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Abstract
Purpose The most common fixation techniques for tibial
avulsion fractures of the anterior cruciate ligament (ACL)
described in the literature are screw and suture fixation. The
fixation of these fractures with the TightRope® device might
be an alternative. Up to now it has been commonly used in
other injuries, such as acromioclavicular joint or syndesmo-
sis ruptures. The purpose of this study was to evaluate the
biomechanical properties of different fixation techniques for
the reconstruction of tibial avulsion fractures.
Methods Type III tibial avulsion fractures were simulated in
40 porcine knees. Each specimen was randomly assigned to
one of four groups: (1) anterograde screw fixation, (2) suture
fixation, (3) TightRope® fixation or (4) control group. The
initial displacement, strength to failure and the failure mode
were documented.
Results The maximum load to failure was 1,345±155.5 N
for the control group, 402.5±117.6 N for the TightRope®
group, 367±115.8 N for the suture group and 311.7±
120.3 N for the screw group. The maximum load to failure
of the control group was significantly larger compared to all
other groups. The initial dislocation was 0.28±0.09 mm for
the control group, 0.55±0.26 mm for the TightRope®

group, 0.84±0.15 mm for the screw group and 1.14±
0.9 mm for the suture group. The initial dislocation was
significantly larger for the suture group compared to the
TightRope® and control groups.
Conclusions The TightRope® fixation shows significantly
lower initial displacement compared to the suture group. The
TightRope® fixation might be an alternative for the repair of
ACL tibial avulsion fractures that can be used arthroscopically.

Introduction

Tibial avulsion fractures of the anterior cruciate ligament
(ACL) can lead to instability and inadequate refixation can
cause extension and flexion limitation of the range of motion.
Therefore it is mandatory to restore the biomechanics by ana-
tomical reduction and internal fixation [1–3]. Arthroscopic
treatment is the gold standard nowadays and has replaced open
techniques [4, 5]. In the literature a number of different fixation
methods are described; however, suture pull-out and screw
fixation are the most commonly evaluated [4, 6–9].

Some recent studies have investigated the biomechanical
stability of different arthroscopic fixation techniques for
ACL tibial avulsion fractures [10–14]. However, there is
no study that compares the initial fixation strength of ACL
tibial avulsion fractures using the TightRope® device.
Fixation with the TightRope® system is described frequent-
ly in the treatment of other ligamentous injuries, such as
acromioclavicular joint ruptures [15] or syndesmosis rup-
tures [16]. A recent systematic review of the literature
revealed similar results for the TightRope® system com-
pared to syndesmotic screw or bolt fixation in the treatment
of syndesmosis ruptures. Furthermore, the rate of implant
removal was lower for the TightRope® fixation [17].

These findings led to the idea that the TightRope® fixa-
tion might be an alternative for the fixation of tibial avulsion
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fractures of the ACL. The hypothesis was that the
TightRope® fixation of ACL tibial avulsion fractures would
not yield inferior results in terms of biomechanical proper-
ties compared with commonly used fixations employing
anterograde screw or pull-out suture.

Methods

For the biomechanical testing, we used the knees of 40 German
Landrace pigs. The pigs were one year old, fully grown and
weighed between 100 and 120 lbs. The tibial neck and the
femoral head were cut off and the shafts of the bones cemented
into an aluminum holder using cold-curing methyl methacrylate
resin (Technovit 4071, Heraeus Kulzer GmbH, Wehrheim,
Germany). Each specimenwas randomly assigned to one of four
groups: (1) antegrade screw fixation (Fig. 1a), (2) suture fixation
(Fig. 1b), (3) TightRope® fixation (Fig. 1c) or (4) control group.

Type III tibial avulsion fractures (according to Meyers and
McKeever [18]) were simulated in 30 knees using a custom-
made template. The fragments were 30 mm (length)×20 mm
(width)×8.5 mm (height). This set-up had previously been
used by another study group [11]. Ten intact knees were used
as a control group. All muscles and soft tissue were removed
leaving only the femur-ACL-tibia complex intact. In group 1,
a drill guide was placed in the middle of the bone fragment to
replace and secure it. A guide pin (1 mm in diameter) was
drilled from inside out. A 4×20 mm cannulated, partially-
threaded screw was inserted to fix the fragment. In the second
group, two K-wires were placed medial and lateral to the
insertion point of the ACL in order to put the fracture in place

using FiberWire 2 (Arthrex, Naples, FL, USA). The two ends
of the strandwere sutured over a bony bridge. The bone bridge
had a width of ten millimetres. In group 3, the Arthrex ACL
aiming device was placed in the middle of the fracture. A
guide pin was drilled from outside in order to place the flip
button of the TightRope® device on the fragment. The ends of
the strand were fixed on the anterior tibial cortex. In group 4,
no avulsion fracture was created.

The constructions were thawed at 4 °C for 24 hours prior
to mechanical testing and kept moist using saline spray
during the entire procedure. A material testing machine
(Mini Bionix 858, MTS Systems Co., Minneapolis, MN,
USA) was used for the mechanical evaluation of the con-
structions. The potted knees were rigidly fixed in a base
platform setting the force direction angle to 0° to simulate a
“worst-case scenario”.

The constructions were pre-tensioned with 5 N for 30 sec-
onds prior to testing. Then, 20 cycles of mechanical loading
between 0 and 40 N were applied at a repetition rate of 1 Hz.
The increase in construction length was recorded. Length
changes are reported between the minimum of the 1st and
the maximum of the 20th cycle. After decreasing the preload
from 40 to 10N, and pausing for 30 seconds, a failure test with
a ramp speed of one millimetre per second was performed.
The maximum failure load, failure mode and dislocation of
the constructions were analysed.

Statistical analysis

All mean values are reported with standard deviations. The
four groups were compared using a one-way analysis of

Fig. 1 a–c Anterograde screw
fixation (a), suture fixation (b)
and TightRope® fixation (c)
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variance (ANOVA). Normality and equality of variance tests
were conducted. If the normality test failed, a Kruskal-
Wallis ANOVA by ranks was executed. All operations were
performed using SigmaStat 15.0 (SPSS Inc., Chicago, IL,
USA). A significance level of p<0.05 was assumed.

Results

The maximum load to failure was 1,345±155.5 N for the
control group, 402.5±117.6 N for the TightRope®
group, 367±115.8 N for the suture group and 311.7±
120.3 N for the screw group. Themaximum load to failure of
the control group was significantly larger than all other groups
(p<0.05; Fig. 2). The initial displacement was 0.28±0.09 mm
for the control group, 0.55±0.26 mm for the TightRope®
group, 0.84 ±0.15 mm for the screw group and 1.14±
0.9 mm for the suture group. The initial dislocation was
significantly larger for the suture group compared to the
TightRope® and control groups (p<0.05; Fig. 3).

At the moment of failure the following failure modes
were observed: In group 1 an avulsion of the screw occurred
in 6/10 (60 %) of the specimens and a fracture of the
fragment occurred in 4/10 (40 %) of the specimens. In group
2 a fracture of the fragment was observed in 6/10 (60 %) of
the specimens and a fracture of the bone bridge was ob-
served in 4/10 (40 %) of the specimens. In group 3 a fracture
of the fragment occurred in 10/10 (100 %). In group 4, a
rupture of the ACL occurred in 7/10 (70 %), a fracture of the
condyle occurred in 1/10 (10 %) and a tibia eminence
avulsion fracture occurred in 1/10 (10 %).

Discussion

The most important finding of this study is that the
TightRope® fixation showed equal fixation strength and
lower initial displacement compared to the suture group.
The results of this biomechanical analysis support the

authors’ working hypothesis. To the best of our knowledge,
this is the first study presenting the biomechanical properties
of the TightRope® fixation system in ACL avulsion frac-
tures. Other authors have focused on the biomechanical
properties of different suture anchors [12, 13], screw fixa-
tions [11], suture techniques and materials [11–14] or fixa-
tion devices such as the EndoButton® [12].

There are several study limitations, which have to be
mentioned. In this biomechanical set-up only one force
direction was applied. Nothing can be reported about the
influence on flexion extension motion or any biological
healing responses. This study only reports the “time zero”
biomechanical properties of the tested fixation techniques.
Nurmi et al. [19] criticised the use of porcine tibia due to the
fact that graft slippage is underestimated and maximum load
to failure is overestimated when the biomechanical proper-
ties of interference screws are evaluated. The differences
between young human tibias and porcine tibias regarding
the property of the cancellous bone might have influenced
the screw fixation. This should not have influenced either
the TightRope® fixation or the suture fixation, since they
were fixed over a cortical bone bridge. Porcine bones were
also used in recent studies [11, 12, 14] concerning the
biomechanical properties of tibial avulsion fracture fixation
techniques. This is due to their easy availability and the
homogeneity of the bone quality. The results of our control
group verify this in terms of a low standard deviation of the
biomechanical properties.

A variety of testing protocols for simulated tibial avulsion
fractures have been published recently. In et al. [13] applied
a series of ten cycles between 0 and 30 N and a strain rate of
200 mm/min in human cadaver knees with an average age
around 60 years. Hapa et al. [12] applied a series of 500 cy-
cles between 0 and 100 N with a strain rate of 100 mm/min
in ovine knees and Mahar et al. [14] applied 200 cycles
between 0 and 150 N with a strain rate of 0.5 mm/s in
porcine knees. We choose to limit the loading cycles to 20
since pilot testing with more cycles showed that most of the
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Fig. 2 The maximum load to failure of the control group was signif-
icantly larger compared to all other groups (p<0.05)
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Fig. 3 The initial dislocation was significantly larger for the suture
group compared to the TightRope® and control groups (p<0.05)
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total displacement appears within the first 15 cycles. A
higher cyclical loading force showed untimely failures, so
that the maximum force during cyclical loading was limited
to 40 N. The strain rate used in this study is comparable to
the above-mentioned protocols.

A high initial fixation strength is essential to minimise
the risk of residual laxity, which leads to a longer post-
operative immobilisation that may cause arthrofibrosis and
a limitation of range of motion [20, 21]. Hence, a sturdy
fixation is the basis for a promising outcome after ACL
avulsion fracture fixation. The knowledge of failure loads
for fixation devices/techniques is important in general. It
gives useful information about the resistance during unex-
pected events such as tripping or slipping. In addition, it sets
limits to the early rehabilitation protocol. The maximum
failure loads evaluated for the different groups in this study
are comparable to the results presented by others. Eggers et
al. [11] reported 457.1 N for a screw fixation and 599.6 N
for a suture fixation. Hapa et al. [12] reported maximum
failure loads for different suture fixations between 213 and
299 N as well as 314 N for an EndoButton fixation. In et al.
[13] reported a maximum load to failure of 126.6 N for a
screw fixation and 101.8 N for a suture anchor fixation. The
variance of the results of the screw fixations might be
caused by the different protocols and tissue used.

The initial dislocation of the fragment is also crucial.
Montgomery et al. [21] reported in a retrospective case
study (17 patients) that only 29 % progressed through phys-
ical therapy uneventfully. Complications correlate with ini-
tial displacement. The initial dislocation of the TightRope®
fixation was 0.55±0.26 mm. This is comparable or superior
to the results throughout the literature [10–14].

The observed failure modes of the screw and the suture
show results similar to other studies. A pull-out of the screw,
a failure of the suture or a fragment fracture occurred in a
comparable prevalence [11, 13, 14]. The TightRope® fixa-
tion failed in 100 % of the tests due to a fragment fracture.
This might be due to a superior quality of the strands
compared to the tested suture materials.

This study shows that a TightRope® fixation of tibial
avulsion fractures is possible. This fixation technique showed
biomechanical properties comparable to a screw and a suture
fixation as well as other fixation techniques described
throughout the literature.

Conclusion

The TightRope® fixation show significantly lower initial
dislocation compared to the suture group and higher but
not significantly different maximum load to failure com-
pared to the commonly used suture and screw. Due to these
facts the TightRope® fixation can be considered as a reliable

alternative for the repair of ACL tibial avulsion fractures
that can be used arthroscopically.
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