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Abstract

Purpose The aim was to compare the outcome of anterior
cruciate ligament (ACL) reconstruction with bone-patellar
tendon-bone (BPTB) autograft, with and without a
poly(urethane urea) augmentation device.

Methods Patients were randomized to BPTB recon-
struction with a synthetic degradable augmentation
device (n = 96) or without augmentation (n = 105).
Follow-ups were made during 4 years after surgical
treatment with the KT1000™ arthrometer for objective
evaluation of sagittal stability. The Tegner scoring
system for assessment of physical activity level and the
Knee injury Osteoarthritis Outcome Score (KOOS) for
assessment of knee-specific health were evaluated after
4 and 12 years.

Results  KT1000™ tests showed a significant decrease in
mean manual maximum side-to-side difference after
4 years in both patients with and those without augmen-
tation, without any statistical difference between the groups
(n.s.). Pre-injury, 76 and 80 % of the patients, respectively,
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reported Tegner level 7-10. Pre-surgery, the corresponding
figures were 6 and 5 %, and at 4 years, 33 and 30 %.
Twelve years after ACL reconstruction, both groups had
significantly higher KOOS scores in function in sports and
recreational activities (p < 0.001) and knee-related quality
of life (p < 0.001) compared to before surgical treatment.
In 10 patients, the augmentation device was removed, in
six of these because of insufficient screw fixation to femur
and in four due to swelling/hydrops.

Conclusion This study showed no significant difference
in clinical outcome with use of an additional synthetic
augmentation device in a single-bundle BPTB ACL
reconstruction compared with non-augmentation, in short,
intermediate, or long-term perspective.

Level of evidence Therapeutic study, Level L.

Keywords ACL - BPTB - Artelon -
Ligament augmentation - Patella tendon

Introduction

Surgical reconstruction of an anterior cruciate ligament
(ACL) injury with single-bundle bone-patellar tendon-bone
(BPTB) or hamstring autografts aims to restore the stability
and function of the knee. However, if a restoration of
normal knee biomechanics is not achieved by the ACL
reconstruction, resulting in remaining rotational instability
or laxity, this will contribute to the development of post-
traumatic knee osteoarthritis [22, 29]. This is reported even
more commonly if the ACL injury is associated with a
medial meniscus tear or articular cartilage injury [18, 39,
45]. Patients who have been treated operatively with
reconstruction have shown better stability compared to
those with non-operative treatment, and fewer meniscus
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and cartilage injuries [9], but it is still unclear if surgical
ACL reconstruction decreases or prevents the risk for
future osteoarthritis [20, 22, 25].

A general disadvantage with avascular autografts, as
well as allografts, is the decrease in strength and loss of
elasticity starting a few weeks after surgery caused by
tissue necrosis and resorption. This is followed by a
period of ongoing revascularization, cell ingrowth, tissue
regeneration, remodelling, and at the same time a gradual
resorption of the avascular tendon tissue, lasting over a
period of 9-12 months [6]. The reduced mechanical
properties during this period increase the risk for
stretching out and re-rupture of the autograft with
increased laxity and instability, especially during early
return to sports or hard labours.

Different types of augmentation materials for support of
the autologous ligament graft in a single-bundle surgical
procedure have been suggested to increase stability and to
better protect the function of the native ACL repair or
reconstruction. Also prostheses have been tried, but studies
have failed to show a positive long-term effect [8, 26, 30,
32, 34, 46]. The materials in these studies are all non-
degradable and have a high stiffness. For more than a
decade, a degradable poly(urethane urea), Artelon®, has
been used in orthopaedic surgery. One of the first devel-
oped products was an augmentation device designed to
support the BPTB autograft during the rehabilitation period
and when returning to sports and labour. The device was
designed with the purpose to share the mechanical load
with the graft during the sensitive initial healing and
rehabilitation period and thus achieve long-term stability.
The hypothesis was thus that augmentation of the autograft
will reduce instability and thereby prevent the associated
long-term complications.

The aim of this study was to compare the outcome of
ACL reconstruction with BPTB autograft, with and without
a poly(urethane urea) augmentation device.

Table 1 Patient characteristics and surgery time

Materials and methods

A prospective, randomized, controlled, double-blinded
multicentre study was performed in patients with an iso-
lated ACL injury. A guidance document by Food and Drug
Administration (FDA) was used for the design of the study
[12]. These guidelines prescribe a multicentre study
including 100 patients in each group, or more, depending
on if the statistical calculations request for more patients.
Furthermore, the treatments should be performed by at
least six surgeons with a minimum of 10-15 device implant
procedures per surgeon.

The study included 201 patients with diagnosed ACL
injury with duration of at least 4 weeks. For inclusion in
the study, the patients had to be above 15 years of age and
had subjectively experienced instability limiting their
activity level. The instability had also been objectively
evaluated. Exclusion criteria were concomitant posterior
cruciate ligament injury and/or collateral ligament injury in
the same knee, or bilateral ACL injury, reason to expect
poor compliance in rehabilitation, serious illness, other
joint or skeletal disease, or medical treatment which could
affect the wound healing. The study involved six surgeons
at four Swedish clinics, all experienced in the arthroscopic
BPTB technique. The surgeons were individually instruc-
ted in the augmentation technique and assisted during the
first operation by a surgeon experienced in the technique.
The patients were randomized to BPTB autograft recon-
struction with a synthetic augmentation device (test group,
n = 96) or without augmentation (control group, n = 105)
according to a randomization list and by using sealed
envelopes. The patients were operated on between June
1999 and May 2000. The characteristics of the patients are
given in Table 1.

The investigation plan was reviewed and approved by
the Ethics Committees at the universities of Gothenburg
and Orebro, and at Karolinska Institutet in Stockholm,

ACL with augmentation

ACL without augmentation Difference between groups

n =96 n = 105
Mean (SD), range Mean (SD), range p value
n (%) n (%)
Age (years) 27 (8), 1647 27 (7), 1547 0.80 (n.s.)
Females 35 (37 %) 49 (47 %) 0.16 (n.s.)
Time to surgery (months) 16 (24), 1-163 24 (41), 1-263 0.36 (n.s.)
1-6 39 (41 %) 41 (39 %)
7-12 24 (25 %) 26 (25 %)
>12 33 (34 %) 38 (36 %)
Right knee operated 54 (56 %) 48 (46 %) 0.16 (n.s.)
Surgery time (minutes) 82 (25), 32-140 67 (24), 28-140 <0.001

@ Springer



Knee Surg Sports Traumatol Arthrosc (2014) 22:2109-2120

2111

according to the Declaration of Helsinki. All patients
provided informed consent before participating.

Clinical evaluation

The pre- and postoperative examinations included both
subjective and objective tests and were performed by
experienced observers before treatment and after 3 and
6 months, and after 1, 2, 3, and 4 years. The number of
patients followed for 4 years and the reasons for lost to
follow-up are given in Fig. 1. The patients and observers
were blinded with regard to the treatment group. Any
clinical instability, swelling, bleeding, erythema, and
infections were recorded at all visits. The status of the
articular joint surfaces was graded from O to 4 during the
arthroscopic surgery for evaluation of any secondary car-
tilage injuries [31, 41]. Knee ligament was tested with the
KT1000™ arthrometer (MEDmetric®, San Diego, Cali-
fornia) for objective evaluation of sagittal stability (pri-
mary outcome measure) at 15 1b (6.8 kg) and 20 Ib (9 kg)

active displacement and with a manual maximum force
[38]. Only the latter measurement is presented, since it has
been shown to be the strongest discriminant [2]. Knee joint
stability was determined in both the healthy and injured
knee and a side-to-side difference >3 mm was considered
positive [7]. Also clinical stability tests such as the Lach-
man and the pivot shift tests were used to assess any sag-
ittal or rotational instability. The International Knee
Documentation Committee (IKDC) standard evaluation
was used for a subjective assessment of knee function [15].
The IKDC final grade of normal (A), nearly normal (B),
abnormal (C), or severely abnormal (D) was determined by
the worst score in any of the four principal categories:
subjective assessment, symptoms, range of movement, and
ligament examination. The Tegner scoring system was
used to assess the physical activity level [43]. The patients
also estimated their grade of activity level before the injury
occurred. Furthermore, the Knee injury Osteoarthritis
Outcome Score (KOOS) was used for assessment of knee-
specific health [35]. The five subscales of the self-admin-
istered KOOS cover pain, symptoms, activities in daily

Randomized
(n=201)

Allocated to
ACL reconstruction with an
Artelon® Augmentation Device
(n=96)

Excluded from analyses
-Device removed (n=2)

1-year follow-up
(n=94)

Excluded from analyses
-Device removed (n=8)
-Re-rupture (n=1

Lost to follow-up
-Moved (n=5)
-lliness (n=1)
-Military service (n=1)
-Child birth (n=1)

-Poor compliance (n=3)
-Unknown (n=1)

4-year follow-up
(n=74)

Analyzed according to LOCF
(n=85)

Lost to long-term follow-up
-No reply (n=18)

-Could not be reached (n=4)
-Moved abroad (n=1)
-Deceased (n=2)

e e e e e e Long-term follow-up
(n=71)

Allocated to
ACL reconstruction without
augmentation
(n=105)

Lost to follow-up
-Moved (n=1)

1-year follow-up
(n=104)

Excluded from analyses
-Re-rupture (n=2)

Lost to follow-up
-Moved (n=4)
-lliness (n=1)
-Declined further visits (n=3)
-Poor compliance (n=5)
-Unknown (n=3)

4-year follow-up
(n=86)

Analyzed according to LOCF
(n=102)

Lost to long-term follow-up
-No reply (n=22)

-Could not be reached (n=1)
-Moved abroad (n=5)

Long-term follow-up | _ _ _ _ _ _ _ _ _ _ _.
(n=77)

Fig. 1 Flow chart of patients who suffered from torn ACL allocated to reconstruction with or without an augmentation device
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living (ADL), difficulty in sports and recreational activi-
ties, and quality of life, with scores ranging from O (worst)
to 100 (best). After the completion of the 4-year follow-up,
the patients could if they wished get information on to what
group they belonged.

Long-term follow-up

After a mean follow-up time of 11 years and 8 months, the
long-term status was evaluated by sending questionnaires
to the participating patients. The number of patients who
replied of those who could be reached was 71 (80 %) in the
test group and 77 (78 %) in the control group (Fig. 1).
Median age at long-term follow-up was for all patients
37 years (range 26-58). The KOOS questionnaire was used
for assessment of knee-specific health [35]. In addition, the
Tegner scoring system was used to assess the activity level
[43]. There were no visits to the clinic at this long-term
follow-up.

Surgical technique

A single-bundle BPTB autograft technique was used in
the control group with non-resorbable metal screw fixa-
tion in the tibia and femur, respectively. A non-anatom-
ical transtibial approach was used for drilling of the
femoral tunnel. The same arthroscopic surgical technique
was used in the test group with the addition of the aug-
mentation device and with drill holes with the diameter of
11 mm to allow the space for the BPTB autograft and the
device.

The augmentation device

The Augmentation Device ACL (Artimplant AB, Gothen-
burg, Sweden) is a woven structure made of Artelon®,
which is a polycaprolactone-based poly(urethane urea) [13,
19]. The degradation of the material is slow with 50 % of
the initial strength remaining after 4 years. The material
degrades by hydrolysis, which results in a resorbable and a
non-resorbable fraction. The resorbable fraction is elimi-
nated from the body through the Krebs cycle (citric acid
cycle), primarily as carbon dioxide and in urine. The non-
resorbable fraction is incorporated in the surrounding host
tissue without eliciting any inflammatory or foreign body
response.

Preparation of the combined autograft/augmentation
device

A 10-mm-wide BPTB graft was harvested in the central

part of the patellar tendon. Two narrow drill holes were
made in each bone plug in the end of the graft for pullout
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sutures and device fixation. The synthetic augmentation
band was positioned on the anterior (cortical) side of the
autograft. Interrupted sutures were used to fix and adapt
the folded edges of the tendon on the anterior side cov-
ering the tendon, securing the augmentation band to the
tendon (Fig. 2a-b). Sutures were also put through the two
drill holes to anchor the augmentation band to the bony
ends and also to be used as pull-out sutures for later
insertion.

Arthroscopic insertion and fixation

Cancellous bone acquired from drilling the bone tunnels,
and from contouring the bone plugs during sizing of the
combined construct, was replanted into the harvesting
defect on the patella (and on the tibia if there was enough
material). The defect in the patellar tendon was not closed
in order to prevent tendon shortening, only the prepatellar
fascia was closed using interrupted sutures.

The tibial and femoral tunnels were drilled using
standard guiding devices. The combined construct (auto-
graft and augmentation band) was pulled through the
tibial and femoral tunnels using the pull-out sutures,
positioning the patella tendon part in an anteromedial
plane and the augmentation device in a posterolateral
plane with the knee near extension (Fig. 3a). Typically,
the bone plug tendon level of the construct was positioned
flush with the entrance of the femoral tunnel. A guide
wire was inserted via the anteromedial portal into the
femoral tunnel, between the tunnel wall and the cancel-
lous part of the plug, with the knee in adequate flexion.
An interference screw was driven into the femoral tunnel
over the guide wire, securing the plug of the combined
construct in the lateral femoral condyle (Fig. 3b). The
combined construct was conditioned by tensioning the
graft and moving the knee repeatedly through a full range
of motion. Thereafter, it was fixed by an interference
screw in the tibial tunnel with the knee near full exten-
sion. Stability was tested and the arthroscope was again
inserted into the knee for a thorough examination of the
combined construct in situ. Tension was controlled as
well as signs of impingement against lateral wall and roof
of the notch, in flexion and in full extension. The surgical
procedure was finalized.

Not all patients received antibiotic prophylaxis accord-
ing to the study protocol, but there was no difference
between the test (45 %) and control patients (46 %). The
postoperative treatment was according to the routines of
the clinics. Both treatment groups followed the same
stepwise rehabilitation program with follow-up of a phys-
ical therapist. Immediate mobilization with range of
motion and quadriceps training and weight bearing was
allowed.
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Fig. 2 a The bone-patellar
tendon-bone (BPTB) autograft
and augmentation device was
prepared in a customary-made
graft holding device with the
anterior (cortical) side up. The
synthetic augmentation band
was positioned on the anterior
(cortical) side of the graft.

b Illustration on how the suture
was put through the
augmentation band

a
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Fig. 3 a The combined construct (autograft and augmentation
device) was inserted with the patella tendon part in an anteromedial
position and the augmentation device in a posterolateral position.

Statistical analysis

The patients were randomly allocated to test and control
groups. In order to detect a clinical relevant difference of
15 % between the groups (pl test = 90 % and p2 con-
trol = 75 %) in knee joint stability after 1 year, i.e.,
KT1000™ side-to-side difference <3 mm, with x2 test at
significance level 0.05, and with a power of 80 %, at least
100 subjects were needed in each group. Changes over time
in manual maximum force within groups were analysed
with the Wilcoxon signed rank test. For comparison
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b Cross-sectional images illustrating how an interference screw
secures the combined construct

between groups, the Mann—Whitney U test was used. Mean
difference between groups is given with 95 % confidence
intervals (CIs). The Fisher’s exact test was used to compare
the differences in proportions between the two groups. The
Mantel-Haenzel test was used to analyse the differences in
distribution of cartilage surface pathology in relation to
time from injury to surgical treatment. The analyses were
performed with the last observation carry forward (LOCF)
for the study subjects who were lost to postoperative fol-
low-ups after the 1-year visit (Fig. 1) according to guide-
lines by European Medicines Agency [11]. All significance
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tests were two-tailed and conducted at the 5 % significance
level. IBM SPSS Statistics was used for analyses.

Results

The median time from injury to surgery was for all patients
9 months (range 1-263). The ACL was reconstructed
within 12 months in 66 % (63/96) of the test patients and in
64 % (67/105) of the control patients (Table 1). There was a
significant difference in the status of the medial femur
cartilage surface at surgery, including both test and control
patients with <6 months from injury to surgery compared to
the patients with >6 months delay to surgery (p = 0.001,
Table 2). The total number of patients with grade 0 (medial
femur), i.e., normal articular surfaces, was 78 (81 %) in the
test group and 80 (76 %) in the control group.

KT1000™ tests showed a significant decrease in mean
manual maximum side-to-side difference after 4 years in
patients with ACL reconstruction with a synthetic aug-
mentation device (mean difference 5.0 mm, SD 4.7,
n = 84, p <0.001) and also in those without (mean dif-
ference 5.9 mm, SD 4.7, n = 100, p < 0.001), without any
statistical difference between the groups (n.s., 95 % CI
—0.3-0.8; Fig. 4; Table 3). No significant differences were
seen between the two groups with regard to negative
Lachman test or negative pivot shift test after 1 and 4 years
(Fig. 5; Table 3).

Table 2 Status of the joint surfaces evaluated during surgery in the
total group of study patients

Cartilage All
surface

From injury to surgery From injury to surgery

1-6 months >6 months 1-6 months >6 months
n=2_82 n=119 n=2_82 n=119
n (%) n (%) n (%) n (%)

Tibia (medial) Tibia (lateral)

Grade 0 80 (98 %) 114 (96 %) 82 (100 %) 110

(92 %)
Grade 1-2 2 (2 %) 43%) 0 8 (7 %)
Grade 34 0 1(1%) 0 1(1 %)

Femur (medial) Femur (lateral)

Grade 0 76 (93 %) 82 (69 %) 79 (96 %) 111 (93 %)

Grade 1-2 34 %) 22 (19 %) 22 %) 7 (6 %)

Grade 34 34 %) 15 (13 %) 1(1 %) 1(1 %)
Trochlea Patella

Grade 0 81 (99 %) 114 (96 %) 7592 %) 109 (92 %)

Grade 1-2 11 %) 2 (2 %) 22 %) 54 %)

Grade 34 0 33 %) 5 (6 %) 5@ %)

Both groups had a pre-injury Tegner activity median
level of 7 (range 2-10). Fifty-three percent of the patients
in the augmentation group returned to the same or higher
activity level group as before the injury compared to 47 %
in the group without augmentation (Table 4). Four years
after surgical treatment, 27 % (23/85) of the test patients
and 36 % (37/102) of the controls had decreased three or
more activity levels as compared to before the injury. In
both groups, the ACL reconstruction had most impact on
the KOOS subscales of sports and recreational function and
also knee-related quality of life (Fig. 6).

At least one follow-up surgical procedure, mainly
arthroscopy, was performed in 30 % (29/96) of the patients
with augmentation and in 22 % (23/105) of the controls.
Pain was recorded in 13 patients with augmentation and in
12 of the controls during the 4-year postoperative follow-
up. Swelling/hydrops was seen in 11 and 3 patients in the
two groups, respectively. Furthermore, the clinical evalu-
ation revealed meniscus/cartilage injuries in 9 patients with
augmentation and in 13 of the patients without augmenta-
tion. A revision was performed in 3 of the 5 augmented
ACL reconstructions with a re-rupture, and in one of the 4
controls with re-rupture, of which 2 of the latter were
partial. Other recorded events were tibia tunnel widening in
one patient and leakage tibia tunnel/synovitis in another of
the patients with augmentation. No intra-articular infec-
tions were recorded.

The reasons for explantation of 10 augmentation devices
were swelling/hydrops in four patients and insufficient
screw fixation to femur in six patients, in five of these after
new trauma. In one of these cases, there were no signs of

® Test

4 Control

Manual maximum Side-to-side difference (mm)

0 6 12 18 24 30 36 42 48
Follow-up months

Fig. 4 Change in mean manual maximum (KT1000™?) side-to-side
difference during follow-up in the two groups of patients with ACL
reconstruction with an augmentation device (test) or without
(control). Dots and error lines show means with confidence intervals
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Table 3 Objective and subjective assessments of instability

ACL with augmentation

ACL without augmentation Difference between

groups
Pre- 1 year 4 years Pre- 1 year 4 years 1 year 4 years
treatment n =90 n=2_85 treatment n =98 n =102
n =96 n = 105
Mean (SD) Mean Mean Mean (SD)  Mean Mean p value p value
n (%) (SD) (SD) n (%) (SD) (SD)
n (%) n (%) n (%) n (%)
KT1000™ (manual maximum)
Side-to-side difference (mm) 6.9 (4.5) 1.7 2.3) 1.9 (2.1) 7.7 (4.5) 1.3 (1.8) 1.7 (1.8) 0.15 (n.s.) 0.31 (n.s.)
Side-to-side difference 8 (8 %) 57 (63 %) 61 (72 %) 6 (6 %) 75 (77 %) 73 (72 %) 0.06 (n.s.) 1.0 (n.s.)
(<3 mm)
Lachman test
Grade 0 (negative) 0 60 (67 %) 51 (60 %) 2 (2 %) 63 (64 %) 65 (64 %) 0.76 (n.s.) 0.65 (n.s.)
Pivot shift test
Grade 0 (negative) 10 (11 %) 72 (81 %) 69 (82 %) 8 (8 %) 78 (80 %) 82 (81 %) 0.86 (n.s.) 1.0 (n.s.)
IKDC
A (normal) 0 8 (9 %) 14 (17 %) 0 11 (12 %) 26 (26 %) 0.64 (n.s.) 0.16 (n.s.)
B (nearly normal) 0 36 (42 %) 41 (49 %) 0 50 (53 %) 53 (52 %)

IKDC International Knee Documentation Committee

rupture of the BPTB autograft, only the augmentation
device had become loose. The 4-year cumulative survival
rate was 89 % for the augmentation device.

Long-term follow-up

At 12 years after ACL reconstruction, approximately 50 %
of the patients in both groups reported a Tegner activity
level of 4-6 (Table 4). Both groups had significantly higher
KOOS scores in pain (i.e. less pain, p < 0.001), function in
activities of daily living (ADL, p = 0.005 and p = 0.003
respectively), function in sports and recreational activities
(p < 0.001), and knee-related quality of life (p < 0.001)
compared to before surgical treatment (Fig. 6).

Discussion

The principle finding of this study was that no difference
could be seen in remaining instability after 4 years between
ACL reconstructions with or without augmentation of the
autograft, although both groups showed a significant
improvement. Nearly 80 % of all patients reported a Teg-
ner activity level between 7 and 10 before injury, i.e., were
active athletes. A slight decline in activity level was seen in
both groups as compared to before injury, as has also been
presented by others [44]. The reason for this could partly be
due to that many patients do not wish to return to their pre-
injury activity level, even if possible, due to changed social
priorities or caution in using the knee. There was no

@ Springer

difference between the two groups in recorded meniscus/
cartilage injuries after 4 years. However, in the total group
of patients, more signs of cartilage injury were seen at time
of surgical treatment in the patients with >6 months delay
from ACL injury to surgery. This is in agreement with
earlier presented data on the timing of surgery and the
incidence of meniscal tears and degenerative change [5]. A
number of additional surgical procedures were observed in
both groups. In the augmentation group, the device had to
be removed for various reasons in 10 patients. Six of these
reconstructions had become loose, i.e., had insufficient
screw fixation to femur. This could be due to that the
technique for fixation was the same as commonly used for
BPTB reconstruction and not adapted to the augmentation
procedure. Re-ruptures were few (5 and 4 % respectively),
which is in accordance with a large cohort study where
4.3 % suffered a new ACL injury [40].

Due to an increased interest in augmentation devices for
ligament and tendon repair and reconstruction, it was
decided to evaluate long-term status by using self-admin-
istered questionnaires. The results from KOOS knee-rela-
ted questionnaire showed no significant long-term
differences between the patients with ACL reconstruction
with a synthetic degradable augmentation device and those
reconstructions without. As could be expected, the scores
for function in sports and recreational activities and also
knee-related quality of life after 12 years were lower than
compared to a reference material of individuals with no
previous knee surgery and no meniscal or cruciate ligament
injury [10]. However, the score values were somewhat
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Fig. 5 Change in Lachman test
(upper) and pivot shift (lower) Pre-treatment

Lachman test

in the affected knee from pre-

treatment to 4-year follow-up.

The grey areas illustrate no 0 1+ 2+ 3+ 4+ 0 1+ 2+ 3+ 4+

changes from before treatment

to 4 years postoperative 4+ 1 ! 4+ 0

3+ 1 1 3+ 2 2
o 2+ 4 (51|10 2+ 115|613
HERn 3 (8 (10| 1|2 1+ 1 (13| 8 22
ke
=l o 14 | 27|10 51 0| 2(16(36|10| 1 |65
)
y 0 17 39 26 3 85 2 18 54 26 2 102
Test Control

Pre-treatment

Pivot shift test

higher than compared to a group of male soccer players
14 years after ACL reconstruction [45].

No reconstructions restore all functions of the ACL,
including the single-bundle BPTB technique. It may restore
the sagittal instability, but to a minor degree the rotational
instability [33, 42]. Different types of augmentation of the
autograft have been studied [17], but further developments
of the ACL surgical technique have also been suggested.
More recent “anatomical single-bundle ACL reconstruc-
tion” techniques try to find the ideal tunnel placement to
restore the native ACL function [4]. A double-bundle
technique for repair of ACL ruptures was first described in
the early 1980s with the attempt to restore the native ACL
anatomy [27, 47]. A further development of the technique
has later been performed [37], which should theoretically
give the patient better rotational stability.

Artificial ligaments may provide either an augmentation
to an autologous graft or allograft, or a complete substitute
in the ACL reconstruction. Most of these artificial non-

0 1+ 2+ 3+ 4+ 0 1+ 2+ 3+ 4+

4+ 0 4+ 0

3+ 1 1 3+ 0
a 2+ 2 2 2+ 2| o 4
>
HERE 7132 12 1+ 618l1 15
©
5 09 (30(23|4]|1|% 0]l 8(38|29] 3 78
(0]
jr* 39 27 7 1 82 8 46 39 4 0 97

Test Control

degradable devices have, however, failed to show satis-
factory long-term performance. The synthetic Kennedy
Ligament Augmentation Device (LAD), made of poly-
propylene, has been the most commonly used augmenta-
tion in ACL reconstruction [16]. In a clinical study by
Grgntvedt et al. [14], ACL chronic ruptures were recon-
structed using the BPTB technique with and without rein-
forcement of the Kennedy LAD. The addition of
augmentation gave no better results compared with BPTB
alone after 2 and 8 years [8, 14]. The results of an
arthroscopic and histological study by Asahina et al. [1] did
not show any advantage in using LAD. In contrary, the
augmentation device has added to the morbidity and
severity of complications [3]. Also other materials have
been used for augmentation. The use of carbon fibre has
shown migration of carbon wear particles causing inflam-
matory synovitis in the knee joint [36]. The problem per-
sisted after coating of the carbon fibre [26]. The Gore-Tex
polytetrafluorethylene ligament was developed as a
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Table 4 The Tegner activity level before surgical treatment and at 4-year and long-term follow-ups, and also the estimated activity level before

the ACL injury

ACL with augmentation

ACL without augmentation

Before After 1 year 4 years 12 years Before After 1 year 4 years 12 years
injury injury n =90 n =285 n=70 injury injury n =99 n =102 n=7176
n =96 n =96 median median median n = 105 n = 105 median median median
median median (range) (range) (range) median median (range) (range) (range)
(range) (range) n (%) n (%) n (%) (range) (range) n (%) n (%) n (%)
n (%) n (%) n (%) n (%)
Activity 7 (3-10) 3 (1-9) 5(1-9) 6 (1-9) 4 (19 7 (2-10) 3 (1-9) 5(1-9) 5 (1-9) 4 (1-9)
level
1-3 2 (2 %) 67 (70 %) 2528 %) 13 (15%) 2840 %) 66 %) 75(71 %) 2323 %) 18 (18 %) 29 (38 %)
4-6 21 22 %) 23 (24 %) 42 (47 %) 44 (52 %) 37 (53 %) 15(14 %) 2524 %) 53 (54 %) 53 (52 %) 40 (53 %)
7-10 73 (76 %) 6 (6 %) 2326 %) 2833 %) 5(7 %) 84 (80 %) 506 %) 2323 %) 31 30%) 709 %)
Higher 1(1 %) 1 %) 33 %) -
group®
Same 44 (52 %) 15 (21 %) 45 (44 %) 21 (28 %)
group®
Lower 40 (47 %) 54 (77 %) 54 (53 %) 55 (72 %)
group?
* As compared to before injury. In groups of 1-3, 4-6, and 7-10, respectively
KoOSs Test KOOs Control
100

80

604

40+ \

20T 20
O T T T T T O T T T T T
Pain  Symptoms  ADL Sports QoL Pain  Symptoms ADL Sports QoL

m Pre-treatment © 4years

* 1year A 12 years

Fig. 6 The Knee injury and Osteoarthritis Outcome Score (KOOS) profiles of the two groups of patients with ACL reconstruction with an
augmentation device (test) or without (control). Profiles show mean scores for each subscale. ADL activities of daily living, QoL quality of life

prosthetic ligament, but has also been used as an aug-
mentation device. Clinical studies with longer follow-ups
have, however, shown high rates of complications [34].
The Dacron and the Leeds-Keio artificial ligaments,
both made of polyester, were designed as prostheses.
Studies have shown high rate of ruptures and revisions in
patients treated with the Dacron ligament [46] and also a
narrowing of the joint space [23]. A high incidence of
unstable knees was reported with the Leeds-Keio artificial

@ Springer

ligament [32]. The latest artificial ligament that has been
presented is the Ligament Advanced Reinforcement Sys-
tem (LARS), a polyethylene terephthalate graft. Evaluation
with KOOS showed better results during the initial year
with LARS ligament in comparison with BPTB autograft
in a randomized study, but with no significant differences
2 years after surgery [28]. Although initial results have
been encouraging [21], long-term studies are still required
[30]. These materials are all non-degradable.
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The advantage with a degradable augmentation device is
that it allows for tissue ingrowth and tissue tensioning, i.e.,
allows for a natural biomechanical stimulation of the
grafted tissue [19]. We know there is a decrease in strength
and loss of the elasticity in the autograft starting a few
weeks after surgery caused by necrosis and resorption, and
a long unprotected period of regeneration [6]. The design
of a degradable augmentation device aims to share the
mechanical load of the biological graft during its weak
phase, and then gradually increase the stress on the auto-
graft. However, this stress shield distribution from the
degradable augmentation device to the autograft needs to
be investigated in future studies. The device used in the
present study was the first step in the development of
Artelon® degradable products for reinforcement in recon-
struction or repair of ligaments and tendons [24].

A limitation of the present study is that the comparison
between groups in sagittal stability had a power of 72 % at
4 years, i.e., less than 80 %. However, there was no ten-
dency to a clinical relevant difference in the primary out-
come variable. Furthermore, although the FDA guidelines
prescribed at least 100 patients in each group [12], a study
evaluating long-term complications as a consequence of
instability would have required much larger groups. After
the finalizing of the 4-year follow-up, the patients could, if
they wished, be informed on what kind of surgical treatment
they had had, i.e., augmentation of the BPTB autograft or
not. This means that the 12-year follow-up with question-
naires was not blinded with regard to test or control. Also,
since the patients did not visit the different centres after
12 years, no objective measurements could be made.

Conclusion

This randomized, controlled study showed no significant
difference in clinical outcome with use of an additional
poly(urethane urea) degradable augmentation device in a
single-bundle BPTB ACL reconstruction compared with
non-augmentation, in short intermediate or long-term per-
spective. Augmentation of the autograft did not add further
benefits in this group of non-selected patients and had
drawbacks such as prolonged surgical procedure and later
explantation of the device in 10 of the patients, in six of
these because of insufficient screw fixation to femur, and in
four due to swelling/hydrops.
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