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Background: Controversy remains regarding the optimal technique for tibial fixation of soft tissue grafts in anterior cruciate
ligament (ACL) reconstruction.

Purpose/Hypothesis: To compare the biomechanical outcomes of a novel transtibial tubercle fixation technique with those of a
commonly utilized interference screw fixation at the tibial site. Our hypothesis was that transtibial tubercle fixation achieves higher
ultimate failure loads than interference screw fixation.

Study Design: Controlled laboratory study.

Methods: We used 24 matched porcine tibias and digital extensor tendons, from which 12 grafts and tibial tunnels were prepared
using the novel transtibial tubercle fixation technique and 12 were prepared using the interference screw fixation technique. The
specimens underwent a cyclic loading test (50-250 N applied for 1000 cycles at a frequency of 1 Hz), followed by a load-to-failure
test. The slippage, stiffness, and ultimate failure loads were compared between the techniques.

Results: No differences in slippage were found during the cyclic loading test, and no graft fixation or tibial complex failures
occurred during cyclic testing in either group. The transtibial tubercle fixation technique had higher ultimate failure loads (mean ±
SD, 756.28 ± 123.43 N) as compared with interference screw fixation (602.15 ± 81.62 N; P < .05). The grafts in the transtibial
tubercle fixation group were less stiff than those in the interference screw fixation group (84.43 vs 101.23 N/mm; P < .05).

Conclusion: Transtibial tubercle fixation achieved higher ultimate failure loads than interference screw fixation in the load-to-failure
test.

Clinical Relevance: The novel transtibial tubercle fixation technique compared favorably with interference screw fixation during
ACL reconstruction. This technique does not require hardware, has a low cost, theoretically eliminates the risk of complications
associated with hardware implantation (eg, graft damage and pain attributed to retained hardware requiring removal), and is
relatively easy to perform.

Keywords: biomechanical study; anterior cruciate ligament reconstruction; tibial fixation; interference screw; transtibial tubercle
fixation

The anterior cruciate ligament (ACL) is one of the most
commonly injured ligamentous structures of the knee and
often requires reconstruction when torn.20 Grafts selected for
use in ACL reconstruction include autografts, allografts,
bone–patellar tendon–bone grafts, and hamstring grafts,
among others. The outcomes of ACL reconstruction are good
to excellent in approximately 90% of patients.8,19,24,31,32,34,42

Despite these results, the optimal graft fixation technique

remains controversial, particularly for soft tissue grafts.§ The
fixation construct must be sufficiently strong and stiff to
resist slippage and avoid failure during early accelerated
postoperative rehabilitation. The tibia comprises softer bone
than the femur; therefore, the weakest point in the construct
during the initial postoperative phase after ACL reconstruc-
tion is at the tibial fixation site.4,17

There are many options available for tibial fixation in
ACL reconstruction using soft tissue grafts, such as inter-
ference screws,2,3,7,17,22,23,38,39 cross pins,38 suspensory
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devices,2,9,21,22,39 WasherLoc systems,13 and IntraFix
expansion systems.6,14 Interference screws are widely used
for graft fixation to the tibia, with good to excellent results
reported in most patients6,13,16; however, many doctors
have concerns related to interference screw fixation,
including concerns regarding graft damage during screw
insertion and a small tendon-to-bone contact area for bio-
logical graft incorporation.2,21 The transosseous suture
technique was introduced for the repair of quadriceps ten-
don ruptures or medial patellofemoral ligament reconstruc-
tion,43 and we applied this fixation technique in ACL
reconstruction.

The purpose of this study was to compare the biomechan-
ical outcomes of a novel transtibial tubercle fixation tech-
nique for soft tissue graft fixation with those of commonly
utilized interference screw fixation at the tibial site. Our
hypothesis was that transtibial tubercle fixation achieves
higher ultimate failure loads than interference screw
fixation.

METHODS

This study was conducted in May 2019 at the materials
testing laboratory of China Medical University. We used
24 fresh-frozen porcine tibias and digital extensor tendons
(12 matched pairs) from healthy male pigs aged 12 months
and weighing 90 kg. The porcine model was similar to that
used by Mayr et al.21,22 The digital extensor tendons of the
pigs were used for the grafts because the structural prop-
erties of these tendons are similar to those of the human
hamstring tendon2,5,10,18,21,36; in addition, the bone density
of porcine tibias is approximately the same as that of young
human bone.21 The study protocol was approved by an
institutional review board.

Specimen Preparation

The methods for preparing the graft and tibial tunnel were
similar for the 2 fixation methods. All specimens were
stored at –80�C. Before testing, the specimens were thawed
at room temperature for 12 hours. All of the specimens
underwent 1 freeze-thaw cycle before experimental testing.
A double-looped porcine tendon graft was prepared on a
table; the graft was folded in half (the folded graft length
was approximately 70 mm) and thinned to 8 mm in diam-
eter. Three No. 2 UltraBraid sutures (Smith & Nephew)
were used to sew 30 mm of each tendon together on both
ends using a criss-cross stitch. For all porcine tibias, a tun-
nel with a diameter of 8 mm and length of 4 cm was pre-
pared in the anteromedial tibia. The specimens were

randomly assigned to 2 groups, each of which included 12
specimens: the interference screw fixation group and the
new transtibial tubercle fixation group (Figure 1).

Transtibial Tubercle Fixation

The tendon was whipstitched with 3 No. 2 UltraBraid
sutures approximately 30 mm distal to the graft whip-
stitches. Figure 2 demonstrates this new tibial fixation
technique. The tendinous portion of the graft was pulled
into the tibial tunnel. An eyelet-passing pin was drilled
1 cm distal to the tibial tunnel and 1 cm posterior to the
anterior tibial cortex. The musculature of the anterior com-
partment was then cleared off to retrieve the pin. Half of
these sutures (3 sutures on 1 side) were passed to the lat-
eral side with the eyelet-passing pin; then, the sutures on
the medial side and the lateral transosseous ends of the
sutures were tied at the proximal tibia with a surgeon’s
knot, followed by 5 alternating half-hitch knots made with
a shoulder knot pusher.

Interference Screw Fixation

The diameter of the tibial tunnel was drilled to be 8 mm,
which was consistent with the diameter of the graft. An 8 �
25–mm interference screw (BioScrew; ConMed Linvatec)
was inserted between the graft and the posterior wall of the

Figure 1. Computer drawing of each type of fixation.
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tibial tunnel until it was contained within the tibial tunnel
(Figure 1).

Biomechanical Testing Using Animal Tissue

The 2 graft fixation techniques were tested biomechanically
using cyclic loading and a load-to-failure test. The biome-
chanical test protocols were similar to those described in
previous studies.21,36 All tensile strength tests were per-
formed using an ElectroPuls E3000 unit (Instron). The tib-
ias were fixed in a custom jig (Figure 3). The looped end of
the double-looped porcine tendon graft was fixed to a bar
attached to the base of the materials testing machine. The
distance between the bar and tibial articulating surface
was fixed at the length of the graft (3 cm), as if it were
implanted in a reconstructed knee (Figure 4). The tibial
bone tunnel was parallel to the axis of the testing machine.
The tensile force applied to the graft was in line with the

Figure 2. (A) The tendons were whipstitched with 3 high-strength sutures. (B) The tibial tunnel was created with an 8-mm reamer,
and a tibial tunnel that was 8 mm in diameter and 40 mm in length was drilled. (C) The tendinous portion of the graft was pulled into
the tibial tunnel. (D) An eyelet-passing pin was drilled transversely 1 cm distal to the tibial tunnel (parallel to the tibial joint line) and
1 cm posterior to the anterior tibial cortex. (E-G) The sutures were passed to the lateral side with the eyelet-passing pin. (H, I) The
transosseous sutures were tied at the tibia.

Figure 3. Testing setup. (A) The graft was fixed by transoss-
eous sutures. (B) Then the tibia was fixed by a custom-
made jig.
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tibial tunnel, in accordance with the worst-case scenario for
graft testing.21

Each tibial complex treated by graft fixation was precondi-
tioned at 50 N for 5 minutes; then, cyclic loads between 50
and 250 N were applied for 1000 cycles at a frequency of
1 Hz.6,21,36,39 This protocol mimicked the ACL loads incurred
during normal walking. The graft slippage of each tibial com-
plex treated by graft fixation was measured continuously. The
magnitude of graft slippage (in mm) was defined as the dis-
tance between the lines: the grafts were marked with ink at
the tunnel exit points and again after cyclic tensile loading,
and the distance was measured with digital calipers. After-
ward, the tibial complexes treated by graft fixation that did
not fail the cyclic loading test were loaded to failure at
50 mm/min after the cyclic tensile loading test was com-
pleted17,21; the ultimate failure load (N) was determined. The
pullout stiffness (in N/mm) was calculated as the slope of the
linear portion of the load-elongation curve. The failure modes
were noted. The extent of graft elongation (in mm) after the
cyclic loading test was recorded. The tendons were moistened
with a saline spray during preparation and testing.

Statistical Analysis

The initial data of 12 matched pairs of specimens were used
for primary analysis. The data analysis was performed by the

same experienced examiner and biostatistician (T.S.). Statis-
tical analysis was performed using SPSS Version 21.0 (IBM).
Continuous variables are expressed as mean and standard
deviation. The Kolmogorov-Smirnov test was used to deter-
mine whether the data were normally distributed within the
groups. The chi-square test was used in the case of nonpara-
metric variance. The Student t test was used to compare the
stiffness, elongation, and ultimate failure loads between
groups. The significance level was set at P < .05.

RESULTS

After the cyclic loading test, the mean magnitude of graft
slippage was 2.98 ± 0.57 mm in the transtibial tubercle
fixation group and 2.82 ± 0.46 mm in the interference screw
fixation group (P ¼ .48) after 1000 cycles (Table 1). No sig-
nificant difference in graft slippage was observed between
the groups. No graft fixation or tibial complex failures
occurred during cyclic testing in either group.

Grafts with transtibial tubercle fixation showed higher
ultimate failure loads than grafts with screw fixation
(756.28 ± 123.43 vs 602.15 ± 81.62 N; P ¼ .02). Neverthe-
less, in both groups, the fixation strength (>450 N) was
suitable for early rehabilitation after ACL reconstruction.

The median stiffness was 84.43 ± 14.07 N/mm in the trans-
tibial tubercle fixation group and 101.23 ± 17.36 N/mm in the
interference screw fixation group, and the difference was sta-
tistically significant (P ¼ .016).

All tibial complexes treated by graft fixation underwent
the cyclic loading test. No tibial complexes treated by graft
fixation failed after the cyclic loads were applied. The fail-
ure mechanism in the transtibial tubercle fixation group
was suture breakage in 6 cases, tendon graft rupture near
the tibial side in 3 cases and near the custom jig side in 2
cases, and tibial fracture on the tibial side in 1 case (1/12;
8%). The mechanism of failure for the grafts in the inter-
ference screw fixation group was graft slippage outside of
the tibial tunnel in 9 cases and graft rupture in 3 cases.

DISCUSSION

For ACL reconstruction, the ideal soft tissue fixation tech-
nique remains controversial. In the present study, we

TABLE 1
Comparison of the Structural Properties of the Transtibial
Tubercle Fixation Group and Interference Screw Fixation

Groupa

Structural
Property

Transtibial
Tubercle
Fixation

Interference
Screw

Fixation
t

Value
P

Value

Slippage, mm 2.98 ± 0.57 2.82 ± 0.46 0.719 .48
Stiffness, N/mm 84.43 ± 14.07 101.23 ± 17.36 –2.604 .016
Ultimate load, N 756.28 ± 123.43 602.15 ± 81.62 3.608 .02

aData are reported as mean ± SD. Bold P values indicate sta-
tistically significant difference between groups (P < .05).

Figure 4. Diagram depicting the method used for this study.
The double-looped graft was attached to the material-testing
machine. A ¼ total graft length, B ¼ length of the graft in the
tibial tunnel, and C ¼ length of the intra-articular portion of
the graft. A length of 30 mm was chosen, as the length of the
intra-articular portion of the graft was 30 mm. The mean
length of the free graft between the edge of the tibia and the
clamp was 3 cm, which was similar to the normal mean dis-
tance of 31 to 35 mm of the anterior cruciate ligament in vivo.

4 Sun and Zhang The Orthopaedic Journal of Sports Medicine



compared the biomechanical outcomes of a new tibial fixa-
tion technique performed with transosseous sutures (No. 2
high-strength sutures) and conventional graft fixation
using tibial interference screws during ACL reconstruction.
The initial hypothesis was confirmed. The most important
finding of this study was that the ultimate failure load for
the new transtibial tubercle fixation technique was 756.28
± 123.43 N, greater than that of interference screw fixation
(602.15 ± 81.62 N). Therefore, this transosseous suture fix-
ation technique may be a very effective and useful method
for ACL reconstruction in clinical practice.

Graft fixation is important for ACL reconstruction. The
method of graft fixation should provide sufficient strength
for patients to perform early range of motion exercises,
thereby reducing postoperative stiffness, allow weightbear-
ing on the knee joint in the early postoperative period, and
maintain the stability of the knee joint as the graft heals.
The estimated daily load on ACL grafts during intensive
rehabilitation is 450 to 500 N.26,27,33 In both groups, the
fixation strength far exceeded 500 N. Therefore, both tech-
niques appear to suitable for soft tissue graft tibial fixation.

Several biomechanical studies have examined the strength
provided by different types of soft tissue tibial fixation tech-
niques.k In these biomechanical studies, the mean reported
ultimate failure loads for interference screw fixation ranged
from 537 to 937 N.2,17,21,34 Pasque and de la Garza29 published
a technical note on transtibial tubercle fixation without hard-
ware for ACL and posterior cruciate ligament reconstruction.
Our technique differs from that in the Pasque et al study. In
their technique, the sutures were passed through the 2 trans-
verse drill holes below the tibial tunnel, and both ends of the
graft sutures from the medial and lateral sides were fixed at
the tibia. Furthermore, no biomechanical tests comparing this
technique with the standard fixation technique were reported
in the Pasque et al study. In this study, the new transtibial
tubercle fixation technique yielded a higher ultimate tensile
load than interference screw fixation (756 vs 602 N). The
transosseous suture and interference screw techniques both
achieved safe fixation of the graft to the tibial attachment. In
our study, there was no significant difference between the
fixation techniques with regard to slippage during the cyclic
loading test. The median stiffness in the transtibial tubercle
fixation group was lower than that in the interference screw
fixation group. However, because of the lack of clinical results,
it is difficult to conclude that the new method is better than
that involving conventional interference screws. Decreased
overall graft stiffness may lead to decreased total graft defor-
mation. In the future, studies on knee ligament reconstruction
techniques with the new fixation technique should assess
mid- to long-term stability.

The novel “no-hardware” technique for ACL reconstruc-
tion at the tibial site offers several potential advantages
over fixation involving conventional interference screws.
(1) The ultimate load is higher. (2) When no fixation mate-
rials are used, the tendon-bone contact area is larger than
that with the use of interference screws. (3) The overall cost
is lower. At our institution, the cost for interference screws

is approximately $800, plus the cost of 2 No. 2 FiberWire
sutures (approximately $50 per suture; Arthrex). The
transtibial tubercle fixation technique requires only 5 No.
2 FiberWire sutures. This technique may be used instead of
techniques involving interference screws or suspensory
devices with adjustable or fixed loops at the tibial site. (4)
Theoretically, this novel fixation technique may be prefer-
able for use in skeletally immature patients because there
are no implants in the bone tunnel. (5) This technique can
theoretically also be used for ACL revision surgery with
tibial tunnel widening at the tibial site or for hybrid fixation
on the tibial side in addition to tibial interference screw
fixation in clinical practice.

This study has some limitations. (1) We assessed the
slippage, stiffness, and maximum failure force in 1 direc-
tion only. This in vitro study is not similar to an in vivo
study because the tibial tunnel does not exhibit pure axial
alignment. (2) The porcine bone specimens used in the pre-
sent study do not exactly mimic young human bone or the
human hamstring tendon in biomechanical tests. However,
they are commonly used because their structural and mate-
rial properties are similar to those of human hamstring
tendons and have a homogeneous graft diameter and
length.2,5,10,18,21,36 The bone mineral density of the porcine
proximal tibia (1.42 g/cm2) is more similar to that of a young
human proximal tibia (1.30 g/cm2) than to an older cadav-
eric tibia (0.30 g/cm2).21,25,29 In fact, we use this method for
secondary fixation in ACL revision with tunnel widening in
clinical practice. This fixation method does not require
extensive soft tissue dissection of the anterolateral tibia
in the clinic (using an eyelet-passing pin, the surgeon
passes high-strength sutures subcutaneously through the
tibial tubercle as closely as possible to the bone, using sur-
gical curved forceps, to exit via the lateral patellar skin
incision). (3) This technique requires an additional incision
lateral to the tibial tubercle. (4) The patients may experi-
ence some discomfort with the sutures or knot passing over
the front of the tibial tubercle. (5) More high-quality trials
and randomized controlled trials with clinical outcomes,
such as anterior stability, the subjective International
Knee Documentation Committee score, and range of
motion, are needed.

CONCLUSION

The results of this biomechanical study suggest that this novel
transosseous suture fixation technique yields higher ultimate
failure loads than conventional interference screw fixation.
We believe that our technique is a potential and useful alter-
native method for ACL reconstruction using soft tissue grafts.
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