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Background: Little is known about the stability of adjustable-loop devices (ALDs) for anterior cruciate ligament (ACL) reconstruc-
tion (ACLR).

Purpose: To evaluate the stabilization behavior of 3 different types of ALDs for all-inside ACLR in a full-construct surgical
technique-based manner.

Study Design: Controlled laboratory study.

Methods: The femoral and tibial devices of Ultrabutton (Smith & Nephew), Infinity (Conmed), and TightRope Il (Arthrex) were
applied to quadrupled bovine tendon grafts (n = 8 each) with tibial-sided traction applied (350 N) for graft tensioning in a simulated
fully extended knee. Knotless femoral graft fixation was based on either a suture-locking device (SLD; Ultrabutton), button-locking
device (BLD; Infinity), or dual-locking device (DLD; TightRope Il). All constructs were progressively loaded (50 N/500 cycles) from
50 to 300 N for 3000 cycles (0.75 Hz), including complete unloading situations and pull to failure (50 mm/min). Construct elonga-
tion, stiffness, and ultimate load were analyzed.

Results: BLD showed significantly greater initial elongation (-2.69 = 0.15 mm) than DLD (-3.19 = 0.21 mm; P < .001) but
behaved similarly to SLD (-2.93 + 0.23 mm). While DLD and SLD had the smallest initial elongation at the same significance level,
they behaved opposite to each other with gradually increasing peak loading. At the end of testing, DLD had the lowest
(-0.64 = 0.32 mm) and SLD the highest (3.41 = 1.01 mm) total elongation (P < .003 for both). SLD displayed significantly higher
dynamic elongation (6.34 = 0.23 mm) than BLD (3.21 £ 0.61 mm) and DLD (2.56 = 0.31 mm) (P < .001 for both). The failure
load of BLD (865.0 = 183.8 N) was significantly lower (P < .026) compared with SLD and DLD (>1000 N). The predominant fail-
ure mode was suture rupture and tibial bone breakage with button subsidence (SLD, n = 4). No significant difference in stiffness
between constructs was found.

Conclusion: While DLD successfully restricted critical construct elongation, BLD partially and SLD completely exceeded the clin-
ical failure threshold (>3 mm) of plastic elongation with loop lengthening during increasing cyclic peak loading with complete
unloading. Higher failure loads of SLD and DLD implants (>1000 N) were achieved at similar construct stiffness to BLD.

Clinical Relevance: A detailed biomechanical understanding of the stabilization potential is pertinent to the continued evolution
of ALDs to improve clinical outcomes.
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All-inside anterior cruciate ligament (ACL) reconstruction
(ACLR) with adjustable loop device (ALD) fixation of a qua-
The Orthopaedic Journal of Sports Medicine, 11(9), 23259671231201461 drupled hamstring tendon graft has become a routine pro-
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benefits of using ALDs in a less invasive all-inside ACLR
procedure includes bone-saving anatomic tunnel prepara-
tion and decreased graft length requirements, as well as
incremental graft tension adjustments with maximized
graft-bone interface and ultimate failure strength.>51333

Primary fixation of ACLR grafts is important in elimi-
nating initial knee laxity and securing the graft in place
within the bone tunnel for healing.>'° Adjustable tension-
ing was shown in controlled laboratory studies to signifi-
cantly increase the graft force at the time of fixation and
reduce the overall elongation in ACLR grafts.3%33 Cur-
rently, there is no consensus on an optimal primary graft
force, with ALD graft tensioning in a fully extended knee
position reducing the risk of overconstraining the
knee.2%3* The retention mechanism of various available
ALDs relies on suture-locking below the button surface
within a loaded loop suture (the so-called “Chinese finger”)
and suture-locking by a loaded loop suture on the button
surface (hereafter, “button-locking”) or recently of a combi-
nation of both (hereafter, “dual-locking”).!”!®%* Although
clinical results with ALDs have generally good clinical out-
comes,>®1238 recent biomechanical studies including
complete unloading situations raised concerns about
gradual loop lengthening.?!” Knee laxity of more than
3 mm is generally considered the threshold for clinical
failure.* To date, the performance of the newly released
ALDs used in our study for soft tissue graft suspension
in all-inside ACLR has not yet been tested in a full-
construct model, including complete unloading situations.
A native ACL function reference model, which was estab-
lished in a previous ACLR-related study,* served as refer-
ence to quantify and qualify the stabilization potential of
the all-inside ACLR groups.

The primary purpose of this study was to evaluate and
compare the stability behavior of 3 different ALDs for all-
inside ACLR during increasingly cyclic testing at 6 peak
load levels, including complete unloading situations with
construct elongation and ultimate strength measured in
a full-construct surgical technique-based manner. We
hypothesized that (1) the ALD construct with a knotless
femoral suture-locking device (SLD) would lengthen more
than the constructs with fixation devices including
a button-locking retention mechanism, and (2) all ALDs
would show similar construct stiffness.
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METHODS
Testing Groups

Three construct groups with ALD suspensory devices
(n = 8 per group, total = 24) were prepared according to
surgical technique guide for all-inside ACLR. For testing,
3 different types of adjustable fixation were used (Figure
1), including femoral and tibial devices of Ultrabutton
(Smith & Nephew), Infinity (Conmed), and TightRope II
(Arthrex). The retention mechanism of all tibial devices
was based on suture-locking, whereas the femoral fixation
differed between groups having either an SLD (Ultrabut-
ton), button-locking device (BLD, Infinity) or dual-locking
device (DLD, TightRope II). Adjustable loop shortening of
all-inside fixation devices was performed in this study
according to surgical technique recommendations.

Specimen Preparation

Fresh porcine tibias (age, 6-8 months) and bovine flexor
tendons from adult bovine hind limbs (age, 20-24 months)
were obtained from a local slaughterhouse. Porcine tibias
were previously reported to have structural properties sim-
ilar to those of young adult human tissue.?! All soft tissues
were removed, and the porcine tibias were cut 14 cm distal
to the joint line. Embedding using a bicomponent material
(RenCast, Huntsman Advanced Materials) was carried out
in line with the tibial tunnel axis until 2 cm distal to the
predetermined exit of the tibial tunnel axis to have suffi-
cient space for adjustable loop tensioning. The lateral pla-
teau of the tibia was cut with a bone saw to ensure
a constant tunnel length of 40 mm. Tibias were prepared
with a 9 mm-diameter graft tunnel and 30 mm in length
using a cannulated drill over an implant specific guide
pin, leaving a 10 mm bone-bridge (Figure 1B). Acrylic
blocks with a total length of 35 mm and implant-specific
tunnel preparations according to the clinical setting of
femoral-sided ACLR with 20 mm of graft insertion were
used in place of the femoral bone stock to allow intratunnel
visualization during graft insertion and cyclic loading.
For all testing constructs, tendons were cut to a single-
stranded length of 290 mm and trimmed in line with the
fiber orientation to achieve a 9 mm quadrupled graft
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Figure 1. (A) Experimental setup. (B) Schematic illustration of the all-inside groups with femoral SLD, BLD, and DLD, with bone
tunnel- and graft-related definitions. ABS, attachable button system; BLD, button-locking device; DLD, dual-locking device; SLD,

suture-locking device.

diameter and an overall length of 70 mm measured with
a graft-sizing block (Arthrex). The all-inside ACL graft
was prepared by quadrupling the tendon through the fem-
oral and tibial-sided ALDs. The 2 free tendon ends were
sutured together with No. 0 FiberWire (Arthrex) with the
sutured part positioned inside of the construct near the tib-
ial end.'* The ALD on each end was used to fix the con-
struct in a graft preparation station with a spring-loaded
tensioning device by suturing all graft limbs together on
the tibial side using No. 2 FiberWire (Arthrex) at 20 N of
tension. For finalization of the graft construct, the tension
was increased to 80 N, and a further circumferential stitch
was added to each graft end.

All tissues were stored at -20°C. The embedded bones
were thawed at room temperature overnight and the grafts
for 2 hours before biomechanical testing. All specimens
were kept moist with physiological saline solution during
specimen preparation and testing.

Graft Fixation

All constructs were subjected to preloading of 80 N weight-
bearing for 5 minutes before device insertion and mechan-
ical testing to allow stress relaxation of the graft.?53 The
tibia bone and femoral-sided acrylic block were secured to
the base plate and actuator of a dynamic testing machine
(ElectroPuls E10000, Instron) using custom clamps (Fig-
ure 1A). A dynamic load cell (2 kN, Instron) with a resolu-
tion of 0.01 N was used for testing.

Femoral passing and tensioning sutures were shuttled
through the acrylic block with the device button flipped
and the passing suture removed. Femoral graft insertion
until tunnel docking was performed by adjustable loop
shortening with the ALD remaining knotless. Tibial-sided

ALD passing and tensioning sutures were shuttled
through the tibia tunnel. The grafts were introduced into
the tibial tunnel by pulling on the adjustable loop.
Implant-specific tibial buttons were attached to free loop
ALDs. A caliper was used to ensure the acrylic block and
tibia were separated by a joint space of 30 mm in every
test, which simulated an intra-articular distance of a fully
extended knee and served as a reference position for later
elongation analysis. In vivo kinematic data have shown
that the native ACL experiences consistent length
decreases of 1 and 3 mm at 30° and 90°, respectively, dur-
ing weightbearing knee flexion activity starting from full
extension.?® In reference to the current graft fixation posi-
tion (joint space of 30 mm), it can be assumed that a 29-
mm joint space represents 30° of flexion and a joint space
of 27 mm a knee in 90° of flexion.

Tibial-sided graft tensioning was performed according
to surgical recommendations by manually pulling on the
ALD shortening strand in line with the actuator axis. Graft
tensioning was performed using tensioning handles
(Arthrex) with a traction of 350 N measured with the
load cell. Thereafter, all tibial ALD were knotted with 4
half-hitch suture knots, and the femoral loop length was
indicated visually by a stripe with a colored marker on
the available tensioning suture reaching the button sur-
face. The ultimate traction level of 350 N was defined
based on pretests to achieve a resulting graft tension of
about 200 N for all constructs after traction release with-
out tearing the traction suture.**

Mechanical Testing

Cyclic peak loading was performed in force-control mode
and started at 50 N over 500 cycles with a test frequency
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of 0.75 Hz. Peak loading was then increased in 50 N incre-
ments every 500 cycles up to 300 N for a total of 3000
cycles (Figure 2). An incremental increasing loading proto-
col every 500 load cycles were used in multiple previous
ACLR studies.?1"2%43 The peak load range up to 300 N
should cover the range of daily activity loading during
the time of early and late rehabilitation and the load spec-
trum used in other related literature over at least 2500
load cycles.517:18,34:40

The valley elongation of each load cycle was defined in
position control mode. Actuator translation of 3 mm (As)
relative to the peak elongation provided for a complete
unloading-loading situation at all load levels and repre-
sented the most suitable mechanical testing conditions to
prove the fixation stability of the ALD retention mecha-
nism. Relative unloading in the range of 3 mm correlates
with ACL length changes during weightbearing knee flex-
ion in relation to a fully extended knee.?® Metrics for com-
parison included initial elongation (s1), dynamic elongation
(sp), and total elongation (st). Finally, grafts underwent
a pull to failure at 50 mm/minute.%"54

Note that the obtained valley elongation at the end of
each load level quantified the loading situation at 10 N
(Figure 2, points a-f). Negative and positive elongation val-
ues indicated a tight or slack graft in reference to the graft
fixation position (simulated fully extended knee). Ultimate
load and stiffness were determined during pull to failure
with the mechanism of failure noted. Stiffness was calcu-
lated within the linear load-elongation portion between
300 and 450 N. Load-displacement data during cycling
and pull to failure were recorded using WaveMatrix soft-
ware (Instron) with a sampling rate of 750 Hz and a trans-
lational accuracy of test machine actuator below 0.01 mm.

Statistical Analysis

Power analysis (power, 0.8; alpha, 0.05) with a detectable
difference of 0.3 mm, which represents 10% of the clinical
laxity limit,'®?3 indicated a sample size requirement of 5
per construct for valid comparisons. With regard to other
related studies,®®® this number was increased to 8 to
accommodate possible errors. In this study, the initial elon-
gation, dynamic elongation, and total elongation, as well as
ultimate load and stiffness, were defined as primary out-
come variables. Statistical analysis was performed using
Sigma Plot Statistics for Windows, Version 13.0 (Systat
Software). Data analysis was performed with MATLAB,
Version R2019a (MathWorks). For significant pairwise
analysis of all primary outcome variables, we conducted
a l-way analysis of variance (ANOVA) with Tukey post
hoc test for statistical analysis. Significance was defined
as P < .05, and the desired power level was set at 0.8.
The Shapiro-Wilks test was used to confirm each dataset
followed a normal distribution. A nonparametric test, the
Kruskal-Wallis, was used for datasets that failed this
test. For Kruskal-Wallis tests that found significance,
a Tukey post hoc test was conducted to further analyze
the differences. The observed post hoc average power val-
ues of all 1-way ANOVA tests were much higher than
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Figure 2. Selected hysteresis curves at the end of each peak
load with complete unloading situation. Metrics for compari-
son included construct valley elongation (points a-f) with ini-
tial elongation (s;, a), dynamic elongation (sp, Aaf), and total
elongation (st, f) analyzed.

the desired power level of 0.8, leading us to conclude that
our sample size was sufficient.

RESULTS
Stability Testing

Valley elongation at the end of each load level was used for
statistical comparison of the various constructs using the
ANOVA (Figure 3). The BLD showed significantly greater
(P < .001) initial elongation than DLD but behaved similar
to the SLD. While DLD and SLD had the smallest initial
elongation on the same significance level, they behaved
opposite to each other with gradually increasing peak load-
ing. DLD showed significantly lowest and SLD the highest
total elongation at the end of testing (each P < .001).

SLD showed considerably higher dynamic elongation
(Figure 4A) than the other constructs and demonstrated
progressive loop lengthening with increasing cycling load-
ing, as indicated by the migration of the colored stripe into
the tunnel (Figure 4C).

A representative hysteresis curve of each group at the
end of testing is shown in Figure 5 and referenced to the
native ACL function reference model, which was established
in a previous ACLR-related study. The final loading situa-
tion of the group’s coincidence either completely (DLD) or
partially (BLD) with the native ACL function zone, with
only the SLD group showing a complete loose state.

Pull to Failure

All constructs reached the regular test end and were pulled
to failure. The devices showed a high variance with
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Figure 3. Test results (mean = SD values) with comparative
statistical analysis of the construct elongation at various load
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values) graft state in relation to the reference position (simu-
lated fully extended knee). Stars represent statistical non-
significance between constructs as indicated (P > .05).
BLD, button-locking device; DLD, dual-locking device; SLD,
suture-locking device.
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significantly lower failure loads of BLD compared with
SLD and DLD (Figure 6). The predominant failure mode
was suture rupture and tibial bone breakage with button
subsidence (SLD, n = 4). Overall, no significant difference
was found in the ultimate stiffness between the constructs.

DISCUSSION

The most important finding of this full-construct surgical
technique-based study was that biomechanical outcomes
between 3 different types of adjustable loop fixation for
all-inside ACLR with graft tensioning in a simulated fully
extended knee position revealed significant differences.
While DLD successfully restricted critical construct elon-
gation, BLD partially and SLD completely exceeded the
clinical failure threshold (>3 mm) of plastic elongation,
with loop lengthening during increasing cyclic peak load-
ing with complete unloading.>® Higher failure loads of
SLD and DLD implants (>1000 N) were achieved at simi-
lar construct stiffness to BLD.

Stability of the soft tissue graft in the bone tunnel is
essential for graft incorporation in the early postoperative
period.”1%4! Insufficient primary graft tension and stabil-
ity during daily activities could lead to micromotion with
increased knee laxity and compromised healing.?® The
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(B-D) Representative colored marker position on the available tensioning suture (red arrow) of the femoral (B) DLD, (C) SLD, and
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primary tension of an ACL graft at the time of fixation is
not linked conclusively to its final clinical outcome,'® but
ALDs provide an important intervention for increased ini-
tial graft tension to eliminate laxity and settling effects in
the graft placement process as well as to prepare the ACLR
construct for the later loading situation.?3® Adjustable
tensioning and suture knot tying have been shown to
reduce the overall construct displacement with ALD fixa-
tion when compared with fixed loop devices or reference
groups.313334 Although multiple biomechanical studies
are available on the stability of ALDs,%%17183440 the pri-
mary goal of this study was to quantitatively evaluate
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the stabilization behavior of different commercially avail-
able ALDs with femoral and tibial graft fixation in a full-
construct clinically relevant model for all-inside ACLR.

In clinical practice, there is currently a wide range of
tensioning force applied on variable graft types, depending
mainly on the surgeon’s experience without consensus on
the optimal graft tension or correlation with the clinical
outcome.2>3237 Although a relatively wide safe window
for initial graft tension seems to exist, a higher tensioning
force in laboratory studies was shown to better compensate
graft tension loss due to the time-dependent viscoelastic
behavior of the soft tissue graft.?#272¢ In the current
study, femoral-sided graft insertion within an adequate
intratunnel graft portion until tunnel docking replicated
an optimized clinical condition for graft ingrowth until
final healing. Femoral-sided ALD suture knot tying was
avoided in this study in accordance with the clinical
requirements for simplified intraoperative workflow and
reduced danger of postoperative knot irritation of sur-
rounding soft tissue. Tibial-sided adjustable loop shorten-
ing was performed in a simulated fully extended knee
position with the greatest ACL length to achieve approxi-
mately 200 N tension on the graft.*> Adjustable ACLR
graft tensioning in higher knee flexion angles may “over-
tension” the graft.?® Overtensioned grafts are associated
with limited range of motion, higher contact stress with
cartilage degeneration, pain, and early clinical failure after
ACLR.3%*® Tibjal-sided adjustable graft tensioning may
reduce suture-related settling effects in all-inside ACLR
constructs with femoral ALDs including suture button-
locking fixation, which has been shown to limit the magni-
tude of graft force after tension release.** Distal load
applied on the graft confirms a proper button seating on
the femoral cortex in clinical practice and transfers the
femoral-sided loop sutures into its final state for prompt
button-locking function.

Reconstruction of the ACL aims to restore the native lig-
ament structural properties to provide for appropriate
knee laxity and stability over normal range of motion. Dur-
ing daily activities, the native ACL is loaded up to 450 N
within a load range of approximately 20% of the native
actual failure capacity of the ACL,2%3% and has a stiffness
of about 182 N/mm to resist anterior-posterior motion.3**’
Current applied peak loads up to 300 N should cover load-
ing from daily activities during the time of early and late
rehabilitation and were used in multiple other femoral fix-
ation device studies.>1783440 According to previous bio-
mechanical studies,??1223%4042 the results of the current
study demonstrated predominantly the necessary time-
zero biomechanical properties of ALDs with regard to ulti-
mate failure strength, displacement, and stiffness for soft
tissue graft fixation in ACLR. In agreement with latest bio-
mechanical studies, including repetitive complete unload-
ing situation,®'”1® the all-inside ACLR construct with
a knotless femoral SLD raised concerns about gradual
loop lengthening.?® Although it is unclear what amount
of ACLR construct lengthening indicates clinical failure,
we used the clinical reported side-to-side difference of >3
mm in anterior tibial translation as the failure threshold
for plastic elongation.
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While all samples of SLD and a few samples of BLD (5 of
8 specimens) exceeded dynamic elongation more than
3 mm, DLD restricted dynamic elongation to less than
3 mm and was able to maintain a tight graft in relation
to the reference primary fixation position (simulated fully
extended knee). Differences in the elongation behavior of
the study constructs may have occurred because of (1)
slightly different graft tension levels established by man-
ual loop shortening before cycling and (2) differences in
the implant stability during cyclic complete unloading-
loading situations with various suture loop configuration
and locking mechanism. Although the role of complete
unloading situation of ALD for graft fixation on the clinical
significance is unclear, ALDs with higher fixation strength
tested in more extreme testing conditions (including an
unloading situation) could be considered to be the choice
devices for clinical use in ACLR with early range of motion
and accelerated rehabilitation.

Limitations

This study has certain limitations. Bovine tendon and
porcine bone were used as substitutes for human
tissue because of their reported similar biomechanical
properties and common use in other related biomechanical
research. 15333444 Porcine tibia was found to have higher
bone mineral density and may lead to increased ultimate
failure loads.! Load was applied along the device and graft
long-axes to achieve worse-case testing conditions for
ACLR. Discrepancies between the biomechanical and clin-
ical outcomes may be explained by the distinct in vivo load
transfer with angled bone tunnels and the graft bathed in
the synovial fluid within a dynamic knee joint. Clinical
results with ALD have shown generally good postoperative
knee stability and failure rate without significance to FLD
with tibial screw fixation.'! This is a time-zero, in vitro bio-
mechanical study focusing on the stabilization potential of
available ALD for femoral fixation in all-inside ACLR. Fur-
ther short- and long-term translational animal and clinical
follow-up studies are required to assess adequate fixation
strength of variable ALD for graft stabilization throughout
graft healing and maturation.

CONCLUSION

While DLD successfully restricted critical construct elon-
gation, BLD partially and SLD completely exceeded the
clinical failure threshold (>3 mm) of plastic elongation
with loop lengthening during increasing cyclic peak load-
ing with complete unloading. Higher failure loads of SLD
and DLD implants (>1000 N) were achieved at construct
stiffness similar to that of BLD.
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