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Suture Tape Augmentation Has No Effect on Anterior
Tibial Translation, Gap Formation, or Load to Failure

of Anterior Cruciate Ligament Repair: A
Biomechanical Pilot Study
Charles Qin, M.D., Adam Kahn, M.D., Farid Amirouche, Ph.D., Amir Beltagi, Ph.D.,
Sonia Pradhan, B.S., Jason L. Koh, M.D., and Aravind Athiviraham, M.D.
Purpose: The purpose of our pilot study was to assess the effect of augmenting anterior cruciate ligament (ACL) repair
with suture tape on biomechanical parameters including anterior tibial translation, gap formation, and load to failure.
Methods: Ten fresh-frozen nonpaired cadaveric knees were dissected, and baseline anterior-posterior stability of both
ACL-intact and -deficient knees was obtained. The specimens were randomized to undergo ACL repair either with or
without suture tape reinforcement, and anterior tibial translation, as well as gap formation, was measured after cyclic
loading. Finally, all specimens were subjected to a single pullout force to determine maximum load to failure. We per-
formed t test analysis to compare means between groups, and significance was defined as P < .05. Results: On t test
analysis, no statistically significant difference was found regarding anterior tibial translation between the ACL-intact group
and either repair group or between the repair group without suture tape augmentation and the repair group with suture
tape augmentation. No significant difference in gap formation was detected between the repair groups with and without
suture tape augmentation at 100 cycles (1.25 mm vs 1.02 mm, P ¼ .6), 250 cycles (2.87 mm vs 2.12 mm, P ¼ .3), and 500
cycles (4.5 mm vs 4.55 mm, P ¼ .5). The average load to failure of the repairs without suture tape augmentation was not
significantly different from that of the repairs with suture tape augmentation (725.9 N vs 725.7 N, P ¼ .99). Con-
clusions: In this pilot study, we did not identify a difference between ACL repairs with and without suture tape
augmentation regarding anterior tibial translation, gap formation, or maximum load to failure. Clinical Relevance: -
Treatment of ACL tears with primary ACL repair is a highly debated topic, and studies such as this study to further our
understanding of the biomechanical properties of augmented ACL repairs are important for surgeons when deciding the
best treatments for their patients.
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Arthroscopy, Sports Medicine, and Rehabilitation,
lthough short-term clinical results after primary
Arepair of anterior cruciate ligament (ACL) tears
reported in the historic literature were promising,
longer-term follow-up of these studies showed inferior
results compared with reconstruction.1 Since, attempts
to improve the results of repair have focused attention
on case selection and single-bundle augmentation. In
fact, positive clinical outcomes after primary repair of
proximal ACL tears have been reported in the recent
literature.2-4

The advantages of primary repair include preserva-
tion of proprioception, normal kinematics, and avail-
ability of ACL reconstruction as a salvage procedure.5-7

The variety of repair methods and adjunctive tech-
niques available has sparked a contemporary resur-
gence into preclinical investigation of ACL repair.7-12

Gap formation of 1 mm after repetitive cycling was
reported after ACL repair with suture anchor and
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Fig 1. Test setup of porcine tibia with simulated anterior
cruciate ligament tear captured with Krackow locking suture.
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button fixation techniques.7 Recent attention has been
paid to internal suture tape augmentation of ACL re-
pairs in an attempt to improve the mechanical prop-
erties of the native ACL without stress shielding it.13,14

Loads to failure greater than 600 N have been reported
for ACL repairs with static internal suture tape
augmentation in porcine models.15

A better biomechanical understanding of post-
operative primary ACL repairs in cadaveric models will
help to guide further clinical research on optimal
treatment techniques. The purpose of our pilot study
was to assess the effect of augmenting ACL repair with
suture tape on biomechanical parameters including
anterior tibial translation, gap formation, and load to
failure. Our hypothesis was that augmenting ACL
repair with suture tape would lead to decreased ante-
rior tibial translation, decreased gap formation, and
increased load to failure compared with ACL repair
without augmentation.

Methods
This study did not require review and/or approval

from our institution’s review board.

Preliminary Study
A preliminary analysis of 6 separate fresh porcine

knee specimens was performed to determine the
preferred suture configuration to be used in our study,
given the varying described techniques of suture prep-
aration of the ACL in the literature.11,12 We recognize
that the most common mode of failure of ACL repairs in
biomechanical models is not suture slipping at the
suture-tissue interface but rather suture slipping in the
femoral tunnel.7 The ACL femoral footprint was
transected in all 6 porcine knee specimens, and 2
specimens each were prepared with a “luggage-tag”
stitch, Bunnell stitch, and Krackow stitch with No. 2
FiberWire (Arthrex, Naples, FL), in a manner that could
be replicated arthroscopically. The specimen was then
mounted onto an MTS machine (MTS Systems, Eden
Prairie, MN) and subjected to a load rate of 1 mm/s
perpendicular to the specimen, which purely applied a
distraction force to determine load to failure. A photo-
graph of the experimental setup can be found in
Figure 1. The mean yield point was greatest with the
Krackow suture configuration, at 165 � 21.1 N,
compared with 77.8 � 14.5 N for the luggage-tag stitch
and 101.4 � 17.8 N for the Bunnell stitch, and all
failures occurred at the suture-tissue interface. On the
basis of these results, we used a Krackow stitch as the
preferred method to capture remnant ACL tissue.

Cadaveric Preparation
Ten fresh-frozen nonpaired cadaveric knees were

used in this biomechanical study. All specimens were
systematically assessed for damage by the senior author
(A.A.) and were excluded if there was damage to the
ACL. Ultimately, the integrity of the ACL was preserved
in all specimens, and no specimens required exclusion.
The surrounding soft tissues, including the patella and
extensor mechanism, were dissected off the specimens,
leaving the femur, tibia, and cruciate ligaments
intact.14,16 During dissection, care was taken to not
disturb the femoral and tibial footprints of both bundles
of the ACL.
To obtain baseline anterior-posterior stability of both

ACL-intact and ACL-deficient knees, all native cadav-
eric knees were mounted onto the MTS machine (Fig
2). A compressive force of 50 N was applied at 30� of
knee flexion, and an anteriorly directed average force
of 137 N was applied by a dynamometer through a
pulley and hook placed at the center of the tibial tu-
bercle.17 Similar to the methodology of de Carvalho
et al.,17 the OptiTrack motion capture system (Natu-
ralPoint, Corvallis, OR) was used to define unit vectors
created by 2 defined points of the femur (posterior-
most aspect of the lateral femoral condyle and
posterior-most aspect of the medial femoral condyle)
and tibia (posterior-most aspect of the lateral tibial
plateau and posterior-most aspect of the medial tibial
plateau), and the sagittal distance between the mid-
points of these 2 vectors was calculated. However, un-
like de Carvalho et al., we did not assess the individual
contribution of each bundle to the ACL on anterior
tibial translation. A No. 15 blade was used to sharply



Fig 2. Test setup of cadaveric knee after anterior cruciate
ligament repair with femur clamped and tibia secured in cy-
lindrical fixture.
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transect the ACL of each specimen at its femoral foot-
print, and anterior tibial translation was measured
again using the aforementioned methodology.

Surgical Technique
All 10 cadaveric knee specimens underwent simu-

lated ACL rupture. We introduced a No. 15 blade to
sharply transect the ACL at its femoral footprint. Five
specimens were randomized to undergo repair without
suture tape reinforcement. The ACL remnant was
prepared with a Krackow stitch. With the knee at 90� of
flexion, a femoral tunnel was drilled at the femoral
origin of the ACL, exiting the lateral femoral cortex,
and the 2 limbs of the Krackow stitch were pulled
Fig 3. Anteroposterior (A) and lateral (B)
views of cadaveric anterior cruciate liga-
ment repair without suture augmentation.
Suture anchor fixation at the lateral met-
aphysis is shown.
through the tunnel. A 4.75-mm hole was tapped and
punched at the lateral metaphyseal flare, and a corre-
sponding SwiveLock anchor (Arthrex) was introduced
and deployed while the sutures were tensioned at 30�

of knee flexion with a posterior drawer force.11 Pho-
tographs of the repaired specimen can be found in
Figure 3.
Five specimens underwent repair with suture tape

reinforcement using the InternalBrace concept
(Arthrex). The technique was similar to the technique
described earlier but with the addition of independently
tensioned FiberTape (Arthrex) to SwiveLock suture
anchor fixation on the tibial side and Tight Rope RT
fixation (Arthrex) on the femoral side.14,18 The Fiber-
Tape was independently tensioned with maximal
manual load to reproduce a clinically relevant setting
with the knee in full extension; this was done prior to
tensioning the repair. Photographs of the repaired
specimen with suture tape augmentation can be found
in Figure 4.

Cadaveric Testing
All prepared specimens were mounted onto the MTS

machine. The knees were not preconditioned. They
underwent 100, 250, and 500 cycles from 90� of flexion
through full extension with a frequency of 0.1 Hz, after
which gap formation was determined with a digital
caliper by measuring the distance between the femoral
origin of the native ACL and the repaired ACL. This was
performed by the senior collaborator (F.A.). The fre-
quency of loading used in our study to determine gap
formation at 100, 250, and 500 cycles was derived from
a previous study evaluating primary ACL repair.7

Anterior tibial translation of all specimens was
measured after cyclic loading using the protocol



Fig 4. Anteroposterior (A) and lateral (B)
views of cadaveric anterior cruciate liga-
ment repair with suture augmentation.
Button fixation at the lateral metaphysis is
shown.
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described earlier in the article. Finally, while in full
extension, all specimens were subjected to a pullout test
force at a load rate of 1 mm/s perpendicular to the fe-
mur to determine the maximum load to failure.7 The
failure mode was documented.

Statistical Analysis
An a priori power analysis was performed to deter-

mine the minimum sample size needed to detect a
difference, assuming an effect size of 0.8, power of 0.8,
and probability level of .05. The minimum sample size
needed was 56.
Anterior tibial translation, gap formation, and

maximum load to failure were reported as mean and
standard deviation (SD). Regarding the statistical anal-
ysis of anterior tibial translation, we aimed to compare
each test state (ACL tear, ACL repair with augmenta-
tion, and ACL repair without augmentation) with the
ACL-intact group. This generated 3 pair-wise compari-
sons, best analyzed with the Student t test. Further-
more, t test analysis was used to compare mean values
of gap formation and maximum load to failure between
groups. Statistical significance was defined as P < .05.

Results

Specimens
All 10 specimens were from male cadavers. The

average age was 75.8 years (SD, 14 years), and the
average weight was 158.4 lb (SD, 26 lb). There were 4
left and 6 right knee specimens.

Anterior Tibial Translation
Data on anterior tibial translation are available in

Table 1. Mean anterior tibial translation was 15.2 � 3.1
mm in the ACL-intact specimens, 22.3 � 3.9 mm in the
ACL tear group, 16.4 � 2.5 mm in the repair group
without suture tape augmentation, and 18.0 � 1.9 mm
in the repair group with suture tape augmentation. On t
test analysis, no statistically significant difference was
found between the ACL-intact group and either repair
group (P ¼ .44 and P ¼ .37) or between the repair
group without suture tape augmentation and the repair
group with suture tape augmentation (P ¼ .29). There
was a statistically significant difference between the
ACL tear group and the ACL-intact group (P ¼ .023).

Gap Formation
Gap formation data are available in Table 2. Mean gap

formation in the repair group without suture tape
augmentation was 1.25 � 0.8 mm at 100 cycles, 2.87 �
1.2 mm at 250 cycles, and 4.5 � 1.6 mm at 500 cycles.
Mean gap formation in the repair group with suture tape
augmentation was 1.02 � 0.3 mm at 100 cycles, 2.12 �
0.48 mm at 250 cycles, and 4.55 � 1.5 mm at 500 cycles.
Via the Student t test, no significant differences in gap
formation were detected between the repair groups with
and without suture tape augmentation.

Load to Failure
Load-to-failure values and the failure modes of the 10

repaired specimens are recorded in Table 3. The average
load to failure of the repairs without suture tape
augmentation was 725.9� 353.9 N, and the average load
to failure of the repairs with suture tape augmentation
was 725.7 � 219.9 N. No difference in load to failure was
found between the groups on t test analysis (P ¼ .99).

Discussion
The main finding in our pilot study was that there was

no difference in anterior tibial translation, gap forma-
tion, and ultimate load to failure between ACL repairs



Table 1. Anterior Tibial Translation

Intact ACL ACL Tear Repair Without Suture Augmentation Repair With Suture Augmentation

Specimen No.
1 11.1 17.4 18.5 NA
2 17.7 23.2 12.3 NA
3 15.3 20.4 18.5 NA
4 9.7 17.1 16.4 NA
5 14.4 20.8 16.2 NA
6 14.9 25.4 NA 17.7
7 16.4 21.2 NA 16.7
8 19.8 29.0 NA 20.9
9 14.7 21.8 NA 16.1
10 18.0 26.9 NA 18.5

Average 15.2 22.3 16.4 18.0
SD 3.1 3.9 2.5 1.9

NOTE. On t test analysis, comparison of the ACL-intact group versus specimens with ACL tears showed P ¼ .023; ACL-intact group versus ACL
repair group without suture augmentation, P ¼ .44; ACL-intact group versus ACL repair group with suture augmentation, P ¼ .37; and ACL
repair groups without suture augmentation versus with suture augmentation, P ¼ .29.
ACL, anterior cruciate ligament; NA, not applicable; SD, standard deviation.
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with and without suture tape augmentation, which was
contrary to our hypothesis. Biomechanical studies have
shown promising results regarding ACL repair in both
animal and human models.1,7,10,19,20 ACL repair has
been shown to re-create the kinematics of the native
knee and present superior anteroposterior stability
compared with reconstruction in 1 recent study.6,21,22

Van der List and DiFelice7 reported that cadaveric
ACL repairs with suture button and suture anchor fix-
ation had a mean load to failure of 243 N, which is well
over the minimum of 60 N necessary for early range of
motion.23 Bachmaier et al.15 showed ultimate load-to-
failure values of over 800 N in porcine specimens
with internally braced ACL repairs with button fixation
and over 600 N in internally braced repairs with suture
anchor fixation, which are more in line with the load to
failure reported in our study. Differences in load to
failure across studies may reflect the heterogeneity of
constructs studied, including technique of fixation, ACL
suturing, and augmentation. In addition, given that
failure of almost all specimens in our study occurred as
the suture pulled out its fixation through the femoral
tunnel, our findings likely reflect the failure load of the
knotless fixation technique more so than the suture
tape augmentation. For example, a study on patellar
tendon repair with suture anchor fixation with and
without InternalBrace augmentation reported
maximum loads similar to those of our study.24
Table 2. Gap Formation

Cycles Repair Without Suture Augmentation, mm

100 1.25 (0.8)
250 2.87 (1.2)
500 4.5 (1.6)

NOTE. Data are presented as mean (standard deviation).
Clinical outcomes after ACL repair are mixed. A
recent meta-analysis authored by van der list et al.10

concluded that the current literature shows low
complication rates and high functional scores after ACL
repair but is limited by short follow-up and a high risk
of selection and publication bias. More recently, studies
have shown an increased risk of rerupture in adoles-
cents and in subsequent surgery for mostly cyclops le-
sions in adults.1,20

Descriptions of suture configurations in preparing the
ACL remnant in repairs are varied in the literature.11,25

Evidence to support one method over another remains
anecdotal at this point. Comparison of the strength of
locking sutures can be found in the flexor tendon
literature, which has shown that the number of suture
strands crossing the repair site is more important than
the suture configuration itself.26,27 Furthermore, the
type of suture configuration must be compatible within
the limits to prepare this configuration arthroscopically
using a suture passer. In the preliminary study we
completed to optimize the selected ACL repair tech-
nique, we compared the mean yield points of 3 groups
of porcine ACL specimens with different suture con-
figurations that were compatible with arthroscopic
placement and subsequently loaded to failure. The
mean yield point was greatest with the Krackow suture
configuration; all failures occurred at the suture-tissue
interface. Further investigation into the optimal
Repair With Suture Augmentation, mm P Value

1.02 (0.3) .6
2.12 (0.48) .3
4.55 (1.5) .5



Table 3. Load to Failure

Load to Failure, N Failure Mode P Value

Individual specimen data
Without suture augmentation 1,157.7 Suture slipped through femoral tunnel

594.9 Suture slipped through femoral tunnel
276 Suture slipped through femoral tunnel

1,005.1 Suture slipped through femoral tunnel
595.8 Suture slipped through femoral tunnel

With suture augmentation 503.5 Suture slipped through femoral tunnel
897.5 Suture slipped through femoral tunnel
856.7 Suture slipped through femoral tunnel
902.3 Suture slipped through femoral tunnel
468.6 Suture slipped through femoral tunnel

Comparison of repair groups .99
Without suture augmentation, mean (SD) 725.9 (353.9)
With suture augmentation, mean (SD) 725.7 (219.9)

SD, standard deviation.
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suturing technique of the ACL must take into account
that the most common mode of ACL repair failure in
previous biomechanical studies was suture slipping in
the femoral tunnel rather than at the suture-tissue
interface.

Limitations
This study is not without limitations. The lack of a

demonstrable statistical difference in the 26% reduction
in mean gap formation at 250 cycles with suture tape
augmentation (2.87 mm vs 2.12 mm) may have been
due to a type II error. Furthermore, a 40% increase in
maximum load to failure in standard graftediameter
ACL reconstructions with suture tape reinforcement
has been shown previously,14 whereas our study did
not detect a difference. The discrepancy may also be
attributable to the fixation technique, given that we
used a knotless suture anchor fixation in the lateral
metaphysis. We acknowledge that there may be varia-
tion in the preferred femoral fixation of the ACL repair
in the clinical setting, which may affect the generaliz-
ability of our results to other forms of fixation.
Regarding determining anterior tibial translation, the

anterior force applied through a pulley and hook sys-
tem in the tibial tubercle was standardized at 137 N for
each specimen. However, the distance between the
tibial tubercle and joint line for each specimen would
likely vary according to expected variations in anatomy,
which may lead to slight variations in the force vector.
Our model assesses time-zero anterior tibial trans-

lation, gap formation, and maximum load to failure of
ACL repair specimens and cannot account for biological
healing and neuromuscular adaptations. Moreover,
suture tape augmentation may play a role in stabiliza-
tion of the ACL-repaired knee in rotation, which was
not studied here but is an avenue for future investiga-
tion. Previous literature has shown that maximum load
to failure increases significantly from 2 weeks to 4
months postoperatively.28 Furthermore, data from
sheep models have shown the biomechanical superi-
ority of suture tapeeaugmented ACL repairs only, at 16
weeks and beyond, as the InternalBrace protected the
repaired ligament during the healing phase.29

Finally, the external validity of our study results is
weakened by the demographic characteristics of the
cadaveric specimens used, as well as the use of ACL
transection to model proximal ACL ruptures. Young,
active patients with proximal tears with excellent tissue
quality are generally selected for ACL repair, whereas
the average age of specimens in this study was 76 years;
moreover, all the specimens were from male cadavers
and were not paired. Because the quality of the ACL
tissue was assessed in each specimen and all failures
during pullout testing occurred via suture pullout
through the femoral anchor, we do not feel that tissue
quality contributed substantially to the results.
Conclusions
In this pilot study, we did not identify a difference

between ACL repairs with and without suture tape
augmentation regarding anterior tibial translation, gap
formation, or maximum load to failure.
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