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Abstract

The suspensory fixations are utilized as femoral fixation for BPTB
grafts with the advantages of precise position of the tunnel and high tensile
strength. However, there remains a concern that BPTB grafts fixed with
sutures and button might fail as a result of bone plug fracture or sutures
cutting through the bone. The aim of this study was to investigate the
biomechanical strength of bone-patellar tendon-bone (BPTB) graft with or
without independent suture tape reinforcement in anterior cruciate ligament
(ACL) reconstruction. Twenty-four knees from dogs were used, including
ACL-intact knees (Intact group, n = 8), ACL reconstructed knees (BPTB
group, n = 8), and ACL reconstructed knees with suture tape augmentation
(BPTB- internal brace (IB) group, n = 8). Specimens were mounted on
the MTS system by securing the femur and tibia within custom-made
clamps. The joint was positioned in 30° of flexion. A 67 N anterior tibial
loading condition was applied to test anterior tibial translation (ATT, mm).
After loading, the devices and construct grafts were further displaced at
50 mm/min until failure. The failure mechanism was recorded. Cyclic
displacement at 67 N (mm), ultimate failure load (N), and pullout stiffness
(N/mm) were determined. Under the 67 N anterior tibial load, the ATT
was 1.3 £+ 0.3 mm for the intact group, 8.0 + 5.0 mm for the BPTB group,
2.1 £ 1.0 mm for the BPTB-IB group. The ATT of the BPTB-IB group was
significantly lower than that of the BPTB group (p < 0.001).

Regarding the failure mode during the failure testing, the BPTB group
had all samples of sutures cutting through the bone and the BPTB-IB group
failed in all samples by breakage or loosening of suture tape and then sutures
cutting through the bone. The BPTB-IB group had a higher ultimate failure
load than the BPTB group (668 + 159 N vs 230 = 87 N; p < 0.001). The
mean stiffness of the BPTB-IB group was also significantly higher than
that of the BPTB group (28 +7 N/mm vs. 11 £ 3 N/mm; p < 0.001). The
suture tape augmentation increased knee stability and ACL failure strength
after ACL reconstruction with BPTB. Therefore, this technology could be
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[2,3]. Interference screws have traditionally been the most
common choice for fixation, but interference screws present
several disadvantages, such as bone socket posterior wall
blowout, difficulty with insertion, and potential graft damage
during insertion. Although it is not as commonly used with
BPTB grafts, suspensory fixation is used by several groups
[4-10]. In some studies, the suspensory fixations, such as
Endobutton or Tightrope, are utilized as femoral fixation
for BPTB grafts with the advantages of precise position of
the tunnel and high tensile strength [4]. Cortical suspensory
fixation increases the graft-bone contact area and decreases
the risk of posterior wall blowout and damage to the soft
tissue portion of the graft [4]. In a randomized clinical trial,
Webster et al. [5] analyzed bone tunnel enlargement between
hamstring and BPTB grafts in ACL reconstructions over the
course of a 2-year follow-up, and found that the hamstring
group had a significantly greater femoral tunnel width than
the BPTB group. In the BPTB group nine patients (32%) had
femoral tunnel obliteration (on both AP and lateral views)
from 4 months onwards. This study demonstrated that
femoral suspensory fixation was not the principal reason of
femoral tunnel enlargement. Previously, Taketomi et al. [6]
investigated the efficacy of using a suspensory button for
femoral fixation with BPTB graft and they demonstrated that
the suspensory fixation could be considered a effective device
for femoral fixation with BPTB autograft. However, there
remains a concern that BPTB grafts fixed with sutures and
button might fail as a result of bone plug fracture or sutures
cutting through the bone [11].

Independent suture tape reinforcement has been applied
for lateral ankle ligaments repair [12-14], anterior inferior
tibiofibular ligament repair [15], Achilles tendon repair
[16,17], deltoid ligament [18], spring ligament repair [19],
ulnar collateral ligament repair [20-22], patellar tendon
repair [23,24], knee medial collateral ligament repair [25,26],
ACL repair [27-31]. In a canine ACL reconstruction model
using internal brace, Cook et al. [29] demonstrated that the
combination of a tendon allograft with internal brace (IB)
was an effective load-sharing ACL construct. It prevented
early failure and promoted four-zone graft-to-bone healing
while avoiding problems noted with use of a pure synthetic
graft, such as LARS (Ligament Advanced Reinforcement
System). The independent suture tape reinforcement acted as
a secondary stabilizer after reconstruction, which may allow
accelerated rehabilitation and return to sports. Furthermore,
it was reported that independent suture tape reinforcement
for ACL reconstruction reduced graft elongation and had a
higher ultimate failure load [32]. Bedi [33] suggested this
independent suture tape reinforcement was a “Safety Belt”
to reinforce ACL grafts. However, this concept has not been
studied when a BTPB graft is used for ACL reconstruction.
Therefore, the aim of this study was to investigate the
biomechanical properties of BPTB graft with or without
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independent suture tape reinforcement in anterior cruciate
ligament (ACL) reconstruction and to analyze whether
bundling the independent suture tape reinforcement with
BPTB graft could enhance biomechanical properties such as
failure strength and stiffness. The hypothesis tested was that
the independent suture tape would significantly increase graft
failure strength and stiffness at time zero, and maintain graft
integrity without elongation of the BPTB graft.

The knee joint was then motioned to assess anterior
drawer, internal rotation, and isometry. With the knee at 30
degrees of flexion, the femoral and tibial loop sutures were
tied over the button. Then, the free end of the suture tape was
tied to the button at the tibial tunnel aperture\

Materials and Methods
Specimen preparation

Twenty-four fresh-frozen stifle joints were obtained
from the dogs that were sacrificed from IACUC approved
studies. The joints were frozen at -20°C and thawed
for 24 h before use. Twenty-four knees were randomly
divided into 3 groups: group 1) intact ACL (Intact), 2) BPTB
reconstruction alone (BPB), and 3) BPTB reconstruction
with suture tape augmentation (BPTB- IB). In the intact
ACL group, after preparation of the specimens, all soft
tissues were removed except the intact ACL, the femur and
tibia were cut and fixed within custom-made clamps on the
test machine. In the ACL reconstruction groups, the BPTB
grafts were harvested from 16 knees before dissection the
soft tissues, and then the knees were randomly assigned
either BPTB or BPTB-IB groups.

Surgical procedure

All surgical procedures were performed by a
sports medicine surgeon (HL), who had considerable
experience in ACL reconstruction surgery. For the BPTB
harvest, a longitudinal incision was made from patella to
tibial tuberosity. A 5-mm-wide part of the patellar tendon
was isolated. Two bone blocks (10 mm in length and 5 mm in
diameter) were separated and prepared.

The 2 bone blocks were reshaped and calibrated. Next,
two holes were drilled in the middle of the blocks by use
of a 1-mm drill. Two FiberWire sutures were passed through
the holes for later fixation (Figure 1).

The native ACL was cut from the insertion site. The
femoral and tibial tunnels were made with a 5 mm-diameter
drill from the ACL insertion sites. The graft with or without
an suture tape (Fibertape, Arthrex, Naples FL) was pulled
into the bone tunnel. The graft ends were fixed with two
buttons (XTENDOBUTTON Fixation, Smith and Nephew).
For the BPTB-BPTB-IB group, the Fibertape was inserted in
the femoral button by passing it through the eyelets with the
free ends on the tibial side (Figure 2 and Figure 3).
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Figure 1: Bone-patellar tendon-bone tendon graft (BPBT) and
Suture tape (Fibertape).

Figure 2: Schematic image showing the ACL reconstruction with
Bone-patellar tendon-bone tendon graft (BPBT) and suture tape
(Blue line).

Fiberwire

Fibertape loop

Figure 3: The reconstructed knee using Bone-patellar tendon-bone
tendon graft (BPBT) and suture tape.
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Figure 4: The knee joint will be flexed in joint flexion of 30°.

Biomechanical testing

Specimens were mounted on the Servo-hydraulic testing
machine (MTS-312, MTS Systems, Eden Prairie, Minnesota)
by fixing the bones within custom-made clamps. The joint
was flexed in joint flexion of 30° (Figure 4). The samples
were preloaded from 10 to 50 N at 0.1 Hz for 10 cycles. A 67
N anterior tibial loading condition was used to test anterior
tibial translation (ATT, mm) according to a previous study
[34]. Then, the samples were displaced at 50 mm/min until
failure. The failure mechanism was recorded (pullout, suture
breakage, or intrasubstance tendon elongation). Cyclic
displacement at 67 N (mm), ultimate failure load (N), and
pullout stiffness (N/mm) were determined.

Statistical analysis

In order to be able to detect clinically meaningful 1.0
mm differences (SD, 0.7) in ATT among groups with 80%
power, eight samples per group were needed [35]. Statistical
analysis was performed with the use of STATA version
10.0 (StataCorp LLC, USA). One-way analysis of variance
(ANOVA) testing was applied to detect difference between
groups. P-values of <0.05 were considered significant.

Results

Under the 67N anterior tibial load, the ATT was 1.3 + 0.3
mm for the intact group, 8.0 + 5.0 mm for the BPTB group,
2.1 = 1.0 mm for the BPTB-BPTB-IB group (Figure 5). The
native ACL in intact group resulted in the shortest ATT. The
ATT of the BPTB-BPTB-IB group was similar to that of the
intact group (p > 0.05). BPTB grafts in the BPTB-BPTB-IB
group resulted in significantly shorter displacement to failure
compared with BPTB alone (p < 0.001).

Regarding the failure mode during the testing, the intact
ACL failed in five cases by ligament rupture and three cases
of femoral bone fracture. The BPTB-IB group failed in all
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samples by breakage or knot loosening of suture tape, and
then sutures cutting through the bone, while the BPTB group
had all samples of sutures cutting through the bone block of
BPTB.

The mean failure load for the groups was 230 + 87 N for
BPTB grafts, 668 £ 159 N for BPTB- BPTB-IB group, and
1408 = 304 N for native ACL ligaments. The mean ultimate
failure load of the BPTB-BPTB-IB group was significantly
higher than the BPTB group (p < 0.001). The mean ultimate
failure load of the either BPTB-IB or BPTB group was still
significantly lower than the intact ACL group (p < 0.001;
Figure 6).

The mean linear stiffness of the femur—ACL graft—tibial
complex was 11 + 3 N/mm for the BPTB group, 28 + 7 N/mm
for BPTB-BPTB-IB group, and 112 + 22 N/mm for intact
ACL. The mean pullout stiffness of the BPTB-BPTB-IB
group was significantly higher than the BPTB group (28 +
7 N/mm vs 11 = 3 N/mm; p < 0.001). The mean stiffness of
the BPTB and BPTB-BPTB-IB groups was still significantly
lower than the intact group (p < 0.001; Figure 7,8).

Discussion

The function of the suture tape is suggested to be a
dynamic safety belt in synergistic load- sharing construct with
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soft tissue. Previously, several investigations had revealed
a higher failure rate in younger patients, although studies
had reported reliable outcomes with tendon grafts [36,37].
After implantation, ACL graft undergoes a remodeling
process, termed as “ligamentization” [38,39]. During this
ligamentization process, the reconstructed tendon graft
becomes vulnerable [40,41]. Internal bracing of a tendon
graft means a promising strategy in ACL reconstruction, as
it may add mechanical reinforcement of the graft, which may
be helpful during the graft ligamentization process.

In the present study, the ATT was 1.3 + 0.3 mm for the
intact group, 8.0 £ 5.0 mm for the BPTB group, 2.1 + 1.0
mm for the BPTB-IB group under the 67N anterior tibial
load. This finding indicated that suture tape reinforcement
could restore ATT to values similar to the ACL-intact state.
Previously, Herbort et al. [42] reported that the ATT of the
intact knee, ACL ruptured knee and BPBT reconstructed
knee were 7.1 £ 1.2 mm, 14.0 £ 2.6 mm and 8.5 £ 2.1 mm
under 134 N anterior tibial load at 30° of knee flexion using
human cadaveric knees. Previously in one ACL suture repair
study using goat joints, Fisher et al. [34] reported that the
mean ATT of ACL intact knee, ACL suture repaired knee
and ACL suture augmentation (two Fiberwire sutures)
knee were 2.1 = 0.6 mm, 11.0 £ 3.5 mm and 5.1 £ 2.2 mm
respectively under 67 N anterior tibial load at 30° of knee
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Figure 5: Anterior tibial translation (ATT) under the 67N anterior tibial load for native ACL and BPBT grafts with or without
suture tape techniques. “##” indicates a significant difference between groups. “N.S.” indicates no significant difference.

BPBT: Bone-patellar tendon-bone tendon graft.
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Figure 6: Maximum failure load for native ACL and BPBT grafts with or without suture tape augmentation techniques. “##” indicates a
significant difference between groups. BPBT: Bone-patellar tendon-bone tendon graft.
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Figure 7: Force/displacement curves for the stiffness analysis between groups. BPBT: Bone-patellar tendon-bone tendon graft. 1B:
internal brace.
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Figure 8: Linear stiffness for native ACL and BPBT grafts with or without suture tape augmentation techniques. “##” indicates a

significant difference between groups.

flexion. In addition, in another suture repair study using
human cadaveric knees, Hoogeslag et al. [43] analyzed the
ATT of the ACL repair with the double loop Fibertape using
human cadaveric knee specimens. The mean ATT of the
intact ACL group, ACL deficient group and pure ACL repair
group were 4.9 £ 1.2 mm, 8.8 £ 2.3 mm and 6.9 + 2.6 mm,
while the tape augmentation group (5.6 = 2.0 mm) restored
ATT to values similar to the ACL-intact state after 10 cyclic
loading. Suture augmentation with Fiberwire could restore
the tibial translation to within 3mm of the intact joint and
may be helpful for ACL remodeling by providing the initial
knee joint stability. The current results corroborate these
studies. In the current study, the mean ultimate failure load
of the BPTB-IB group (668 + 159 N) was significantly higher
than the BPTB group (230 + 87 N). Previously, Bachmaier et
al. [32] compared the ultimate failure load of bovine flexor
tendon grafts for ACL reconstruction with and without suture
tape using porcine tibia model. Collectively, the ultimate
failure load of small diameter (8mm) reinforced grafts were
1592 £ 105 N, which resulted in a 64% increase compared
with the controls without suture tape (968 + 103 N). They
demonstrated that independent suture tape reinforcement
resulted in significantly higher ultimate failure load without
stress-shielding the ACL graft. Furthermore, they reported
that the ultimate failure load of pure suture tape was 865
+ 81 N. It is presumed that the fibertape and tendon graft
synergistically provided the ultimate load-to-failure strength.

To be noted, the tripled tendon grafts without fibertape had
already about 968 N of ultimate failure load strength, which
might be enough for daily activity. However, in the current
study, the BPTB graft had only about 230 N of ultimate
failure load, which might be not enough for daily activity if
there is no “safety belt”. This indicates the great importance
of suture tape reinforcement for BPTB graft. This preliminary
study, for the first time, demonstrated the BPTB graft with
suture tape reinforcement may be able to allow full weight-
bearing at early time after surgery and promise a safer and
earlier return to sports.

Furthermore, one major concern that BPTB grafts fixed
with sutures and button fails as the sutures cutting through
the bone or the bone plug fracture. In this study, the BPTB-
IB group failed in all samples by breakage or loose of suture
tape reinforcement and then sutures cutting through the bone,
while the BPTB group had all samples of sutures cutting
through the bone.

Previously, Brown et al. [11] reported that patellar tendon
grafts fixed with NO.5 Ethibond sutures and button failed as
the sutures cutting through the bone, the bone plug fracture,
or the sutures rupture. In a preliminary experiment, No.5
Ethibond sutures were applied to connect the bone plug and
button fixations, but suture breakage occurred. As a result, we
decided to use NO.2 Fiberwire and observed that all samples
failed by sutures cutting through the bone block of the graft.
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There are limitations to the current study. Dog knees were
used as substitute material for human knee joint. As known,
dog knee is smaller than humans, and the strength is lower.
However, the dog is a common ACL animal model because
of more consistent mechanical properties [44-46]. Moreover,
the suture tape reinforcement is one synthetic non-degradable
graft. The long time follow-up result after implantation is
still not clear. A recent 6-month animal experiment revealed
that no suture tape failure was found in ACL reconstruction
using a quadriceps tendon allograft with suture tape [29].
Furthermore, the joint was flexed in joint flexion of 30°, and
the results in other degrees of flexion were not analyzed.
Because the knee joint was fixed in joint flexion of 30° as
it does clinically, this degree represented the most stable
condition. Finally, it is not certain how the suture tape may
affect the biologic healing during the ligamentization process.
A further in vivo study will be done in future.

In conclusion, the suture tape augmentation increased knee
stability and ACL failure strength after ACL reconstruction
with BPTB. Therefore, this technology could be helpful to
reduce the complications of ACL reconstruction such as
graft failure and promote patients back activities sooner after
reconstruction, especially for the young athletic patients.
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