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The Bone Bridge for Tibial ACL Graft Fixation

A Biomechanical Analysis of Different Tibial Fixation
Methods for ACL Reconstruction
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Background: The tibial fixation site is considered the weak link in anterior cruciate ligament (ACL) reconstruction, and conflicting
results regarding the biomechanical properties of various fixation methods have been reported.

Purpose: To examine knots tied over a bone bridge and its biomechanical properties as a suitable tibial fixation method in ACL
reconstruction.

Study Design: Controlled laboratory study.

Methods: We divided 40 fresh-frozen porcine tibiae into 4 equal groups to evaluate flexor tendon grafts set with standard tibial
fixation techniques: (1) bone bridge (BB group), (2) suspension button (SB group), (3) combined interference screw and bone bridge
(IFS/BB group), and (4) combined interference screw and suspension button (IFS/SB group). Each construct was subjected to
cyclic loading (1500 cycles, 50-250 N, 1 Hz) with a servohydraulic materials testing machine to measure elongation; load-to-failure
testing (displacement rate: 25 mm/s) was then performed. Load to failure, stiffness, and yield load were compared between
constructs using 1-way analysis of variance.

Results: The hybrid fixation constructs (IFS/BB and IFS/SB groups) showed significantly better biomechanical properties than the
isolated extracortical fixation constructs (BB and SB groups) (P < .05 for all). There were no differences between the isolated
extracortical fixation constructs or between the hybrid fixation constructs in elongation or load to failure; however, stiffness of the
IFS/BB group was significantly higher than that of the IFS/SB group (175.3 ± 16.6 vs 144.9 ± 20.1 N/mm, respectively; P < .05).
Stiffness between the SB and BB groups was not significantly different.

Conclusion: Hybrid fixation had superior biomechanical performance compared with isolated extracortical fixation. However,
tibial graft fixation using a bone bridge either as isolated extracortical fixation or combined with an interference screw for hybrid
fixation showed equivalent biomechanical properties compared with suspension button–based graft fixation.

Clinical Relevance: The clinical use of a bone bridge for tibial graft fixation could reduce the cost for ACL reconstruction and lower
the rate of implant-associated issues.
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Anterior cruciate ligament (ACL) reconstruction is one of the
most frequently performed procedures in orthopaedic surgery,
resulting in good to excellent clinical outcomes.‡ However,
reported rates of graft failure after ACL reconstruction remain
highly variable, ranging from 4% to 17% of cases.20,24,35,37,51,52

Because of the low bone density in the area of the proximal

tibial metaphysis7,23 and the long osseous integration period of
soft tissue grafts of 3 to 6 months,9,12,40,44 tibial fixation of ACL
grafts and higher levels of activity during early rehabilitation
have been considered the weak link in ACL reconstruc-
tion.6,7,19,20,27,35,48 Therefore, biomechanically stable graft
fixation, which has to withstand forces up to 500 N in the early
postoperative rehabilitation period,4,5,50 is essential to avoid
early loosening and guarantee osseous integration.6

As clinical studies show a high variability of surgical tech-
niques and reported outcome parameters, the gold standard of
tibial fixation remains yet unknown. In several studies, vari-
ous tibial fixation devices demonstrated no differences in
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patient-reported outcomes.16,18,25,30 Biomechanical studies,
however, have shown superior results when using an inter-
ference screw, washer, or suspension button,8,22,26,28 with bet-
ter tendon-to-bone integration for the interference screw in
animal studies.49 Augmenting an interference screw with
extracortical fixation yielded the highest primary stability but
was associated with higher implant costs and soft tissue irri-
tation.3,6,53 These problems may be avoided when knotting
sutures over a bone bridge onto the tibia, as first described
by Pässler and Thermann.36

This backup fixation method of using a bone bridge with an
interference screw is part of our clinical routine for ACL recon-
struction. The aim of the present study was to determine the
biomechanical properties of this implant-free ACL–tibial bone
bridge construct. We hypothesized that elongation would be
greater while load to failure, yield load, and stiffness would be
lower compared with standard suspension button fixation.

METHODS

A total of 40 fresh-frozen porcine tibiae with a mean age of
11 ± 7 months were obtained from a local butcher. The
tibiae were stored at –20�C and thawed for 24 hours at room
temperature before the dissection of all soft tissue. The 40
tibiae were divided into 4 groups of 10 each based on the
tibial fixation technique. The following fixation techniques
were tested: (1) bone bridge (BB group), (2) suspension but-
ton (SB group), (3) combined interference screw and bone
bridge (IFS/BB group), and (4) combined interference screw
and suspension button (IFS/SB group). Half of the tibiae
underwent ACL reconstruction with extracortical fixation
using a bone bridge (Figure 1A) or suspension button
(Endotack; Karl Storz) (Figure 1B). The other half of the
tibiae underwent ACL reconstruction with hybrid fixation
utilizing a 9 � 28–mm interference screw (Mega Fix CP;
Karl Storz) combined with either a bone bridge or a suspen-
sion button. No ethical approval was needed for this study.

Graft Preparation and Fixation

Porcine flexor digitorum tendons were used as a graft for ACL
reconstruction. The tendon grafts were stored at –20�C and
thawed at room temperature at least 1 hour before prepara-
tion. For all fixation techniques, the flexor digitorum tendons
were prepared to a diameter of 9 mm and a total length of 80
mm with 30 mm of tibial tunnel length and 50 mm of extra-
articular length. Consistent with previous studies, the
Krackow locking stitch with doubled No. 2 braided composite
suture (FiberWire; Arthrex) was used to whipstitch the distal
free ends of the tendon grafts, imitating a standard soft tissue
quadriceps tendon graft (Figure 2).29,42

For all fixation techniques, the tibial tunnel was prepared
using a tibial aiming guide (Karl Storz), which was positioned
at the footprint of the native porcine ACL. After placing the

entry site midway between the tibial tubercle and posterome-
dial cortex, a tunnel was reamed in an antegrade direction,
matching the graft diameter of 9 mm. For half of the tibiae,

Figure 1. Fixation of the porcine tendon graft in the proximal
tibia. The specimens were fixed in a custom-designed vise
allowing axial testing of the anterior cruciate ligament graft
using a (A) bone bridge or (B) suspension button.

Figure 2. Prepared allograft using the Krackow locking stitch
with doubled No. 2 braided composite suture (FiberWire;
Arthrex) to whipstitch the distal free end of the porcine flexor
digitorum tendon.

†Address correspondence to †Christoph Kittl, MD, Department of Trauma, Hand and Reconstructive Surgery, University Hospital Münster, Albert-
Schweitzer-Campus 1, Building W1, 48149 Münster, Germany (email: christoph.kittl@ukmuenster.de).

*Department of Trauma, Hand and Reconstructive Surgery, University Hospital Münster, Münster, Germany.
Final revision submitted September 3, 2022; accepted September 13, 2022.

2 Peez et al The Orthopaedic Journal of Sports Medicine

mailto:christoph.kittl@ukmuenster.de


which used a bone bridge for tibial fixation, a second hole with
a diameter of 4 mm was drilled distal to the tibial tunnel,
providing a cortical socket with a length of 15 mm as a post
for the ACL sutures. This second hole was connected to the
tibial tunnel of the ACL by compressing the cancellous bone of
the metaphysis beneath the created cortical socket using an
Overholt clamp (Figure 3).

Then, the prepared tendon graft was shuttled through the
tibial tunnel. For tibial fixation with a bone bridge, half of the
free ends of the braided composite suture were shuttled
around the cortical post and knotted 10 times. For the SB
group, a suspension button was placed at the tibial entry site,
and the braided composite suture was knotted 10 times onto
the button. In addition, for the hybrid fixation groups, an
interference screw of the same diameter as the graft was
inserted before performing additional extracortical fixation.

Biomechanical Testing

Biomechanical testing was performed using a servohydraulic
materials testing machine (Model 8874; Instron). Each tibia
was fixed in a custom-designed vise using polymethyl meth-
acrylate for unconstrained positioning of the specimens before
testing. The specimens were then positioned in a way that the
tibial tunnel ran parallel to the actuator axis, which allowed
axial testing. The proximal end of the graft was fixed in a
clamp, which was connected directly to the loading cell.

To minimize tissue hysteresis, a preload of 50 N was applied
for 10 seconds to each specimen.43 Subsequently, cyclic loading

of 1500 cycles was conducted using between 50 and 250 N at a
rate of 1 cycle per second (1 Hz). Finally, load-to-failure testing
was performed at a displacement rate of 25 mm/s. Standard
force displacement curves were then generated.

Statistical Analysis

Elongation, load to failure, yield load, and stiffness were quan-
tified from the force displacement curves. Elongation was
determined by subtracting the preload displacement from the
displacement at 1500 cycles. Stiffness was defined as the
steepest slope of the load-to-failure deformation curve, while
yield load was determined at the point where the slope of the
load displacement curve initially decreased. Maximum load to
failure was defined as the highest point of the load displace-
ment curve. The failure mode was recorded for each fixation
technique after load-to-failure testing.

One-way analysis of variance was used to determine any
statistically significant differences in elongation, load to fail-
ure, yield load, and stiffness between the 4 tibial fixation
techniques. Significance was set at P < .05 divided by the
number of tests (Bonferroni correction). Statistical analysis
was performed using MATLAB (R2020a; MathWorks) and
Prism (Version 9; GraphPad Software).

An a priori power analysis indicated that a sample size of
10 per group would lead to 90% power to detect a difference
of 50 N between means at the b � 0.8 level, based on the
standard deviations found during cyclic loading of fixation
constructs in porcine knee models.15

RESULTS

All specimens underwent cyclic loading. After load-to-
failure testing, all specimens of the BB group and IFS/BB
group failed by shearing through the bone bridge and pull-
ing the graft out of the tunnel (Figure 4A). All specimens of

Figure 3. Extracortical fixation using a bone bridge. A second
hole with a diameter of 4 mm was drilled distal to the tibial
tunnel, providing a cortical socket with a length of 15 mm as a
post for the bone bridge.

Figure 4. Failure mode for each graft fixation technique. (A)
The braided composite suture sheared through the bone
bridge. (B) Disruption of the braided composite suture during
fixation with a suspension button.
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the SB and IFS/SB groups failed by disruption of the
braided composite suture (Figure 4B).

The summarized results after biomechanical testing of
the different fixation techniques are shown in Table 1 and
Figure 5. The hybrid fixation groups (IFS/BB and IFS/SB)
performed significantly better than the isolated extracorti-
cal fixation groups (BB and SB), with lower elongation
values and higher load-to-failure, yield load, and stiffness
values (P < .05 for all) (Figure 5). However, nearly 50% of
elongation was observed after 50 of 1500 cycles.

Extracortical Fixation

There were no significant differences between the BB group
and SB group with regard to elongation, load to failure,
yield load, or stiffness.

TABLE 1
Biomechanical Testing Resultsa

Group Elongation, mm Load to Failure, N Yield Load, N Stiffness, N/mm

BB 7.1 ± 1.5 557.3 ± 98.7 290.5 ± 22.8 112.8 ± 38.7
SB 5.7 ± 1.9 684.3 ± 139.3 283.4 ± 15.1 126.6 ± 13.1
IFS/BB 1.5 ± 0.3 1166.9 ± 99.1 381.8 ± 36.6 175.3 ± 16.6
IFS/SB 2.3 ± 0.7 962.7 ± 119.8 376.8 ± 82.2 144.9 ± 20.1

aData are reported as mean ± SD. BB, bone bridge; IFS, interference screw; SB, suspension button.

Figure 5. Box plots of the structural properties for the bone bridge (BB), suspension button (SB), interference screw/bone bridge
(IFS/BB), and interference screw/suspension button (IFS/SB) groups: (A) elongation, (B) yield load, (C) stiffness, and (D) load to
failure. The top and bottom of each box represents the first and third quartiles of the data set, while the median divides the box. In
addition, the error bars at the beginning and end of the box plot represent the minimum and maximum of the data set. ns, not
significant. *Statistically significant difference (P < .05).
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Hybrid Fixation

There were no significant differences between the IFS/BB
and IFS/SB groups in elongation, load to failure, or yield
load. Stiffness was the only parameter in which a signifi-
cant difference was found, with a higher value for the IFS/
BB group compared with the IFS/SB group (175.3 ± 16.6 vs
144.9 ± 20.1 N/mm, respectively; P < .05).

DISCUSSION

The most important finding of the present study was that,
contrary to our hypothesis, tibial graft fixation using a bone
bridge, either as isolated extracortical fixation or combined
with an interference screw for hybrid fixation, showed
equivalent biomechanical properties compared with iso-
lated and hybrid suspension button–based graft fixation
in ACL reconstruction, while the hybrid construct using the
bone bridge provided higher stiffness. Additionally, we
found that hybrid fixation had superior biomechanical per-
formance compared to isolated extracortical fixation. Load
to failure in all 4 tested groups exceeded the expected loads
that occur during rehabilitation.4,5,50

It is widely accepted that tibial fixation is the weak point
in ACL reconstruction, especially during early rehabilita-
tion, which is necessary to restore range of motion,
strength, and function.§ In a previous study, Scannell
et al43 compared the biomechanical properties of a Washer-
Loc and 3 different designs of interference screws and
demonstrated that the WasherLoc was the strongest on
load-to-failure testing (630 ± 129 N) and less stiff than inter-
ference screw fixation (97 ± 12 N), which was similar to the
values of the BB group in the present study. Similarly, Robert
et al39 compared a TightRope, a WasherLoc, a Delta screw,
and a Tape Locking Screw and determined that the Tape
Locking Screw exhibited the highest load to failure (1015 ±
129 N) and less slippage (1.23 ± 0.36 N/mm). Their WasherLoc
fixation, representing extracortical fixation, yielded a mean
load to failure of 511 ± 95 N and a mean stiffness of 131.8 ±
56 N/mm, which were lower than for their Tape Locking
Screw fixation but comparable with our BB group.

Conversely, using a porcine model, Fogel and
colleagues13 demonstrated that suspension button fixation
featured a higher load to failure (880.1 ± 176.4 N) and stiffness
(112.8 ± 24.1 N/mm) compared with several other fixation
devices. The present study showed lower but comparable
results for both bone bridge and suspension button fixation.
This may be because of the different suspension button
devices (GraftLink [Arthrex] vs Endotack [Karl Storz]) used
in their experiment and shorter cyclic loading of 500 cycles
compared with 1500 cycles in the present study.

In contrast to the consistency of the above data, our
study’s results showed slightly higher elongation for iso-
lated extracortical fixation (BB group: 7.1 ± 1.5 mm; SB
group: 5.7 ± 1.9 mm) compared with the aforementioned
(2.5-5.6 mm) studies.13,39,43 One potential explanation for
this may be possible lengthening of the used tendon

construct during biomechanical testing. In a biomechanical
analysis examining the biomechanical properties of various
stitching methods of human quadriceps tendons, Michel
et al29 observed a greater mean elongation of 10.6 ± 2.6
mm after whipstitching the tendons with doubled No. 2
braided composite suture using the Krackow locking stitch,
which was similar to our study’s findings. Furthermore,
when looking at the present study’s cyclic loading results,
nearly 50% of elongation was observed after 50 of 1500
cycles. Another possible explanation may be the differences
in testing setups and the exact calculation of the elongation
values. Compared with the studies of Scannell et al,43

Robert et al,39 and Fogel et al,13 the present study used a
more aggressive testing protocol and determined elonga-
tion by subtracting the preload displacement from the dis-
placement at 1500 cycles. Fogel et al, however, determined
elongation as the net change in displacement after complet-
ing 500 cycles under loads of 250 N, which resulted in
lower elongation values. During cyclic loading of isolated
extracortical fixation constructs (BB and SB groups), elon-
gation exceeded the clinical threshold of >3 mm38 and
might hold the risk of clinical failure during early rehabil-
itation, while hybrid fixation constructs (IFS/BB group: 1.5
± 0.3 mm; IFS/SB group: 2.3 ± 0.7 mm) achieved similar or
lower values compared with the aforementioned studies
(2.5-5.6 mm).13,39,43

Intratunnel fixation devices such as the interference screw
are positioned on the cancellous bone within the tunnel and
enable fixation directly at the joint level, which shortens the
mechanically loaded graft length and increases the stiffness of
the construct.16,22,44 Conversely, extracortical fixation devices
such as the suspension button or bone bridge are positioned on
the cortical bone at the tunnel entrance and are characterized
by higher primary stability with a pullout strength of 600 to
800 N.6,13,16,39,43 Combining the advantages of both methods,
hybrid fixation techniques have shown better biomechanical
properties with the highest pullout strength and stiffness of
the graft combined with a reduced length.3,6,53 According to
the present study, the IFS/BB and IFS/SB groups yielded the
highest primary stability, with a mean load to failure of
1166.9 ± 99.1 and 962.7 ± 119.8 N, respectively. The stiffness
of the hybrid fixation constructs was nearly double that of the
isolated extracortical fixation constructs, with superior values
for the IFS/BB group (175.3 ± 16.6 N/mm; P < .05). These
results for hybrid fixation were similar to those found by Yoo
and colleagues53 in a comparable test setup. According to their
findings, hybrid fixation combining an interference screw
with a cortical screw and spiked washer yielded a load to
failure of up to 800 N and stiffness of 120 N/mm. However,
the results of our study do not show whether backup fixation
(with either a bone bridge or suspension button) is necessary
when using an interference screw.

Graft fixation in both the BB and IFS/BB groups failed by
shearing through the bone bridge, which requires a high
density of the cortical bone of the proximal tibia to ensure
biomechanical stability of the implant-free ACL–tibial bone
bridge construct. Thus, the tested bone bridge construct
may not be ideal in the cases of middle-aged female patients
with early osteoporosis, and an implant-based fixation
strategy should be considered instead. Nevertheless,§References 6, 7, 19, 20, 27, 35, 45, 46, 48.
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implant-free fixation strategies seem to be increasingly
coming into focus for knee surgeons, especially in these
times of steadily increasing socioeconomic pressure on hos-
pitals.10,47 From a biomechanical point of view, hybrid fix-
ation of ACL grafts is superior to isolated extracortical or
intratunnel fixation53; however, hybrid fixation is associ-
ated with significantly higher material expenditure and
costs. Therefore, hybrid fixation consisting of an interfer-
ence screw and a bone bridge could reduce the costs of ACL
reconstruction without compromising biomechanical
stability.

Limitations

The present study had some limitations inherent to biome-
chanical testing. First, a porcine model was used to simulate
tibial fixation of ACL grafts.8,13,22,39,43 Although it has been
previously reported that porcine tibiae are a nonideal substi-
tute for human cadaveric tibiae because of the higher volu-
metric density of the porcine bone,32,33 other authors found a
fairly similar bone density between porcine and human tib-
iae.6,31 Second, biomechanical testing simulated forces acting
at time zero when biological integration processes and graft
healing were not taken into account. This unidirectional test-
ing simulated a worst-case scenario with forces acting directly
on the graft and may, therefore, not have mimicked loads that
occur clinically. Third, the present study only tested 1 device
as a representation for each fixation method, even though
several other products are available for extracortical or intra-
tunnel fixation and may feature different ultimate strength
and stiffness values. Finally, the present study’s setup only
allowed the measurement of biomechanical properties of each
construct, which do not represent primary endpoints in clin-
ical studies.

CONCLUSION

In the current study, hybrid fixation had superior biome-
chanical performance compared with isolated extracortical
fixation. Tibial graft fixation using a bone bridge either as
isolated extracortical fixation or combined with an interfer-
ence screw for hybrid fixation showed equivalent biome-
chanical properties compared with isolated and hybrid
suspension button–based graft fixation in ACL reconstruc-
tion, while the hybrid construct using the bone bridge pro-
vided higher stiffness.
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