (BPTB) graft. He
used press-fixation in the femur and tibia
with pieces of bone and published the first
long-term clinical results in 1976 [58]. In
1982, William Clancy published his
experience with free BPTB grafts. He fixed
the grafts with sutures through drill-holes in
the bone blocks tied over a plastic buttons
or around staples (Figure 3). In addition, he
made dynamic muscle transfers of the
lateral hamstring attachment and pes
anserinus to compensate for capsular laxity
[59]. The reproducible good outcome and
clearly described procedures lead to that
Jones, Briickner, Franke and Clancy are
typically credited for the increased

popularity of ACL reconstruction with

Figure 2. Initially, Clancy
used the medial third of the
patellar tendon keeping the
distal attachment, which often
left the graft too short. He
later routinely used a free
graft with a bone blocks in
both ends. (reprinted with
kind permission of Wolters

Kluwer Health, Inc.) [58]

BPTB graft that led to its status as “gold standard” in the later part of the 20" century.

6.7.5 Quadriceps tendon grafts

Considering the graft site morbidity of the autologous BPTB and potential adverse

effects such as patellar fracture, the quadriceps tendon (QT) was described as an

alternative graft by Walter Blauth in 1984 [60]. In addition to the tendinous part of

the quadriceps, he used a distal bone block from the upper part of the patella forming
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a quadriceps tendon-bone (QTB) graft. The tendon part was divided in two for a
double bundle reconstruction. One bundle was placed in a femoral tunnel and the
other “over the top” around the lateral femoral condyle. The fixation in the tibia was
accomplished through a press-fit fixation of the bone-block. The graft harvest was
described as more demanding [61] and the graft did for some reason initially not gain
as much popularity as other autografts. Recently, the outcomes of using the graft is
being further evaluated and it is being used in both primary and revision

reconstructions [61-64].

6.7.6 Allografts

The rationale of using an allograft instead of an autograft to avoid graft site morbidity
seemed appealing and started a great interest in the 1980s. Based on successful
reports of allografts in animal models [65], Konsei Shino presented in 1986 2-year
results for 31 patients of whom 30 were considered as successfully treated as they had
returned to sporting activities. They used freshly frozen tendon grafts from
amputation specimen or fresh cadavers, stored at -80°C for at least 10 days, fixed in
the femur and tibia with sutures tied over a button in addition to staples when the
graft-length was sufficient [66]. The following years, several authors published good
results using allografts. However, the risk of transmission of viral infections made an
obvious impact on the popularity. In addition, sterilization methods used, especially
irradiation, was found to alternate the collagen structure and biomechanical properties
of the allograft [67]. Allografts remains popular today in some countries for primary
reconstructions and in particular for revisions and multiligament reconstructions,
despite that the failure rates have been reported to be higher compared with autografts

[68, 69].

6.7.7 Synthetic grafts

The first experience made with a synthetic graft in ACL reconstruction was in the
early 20" century using silk. Alwyn Smith, previously mentioned for his usage of
fascia lata grafts, documented a patient treated with a silk graft for his chronic ACL
deficiency. He fixed the fascia lata graft in the femur “by a wire keeper which was

hammered into the bone”, probably similar to today’s staples, and in the tibia he
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sutured the graft to the periosteum and the “infrapatellar tendon”. After 10 weeks of

immobilization, increased passive movements
was started and signs of synovitis began. In the
11" week “a small sinus appeared at the lower
end of the wound”, together with rising
temperature. The patient was revised, and Smith
described that “the whole joint was extremely
congested” He interpreted this as a foreign body
reaction [51]. We can only speculate if this
could possibly have been an intraarticular
infection.

In 1914, Dr Edred M. Corner described an
attempt of stabilizing a chronic ACL deficient
knee in a 29-year-old healthy man with two
loops of silver wire interlaced in the joint
(Figure 4). He used a somewhat extensive
approach to the knee joint, with a longitudinal
incision and splitting patella in two to make
access. However, Corner reported that the two

wires broke, together with the “apparatus”

(orthosis?) that was given to the patient to limit

the joint motion. No further follow-up was Figure 3. Drawing and
reported [70]. lateral radiograph from

Silk was used as a sort of augmentation device Corners’ surgical technique
by Ludloff in 1927, as he wrapped it in a free with silver wires. (reprinted
fascia lata graft [71]. He avoided fixing the with kind permission of John
augmented graft nor proximally or distally with Wiley and Sons) [69]

the idea that it would find its own tension

equilibrium, and reported good outcome in a farmer presenting 5 months after the

operation.
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A various of synthetic grafts was developed in the later 20" century, made out of
Supramid®, Teflon®, Dacron®, GORE-TEX® as examples, either used in isolation
or as an augmentation device. To surpass the imperfection of a single material, the
industry also produced combination of materials with desirably characteristics
(ABC®, Activated Biological Composite). The results were discouraging [72-74],
with acceptable results in low as 14% of the patients after 9 years [75] with Dacron®
grafts.

Jack Kennedy introduced the “Kennedy-LAD”, a polypropylene augmentation device
in the 1970’s. The rationale was that it would share the load with the autogenous
graft, “protecting the autogenous structure during its critical first year”. It was sutured
together with autogenous tissue, and attached on the lateral femoral condyle in an
“over the top” position [76]. In 1990, Lars Engebretsen published the results of a
prospective randomized study with 2 years follow-up of 150 patients. The patients
were treated with either Kennedy-LAD augmentation, primary repair with Palmer
suture or reconstruction with a free mid-third BPTB graft. The groups had similar
results after 1 year in terms of activity level. At 2 years follow-up, the BPTB group
improved significantly, whereas the primary repair group worsened and the Kennedy-
LAD group did not improve [77]. The following years the encouraging results with
autologous free grafts reduced the interest for synthetic grafts, which was barely in
use up until today.

However, the industry has lately developed and is pushing new methods of
augmentation with synthetic grafts in combination with direct suture of the ACL or
PCL [78]. Patient selection with these techniques of repair seems crucial [79-82].
Even though good short term-results have been reported [83], the long-term results

and comparison to an ACL reconstruction in a randomized study is still missing.

6.8 Modern treatment of an ACL injury

Even though that the same grafts are used today as more than 50 years ago, new
technology and research has improved the equipment available for the surgeon to

perform a safe and reproducible procedure. In addition, the introduction of evidence-
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based medicine protects the patients from experimental treatments. There has also
been substantial work done mechanically testing the effect of different anatomical
knee structures on knee stability, giving the surgeon a broader insight of the complex

knee joint.

Nowadays, there are two main options for treatment of the ACL-deficient patients —
surgical or non-surgical, both with physical rehabilitation. Whilst it seemed rather by
chance who was surgically treated for an ACL injury 100 years ago, todays approach
is to individualize the treatment dependent on several patient factors. It is somewhat
widespread that high-level athletes, in particular performers of pivoting sports, are
likely to profit from a stabilizing ACL reconstruction. Other concomitant injuries,
such as meniscal lesions, can strengthen the indication for an early ACL
reconstruction [84-86]. The higher risk of subsequent meniscal or chondral injuries in
the non-reconstructed ACL deficient knee is also often held as an argument for early
surgical reconstruction [87-90], as those injuries further worsen the prognosis
substantially for premature osteoarthritis (OA) [91]. A common approach in
Scandinavia for the average patient is to start initial rehabilitation with close follow-
up. If the patient in the follow-up period report instability symptoms or sustains
subsequent meniscal or cartilage injuries, there is a relative indication for ACL
reconstruction. With that, the patient has already started the rehabilitation, and the
outcome after surgery might be better with the preoperative rehabilitation than
without [92]. This strategy could be influenced by the results of Frobell et al’s RCT
comparing initial ACL reconstruction with rehabilitation alone and choice of later
reconstruction. They found no difference between the groups at 5-year follow-up
[93]. However, the study was criticized on several points [94, 95]. A recent Cochrane
review concluded that there is a low-quality evidence that there is no difference

between surgical and non-surgical treatment, and that further research is needed [96].

6.8.1 Non-operative treatment of ACL tear — physical rehabilitation
The primary goal of the rehabilitation program is to reestablish joint function in terms
of joint mobility, neuromuscular control, and muscle strength. A physiotherapist

should monitor the rehabilitation, either as a home-based or clinic-based program.



26

Similar to post-operative rehabilitation, it should consist of goal-based phases with

appropriate test batteries before entering a new phase [97].

6.8.2 Arthroscopically assisted reconstruction of the ACL

Since David Dandy did the first reported arthroscopically assisted ACL
reconstruction with a synthetic graft in 1980 [98], the arthroscopic technique has
gradually replaced the open technique. Initially, a 2-incision technique was popular.
A rear-entry guide was used to create the femoral tunnel with outside-in drilling
through a skin incision on the distal lateral thigh. The second incision was made over
the proximal tibia for graft harvest and preparation of the tibial tunnel [99]. When the
offset guides became available, there was only need for one incision, the distal skin-
incision, and the femoral tunnel could be drilled either through the tibial tunnel
(transtibial technique [TT]), or through an anteromedial (AM) portal. In spite of the
potential advantages of the one-incision technique being less invasive [100], most of
the clinical studies at that time and a recent Cochrane review did not find any
difference in outcome between the two techniques [99, 101-104]. Nevertheless, the 1-
incision technique became more popular in the late 1990°s and beginning of 2000,

probably due to a shorter duration of surgery with less surgical trauma and scars [99].

6.8.3 The anatomic ACL reconstruction

The positioning of the femoral graft tunnel with the TT technique is severely limited
as the reamer has to be inserted through the tibial tunnel. The femoral tunnel often
ends up in a non-anatomical position, high in the intercondylar roof compared with
the native ACL footprint [105-107]. In 1995, John B. O’Donnell for the first time
described the advantages of using an accessory AM portal for reaming of the femoral
tunnel. This technique was reported to achieve a more anatomical femoral tunnel
position, to decrease the risk of interference screw divergence, graft laceration and
“blow-out” of the posterior wall of the femoral tunnel [108]. Both cadaveric and
clinical studies have shown that anatomical femoral tunnels gave better rotational
stability, compared with tunnels from the TT technique [109-112]. The AM technique
is considered the gold standard today.

To mimic the anatomical appearance of the ACL with two bundles, a double-bundle
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(DB) technique with separate bone tunnels and grafts for the AM and PL bundle is in
use. Mott et al published his DB technique already in 1983, an open reconstruction
technique with a semitendinosus graft that he had used since 1978 as a salvage
procedure [113]. It was not until Takeshi Muneta and Kazunori Yasuda presented
early clinical results in the early 21th century that the arthroscopically assisted DB
technique was further popularized [114, 115]. However, lack of consistency of
superior results for the DB reconstruction and the reported complications with this

more technically demanding procedure may explain its low popularity [116-120].

6.9 Current graft selection

The graft choice is likely to be dependent on surgeons’ preference and local
guidelines, in addition to recommendations in the current literature for different
patient groups [121]. There are substantial differences in graft choice between
countries — HT and BPTB autografts are the most popular choice in many European
countries (Figure 5) while a larger proportion of allografts is used in some parts of the

United States [122].

Figure 5. An 8 mm 4-strand HT graft attached to a 15 mm Endobutton CL
Ultra (on top) and a 9 mm BPTB graft. (printed with patients’ approval)
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6.9.1 Mechanical properties of grafts compared to the native ACL

The ultimate graft should resemble the mechanical properties of the native ACL. The
mechanical testing of grafts often describes the ultimate load to failure and is
measured in Newton (N), whereas the stiffness of the graft is measured in force per
unit elongation (N/mm). In a cadaver model with the knee at 30° flexion, the native
ACL was found to have an ultimate load to failure of 2160 N with a stiffness of 242
N/mm in a laboratory test in young specimen by Woo et al [123]. The force was
applied in an axis vertical along the ACL. Similar results were found by Rowden et al
[124], but they had the tested cadaver knees at 60° flexion. Hamner et al tested human
cadaveric 4-strand HT grafts in a testing machine applying axial tension, resulting in
a load to failure of 2831 N and a stiffness of 456 N/mm [125]. To avoid graft
slippage, they fixed the two ends of the grafts in clamps with chambers filled with dry
ice. Ferretti et al reported similar results in a study with the same principle of graft
fixation to the testing machine [126]. Before applying tensile force, they rotated, bent
and translated the graft to imitate an in vivo loaded situation. Schatzmann et al
investigated the mechanical properties for human cadaveric BPTB grafts and found
an ultimate load to failure and stiffness of 1953 N and 423 N/mm respectively [127].
They also used a cryofixation method of the grafts to their testing machine, similar to
Hamner et al. In a comparison between quadrupled HT and 10 mm BPTB grafts,
Wilson et al found that the grafts had similar stiffness ( HT: 238 N/mm, BPTB: 210
N/mm) but the HT had a higher maximum load to failure (2422 N versus 1784 N).
For the BPTB grafts, they inserted two threaded pins through the boneblocks
cemented into a metal casing, whereas they used cryofixation in clamps for the two
ends of the HT grafts prior to testing.

The laboratory tests conducted vary slightly in methodology, which limits their direct
comparability, but they provide some evidence of similarity between the native ACL

and the mentioned grafts.
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6.10 Graft fixation and healing

Although the grafts seems to have appropriate mechanical properties, it is suggested
that the fixation of the graft is the most fragile part of the fixation-graft complex
before sufficient graft-to-bone healing is achieved [128]. The time to sufficient graft
healing in a human is not known since most studies on the topic are done in animal
models [129]. Beynnon et al obtained the reconstructed and the normal knee from a
patient who had a BPTB ACL reconstruction 8 months prior to his suicide. They
found that the stiffness and ultimate load to failure of the graft was almost 90% to
that of the normal ACL, suggesting an acceptable graft healing at that time [130]. In a
recent systematic review of human studies presenting histological results, slower
graft-to-bone healing was found with soft tissue grafts, and it is expected that an
indirect tendon-to-bone insertion with histologic findings of Sharpey-like fibers exists
from 10 months postoperatively [131]. Rodeo et al found in a dog model that the
failure at pull-out no longer occurred in the tendon-bone interface after 12 weeks of
healing of the extensor tendon in a tibial bone-tunnel. They found this to be
correlated to the histological bony ingrowth of the tendon [132]. However, in
humans, the total length of the incorporation and remodeling of the graft, the
“ligamentization”, is unknown [133]. In a magnetic resonance imaging (MRI) study
of patients with BPTB grafts signs of a revascularization process were still detectable
12 months postoperatively, suggesting that there was still an active healing process at
that time [134]. Some authors have claimed that the graft does not reach maturity
until 2-3 years postoperatively [135, 136].

It is paramount that the fixation of the graft allows for a safe graft healing during
rehabilitation. The graft-fixation complex consists of a femoral graft-fixation site, a
central tendinous component and a tibial graft-fixation site. An ideal graft-fixation

complex should have the following characteristics

o The graft fixation technique should be user-friendly, allowing for a repetitive
and safe fixation procedure
e The implants should be biocompatible

e Until sufficient graft healing, the graft-fixation complex should have
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o Strength: enough to withstand peak forces without displacement
o Stiffness: enough to resist significant load displacement
o Resistance to slippage: enough to avoid graft-fixation displacement

during cyclic loading

Most studies on fixation methods have been laboratory testing in models either using
human cadaver, porcine or bovine knees, with varying study methods [137]. There is
a debate whether an animal model is appropriate as differences have been found
when investigating fixation properties in human and animal tissue [138]. In addition,
the strength of the fixation is often dependent on the bone density of the specimen,
and the results from old human cadavers might not be valid for the younger
population undergoing ACL reconstruction [139, 140]. The setup of the
biomechanical testing could also affect the results depending on the orientation of the
specimen, whereas a force applied in the axis of the bone tunnel will put an ultimate
test to the fixation point. These results might not be fully applicable to the “in vivo”
environment where the direction of the force from the graft is oblique in relation to

the femoral tunnel and fixation [141].

6.11 Principles of graft fixation

Fixation methods vary according to location and graft and we can categorize them

according to their principle of fixation:

6.11.1 Anatomical fixation / Aperture fixation

When fixation of the graft occurs at the anatomical insert of the ACL / aperture
fixation, an interference screw is typically used. The point of fixation is close to the
joint-line, hence anatomic, and the interference screw compress the graft to bone. In
terms of cyclic displacement and ultimate load to failure, most studies found
acceptable findings for interference screws in both the tibia and femur [142-144].
However, concerns of increased graft slippage in cyclic loading in the tibia have been

discussed [138, 144, 145].
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6.11.2 Non-anatomic / Suspensory fixation

In the non-anatomic fixation / suspensory fixation, the graft is interlaced or looped
into a rigid or adjustable polyester loop device, such as Endobutton (Smith &
Nephew), or Tightrope (Arthrex). These are primarily implants for soft tissue grafts,
where the ultimate fixation point, a metal button, rests on a cortical button. They are
also in use for BPTB fixation, with the theoretical advantage of a 360° bone-to-bone
healing between the bone block and the tunnel. Biomechanically, the traditional rigid
suspensory devices have had good material properties [143], but lately the adjustable
loop devices has been found to elongate in cyclic loading [146-148]. It is still
uncertain if this affects the clinical results.

The graft can be fixed with sutures over a post, typically an AO screw with a washer
on the tibia, or with a spiked clamp securing the graft to a non-anatomical point distal

to the bone tunnel.

6.11.3 Transfixation with cross-pins / Transfemoral fixation

In transfixation with cross-pins, biodegradable or metal pins are inserted through the
lateral or medial condyle to both pierce and fix the graft or for the graft to be looped
upon. The fixation point will be close to the joint, but not anatomic. The piercing of
the graft by cross-pins leads to a local expansion of the graft volume compressing the

graft towards the bone tunnel, theoretically advantageous for graft healing.

6.11.4 Combination devices

Combination screw and sheet devices are only available for tibial fixation. There are
several soft-tissue fixation implants that combines a screw and a sheet, but the
principle of fixation is identical. The sheet is inserted into the tibial bone tunnel, often
after dilatation, and thereafter the legs of the soft tissue graft are spread and the screw

is centrally inserted within the sheet until flush with bone.

6.11.5 Fixation device material
The implants are either “biodegradable” or non-degradable. The non-degradable
implants are traditionally made of titanium, but implants made out of plastic

polymers such as polyetheretherketone (PEEK) thermoplastic are also available.
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Degradable or bioabsorbable materials, often Poly-Lactic Acid (PLA) thermoplastic
polymers, are supposed to disintegrate and eventually be replaced with bone. PLA
can be derived from e.g. rice or wheat, and are not petroleum-based like other
plastics. The polymers synthesized have hydrolytically unstable linkages in its
backbone [149]. In living organisms, after hydrolysis, the remnant polymers (o-
hydroxy acid) are incorporated in the tricarboxylic acid cycle of the cells. The
hydrolysis and degradation of the material is dependent on many factors, such as the
degree of crystallinity of the polymer, but it has also been shown that implants that
are stressed might degrade faster [150]. A commonly used stereoisomer of PLA for
graft fixation implants is Poly-L-Lactic Acid (PLLA). PLLA is a semi-crystalline
polymer, giving it desirable strength and stiffness, and a theoretic degradation time of
12 to 16 months [151, 152]. Sometimes, the PLA polymer is combined with
hydroxyapatite (HA), a natural element in bone, for a theoretically faster bone
replacement.

The reported disadvantages of metal implants compared with non-metal were
distortion of postoperative MRI, potential increased risk of laceration of the graft at
insertion and problems with hardware removal at a later revision surgery [153]. On
the other hand, several adverse effects have been reported with biodegradable screws,
such as local pretibial irritation with cyst formation and screw breakage [154, 155]. In
a MRI study, Drogset et al found that the disintegration of a PLLA screw 2 years
postoperatively was two thirds of its original size, whereas Thompson et al found no
radiological evidence of disintegration of the tibial PLLA interference screws 4 years

after surgery, but complete resorption 10-16 years postoperatively [156].

6.11.6 What fixation are used today?

A recent international multi-register study found that the interference screw was the
most commonly used fixation in the tibia, with varying material choice in Europe and
bioabsorbable materials reported from a community-based ACL register in the United
States. All national European registries reported that the most common femoral
fixation technique was by a suspensory device, while the United States based register
reported a metal interference screw to be most popular femoral fixation amongst the

surgeons [122].
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6.12 Outcome after ACL reconstruction

6.12.1 Outcome measures

It is paramount that the correct outcome measures are chosen in clinical studies to be
able to detect the treatment effect in question [157]. In clinical ACL research, more
than 54 outcome scores have been found to be in use for the ACL deficient knee
[158]. Ahmad et al investigated the effect on citation probability the outcome
measure had in highly cited articles. They recommended to combine instrumental and
clinical testing, subjective outcome measures and to report graft failure as outcome
measures [159]. Other studies highlighted the use of the Knee Injury and
Osteoarthritis Outcome Score (KOOS) [160], especially the subscores “quality of
life” (QoL) and “sport and recreation”, which were found to be most sensitive to
changes in perceived knee function after ACL reconstruction [161, 162]. In addition,
the KOOS QoL score <44, proposed as a measure of treatment failure by Frobell et al
[163], has been found to be a risk factor for prospective graft failure [164].

6.12.2 Return to sport and activity score

The majority of patients undergoing ACL reconstruction are active in sports,
recreational or professional, and have a wish to return to their pre-injury activity
level. Ardern et al performed a meta-analysis and systematic review [165], reporting
that 82% had returned to sports participation, of whom 64% returned to the preinjury
activity level. The return-to-sport rate might vary between different sports and were
found to be high for high-performance athletes, but the available literature on the

topic was questioned and believed to be insufficient and of low quality [166].

6.12.3 Subjective outcome

In a systematic review of 11 randomized, controlled trials, with a minimum of 24
months follow-up, Lewis et al described baseline data for single bundle ACL
reconstructions. They found a high patient-satisfaction (>90%), with most patients
(74%) in the overall International Knee Documentation Committee [167] (IKDC) system
grade A or B, corresponding to normal or near normal knee function. Most of the

studies included reported a median Tegner score [168] at follow-ups to be >5 [91]. In
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contrast, Ingelsrud et al conducted a cross-sectional register study of 598 patients, and
found that only two thirds of the patients reported acceptable results 2 years
postoperatively. Of the remaining third, 10% reported that they believe the treatment
was a failure [169]. The discrepancy of reported patient-reported outcome between
those studies might be influenced by what information the patients received

preoperatively of the expected result.

6.12.4 Failure rate

The reported postoperative failure rates varies, possibly due to a heterogenic
definition of failure between studies. From the results of systematic reviews, one can
expect that between 3.5-7% of the autografts have failed at 2-year follow-up [91,
170]. In clinical trials with more than 10-years follow-up, most failures occurred the
first 5 years, and the reported proportion of graft rupture varied between 5-17%. Half

of the patients were in need of additional surgery in the index knee [171-175].

6.12.5 Post-injury osteoarthritis

The ACL injury has been found to lead to an increased risk of secondary meniscal
tears, secondary OA, and a higher risk of undergoing a total knee arthroplasty (TKA)
compared with an uninjured knee joint [176]. On long term, 10 to 20 years from
injury, a 10-fold increased risk of OA has been reported compared to normal knee
joints [177]. 20 years after ACLR, in total 42% of the patients had radiographic
findings of OA in the knee in a prospective study by Risberg et al [178]. The authors
accentuated that a majority of the patients (57%) with concomitant injuries (meniscal
or cartilage lesions at the time of ACLR or subsequently during the follow-up) had
radiographic OA at 20 year-follow up, whilst only 16% in the group of patients
without.

Unfortunately, no treatment for an ACL injury has so far consistently been
recognized to reduce the risk for developing knee OA [179]. Considering the
potential protection from subsequent meniscal injuries and the increasing focus on
meniscal repair at the time of reconstruction [180], it will be interesting to see if there

will be a shift in indication for early ACL reconstruction in the future.
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6.13 Why is this thesis needed?

As of 24™ January 2019 searching for “ACL” on PubMed results in 23,942 hits, of
whom 2,135 research items were published in 2018. Despite this, there is still a
debate on surgical indication, best surgical technique, and surgical timing.

A universal outcome measure after ACL reconstruction has not been defined.
However, undergoing revision surgery after ACL reconstruction must be considered a
robust outcome measure for failure. This thesis will try to further outline risk factors
for revision ACL reconstruction, and hopefully provide another piece in the puzzle of

joint preservation and better outcome after initial ACL reconstruction.
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7. Aims of thesis

The overall objective of this thesis was to investigate the influence of surgical

technique and patients’ characteristics on the revision rate and risk of revision after

primary ACLR.

The specific aims of the three papers were:

To describe the yearly usage of HT and BPTB grafts in Norway (paper 1)

To investigate the influence of sex and age on the risk of revision (paper I)

To compare the revision rates and revision risk for HT with BPTB grafts in
Norway (paper I)

To describe the most commonly used fixations for HT and BPTB grafts used
in ACL reconstructions in Norway (paper II) and Scandinavia (paper III)

To compare the revision rates and revision risk for the most common
combinations of fixations of HT and BPTB grafts used in ACL reconstructions

in Norway (paper 1) and fixation methods in Scandinavia (paper I1I)
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8. Material and methods

8.1 The Scandinavian knee ligament registries

8.1.1 The Norwegian National Knee Ligament Register

In 2004, Granan et al published an overview article describing the trends in ACL
surgery in Norway. The authors had distributed a questionnaire asking for
information on surgical treatment of cruciate ligament injuries at 83 hospitals in
2002, and they compared the result to a similar study from the 1980’s. They found a
great diversity of how the ACL reconstructed patients were treated, and suggested to
start a register to monitor cruciate ligament reconstruction in Norway [25], similar to
the Norwegian Arthroplasty Register (NAR) [181].

The Norwegian National Knee Ligament Register (NNKLR) received its
authorization from the Norwegian Data Inspectorate in 2004, and was at the start the
first of its kind in the world. It was initially a surgical register, but since 2017 patients
treated non-operatively can be included in the register. All patients must sign an
informed consent before information can be registered. Reporting to the register was
previously voluntary for the surgeon, but has been compulsory since 2016. The
register collects data through a paper form or through a secure web-based interface
entered by the surgeon immediately after surgery, in addition to patient reported
outcome measure (PROM). On the surgical form, patient- and injury-related
information are described, in addition to information on the cruciate ligament injury
with potential concomitant injuries, graft choice, fixation of grafts, meniscal and
cartilage surgery and other surgical details. Patients’ age and gender are automatically
rendered through the patient’s unique social security number, which also allows for
linkage of index operation to potential subsequent surgery. Stickers with specific
reference numbers delivered by the manufacturer of the implants used during the
surgery are attached to the paper form. In the web-based interface, the implant
barcodes are scanned and connected to the digital surgery form. The paper forms are
sent to the register per mail where they are checked for completeness and potential

errors. If necessary, the register returns the form to the hospital for completion. In the
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digital form, if mandatory information is missing the form cannot be completed,
ensuring data completeness.

The PROM data is collected preoperatively and at 2-, 5-, and 10-year follow-up
through the KOOS questionnaire sent by mail. Lately, the patient can deliver the
questionnaire electronically.

The Norwegian National Advisory Unit on Arthroplasty and Hip Fractures
(NNAUAHF) (former NAR) runs the NNKLR, and the data is stored on a secure
server. For later research, a depersonalized research file is distributed upon approval
of the research application by the NNKLR’s steering committee and leader of the
NNAUAHF.

The compliance for reporting primary cruciate ligament reconstructions is
investigated every second year and has been found to be 86% in 2008-2009 [182] and
84% in 2015-2016 [24]. Annual reports gives surgeons and departments feedback on

their treatment practice.

8.1.2 The Swedish and Danish national knee ligament registries

The Swedish National Knee Ligament Register (SNKLR) and the Danish Knee
Ligament Register (DNKLR) were started in 2005 and are similar to NNKLR in
terms of data collection and processing, and follow-up of the patients. However,
some differences exist. SNKLR have used a web-based protocol for data collection
since the start. The reporting to the register is mandatory in Denmark since 2006 but
voluntary in Sweden. Patient consent has not been necessary for SNKLR since the
start, and for DNKRL since 2006.

Both registries collect preoperative PROM in form of KOOS; in addition to follow-up
in SNKLR at 1, 2, and 5 years and in DNKLR at 1, 5, and 10 years postoperatively.
In addition, SNKLR asks patients to report EQ-5D as a complementary PROM
preoperatively, and DNKLR collects data from clinical follow-up regarding knee
stability, complications and Tegner functional score at 1-year follow-up.

The compliance for the surgical forms has been found to be 84-85% and >90% in

DNKLR and SNKLR respectively [183-186].
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8.2 Statistics

8.2.1 Statistical analysis

We performed the statistical analyses using SPSS version 21-22 (SPSS Inc, Chicago,
[llinois). The significance level was set to 0.05 and all tests were 2-sided.

When comparing groups for possible differences, we used the Pearson chi-square test
for categorical variables and the Mann-Whitney U test or independent Student t-test
for continuous variables. For calculation of unadjusted revision rates and revision
curves, Kaplan Meier estimation and survival curves were established [187].
Multivariable risk analyses including possible confounding factors were assessed
with Cox regression analyses [188]. We used revision surgery as the endpoint for the
Kaplan Meier estimates and Cox regression model. Clinical risk factors for inferior
outcome were tested as possible confounding factors in univariable cox regression
models, and entered into the multivariable analysis if the p-value<0.2. We tested the
assumption of proportional hazard by evaluating the log-minus-log plot and

Schoenfeld residuals [189], which were found suitable.

8.3 FEthical considerations

No further ethical evaluation through a committee was necessary for using the
depersonalised data of the registries according to the authorization from the Data
Inspectorate in Norway, the Patient Data Act in Sweden and the General Data

Protection Regulation in Denmark.
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9. Summary of papers

9.1 Paperl

Increased risk of revision with hamstring tendon grafts compared with patellar
tendon grafts after anterior cruciate ligament reconstruction: a study of 12,643

patients from the Norwegian Cruciate Ligament Registry 2004-2012

Background: Graft choice for ACL reconstruction is controversial. HT and BPTB
autograft are the most commonly used grafts and have shown similar subjective and

objective outcomes.

Purpose: The objective of the study was to compare the revision rate between HT

and BPTB used in ACLR in Norway and to estimate the influence of age and gender.

Methods: All patients with primary ACLRs without concomitant ligament injury
registered in the Norwegian National Knee Ligament Register from 2004 through
2012 were included in the study. The cohort was stratified in age groups (15-19 years
[v], 20-29 y, >30 y), and according to graft type (HT or BPTB). 1-, 2-, and 5-years
revision rates were calculated using Kaplan Meier analysis. HRs for revision were

calculated using multivariable Cox regression models.

Results: With a mean follow-up of 4.0 years, 12,643 primary ACLRs were identified,
3,428 PT and 9,215 HT, among which 69 revisions for PT and 362 revisions for HT
were performed. The overall 5-year revision rate was 4.2%. HT had a higher revision
rate at all follow-ups compared to BPTB. When adjusted for sex and age, HR for
revision was 2.3 (95% CI, 1.8-3.0) for HT compared with BPTB. The HR for revision
in the youngest age group was 4.0 (95% CI, 3.1-5.2) compared to the oldest. Sex had

no influence on revision rate.

Conclusion: Patients treated with HT graft had twice the risk of revision compared to
patients with BPTB graft. Young age was the most important risk factor for revision
while patients’ sex showed no effect. Further studies should be conducted to identify

the cause of the increased revision rate found for HT.



41

9.2 Paper Il

Registry data highlight increased revision rates for Endobutton/Biosure HA in ACL
reconstruction with hamstring tendon autograft: a nationwide cohort study from the

Norwegian Knee Ligament Registry, 2004-2013

Background: There are no studies analyzing if the risk of revision after ACLR is
influenced by the graft fixation, and if this could explain the difference in revision

risk found between HT and BPTB.

Purpose: To estimate the influence on the risk of revision and revision rates for the
patients with the most commonly used combinations of fixation for HT’s with

BPTB’s in Norway.

Methods: The study included all primary ACLRs registered in the Norwegian
National Knee Ligament Register from 2004 through 2013 with no concomitant
ligament injury, excluding patients with combinations of fixations used in less than
500 patients. 2-year revision rates were calculated using the Kaplan-Meier analysis.
HRs for revision at 2 years were calculated using multivariable Cox regression

models.

Results: 14,034 patients identified with a mean follow-up of 4.5 years, 3,806 patients
with BPTB and 10,228 patients with HT. In patients with HT, five combinations of
fixations in the femur/tibia met the inclusion criteria; Endobutton/RCI screw (Smith
& Nephew) (n=2,339), EzLoc/WasherLoc (Zimmer Biomet) (n=1,352),
Endobutton/Biosure HA (Smith & Nephew) (n=1,209), Endobutton/Intrafix (Smith &
Nephew) (n=687), and TransFix II (Arthrex)/Metal interference screw (MIS)
(n=620). For BPTB patients, the 2-year revision rate was 0.7 (95% CI, 0.4-1.0). For
the HT patients the revision rate ranged from 1.5 (95% CI, 0.5-2.4) for TransFix
I/MIS to 5.5% (95% CI, 4.0-7.0) for Endobutton/Biosure HA. In a multivariable cox
regression, the HR for revision at 2 years was increased for all HT combinations

compared with BPTB. The combinations Endobutton/Biosure HA and
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Endobutton/Intrafix had the highest HR’s of 7.3 (95% CI, 4.4-12.1) and 5.5 (95% CI,
3.1-9.9), respectively.

Conclusion: The fixation used in HT ACLR may influence the risk of revision
significantly. None of the examined combination of fixations for HT had an equally

low revision rate as BPTB.



43

9.3 Paper 111

Graft fixation influences revision risk after ACL reconstruction with hamstring

tendon autografts

Introduction: The hamstring autograft is one of the most common grafts used for

ACL reconstruction and a large number of fixation methods are available.

Purpose: To describe the current use of fixation methods in Scandinavia, and to

compare the risk of revision between various femoral and tibial fixation methods.

Methods: A total of 38,666 patients undergoing primary ACL reconstructions in the
period 2004-2011 were included from the three Scandinavian national knee ligament
registries. The median follow-up time was 3 years (range 0 to 8 years). Fixation
devices that were used scarcely were grouped according to the point of graft fixation
and implant design. To compare the risk of revision between various fixation
methods, we applied the multiple Cox proportional hazard regression model. HRs

were reported as the measure of effect.

Results: The present study included a total of 1,042 revision ACL reconstructions.
Based on a Cox regression model stratified for country and adjusted for gender, age
at surgery (five-year categories), activity at the time of primary injury, femoral
fixation, and tibial fixation, we found a significantly lower risk of revision for the
transfemoral fixation devices Rigidfix (DePuy Synthes) (0.69 (95% CI, 0.57-0.83))
and TransFix (Arthrex) (0.74 (95% CI, 0.58-0.93)) compared with the cortical device
Endobutton. The same model showed that the retro interference screw (Arthrex) used
for tibial fixation had a higher risk of revision (1.91 (95% CI, 1.27-2.87)) compared

with a standard interference screw.

Conclusion: In view of the findings in the present study, both femoral and tibial
fixation method of hamstring autografts seem to be of significance when evaluating

risk of revision after ACL reconstruction.
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10. Discussion

10.1 Methodological considerations

10.1.1 Register studies as a method

Prospective observational studies are primarily used to provide epidemiological data
and to detect prognostic factors [190]. They are in general hypothesis generating,
rather than proving causality between treatment and outcome. Prospective cohort
studies on data derived from medical quality register have several strengths. Large
sample size can make it possible to study rare endpoints, As the data already exists at
the start of study, the costs for research can be cut. The dataset is aiming to be
complete for the target population thereby limiting selection and attrition bias, and
increasing the external validity. Further, data are collected prospectively and
independently of future research, which reduce the risk of recall bias and differential
misclassification. Finally, an extensive time-line for long follow-up and adjustment
for possible confounders in risk analysis is possible [191, 192]. However, register-
based studies have several limitations that are important to consider. The collected
data was selected by the register, and not by the researcher. This limits the research
topics, and possible confounding factors might not be recorded or considered leading
to biased results, so called “hidden confounding”[193]. Even though the
Scandinavian national knee ligament registers collect relevant clinical data, some data
that could affect the outcome might be unavailable.

Another important factor to consider in register research is the data quality.
According to a literature review by Arts et al [194], the quality attributes of a medical
register most often cited was “completeness” and “accuracy”. With completeness
meaning compliance of reporting to the register, the Scandinavian registries have a
compliance rate of over >84%, as previously mentioned. The compliance rate is
calculated comparing data from the countries national patient administrative systems
with the data in the registries. The compliance is acceptable, but the steering
committees of all three registries continuously aim to improve it.

With completeness, one also includes the attribute that all available data that are fo be
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reported, are reported. This type of data quality is difficult to fully validate, as it is
not sure that it will be found elsewhere, for instance in the patients’ medical journal.
The accuracy of register data, meaning the fact that variable values are correct, can be
estimated with validation studies. All three registries have performed validation
studies, of whom the study from NNKLR is currently being finalized. The data in the
registers was compared to the “gold standard”, the data in the medical journal. Both
SNKRL and DNKRL [183, 195] found good validity for the key variables used in
this thesis. In the validity study of DNKLR, data on some cartilage lesions were often
missing. Therefore, they simplified the registration of those injuries in hope to
improve the accuracy of this variable. This highlight the importance of data reporting
guidelines and variable definitions.

Other possible limitations that could introduce bias in prospective observational
studies is the misuse of data when large datasets are available. “Data dredging” is a
term describing a systematic search in a dataset for possible statistically significant
findings, prior to establishing a research question. In the NNKRL, this is avoided by
the need for an approved study protocol prior to delivery of the predetermined data.
The use of post-hoc analyses could also introduce possible bias, as an analysis not
specified in the study protocol is performed on the dataset [196]. In paper I, the peer-
reviewers asked us to investigate the influence of graft choice in the risk of
contralateral ACL reconstruction and the influence of body mass index on the risk of
revision. We described these analyses as sub-analyses in the manuscript. Potentially,
we could have refused to make such analysis because of the introduction of multiple
testing, and rather suggest performing a new study with those research questions. We
should have labelled the sub analyses as post-hoc analysis in paper I and I,
investigating the main outcome of the two different time-periods, as a co-author
proposed this in the process of writing of the manuscripts. This also includes the last
sub analysis of paper I, comparing the intratunnel and extratunnel femoral fixations

only for HT patients.

10.1.2 Observational studies and randomized controlled trials
In medical research, the gold standard study design to evaluate the effect of a

treatment on the outcome is the randomized controlled trial (RCT), and in particular
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systematic reviews of well-planned RCTs [197]. The randomization process is the
only mean to avoid unmeasured group differences and to avoid allocation of one
group of patients to one of the treatments, biasing the results [198]. RCTs do have
limitations. Often, the studies have narrow inclusion/exclusion criteria, limiting the
external validity of the results. Further, RCTs are time-consuming and expensive.
This limits the possible numbers of patients that are possible to include, making

studies on rare endpoints, such as revision ACLR difficult.

Previously, Benzon et al published a comparison of the treatment effects of RCTs and
modern observational studies [199]. They argued that the traditional view of
observational studies finding stronger and sometimes faulty treatment effects
compared to RCTs is biased because landmark papers have used old observational
studies in the comparison. In their study, they compared the results from
observational studies published after 1984 to corresponding RCTs, and found that the
treatment effects derived from the two study designs were, in most cases, similar.
Concato et al did a similar study, using only comparison of RCTs to observational
studies that did not use historical controls, resulting in the same conclusion [200].
The studies were criticized [201, 202] and other comparative studies of the results

from the two designs did not agree with their conclusion [203-205].

It is, however, clear that observational studies from good quality clinical registers
offers new possibilities compared with data from administrative databases [206], and
that they should be seen as a compliment to randomized controlled studies, especially
when the outcome in question is difficult to investigate with a RCT. The use of
standardized reporting guidelines for observational studies, such as “Strengthening
the Reporting of Observational studies in Epidemiology” [207] or “Reporting of
studies Conducted using Observational Routinely-collected health Data” [208], has
been proposed to further facilitate the quality of reporting observational studies [209].

10.1.3 Revision surgery as endpoint
Of possible endpoints in ACL research, undergoing revision surgery is a hard

endpoint, which involves both the surgeon and patient in the decision-making. It will
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not include all subjective and clinical failures, as they will not all undergo revision
surgery. Because of the large amount of included patients in register research, the
proportion of treatment failures not meeting the endpoint revision will most likely be
evenly distributed. The question is then; will patients’ characteristics, surgeons
practice or surgery procedures affect the likelihood of the patient to undergo revision
surgery and induce a selection or indication bias?

For patients’ characteristics such as young age, a high activity level, and participating
in knee-demanding sports will probably increase the willingness to undergo revision
surgery. We have adjusted for age in the analyses of all studies. Unfortunately, the
activity level was not reported to the registries during the study period. Clinics and
hospitals with preferred grafts and fixation methods might attract patients with a
higher or lower activity level, affecting the revision risk and introducing a sample
selection bias. Other patient variations that might affect outcome include
psychological factors and somatic comorbidity, which would normally be equally
distributed between groups.

Surgeons have different experience and the indication for revision surgery might vary
between surgeons, hospitals, and regions - creating an indication bias. We reported
data for the reader to assess the likelihood of this potential problem in study I,
presenting the number of hospitals using the different combinations of fixations and
in what volume. The risk of this indication bias will likely decrease the more
hospitals that have contributed in the different groups. Unfortunately, it is difficult to
form an adjustment variable for this factor with the dataset available. To investigate
the potential heterogeneity of the indication for revision, it is possible to distribute a
questionnaire to the reporting hospitals.

Considering the effect of surgical procedures on the overall decision-making,
particular implants could be technically harder to revise, and leaving a larger bone-
defect in the tibia or femur. This could make the surgeon reconsider proceeding with
further surgery. In paper II and I11, the less frequently revised TransFix and Rigidfix
would probably be slightly more difficult to revise than a suspensory fixation. That is,

if the implant needs to be removed. If the femoral tunnel is positioned high in the
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notch, a more anatomical tunnel could be placed lower and therefore avoiding the old

tunnel with the implant.

Revision ACLR is not considered in all clinical ACLR failure, mainly for recurrent
instability. If instability develops early (<6 months), the causes were often reported to
be technical errors, premature exposure of risk activities, biologic failure or
excessively aggressive rehabilitation. At a late development of instability (>6 months
post reconstruction), causes such as a repeat trauma, tunnel misplacement,
concomitant ligament laxity or general joint laxity were reported [210].

Up until the 1990’s, technical errors, especially tunnel misplacement, was reported to
be the leading cause of failure or revision ACLR in reports [211, 212], while more
recent studies attribute the majority of failures to traumatic reinjuries [213-216]. In
most cases, the cause of failure is multifactorial. Even if a single factor was identified
as the main cause of revision, other factors will often have contributed. For instance,
in a traumatic reinjury, the graft might have been able to withstand the trauma if the
graft tunnels were either more or less anatomic, and vice-versa; in a knee trauma with
an existing non-anatomic femoral tunnel, one type of graft might be more likely to
withstand a tear at that certain time-point. For further investigation, we can conduct a
study where we split the endpoint revision into the categories reported to be the main
cause, maybe finding differences between the grafts or fixation techniques. This
could generate further hypotheses built on the findings from the present thesis. For
the studies conducted, we assumed that the causes of revision were evenly distributed

between the groups.

10.1.4 Possible hidden confounders
Several important factors that could affect the outcome and revision-risk were not

collected by the registries:

o Rehabilitation protocol and compliance
o Posterior tibial slope (PTS): PTS has been identified both as a risk factor for
initial ACL injury as well as for single and multiple revision surgeries [217-

220]. Increased PTS increases the force in the ACL graft in vitro, possibly
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disturbing graft healing and may increase the risk for traumatic graft rupture
[221].

e HT graft diameter: Several studies have associated smaller hamstring
autograft diameter with failure [222-224]. The NNKLR collects data of graft
size; however, this data is not complete and has therefore not been included in
the studies.

e The effect of transtibially drilled femoral graft tunnels compared with tunnels

drilled from an accessory anteromedial portal; will be discussed below

10.2 Results

The main results of this thesis were that several factors influenced the revision-risk
after ACL reconstruction. While the strongest predictor for revision was patients’
age, we found that the influence of the choice of graft also was significant. We do not
know the reason for that the patellar graft is superior to hamstring graft for the
outcome revision, but the choice of graft fixation may play a major role. It is,
however, not certain if there are other inherent factors for a hamstring graft that

contributes to the investigated measure of failure.

10.2.1 Patient age

The patient age at the time of reconstruction was found to be the strongest risk factor
for revision after ACL reconstruction in paper I. Compared with patients >30 years,
patients aged 15-19 had four times increased risk for revision surgery. In line with
our results, young age has been consistently reported as a risk factor for failure after
ACLR [175, 218, 225, 226]. The fact that the patient is young at the time of
reconstruction is often demanding for the surgeon. The young patient does not always
have insight in the severity of the injury and focuses on the short-term functional
outcome. Due to their young age, they can ignore guidelines for rehabilitation and
postoperative restrictions to a greater extent than the older patient. It is debated
whether the surgeons should continue to stabilize ACL deficient knee joints in young
patients enabling them to resume the same risk activity that might lead to further

knee injuries. An approach with advocating a change in exposure for risk activities is
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perhaps the right way to go, independently if the young patient is treated surgically or
not.

Another contributing explanation could be that the young patient has a higher demand
for knee stability as they might be more active. They would therefore be more prone
to undergo revision surgery when the reconstruction have failed compared to an older

patient, who might instead accept a change in daily activities.

10.2.2 Graft choice and fixation

In paper I, the main results were an increased risk of revision for patients with HT
grafts compared with BPTB grafts. The estimated 1, 2 and 5-year revision rates were
1.1,2.8 and 5.1% and 0.3, 0.7 and 2.1% for patients with HT and BPTB grafts
respectively. Since then, several other register studies have reported a higher risk of
revision for HT grafts [69, 215, 227, 228]. In conclusion, there seems to be uniform
results from national registries that HT has a higher revision rate in comparison to
BPTB [229]. However, in the available literature of clinical studies comparing the
two grafts, most independent studies and meta-analyses found no difference between
the grafts. They often have other outcome measures than register studies, but the
samples size are as usually small and could be insufficient for the research question to
be answered.

Mohtadi et al conducted a single-surgeon double-blinded RCT including 330 patients
allocated to either ACL reconstruction with BPTB, HT or double-bundle (DB) HT
with a minimal loss-to follow-up (3%) at 2 years [230]. Their report was on
anatomical reconstructions and they used AM technique in the DB group. However,
they used TT technique for the BPTB and HT group, except for when they could not
achieve a femoral tunnel in the anatomical ACL footprint. Primarily, they used
Endobutton in the femur and biodegradable interference screws in the tibia for graft
fixation in all groups. Baseline patient’s characteristic were similar between the
groups. In their primary outcome measure, PROM at 2 years, they found no
differences between the techniques. However, they found more traumatic injuries in
the HT group (n=7) compared with the PT group (n=3) (p=0.05). They conducted
their power-calculation based on the minimal clinically important change in PROM,

and conclusions made for their secondary outcome traumatic reinjury might be
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subject to a type 1 error. Out of the 15 patients that underwent revision surgery, 12
patients required staged revisions. One can therefore question if the reconstructions
really were anatomical. Freedman et al reported a significantly higher failure rate
with HT grafts compared with PT grafts in a meta-analysis of articles published from
1966 to 2000 [231]. With the large time-span of the studies, there was a heterogeneity
of surgical techniques, and the definition of graft failure varies between the studies.
Biau et al conducted a meta-analysis including 423 patients from 6 RCTs published
between 2000-2006 [232]. They found a lower odds ratio (0.46) for postoperative
knee instability favouring PT. Postoperative positive pivot shift was reported to be a
valid indicator for worse functional outcome [233], and it is likely that this also
increases the risk for revision ACLR.

Increased anterior knee pain from the harvest site has been reported for BTPB [234-
237]. Post-operative pain may be worse with BPTB grafts, and could affect the
patients’ choice when considering revision surgery biasing our results. The potential
donor-site morbidity of HT grafts, however, should not be underestimated. The ST
and gracilis tendons insert on the medial side of the proximal tibia, and can therefore
dynamically stabilize valgus, for instance in a cutting movement [238]. They further
dynamically acts as agonists to the ACL, reducing the shear forces in anterior tibial
translation [239]. Toor et al recently conducted a cadaver study aiming to quantify the
importance of the medial hamstrings to knee kinematics. They found that in the
medial hamstring-deficient cadaver knee, anterior translation, internal rotation and
valgus motion was increased, discussing its relevance to graft choice [240]. Even
though that the tendons of ST and gracilis have been reported to regenerate into
tendon-like structures in some patients [241, 242], the hamstring function might not
be normalised [243]. Zebis et al found that preactivation found by EMG of the
semitendinosus during a cutting manoeuvre was a protective predictor for primary
ACL injury [244]. Consequently, the impaired medial hamstring function after
harvest for ACLR [245-248] might contribute to the failure of HT reconstructions.
Several authors have reported an increased risk of contralateral ACLR (CACLR)
when using BPTB. Leys et al reported a 15-year follow-up comparing HT and BPTB

reconstructions [175] where they found patient age less than 18 years and the usage



52

of a BPTB graft to increase the likelihood of undergoing subsequent CACLR. They
have attributed the difference to possible decreased function of the index knee in the
BPTB group, with more reliance on the contralateral side making it more susceptible
for a new injury. Unfortunately, they had a substantial loss to follow-up after 15
years, and it was not a RCT. The reasoning is also contradicted by studies measuring
patient-reported outcome, as they do not find differences between the grafts either in
activity level and subjective scores [237]. An increased risk of CACLR for any of the

two grafts was not found in a subanalysis in paper 1.

In paper II and III, an increased risk of revision was found for the femoral fixation
Endobutton, or suspensory devices/cortical fixation, when analysed together in
comparison with transfemoral fixation. Tibial fixation had a significant impact,
especially for the biodegradable screw BiosureHA in study II. In study III the Retro
interference screw had a higher risk of revision, but due to the small group size and
the lack of data on how many hospitals that had contributed to this group, the results
may be biased. The combination of Endobutton/BiosureHA was used in 1209 patients
from in total 11 Norwegian hospitals, of whom 6 hospitals reconstructed >50 patients
of the patients during the study period. This is a reasonable group size, most likely
including a variety of surgical techniques and postoperative rehabilitation protocols,
thus making the assumption of the external validity of the results reasonable.
However, it could be that there is a selection or indication bias for the subgroups in
the study as previously discussed. A recent Cochrane review concluded that there is a
very low evidence that more treatment failures may be associated to the use of
biodegradable screws compared with metal interference screws, in agreement with
our results.

Data from the DNKLR was used to investigate the revision-risk dependent on graft
fixation by Eysturoy et al [249]. They found that, after 2-year follow-up, femoral
suspensory fixation had a HR of 1.24, and femoral intratunnel transfixation had a HR
of 0.83 compared with the mean HT reconstruction. The actual numbers in our results
are not directly comparable, as we did not compare to the mean but to another

fixation group. Our overall results are, however, the same with an increased revision-
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risk when using a suspensory fixation/Endobutton on the femoral side.

We cannot explain why the hamstring autograft reconstructions, in particular with
femoral suspensory fixation fail to a greater extent than BPTB reconstructions. Both
the graft itself, suspensory devices, transfemoral cross-pin fixation, and aperture
fixation have performed well in biomechanical studies [143], indicating that the graft-
fixation complex has enough strength and stiffness for an accelerated rehabilitation
program [250, 251]. In light of the findings in this thesis, one could seek answers in
the process of biological healing of the graft, and the potential differences between
the grafts and the effects the different fixation types might have on graft healing and

the outcome.

Graft healing

Due to the invasive nature of harvesting biopsies in ACL reconstructed patients, most
human studies have collected samples in the setting of revision surgery or other
subsequent procedures such as meniscal surgery or cyclops/hardware removal. There
is an inherent problem with investigating biopsies from failed reconstructions, where
the force acting on the graft disappears after reinjury and possibly altering the
continuous graft to bone healing until the day of biopsy [252].

Zaffagnini et al conducted two studies investigating the ultrastructural collagen fibre
distribution of samples from the central parts of BPTB (n=10) and HT (n=8) grafts
[253, 254]. With the aid of a transmission electron microscopy, they looked at the
number of collagen fibrils and their mean diameter. They concluded that the grafts
underwent changes mainly in the first two postoperative years as they found no
further changes from that point up until 10 years postoperatively. The ultrastructure
resembled, but never matched the native ACL.

Histological studies investigating the tendon to bone healing in the tunnels have
shown a great heterogeneity for surgical techniques, graft fixation and rehabilitation
protocols [131]. To our knowledge, there are only two studies describing histological
findings of the graft-to-bone healing in human BPTB patients. Petersen et al reported
on findings from 8 patients having received a BPTB graft 9-37 months before biopsy

at revision surgery [255]. In the five patients where the graft was fixed with screws
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both in the femur and tibia, the insertions of the graft resembled that of the native
ACL. In the 3 patients that had the distal bone block fixed outside of the tunnel due to
graft-tunnel mismatch, indirect tendon-to-bone healing were observed in the tibial
tunnels. As the patellar tendon normally is longer than the native ACL, there is often
a part in the proximal part of the tibial tunnel where the tendon will heal to bone like
a soft-tissue graft. To investigate the healing of the BPTB graft in the entire tibial
tunnel, Ishibashi et al used a coring reamer to obtain samples in 10 patients at
revision surgery. They found that in the patients revised early (<1 year), there was
granulation tissue between the tendon part of the graft and bone tunnel. In the patients
revised late (>1 year), the granulation tissue was replaced with a thin fibrous tissue
and the tendon parts of the grafts were adherent to the bone tunnel. They concluded
that with BPTB grafts, the distal junction between the graft and bone was shifted
from the bone plug early after ACL reconstruction to the proximal tunnel wall with
time.

The native ACL inserts to bone in a direct connection with a zone of fibrocartilage
gradually mineralized into bone. In all studies on humans available, the successful
tendon-bone healing for HT grafts were described as an indirect ligament insertion
with Sharpey-like fibres connecting the tendon graft directly to bone, not through a
fibrocartilaginous transition zone. Chen et al reported on the tendon-to-bone healing
and pull-out strength using a periosteum flap wrapped around a tendon graft in a
rabbit model [256]. On the leg where a periosteum flap was used around the graft,
they found a histological direct insertion between graft and bone and the pull-out
strength was significantly higher. Whether these findings can be generalized to
humans is not clear.

For samples examined in HT reconstructions, healing with an indirect insertion was
reported when interference screws were used as fixation in the tibial tunnel [257-259]
and femoral tunnel [260, 261]. When a suspensory fixation was used in the femur,
either partial or complete tendon-to-bone healing were reported [255, 262]. However,
Nebelung et al and Robert et al found that some patients had no sign of anchorage of
the HT graft-to-bone. Interestingly, some of those patients were clinically stable [261,

262]. The authors discussed whether the stability of the construct was still relying on
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the suspensory fixation, even though the patients had their ACL reconstructed up to
15 months before biopsy. It is difficult to believe that the ACLR in those patients
would be able to withstand the same peak loads as those with a complete graft-to-
bone healing, maybe prone to a sudden atraumatic failure.

When using a suspensory device, the point of fixation will be more proximal to the
joint line in the femur, compared with transfemoral fixation and aperture fixation.
This leads to increased graft-motion in the tunnel, the so-called “bungee-effect”
[263], possibly disturbing the tendon-to-bone healing in soft-tissue grafts [261, 264].
The increased graft movement in the channel might also introduce synovial fluid in
the graft tunnels, which in a rabbit model was found to have inhibitory effects on
tendon-to-bone healing [265]. To overcome graft movement, synovial fluid influx,
and to possibly enhance tendon-to-bone healing, hybrid fixation with a femoral
interference screw in addition to a suspension device has been proposed and was
found biomechanically superior compared with a suspension device alone in many

studies [266-269].

Graft forces depends on tunnel positioning
A possible limitation in our studies is the drilling technique for creating the femoral
tunnel. Several studies have found an increased risk of revision when using an
anatomically placed femoral tunnel compared with a non-anatomic tunnel typically
produced with TT drilling [270-272]. Even if DePuy Synthes has developed a
femoral guide-frame intended to be used through the anteromedial portal for Rigidfix,
most femoral tunnels in transfemoral fixation in study II and III are likely to have
been drilled transtibially. In addition, some grafts with suspensory fixations were
used in a transtibially-drilled tunnel. Thus, in the dataset from the Scandinavian
registries, there will often, but not always, be an association between the fixation and
the femoral drilling technique. Because of this association, the drilling technique was
not used as a confounder in the conducted studies [273].
To further review this limitation, one should conduct a study including only patients
where AM technique was used to compare the outcome for the two grafts. This could
unfortunately be difficult for comparison between suspensory and transfemoral

fixation due to the low usage and availability of transfemoral fixation for AM-drilled
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tunnels. When drilling the femoral tunnel transtibially, there are limited possibilities
of adjustment towards the femoral ACL footprint [106]. Biomechanical studies at
time zero have reported better rotational stability for grafts placed centrally in the
footprint [111, 274], but this comes with the cost of greater graft stress during knee
range-of-motion [275]. In an animal model, the early graft healing was impaired in
rats with a high force ACL reconstruction allowed mobilization compared to rats who
had their knee-joint totally immobilised and rats with low force ACL reconstructions
[264]. The authors conclude that the graft-to-bone healing in anatomical soft-tissue
ACL reconstruction might benefit from an early immobilisation period, also
advocated by an author from a similar animal study [276]. We believe that the
findings from study I are likely to be caused by the security of the fixation of the
BPTB grafts with interference screws and the predictable early bone to bone healing.
Combining Endobutton with the degradable screw BiosureHA had a significantly
increased risk of early revision for HT grafts in paper II. It is important to
acknowledge that the properties of the biodegradable materials differ significantly
dependent on the production protocol, and the interaction with biological factors such
as local tissue pH values can alter the desired properties of the implant significantly
[149]. As previously mentioned, mechanical stress can speed up degradation. It was
hypothesized that this could be due to increased microcracks in the implant,
increasing exposure to water. This could reduce the implant strength and stiffness
prematurely and have an impact in anatomical reconstruction when there is a high

stress to the graft-fixation complex.

In conclusion, we have found that there are differences in revision risks between the
grafts and between fixation methods for HT. This may be due to differences in graft
healing between the grafts and fixation methods, where the HT graft may not have
the same predictable healing in the femoral tunnel as the BPTB graft. An initially
restricted rehabilitation protocol and an additional aperture fixation in the femoral

tunnel might enhance the healing and result of the HT graft.
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10.3 Clinical implications

ACL surgeons should counsel young patients adequately on the risk of re-
injury and revision surgery

BPTB seems to be a better general choice than HT for ACL reconstruction
with todays’ techniques. This is especially emphasised for young patients,
where we found the revision rate to be almost 10% at 5 years for HT. HT
grafts could primarily be considered in patients with kneeling activities due to
increased anterior knee pain with BPTB, but should be seen in light of the
increased failure rate

Graft fixation with metal interference screws for BPTB gives a predictable
result

For graft fixation in anatomical HT reconstructions, there are limited fixation
methods available except suspensory and aperture fixation. An additional
interference screw to suspensory femoral fixation or an initially restricted
rehabilitation program may enhance graft healing and could improve the

postoperative result for HT grafts in anatomical reconstructions
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11. Conclusions

11.1 Paperl

During the study period, HT grafts were most popular up until 2010 (84%),
when BPTB usage increased

The risk of revision in Norway was 2.3 times higher for patients treated with a
HT compared with a BPTB

The most influential risk factor for undergoing revision surgery was patients’
age at primary reconstruction; compared with the patient group aged > 30y,
patients aged 15-19 y and 20-29 y had a 4-fold and doubled risk of revision
respectively

Patients’ sex did not influence the risk of revision

The overall 2- and 5-year revision rates were 2.2 and 4.2% respectively. HT
had higher revision rate at all follow-up times in all age groups compared with

BPTB

11.2 Paper II

During the study period, the most common femoral and tibial fixations used in
Norway for HT grafts were Endobutton and RCI screw. For BPTB grafts, the
vast majority were fixed with metal interference screws

When using HT, patients with combinations of fixations with femoral fixation
Endobutton had a significantly higher risk of early revision compared with
other combinations of fixations. No combination of fixation for HT had
equally low early revision risk as the average patient with BPTB

The 2-year revision rates for the combinations of fixations with Endobutton
varied between 3.5-5.5%, whereas the revision rates for the combinations
EZLoc/WasherLoc and TransFix II/metal interference screw were found to be

2.2 and 1.5% respectively
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11.3 Paper 11

- During the study period, the most common femoral and tibial fixation used in
HT ACL reconstructions in Scandinavia were Endobutton (36%) and
interference screw (48%), respectively

- Compared with Endobutton, patients treated with Rigidfix and TransFix had
0.7 times lower overall risk of revision

- We found an increased overall risk of revision for patients treated with tibial

fixation retro interference screw
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12. Suggestions for further research

The present thesis have added knowledge in fields that could be difficult to achieve
with other study designs and has contributed with several new hypotheses. There are
still obvious questions to be answered in ACL research, some of those are possible to
penetrate with valid register data but other research questions needs other study

designs.

12.1 Data quality

In the process of working with the present thesis, the importance of data quality was
acknowledged. This attribute has not previously been described for the NNKLR. We
started the process of validating the accuracy of the register data, comparing it with

data registered in the patient’s medical journal, mid-term in this PhD project.

12.2 Cause of revision

The cause of revision is multifactorial, and certain patient’s characteristics or surgical
techniques might show specific patterns of failure dependent on time after primary
reconstruction. With the existing data in the register, we can further penetrate this
research question. We could potentially find differences in described failure
mechanism, to generate further hypotheses for inherent failure mechanisms of the

grafts or fixations.

12.3 Subjective outcome after ACL reconstruction

To further investigate the outcome between the grafts, and possible between fixation
methods, the analysis of subjective outcome in form of KOOS is an important
complement to the results of this thesis. In addition to using the subscales, one can
perform analysis on separate questions in the KOOS that could highlight differences

between the grafts not found in the overall subscales.
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12.4 Conversion of ACL reconstructions to total knee
arthroplasty

The ultimate failure for the ACL injured knee is a TKA, and this pathway is not well
studied. By coupling individual data from the NNKLR to the NAR we can find the

incidence and possibly important prognostic factors for this end-stage endpoint.

12.5 Indication for revision surgery

For the reporting hospitals to the NNKLR, there might be variations in decision-
making for what patients with treatment failure that should be revised. This should be
investigated to further elicit the risk of indication bias when using revision as the end-
point. As a side-effect, this study could create an important discussion and elicit the

need for a national guideline for these patients.

12.6 Register-RCT

To surpass the general weakness for register studies of being observational, there has
lately been proposed to introduce randomization into registries — the “registry-based
RCT” [277]. By using randomization in the framework from an existing clinical
register to allocate treatment, it is possible to follow the included patients within the
collected register endpoints. This would result in low-cost and pragmatic prospective
randomised trials that can prove causality with a great external validity. If embedded

in the NNKLR, we can for example compare the following treatments:

e QGraft choice — including only anatomic reconstructions, randomised to HT or
BPTB. Due to the large sample size necessary, this design might provide the
ultimate evidence for this question

o Fixation method — for hamstring tendon grafts, randomization between
suspension device with or without an additional interference screw in the
femur

o Non-operative treatment versus early reconstruction for an acute ACL injury
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14. Appendix

Appendix 1 - Surgical form NNKLR 2004-2011
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RETTLEDNING
Registreringen gjelder primaeroperasjon eller reoperasjon av korsbandsruptur (fremre og bakre).
Registreringen gjelder ogsa alle reoperasjoner pa pasienter som tidligere er korsbandsoperert.
Eit skjema fylles ut for hvert kne som blir operert. _|_
Flere operasjoner i samme kne registreres pa samme skjema.
Aktuelle ruter markeres med kryss. | noen tilfeller skal det fylles inn et tall i rutene (Brusklesjon).
Pasienten skal pa eget skiema gi samtykke til registrering.

KOMMENTARER TIL DE ENKELTE PUNKTENE
TIDLIGERE OPERASJON | SAMME KNE
Forkortelser som er brukt under dette punktet og pafelgende punkter:
ACL: Fremre korsband
PCL: Bakre korsband
MCL: Mediale kollateralligament
LCL: Laterale kollateralligament
PLC: Popliteus kompleks/bicepssene kompleks

SKADEDATO Skriv inn skadedatoen sa eksakt som mulig. Ved ny skade av tidligere operert korsband, skriv inn den nye
skadedatoen.

FIKSASJON Angi hvilken fiksasjonstype som er brukt ved & feste klistrelapp pa baksiden. Husk & skille mellom femur og tibia.

GRAFTVALG Forkortelser som er brukt under dette punktet:

* BPTB; Patellarsene autograft
ST: Semitendinosus autograft
STGR: Semitendinosus + gracilis autograft
BQT: Sentral quadricepssene autograft
BQT-A: Sentral quadricepssene allograft
BPTB-A: Patellarsene allograft
BACH-A: Achilles allograft

PEROPERATIVE KOMPLIKASJONER
Ved en eventuell ruptur av hestet graft e.l. skal det her nevnes hva som var det opprinnelige graftet. Andre
peroperative komplikasjoner skal ogsa fylles inn her.

SYSTEMISK ANTIBIOTIKAPROFYLAKSE
Her fores det pa hvilket antibiotikum som er blitt benyttet i forbindelse med operasjonen. Det anfares hvor stor dose,
hvor mange doser og profylaksens varighet. Hvis en f.eks. kun har gitt 2g Keflin 4 ganger operasjons dagen med 4
timers mellomrom dvs. 12 timer mellom farste og siste dose, sa angis det i skjema: Hvilken (A) Keflin Dose(A) 29
Totalt antall doser 4 Varighet 12 timer.

Kopi beholdes til pasientjournalen, originalen sendes il Haukeland Sykehus.

Kontaktpersoner vedrerende registreringsskjema er

Professor Lars Engebretsen, Ortopedisk Senter, Ulleval Universitetssykehus, tif.: 950 79 529,

e-post: lars.engebretsen@medisin.uio.no

Overlege Knut Andreas Fjeldsgaard, Haukeland Universitetssykehus, fif.: 55 97 56 80,

e-post: knut.andreas.fieldsgaard@helse-bergen.no _l_
Sekreteer | Nasjonalt Korsbandsregister, Ortopedisk avd., Helse Bergen:

Ruth G Wasmuth, tif.: 55 97 64 50, faks: 55 97 37 49

e-post: rgth@helse-bergen.no

GRAFTFIKSASJON MENISKFIKSASJON

FEMUR TIBIA MEDIAL LATERAL
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Appendix 2 - Surgical form NNKLR 2012-
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Registreringsskjema

RETTLEDNING
+ Registreringen gjelder ALLE fremre og bakre korsbandsoperasjoner.
+ Registreringen gjelder ALLE kneoperasjoner pa pasienter som tidligere er korsbandsoperert.
+  Ett skiema fylles ut for hvert kne som blir operert.
+  Aktuelle ruter markeres med kryss. Stiplet linje fylles ut der dette er aktuelt.
+ Pasienten skal pa eget skjema gi samtykke til registrering.

KOMMENTARER TIL DE ENKELTE PUNKTENE +

FORKORTELSER SOM ER BRUKT PA SKJEMAET
* ACL: Fremre korsband
* PCL: Bakre korsband
*  MCL: Mediale kollateralligament
« LCL: Laterale kollateralligament
*  PLC: Popliteus kompleks/bicepssene kompleks
« BPTB; Patellarsene autograft
*  AM: Anteromediale bunt av ACL
* PL: Posterolaterale bunt av ACL

SKADEDATO Skriv inn skadedatoen sa eksakt som mulig.
Ved ny skade av tidligere operert korsband, skriv inn den nye skadedatoen.

FIKSASJON Angi hvilken fiksasjonstype som er brukt ved a feste klistrelapp pa baksiden.
Husk a skille mellom femur og tibia for graftfiksasjon, og mellom medial og lateral side for meniskfiksasjon.

PEROPERATIVE KOMPLIKASJONER
Ved en ruptur/kontaminering av hestet graft e.l. skal det opprinnelige graftet anfares her.
Andre peroperative komplikasjoner skal ogsa fylles inn her. -|—

SYSTEMISK ANTIBIOTIKA
Her fares det pa hvilket antibiotikum som er blitt benyttet i forbindelse med operasjonen. Det anfares dose, antall
doser og profylaksens varighet. F.eks. Medikament 1: Keflin 2g x 4, med varighet 12 timer.

TROMBOSEPROFYLAKSE
Type, dose og antatt varighet av profylaksen skal angis separat for operasjonsdagen og senere.

Kopi beholdes i pasientjournalen, originalen sendes til Nasjonalt Korsbandsregister.

Kontaktpersoner vedrarende registreringsskjema er

Professor Lars Engebretsen, Ortopedisk avdeling, Oslo Universitetssykehus

e-post: lars.engebretsen@medisin.uio.no

Lege Havard Visnes, Haukeland universitetssjukehus

e-post: haavard.visnes@helse-bergen.no

Sekretzer i Nasjonalt Korsbandsregister, Ortopedisk avd., Helse Bergen

Kate Vadheim, tif.: 55 97 64 54 e-post: korsband@helse-bergen.no

Internett: hitp:/indweb.ihelse.net/ +

GRAFTFIKSASJON MENISKFIKSASJON

FEMUR TIBIA MEDIAL LATERAL
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Graft fixation influences revision risk after ACL reconstruction
with hamstring tendon autografts

A study of 38,666 patients from the Scandinavian knee ligament registries
2004-2011
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Background and purpose — A large number of fixation methods  market for fixation of the graft. Most devices have been evalu-
of hamstring tendon autograft (HT) are available for anterior  ated mechanically tested with acceptable results (Ahmad et al.
cruciate ligament reconstruction (ACLR). Some studies report 2004, Milano et al. 2006, Aga et al. 2013). Numerous clinical
an association between fixation method and the risk of revision  studies have found similar objective or subjective outcomes
ACLR. We compared the risk of revision of various femoral and  comparing different fixation techniques (Laxdal et al. 2006,
tibial fixation methods used for HT in Scandinavia 2004-2011. Rose et al. 2006, Moisala et al. 2008, Myers et al. 2008,
Materials and methods — A register-based study of 38,666  Harilainen and Sandelin 2009, Drogset et al. 2011, Frosch
patients undergoing primary ACLRs with HT, with 1,042 revision et al. 2012, Gifstad et al. 2014). Hence, there is no definite
ACLRs. The overall median follow-up time was 2.8 (0-8) years. = recommendation for the best fixation technique and the sur-
Fixation devices used in a small number of patients were grouped  geon’s choice of fixation is likely to be influenced by personal
according to design and the point of fixation. experience, local traditions, and possibly marketing from the
Results — The most common fixation methods were Endobut-  industry.
ton (36%) and Rigidfix (31%) in the femur; and interference A recent study (Persson et al. 2015) from the Norwegian
screw (48%) and Intrafix (34%) in the tibia. In a multivariable ~ Knee Ligament Registry (NKLR) identified combinations of
Cox regression model, the transfemoral fixations Rigidfix and  fixations for HT with increased risk of revision at 2 years. In
Transfix had a lower risk of revision (HR 0.7 [95% CI 0.6-0.8] addition, a higher risk of revision when using cortical but-
and 0.7 [CI 0.6-0.9] respectively) compared with Endobutton. In  tons compared with transfemoral or intratunnel fixations in
the tibia the retro interference screw had a higher risk of revision  the femur was observed. These findings call into question the
(HR 1.9 [CI 1.3-2.9]) compared with an interference screw. increasing use of cortical buttons for HT fixation (Ahlden et
Interpretation — The choice of graft fixation influences the risk  al. 2012). In addition, Andernord et al. (2014) found a reduced
of revision after primary ACLR with hamstring tendon autograft.  risk of early revision when a metal interference screw was
m used to fixate semitendinosus grafts in the tibia.
This study further investigates the risk of revision for the
most common fixation techniques and devices in HT recon-
The most commonly used grafts in Scandinavia for ante-  structions during the period 2004-2011, using a combined
rior cruciate ligament reconstruction (ACLR) are hamstring  dataset from all 3 Scandinavian ACL registries (the NKLR,
tendon autografts (HT) or patellar tendon autografts (Granan  the Swedish National Anterior Cruciate Ligament Registry,
et al. 2009). There are multiple devices available on the and the Danish Knee Ligament Reconstruction Register).

© 2017 The Author(s). Published by Taylor & Francis on behalf of the Nordic Orthopedic Federation. This is an Open Access article distributed under the terms
of the Creative Commons Attribution-Non-Commercial License (https://creativecommons.org/licenses/by-nc/3.0)
DOI 10.1080/17453674.2017.1406243
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Materials and methods

Data sources

The Scandinavian knee ligament registries were established in
2004-2005 and are similar in design (Granan et al. 2008, Ahlden
et al. 2012, Rahr-Wagner and Lind 2016). Patient-specific data
(sex, age, previous surgery/injuries to index or contralateral
knee), surgical details (graft choice, fixation choice, potential
treatment of other ligament injuries or meniscal/cartilage inju-
ries) and intraoperative findings (meniscal and cartilage inju-
ries and signs of arthrosis) are reported at the time of surgery.
Patients are followed prospectively with revision ACLR, subse-
quent surgery to the index knee, and patient-reported outcome
(Knee Injury and Osteoarthritis Outcome Score at 1, 2, 5, and
10 years follow-up) as endpoints. The report rates to the reg-
istries are similar, from 86% to > 90% (Ytterstad et al. 2012,
Rahr-Wagner et al. 2013a, www.aclregister.nu 2014).

This study includes all 38,666 patients registered from the
start of the Scandinavian registries up to December 31, 2011,
with a primary ACLR with an HT. The following data were
considered in the study: date of primary and potential revi-
sion reconstruction, patient age and sex, fixation of the graft in
femur and tibia, activity at primary injury, location (right/left
knee), meniscal injury or treatment (yes/no), cartilage injury
(yes/no), medial collateral injury (yes/no), and other concomi-
tant injuries (fractures, nerve injuries, and vascular injuries).
Patients with concomitant ligament injuries treated surgically
were not included.

Exposure

We analyzed the revision rate and risk dependent on what tibial
and femoral fixation device was used in the primary ALCR.
The fixation device in the femur and tibia was either registered
by the catalogue number of each device by using the unique
bar-code sticker delivered by the manufacturer, or reported
manually by the surgeon with either the registered trademark
name of the device or a description of the fixation design,
such as interference screw. Devices used in fewer than 500
patients were grouped according to their design and point of
graft fixation. The femoral devices in the dataset were grouped
as: cortical fixation (Endobutton [Smith & Nephew] or other),
transfemoral fixation (Rigidfix [DePuy Mitek], Transfix
[Arthrex] or other), interference screw, or other/unknown. The
tibial devices in the dataset were grouped as: cortical fixation,
interference screw, Intrafix (DePuy Mitek), retro interference
screw, Rigidfix (DePuy Mitek), or other/unknown.

Statistics

Statistical analyses were performed using SPSS Statistics soft-
ware version 22 (SPSS Inc, IBM Corp, Armonk, NY, USA).
All tests were 2-sided with a 0.05 significance level.
Unadjusted cumulative implant revision curves were estab-
lished using Kaplan—Meier estimates and crude 2- and 5-year
revision percentages are reported. Unadjusted and adjusted
hazard ratios (HR) with 95% confidence intervals (CI) were
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estimated in Cox regression analyses. The multivariable anal-
yses were stratified for country. The assumption of propor-
tional hazards of the Cox regression model was evaluated with
log-log plot and was found suitable. All survival analyses
were performed with revision as the endpoint. No data were
received on death or emigration. Patients were at risk and fol-
lowed until revision or end of study.

Confounding factors

Patient age (5-year categories) at the time of the primary
reconstruction, sex, meniscal injury to 1 or both menisci (yes/
no), cartilage injury (yes/no), and activity at primary injury
(pivoting activity [soccer, team handball, alpine activities]/
other activities) were considered as possible confounding fac-
tors as these are potential risk factors for revision and may
also influence the choice of fixation method. Further, none of
the factors were considered as possible mediating variables.
Additional analyses showed that meniscal injury and cartilage
injury was not associated with, and thus did not inform, the
fixation method. They were therefore not entered into the mul-
tivariable Cox regression analysis. Additional adjustment was
made for corresponding fixation in the tibia when analyzing
femoral fixations and for corresponding fixation in the femur
when analyzing tibial fixations.

Ethics, funding, and potential conflicts of interest
Informed consent has been signed by all the participants in
the NKLR, and the NKLR is approved by the Norwegian Data
Inspectorate. No written consent is necessary in Denmark
and Sweden for national healthcare registries. The study was
funded by a grant from the Norwegian Orthopedic association.

LE has received course honoraria from Smith & Nephew,
a fellowship grant from Arthrex to his institution, royalties
for making of tools from Arthrex, and travel/accommodation
expenses covered or reimbursed by Smith & Nephew for Mul-
tiligament course in Vail.

Results

The mean age at surgery was 28 years, and 57% were men. The
median time from initial injury to the time of primary ACLR
was 8 months (range 045 years). The most commonly used
fixations in the femur were the Endobutton and Rigidfix, used
in 14,106 and 12,041 patients respectively. The most commonly
used tibial fixations were interference screw and Intrafix, used
in 18,640 and 13,014 patients respectively. The median over-
all follow-up time was 2.8 (1.8-4.3) years (Table 1). The most
commonly used combinations of fixations (femoral x tibial)
were Rigidfix x Intrafix and Endobutton x Interference screw,
used in 8,023 and 8,006 patients respectively (Table 2).

The use of femoral fixation with Endobutton increased
during the entire study period while the usage of Rigidfix
decreased after a peak in 2007 (Figure 1). The use of tibial
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Table 1. Patients’ characteristics and baseline epidemiology. Values are percentages unless otherwise specified

Femoral fixation Cortical fixation

Transfemoral fixation

Interference  Other/

Endobutton  Other Rigidfix Transfix Other screw unknown
n 14,106 4,352 12,041 3,652 520 3,453 542
Age, mean (SD) &b 27 (10) 28 (11) 29 (10) 28 (10) 28 (10) 28 (10) 28 (11)
Pivoting activity © 66 66 66 66 72 67 64
Male 56 58 57 59 57 59 54
MCL injury 25 2.1 1.9 3.2 3.7 1.2 3.3
Menisc injury 41 44 38 42 42 43 40
Cartilage injury 21 21 20 29 28 20 23
Other injury 0.4 0.5 0.7 0.5 1.3 0.3 0.4
Follow-up, mean (SD)? 2.2(1.8) 25(1.7) 3.7(1.8) 3.9(1.8) 54(20) 3.0(1.8) 2.9 (2.1)
Tibial fixation Cortical Interference Retro inter- Other/
fixation screw Intrafix ference screw Rigidfix ~ unknown
n 4,814 18,640 13,014 508 867 823
Age, mean (SD) &b 27 (11)  28(10) 29 (11)  27(10) 27 (10) 27 (11)
Pivoting activity © 65 66 67 63 59 66
Male 55 58 58 58 54 57
MCL injury 3.4 2.3 1.6 0.8 3.6 5.1
Meniscal injury 43 43 37 46 37 45
Cartilage injury 19 24 18 30 25 29
Other injury 0.5 0.4 0.8 1.0 0.2 0.9
Follow-up, mean (SD)® 3.2(2.0) 2.7 (1.9) 33(1.9) 33(1.8) 4.1(1.7) 28(2.3)
a At time of surgery.
b Years.
¢ At primary injury (soccer, team handball, alpine activities).
Table 2. Combinations of fixations used in more than 500 patients Femoral fixation methods (%)
80 -
Fixations ( femoral x tibial) n 70
Endobutton x interference screw 8,006 60 S ehtiion
Endobutton x intrafix 3,154 50 — Rigidfix
Endobutton x cortical fixation 2,541 — Other cortical
Other cortical x interference screw 1,856 40 fixations
Other cortical x cortical fixation 1,483 — Interference screw
Other cortical x Intrafix 948 30 — Transfix
Rigidfix x Intrafix 8,023 20 — Other transfemoral
Rigidfix x interference screw 2,661 fixations
Rigidfix x Rigidfix 825 10
Transfix x interference screw 3,123
Interference screw x interference screw 2,859 2005 2006 2007 2008 2009 2010 2011
Other combinations (used in less than 500 patients) 3,187
Figure 1. Femoral fixation in Scandinavia 20015-2011.
Total 38,666

fixation with interference screw increased after 2006 while the
use of Intrafix decreased after a peak in 2006 (Figure 2).

Revision rate during the first postoperative year was low
(Figures 3 and 4).

The 5-year revision rate according to femoral fixation was
5.0% (CI 4.4-5.7) for Endobutton, 3.4% (CI 3.0-3.8) for
Rigidfix, and 3.5% (CI 2.8-4.1) for Transfix. For tibial fixa-
tion the 5-year revision rate was 4.2% (CI 3.7-4.6) for inter-
ference screw, 4.0% (CI 3.0-3.8) for Intrafix, and 2.5% (CI
1.4-3.7) for Rigidfix (Figures 3, 4 and Table 3).

In the multivariable analysis, the HR for revision was 0.7
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Tibial fixation methods (%)
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Figure 2. Tibial fixation in Scandinavia 20015-2011.
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Cumulative revision (%) — femoral fixation Cumulative revision (%) — tibial fixation
14+ 14+
12+ 12+
10 10 — Interf
— Endobutton sr::treevsrence
8 — Rigidfix 8 — Intrafix
— Other cortical — Cortical fixation
6 :lxtat:)ns 6 — Other/Unknown
f,,_;—’i — Interference screw — Retrointerference
4 // — Transfix 44 screw
/;M{;Hf——'c’: — Other transfemoral — Rigidfix
fixations
4 & ~ 2 .
2 :::% r///
0 0

0o 1 2 3 4 5 6 7 8
Years after primary ACLR

Figure 3. Cumulative revision curve for femoral fixations.

Table 3. Crude revision rates for patients within the examined groups of

fixations at 2 and 5 years

o 1 2 3 4 5 6 7 8
Years after primary ACLR

Figure 4. Cumulative revision curve for tibial fixations.

Table 4. Results (hazard ratios — HR) from the Cox regression
models with revision as endpoint

Revision rate (Cl) % Fixation point and group R (Cl) Adjusted HR (Cl)2
Fixation point and group n (revisions) 2 years 5 years
Femoral fixation
Femoral fixation @ Cortical fixation
Cortical fixation Endobutton Ref. Ref.
Endobutton 14,106 (342) 2.7 (2.4-3.1) 5.0 (4.4-5.7) Other 0.9 (0.8-1.2) 0.8 (0.7-1.1)
Other 4,352 (115) 2.2(1.7-2.7) 4.5(3.6-5.4) Transfemoral fixation
Transfemoral fixation Rigidfix 0.7 (0.6-0.8) 0.7 (0.6-0.8)
Rigidfix 12,041 (316) 1.7 (1.4-1.9) 3.4 (3.0-3.8) Transfix 0.7 (0.5-0.8) 0.7 (0.6-0.9)
Transfix 3,652 (100) 1.5(1.1-1.9) 3 5 (2.8-4.1) Other 1.2 (0.9-1.8) 1.1 (0.7-1.6)
Other 520 (32) 4.2 (2.5-6.0) 1(4.0-8.3) Interference screw 1.1 (0.9-1.3) 1.1 (0.9-1.4)
Interference screw 3,453 (119) 2.7 (2.1-3.3) 5 2 (4.2-6.2) Other/unknown 1.1 (0.7-1.7) 1.1 (0.7-1.9)
Other/unknown 542 (18) 27(1.1-42) 5.4 (2.7-8.0) Tibial fixation
Tibial fixation Cortical fixation 1.1 (1.0-1.4) 1.1 (0.9-1.4)
Cortical fixation 4,814 (159) 2.8(2.3-3.3) 4.6 (3.8-5.3) Interference screw Ref. Ref.
Interference screw 18,640 (462) 2.2 (2.0-2.5) 4.2(3.7-4.6) Intrafix 0.9 (0.8-1.1) 1.0 (0.9-1.2)
Intrafix 13,014 (355) 1.9 (1.6-2.1) 4.0 (3.6-4.5) Retro interference screw 1.8 (1.2-2.6) 1.9 (1.3-2.9)
Retro interference screw 508 (27) 3.4 (1.7-5.1) 6.7 (4.1-9.3) Rigidfix 0.6 (0.3-0.9) 0.9 (0.5-1.4)
Rigidfix 867 (18)  1.3(0.4-2.0) 25(1.4-3.7) Other/ unknown 1.1 (0.7-1.6) 1.0 (0.6-1.5)
Other/unknown 823 (21) 1.8 (0.6-2.9) 4.7 (2.7-6.8)

Log-rank test for difference in overall revision between groups:
ap-value < 0.001
b p.value = 0.001

for the Rigidfix (CI 0.6-0.8) and Transfix (CI 0.6-0.9) groups
compared with the Endobutton group and 1.9 (CI 1.3-2.9) for
the group with the tibial fixation retro interference screw com-
pared with the interference screw group (Table 4).

Discussion

In this large multiregistry-based study from the Scandinavian
countries, the main finding was that the HR for revision was
reduced by 30% when using transfemoral fixation with Rigid-
fix or Transfix compared with cortical fixation with Endobut-
ton, independent of the tibial fixation used. The hamstring
tendon autograft was fixed with the cortical fixation Endobut-
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2 Adjusted analysis model stratified for country (Sweden,
Denmark, Norway) and adjusted for gender, age at surgery
(5-year categories), activity at primary injury, and correspond-
ing fixation in tibia or femur.

ton in one-third of the patients, with increasing use during the
last years of the study period.

These results are in line with the recent findings of increased
risk of revision within 2 years for cortical fixation compared
with transfemoral fixation from the NKLR (Persson et al
2015). One can question the clinical relevance of a minor
difference in revision risk. However, when clinical outcome
after revision ACLR may be worse than after primary ACLR
(Battaglia et al. 2007, Grassi et al. 2016), we believe the dif-
ferences are of interest.

Previously, a variety of outcomes have been studied in clini-
cal studies comparing different fixation devices and techniques
(Drogset et al. 2005, Rose et al. 2006, Capuano et al. 2008,
Moisala et al. 2008) with similar outcomes in the examined
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groups. However, there are a few clinical, biomechanical, and
anatomical studies that have reported differences between dif-
ferent graft fixations in the femur. A recent meta-analysis by
Browning et al. (2017) included 41 clinical level 1-4 studies
comparing clinical outcome for patients treated with an ACLR
with 4-strand hamstring autograft using either suspensory or
aperture fixation. They found better arthrometric stability and
fewer graft ruptures using suspensory compared with aper-
ture fixation at a minimum of 2-year follow-up; however,
they included graft fixation in the femur with cross-pins in the
suspensory group. In a clinical trial of double-bundle ACLR,
Ibrahim et al. (2015) found that 4 out of 32 patients with ACL
grafts that were fixed in the femur with cortical fixation had >
5 mm of postoperatively instrumented knee laxity compared
with O out of 34 patients with transfemoral fixation at a mean
follow-up of 2.5 years. They found no difference between
the 2 groups in the Lachman and pivot-shift test. Frosch et
al. (2012) compared, in a prospective non-randomized study,
femoral fixation with bioabsorbable interference screws in
31 cases and bioabsorbable Rigidfix in 28 cases. They found
similar subjective results but less side-to-side anterior transla-
tion as measured with a KT-1000 arthrometer in the cases with
femoral fixation using Rigidfix.

Biomechanical studies most frequently investigate graft-
fixation complex stiffness, pull-out strength, or graft—fixation
complex lengthening after cyclic loading. Laxity of the graft—
fixation complex and graft—tunnel motion might disturb the bio-
logic incorporation of the graft in the bone tunnel (Hoher et al.
1998), leading to a weaker reconstruction. In a cadaver model
measuring graft—fixation complex stiffness in double-looped
semitendinosus grafts, To et al. (1999) found the stiffness of
the graft and fixation complex to be dependent on the fixation
method rather than the graft, with decreased stiffness when
using a suture loop and a cortical button. Hoher et al. (1998)
found up to 3 mm of graft-tunnel motion when using a titanium
button and polyester tape to fix quadruple hamstring grafts
within the femoral bone tunnel. To further investigate the histo-
logical insertion point or the graft itself there is a need for more
studies where samples are collected from revision ACLRs.

There has been a debate as to whether the surgical tech-
nique for femoral tunnel drilling affects the clinical out-
come. Both Rigidfix and Transfix are likely to mainly have
been fixed through a transtibial technique (TT) for drill-
ing the femoral tunnel. TT has been shown to have a lower
risk of revision compared with the anteromedial (AM)
technique in a previous register study (Rahr-Wagner et
al. 2013b). The authors argued that it could be due to the
increased load on an anatomic reconstructed graft, due to
potential problems with a shorter femoral tunnel or as a
result of the surgeon’s learning curve when the new AM
technique was introduced. However, they did not adjust for
graft fixation in their analysis. Liu et al. (2015) found, in
a systematic review, superior results for the AM technique
based on physical examination, and it is possible that the
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mentioned difference in revision risk could be due to an
unknown confounder, such as the graft fixation.

A change from transfemoral devices to cortical fixation
has previously been reported from the Swedish ACL registry,
probably as a result of the focus on anatomic ACL reconstruc-
tion using the AM technique (Ahlden et al. 2012). This ten-
dency is also clear in our study.

Among the investigated tibial fixation devices the retro inter-
ference screw was the only device with a statistically signifi-
cantly higher risk of revision compared with the interference
screw. The retro interference screw (available in titanium or
degradable poly-L-lactic acid [PLLA]) is placed retrogradely
into the tibial bone tunnel from inside the joint. Although poor
results have been reported in a previous biomechanical study
(Scannell et al. 2015), and the possible risk of failure when
using PLLA screws (Drogset et al. 2005, Persson et al. 2015)
could explain the increased revision risk for the retro interfer-
ence screw found in this study, we interpret the results with
caution due to the small sample size. Further, we did not have
data defining the material of the included retro interference
screws and thus may not know whether this could have con-
tributed to the inferior results.

A limited number of register studies have been conducted
on the current topic. Andernord et al. (2014) found a statisti-
cally significant lower incidence of revision surgery when a
metal interference screw was used in semitendinosus tendon
autograft reconstructions compared with a bioabsorbable
interference screw, AO screw, metal interference screw +
staple, or Intrafix registered in the Swedish National Anterior
Cruciate Ligament Registry 2005-2011. This was, however,
not found in the group with a combined semitendinosus and
gracilis graft, which was used in four-fifths of the patients, in
line with our results.

Strengths and weaknesses

The most important strength in this study is the large sample
size of the groups investigated. A randomized controlled trial
is difficult to conduct with enough statistical power to investi-
gate arare endpoint such as revision ACLR (Naylor and Guyatt
1996). A sample size calculation shows that 1,000 patients are
needed in each group to detect a statistically significant differ-
ence in 2-year revision rates of 2.4% and 4.7%, equivalent to
a hazard rate ratio of 2 (with a 2-sided 0.05 level and power
of 80%). In general, prospective registry-based cohort studies
are considered to be hypothesis-generating and not proving
causality. However, in modern observational studies where
potential biases are considered, estimates of treatment effects
may be similar to those found in randomized controlled trials
(Benson and Hartz 2000). Therefore, we believe our study
to have a good methodology to investigate the risk of failure
for different surgical techniques, such as choice of fixation
method for the graft.

The baseline data of the Norwegian registry have been
shown to be congruent with other registries (Maletis et al.
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2011, Granan et al. 2012). Accordingly, we believe the results
to be applicable not only to the countries where the study was
conducted, but to a general orthopedic community.

We acknowledge the existing weaknesses of this study. For
the smallest patient groups our results might be influenced by
hospital-dependent revision rates. Experienced surgeons at
large-volume clinics might be more prone to revise patients,
and could have a different fixation choice for the primary
ALCR than surgeons in low-volume clinics. These surgeons
could also attract more high-level athletes with a higher risk
of re-injury. We have no complete data on the surgeons’ expe-
rience, the postoperative rehabilitation protocol, graft size,
activity level of the patient, if TT or AM technique was used
for femoral drilling, or if the hamstring tendons are semitendi-
nosus grafts or a combination of semitendinosus and gracilis,
which are factors that potentially could influence the risk of
revision.

The use of revision surgery as the endpoint is a robust out-
come measure, but it does not include patients with subjective
or objective graft failures that have not undergone revision sur-
gery. Although the number of graft failures is probably greater
than the number of patients reaching our endpoint, we believe
the observed differences are valid. In addition, we have no
reason to believe that patients in certain fixation groups would
be more prone to seek clinical attention and be considered for
revision surgery. We do not have the data on why the patients
were revised, which could potentially differ between fixation
groups.

We have no data on death or emigration, which potentially
could bias our results as a competing risk to revision. With a
mean age of 28 years in the population, occurrence of death
in the follow-up is likely to be low. We do not believe that
occurrence of emigration would differ between the groups.
Further, we do not have data on possible bilateral observations
included. Even though the occurrence is probably not differ-
ent amongst the groups investigated, this might have biased
our results.

Summary

Although that the cause of revision ACLR is often multifac-
torial, the results from this study suggest that there could be
substantial differences in revision risk dependent on what fixa-
tion method is used in hamstring autograft ACL reconstruc-
tions.The results illustrate the need for continuous multiregis-
ter cooperation with fixation devices registered by catalogue
number to allow for early detection of possible implant fail-
ures.

All authors contributed to the planning of the project, interpreting results,
draft revision, and approval of the manuscript. AP, TG, and BE did the statisti-
cal analysis.
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