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Background: Posterior cruciate ligament (PCL) reconstruction is commonly performed to restore joint stability and prevent
posterior tibial translation at higher flexion angles. However, persistent knee laxity after reconstruction is often reported.

Purpose: To biomechanically evaluate the effect of independent suture tape (ST) reinforcement on different PCL reconstruction
techniques.

Study Design: Controlled laboratory study.

Methods: PCL reconstruction using porcine bones and quadrupled bovine tendons was performed using 2 techniques: (1) an all-
inside method using suspensory adjustable loop devices (ALDs) in the tibia and femur and (2) a method using an interference screw
on the tibial and an ALD on the femoral site. Both were tested with and without an additional ST for 4 groups (n¼ 8 per group). Each
construct underwent biomechanical testing involving 3000 loading cycles in 3 stages. After position-controlled cycles simulating
full range of motion, force-controlled loading from 10 to 250 N and then from 10 to 500 N were performed before pull-to-failure
testing. Elongation, stiffness, and ultimate strength were evaluated.

Results: The highest ultimate load (1505 ± 87 N), a small total elongation (2.60 ± 0.97 mm), and stiffness closest to the native
human ligament (156.3 ± 16.1 compared with 198.9 ± 33.5 N/mm; P ¼ .192) was seen in the all-inside technique using ST.
Intragroup comparison revealed that reinforcement with ST produced a smaller total elongation for the screw fixation (Screw-ALD,
6.06 ± 3.60 vs Screw-ALD ST, 2.50 ± 1.28 mm; P ¼ .018) and all-inside techniques (ALD-ALD, 4.77 ± 1.43 vs ALD-ALD ST, 2.60 ±
0.97 mm; P ¼ .077), albeit the latter was not significantly different. Elongation for constructs without ST increased more rapidly at
higher loads compared with elongation for ST constructs. The ultimate strength was significantly increased only for constructs
using the all-inside technique using ST (ALD-ALD, 1167 ± 125 vs ALD-ALD ST, 1505 ± 87 N; P ¼ .010).

Conclusion: Adding an independent ST to PCL reconstruction led to improvement in the studied metrics by reducing the total
elongation and increasing the ultimate strength, independent of the technique used.

Clinical Relevance: PCL reconstruction using additional ST reinforcement was biomechanically favorable in this study. ST
reinforcement in the clinical setting could decrease knee laxity after PCL reconstruction, providing better joint stability and
improved functional outcomes.

Keywords: PCL reconstruction; suture tape reinforcement; biomechanical testing; cyclic loading

The posterior cruciate ligament (PCL), as the strongest lig-
ament in the knee, plays an important role in maintaining
normal knee kinematics. A rupture of the PCL is a rare
injury and commonly arises in combination with additional
ligamentous and/or knee injuries.44,45 A better understand-
ing of the biomechanics of the ligament has recently led to
several advances in the treatment of the PCL-deficient

knee.18,29 However, the optimal treatment remains contro-
versial. Given the self-healing capacity of the injured PCL,41

an acute isolated grade I or II PCL rupture can be treated
nonoperatively.3,40,52 However, there is a risk that the liga-
ment may heal in a lax position.4,40,41 Patients with failed
conservative treatment, multiligament injuries, or severe
symptoms usually require surgical treatment.10,32

Surgical techniques to reconstruct the PCL include the
tibial inlay technique31 aiming to avoid the so-called
killer turn, as well as single-bundle—restoring only the
stronger anterolateral (AL) bundle—and double-bundle
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PCL reconstruction.9,47 Both autografts and allografts are
regularly utilized in PCL reconstruction. Hamstring tendons
are commonly used as autografts, followed by bone-patellar
tendon-bone and quadriceps tendons.21 Reasons for the use of
autografts include legal requirements, better availability,
and reduced costs.22 In contrast, the use of allografts prevents
additional donor-site morbidity and provides grafts with a
sufficient length and diameter. However, the use of allografts
involves a risk of a rejection reaction1 or disease
transmission.13,16

Tibial and femoral graft fixation in PCL reconstruction
surgery can be realized using interference screws to
fixate the graft in full bone tunnels. Alternatively, all-
inside PCL reconstruction using only bone sockets instead
of full tunnels and suspensory fixation devices can be uti-
lized.17 With this novel technique, bone material is con-
served, and the risk of tunnel convergence related to the
treatment of multiligament surgery can be reduced. More-
over, the utilization of adjustable loop devices (ALDs) for
suspensory fixation allows for adjustable cortical fixation
and graft preconditioning by applying tension to the graft.
In comparison with the all-inside technique, PCL recon-
struction using screw fixation shows a decreased ultimate
strength, as the screw is more aligned with the load axis.
However, the graft may show more elongation with all-
inside PCL reconstruction because of a larger free graft
portion.1,17,24,42,50

Even though clinical studies related to single-bundle
PCL reconstruction have demonstrated satisfactory out-
come data, pain and knee instability due to abnormal lax-
ity after surgery are often still reported.12,20,23,27,51

Reasons for remaining knee laxity after surgery might
be the healing of the ligament with a subluxated tibial
plateau and therefore lax position.49 However, excessive
tensioning and malpositioning of the graft can also lead to
restrictions in knee movement.5,43,54 Consequences of PCL
insufficiency may include cartilage degeneration and an
increased risk of osteoarthritis.19,20,48

Previous biomechanical as well as clinical studies have
revealed that an additional suture tape (ST) reinforcement
in anterior cruciate ligament (ACL) reconstruction was bio-
mechanically associated with a smaller elongation as well
as higher ultimate strength and clinically led to improved
patient-reported outcome measures and less pain.6,7,35 For
PCL injuries treated using reconstruction and/or an addi-
tional ST, promising results in a clinical setting were also
recently reported.39

Therefore, the aim of this biomechanical full-construct
study was to compare different single-bundle PCL

reconstruction techniques with and without an additional
ST reinforcement to evaluate the influence of the reinforce-
ment on studied metrics. We hypothesized that the ST
would decrease elongation during cyclic loading while
increasing the ultimate strength of the construct when
compared with constructs without additional ST.

METHODS

PCL Reconstruction With and Without Suture Tape
Reinforcement

Full-construct PCL reconstruction using porcine bones and
quadrupled bovine tendons was performed utilizing 2 dif-
ferent techniques: first, an all-inside technique using
TightRope (Arthrex) as suspensory ALDs on both the fem-
oral and tibial site (ALD-ALD group); and second, a screw
fixation technique using a 11 x 28 mm biocomposite inter-
ference screw (Arthrex) on the tibial and an ALD on the
femoral site (Screw-ALD group). Both configurations were
biomechanically tested with an additional 2 mm–wide,
high-strength braided polyblend ST (FiberTape; Arthrex)
(ALD-ALD ST and Screw-ALD ST groups) and without
(ALD-ALD and Screw-ALD groups) an independent ST
reinforcement. The ST was threaded through the femoral
ALD button allowing for independent fixation of the tape. A
sample size of 8 was tested in each testing group. Subse-
quent power analysis revealed a mean power >0.8, leading
us to conclude that our sample size was sufficient.

Specimen Preparation

Porcine knees and bovine hind limbs from freshly slaugh-
tered animals (pigs and cattle at the age of 8 months and
2 years, respectively) were acquired from a local slaughter-
house. Animal material is more reproducible and is often
used as a substitute in cruciate ligament testing.6,14 Fur-
thermore, previous literature has also demonstrated that
porcine tibias best resemble human bones that commonly
sustain sports injuries.2,33

Porcine tibias and femurs were dissected by carefully
removing the soft tissue from the bone. For femurs, the
lateral condyle was sawed off, allowing an enhanced view
on the reconstruction during biomechanical testing. Both
the tibias and femurs were then embedded using a bicom-
ponent polyurethane system (RenCast; Huntsman
Advanced Materials).

Bovine digital extensor tendons were shown to have
similar material properties when compared with human
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hamstring tendons.15 The Y-shaped bovine extensor digi-
torum longus tendons were harvested from hind limbs
and then cut in half. Subsequently, the grafts were
adjusted to a length of 360 mm and, if necessary, cau-
tiously trimmed in fiber direction to a diameter of 10 mm
when quadrupled.

Graft Preparation

All-Inside Constructs

For all-inside constructs (ALD-ALD and ALD-ALD ST
groups), bovine tendons were placed on a graft preparation
station. The tendon was passed through a TightRope RT
(Arthrex) for femoral fixation and a no-button TightRope
TN (Arthrex) for tibial fixation, leaving 1 longer and 1
shorter-end. The long tendon end was again passed
through both devices until the tendon ends met to create
a quadrupled graft construct. Graft ends were overlapped
for approximately 5 mm and then U-stitched together using
a No. 0 FiberWire (Arthrex), forming a continuous loop.
Before the first linked stitch, the graft construct was
exposed to an initial tension of 20 N. The graft construct
was completed using 3 further linked stitches under a ten-
sion of 80 N. The preparation of the all-inside grafts with-
out additional ST is illustrated in Figure 1A. The additional
ST for the ALD-ALD ST group was threaded through the
femoral button, allowing for independent fixation of the ST.
The final quadrupled graft construct measured 90 mm
in length and 10 mm in diameter, representing a standard
allograft in PCL reconstruction.1,24 The final construct is
illustrated in Figure 2.

Screw Fixation Constructs

For the screw fixation constructs (Screw-ALD and Screw-
ALD ST groups), 2 tendons measuring 210 mm in length
and 10 mm in diameter when quadrupled were used for
graft preparation. Subsequently, the tendons were
threaded through a TightRope RT for femoral fixation. The
2 tendons were overlapped and whipstitched together at
both ends. Last, the whipstitching sutures were knotted,
allowing the strands to be equally tensioned. The final
screw fixation construct without additional ST can be seen
in Figure 1B. The additional ST for the Screw-ALD ST
group was threaded through the femoral button, allowing
for independent fixation of the ST. The final quadrupled
graft construct measured around 105 mm in length and
10 mm in diameter.

Tunnel Preparation

For the all-inside constructs (ALD-ALD and ALD-ALD ST
groups), a tunnel measuring 60 mm in length and 3.5 mm in
diameter was drilled from the lateral side of the tibia to the
posterior attachment site of the PCL. The tunnel was
placed at an angle of 60� relative to the tibial plateau. A
tibial socket was retrodrilled using a flip cutter (Arthrex)
and measured 10 mm in diameter and 35 mm in depth.

For the screw fixation constructs (Screw-ALD and
Screw-ALD ST groups), the tibial bone tunnel measured
10 mm in diameter during the entire tunnel length.

The femoral tunnel was similar for all testing groups: the
tunnel had a total length of 40 mm and a diameter of
3.5 mm. The retrodrilled femoral socket also measured
10 mm in diameter and 25 mm in depth. When the grafts

Figure 1. (A) Preparation and final construct of all-inside qua-
drupled grafts (ALD-ALD and ALD-ALD ST groups) without
suture tape (ST). (B) Final construct of screw fixation con-
structs (Screw-ALD and Screw-ALD ST groups) without ST.
ALD, adjustable loop device.

Figure 2. Illustration of final all-inside posterior cruciate
ligament reconstruction with additional suture tape.
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were inserted into the bone tunnel, it was ensured that a
space of 5 mm in the femoral and tibial socket was left,
allowing the graft to be fully tensioned.

Measurements of the all-inside and screw fixation con-
structs can be seen in Figure 3.

Testing Protocol

The testing protocol included both a position- and load-
controlled cyclic loading block, similar to that described
in present biomechanical PCL and ACL studies.6,25,46

Position-controlled cyclic loading simulated early reha-
bilitation using passive range-of-motion (ROM) exer-
cises41 and was based on the AL bundle length-knee
flexion angle relationship. As this study focused on
single-bundle reconstruction, which is designed to
replace the stronger AL bundle, only the AL bundle was
considered. According to Li et al,26 the AL bundle is at
its maximum length at 90� of knee flexion and experi-
ences a length decrease of –0.5 and 8.5 mm when the
knee is flexed to 75� and 0�, respectively.

Position-controlled cyclic loading simulated full ROM
from þ0.5 mm (90� of knee flexion) to –8 mm (full exten-
sion). Load-controlled cyclic loading involved cyclic loading
from 10 to 250 N and 500 N, respectively.

The full-construct testing setup as well as the biome-
chanical testing protocol including working steps 1 to 8 is
illustrated in Figure 4.

Biomechanical Testing

Custom-made testing fixtures for the femur and tibia allow-
ing for an inclined bone fixation to position the PCL aligned
with the load axis were fixated to the actuator and the base
plate of a tensile testing machine (ElectroPuls 10000;
Instron). The femur and tibia were clamped in an anatomic

position at a knee flexion angle of 90�, as this presents the
worst-case scenario for PCL testing.11,28

Before testing, each graft was placed into a graft tube
and preconditioned for 5 minutes at 80 N.

Graft Insertion of All-Inside Constructs

For PCL reconstructions with ST reinforcement (ALD-ALD
ST group), the initial intra-articular distance between both
bone tunnel exits was set to 40 mm. The graft and the ST
were inserted into the bone tunnels without tensioning the
graft. In step 1, the ST was fixated in the tibia using a
4.75-mm knotless PEEK (polyether ether ketone) anchor
(Arthrex). Subsequently, the machine was moved slightly
until 5 N was reached (step 2). That position was then
defined as a simulated knee flexion angle of 90�, ensuring
that the ST was equally loaded at 90� for all constructs.

For PCL reconstructions without ST reinforcement
(ALD-ALD group), steps 1 and 2 were not performed
because no ST was involved. The initial distance was set
to 40 mm, which directly corresponds to a simulated knee
flexion angle of 90�.

The femoral ALD was shortened until the graft was
pulled into the femoral socket for a distance of 20 mm,
allowing enough space for retensioning. The graft in the
ALD-ALD and ALD-ALD ST groups was then slightly ten-
sioned on the tibial site until a load of 50 N was reached and
then knotted. This load level for the initial tensioning was
chosen because during pretests, it was observed that mod-
erate manually tensioning resulted in approximately 50 N.

Graft Insertion of Screw Fixation Constructs

For PCL reconstructions with ST reinforcement (Screw-
ALD ST group), the initial intra-articular distance was set
to 40 mm. The graft and the ST were inserted into the bone

Figure 3. Illustration and measurements for all-inside constructs (A) and screw fixation construct (B) with suture tape reinforce-
ment. Joint space was set at 40 mm.
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tunnels without tensioning the graft. In step 1, the ST was
fixated in the tibia using a knotless anchor. Subsequently,
the machine was slightly moved until 5 N was reached (step
2). That position was then defined as a simulated knee
flexion angle of 90�.

For PCL reconstructions without ST reinforcement
(Screw-ALD group), steps 1 and 2 were not performed. The
initial distance was set to 40 mm, which directly corre-
sponds to a simulated knee flexion angle of 90�.

For the Screw-ALD and Screw-ALD ST groups, a weight
of 50 N was suspended from the whipstitching sutures, and
an interference screw was inserted for tibial fixation. To
ensure equal starting conditions for all screw fixation con-
structs, the machine’s displacement was then changed
until 50 N was reached.

Preconditioning and Cyclic Loading

Subsequent to graft insertion and tibial fixation of the con-
structs, testing was started with 10 precycles between þ0.5
and �8.0 mm of displacement, respectively (simulating
ROM from 90� to 0� of knee flexion) at a frequency of
0.5 Hz (step 3). In step 4, the machine moved to a displace-
ment of 0 mm, corresponding to a simulated knee flexion
angle of 75�, and the digital displacement was set to zero. At
this position, the graft was retensioned on the femoral site
to approximately 200 N, and knots were tied on the femoral
ALD. Then, position-controlled cyclic loading started
between þ0.5 and –8.0 mm of displacement (simulating
ROM from 90� to 0� of knee flexion) for 1000 cycles at

1 Hz (step 5). Upon completion, load-controlled cyclic load-
ing from 10 to 250 N and 500 N, respectively, simulating a
progressive rehabilitation protocol (steps 6 and 7), was per-
formed before a pull to failure at 50 mm/min (step 8) at a
knee flexion angle of 90�.

Data were recorded at an acquisition rate of 500 Hz, and
the mode of failure was noted. All specimens were con-
stantly kept moist using a physiologic saline solution dur-
ing preparation and testing.

Outcome Data

Outcome measures included percentage force loss during
position-controlled cycling (Dde in Figure 4), dynamic and
total elongation, and stiffness and ultimate load during pull
to failure. Points of data evaluation are also given in Fig-
ure 4. The elongation experienced during load-controlled
cyclic loading was the dynamic elongation (Dbc and Dbd,
respectively, in Figure 4), and the total elongation was the
elongation occurring from the retensioning of the graft
until the last load-controlled cycle was completed (Dad in
Figure 4). Stiffness was measured within a linear portion of
the pull-to-failure curve (e in Figure 4). Ultimate failure
load was the absolute maximum during the pull-to-failure
testing.

Statistical Analysis

Statistical analysis was performed using JMP 14 (SAS
Institute, Inc), and statistical methods to evaluate

Figure 4. (Left) Full-construct test setup. (Right) Testing protocol including points of data evaluation: force loss during position-
controlled cycling (Dde), dynamic elongation250 (Dde), dynamic elongation500 (Ddf), total elongation (Dbc), and stiffness during pull
to failure (e). Dotted lines represent position-controlled loading; solid lines represent load-controlled loading. Post-OP,
postoperative.
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differences among the 4 different groups included a 1-way
analysis of variance before Tukey post hoc test for pairwise
analysis. Differences in tension before and after screw
insertion for the Screw-ALD and Screw-ALD ST groups
were investigated using a paired t test and a Brown-
Forsythe test for the equality of group variances. The sig-
nificance level was set at P < .05 and the desired power at
0.8.

Properties of the Native Human PCL

To compare the properties of the PCL reconstruction to
those of the native human ligament, a pilot test was con-
ducted using human cadaveric knees (Science Care, Inc).
For this purpose, 10 fresh-frozen cadaveric knees (7 men, 3
women) originating from donors with a mean age of 55 ± 12
years were biomechanically tested.

Specimen Preparation

All soft tissue, with the exception of the PCL, was removed.
Subsequently, the lateral femoral condyle was carefully
sawed off using an orthopedic saw to enable a sufficient
view of the ligament. Both the tibia and the femur were
embedded in a bicomponent embedding material (RenCast;
Huntsman Advances Materials).

Biomechanical Testing

A tensile testing machine (ElectroPuls E10000; Instron)
with a 10-kN load cell installed to the crosshead was used
for biomechanical testing. Custom-made testing fixtures
were secured to the actuator and to an X-Y table mounted
to the base plate, respectively. The embedded bones were
fixated within cup holders at a knee flexion angle of 90�.
This flexion angle constitutes the most critical angle for the

PCL, as it is maximally loaded in that position,11,28 and was
therefore chosen for biomechanical testing.

A preload of 30 N was applied, and subsequently, the
machine’s displacement was set to zero. Afterward, 10 pre-
cycles between 0 and2 mm at0.5Hz, reducing settling effects,
were performed before a pull to failure at200 mm/min.53 Data
were recorded using Wavematrix software (Instron) at an
acquisition rate of 1000 Hz. Load-displacement curves were
evaluated to determine the PCL function zone of the native
ligament as well as the stiffness during pull-to-failure and
ligament measurements. All specimens were constantly kept
moist using a physiologic saline solution during preparation
and testing.

RESULTS

PCL Reconstruction With and Without Suture Tape
Reinforcement

Biomechanical testing results of PCL reconstruction with
and without ST reinforcement are listed in Table 1, and P
values for pairwise comparison after Tukey post hoc tests
are shown in Table 2.

Position and Load-Controlled Block

The least force loss during the position-controlled block was
revealed for the ALD-ALD ST group (10.1% ± 3.2%), which
was significantly less than for the ALD-ALD group (17.8% ±
5.3%) (P ¼ .004). With an additional ST, total elongation
was decreased by around 45%, from 4.77 ± 1.43 for the ALD-
ALD group to 2.60 ± 0.97 mm for the ALD-ALD ST group,
albeit this difference was not statistically significant (P ¼
.077). For the Screw-ALD group, a statistically significant
decrease in total elongation (P ¼ .018) of approximately

TABLE 1
Biomechanical Testing Results of PCL Reconstruction With and Without ST Reinforcementa

ALD-ALD (n ¼ 8) ALD-ALD ST (n ¼ 8) Screw-ALD (n ¼ 8) Screw-ALD ST (n ¼ 8)

Cyclic loading
Force loss, % 17.8 ± 5.3 10.1 ± 3.2 16.4 ± 3.5 13.1 ± 2.9
Dynamic elongation250 N,

mm
2.28 ± 0.25 1.81 ± 0.27 1.67 ± 0.18 1.62 ± 0.22

Dynamic elongation500 N,
mm

4.46 ± 1.16 2.78 ± 0.66 6.21 ± 3.54 3.06 ± 1.23

Total elongation, mm 4.77 ± 1.43 2.60 ± 0.97 6.06 ± 3.60 2.50 ± 1.28
Pull to failure

Stiffness, N/mm 136.1 ± 7.2 156.3 ± 16.1 142.8 ± 15.3 151.0 ± 9.8
Ultimate failure load, N 1167 ± 125 1505 ± 87 1014 ± 194 1184 ± 276
Method of failure (%) ALD failure tibial (62.5),

ALD þ bone failure tibial
(12.5), ALD failure
femoral (12.5), ALD
failure tibial þ femoral
(12.5)

ALD failure tibial (50),
ALD failure femoral
(25), bone failure
femoral (12.5), bone
failure tibial þ femoral
(12.5)

Graft slippage (62.5),
ALD failure femoral
(37.5)

Graft þ ST slippage (75),
Graft þ ST slippage þ
bone failure femoral (12.5),
Graft þ ST slippage þ
ALD failure femoral (12.5)

aValues are presented as mean ± SD unless otherwise noted. ALD, adjustable loop device; PCL, posterior cruciate ligament; ST, suture
tape.
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58% from 6.06 ± 3.60 mm to 2.50 ± 1.28 mm with an addi-
tional ST was observed (Figure 5).

The greatest dynamic elongation during the 250-N and
500-N load blocks was revealed for the ALD-ALD (2.28 ±
0.25 mm) and the Screw-ALD (6.21 ± 3.54 mm) groups,
respectively. Regarding intragroup comparison of the ALD-
ALD and ALD-ALD ST constructs, the addition of the ST led
to a decrease in dynamic elongation of 20% during the 250-N
load block, which was statistically significant (P ¼ .004).
During the 500-N load block, a decrease of 37% was
observed, albeit this decrease was not statistically signifi-
cant. The Screw-ALD ST group showed 3% (P ¼ .667) and
50% (P ¼ .015) less dynamic elongation during the 250- and
500-N load blocks, respectively, compared with the Screw-
ALD group.

Considering the intragroup comparison during the
500-N load block, the dynamic elongation was greater for
groups without additional ST compared with groups with
ST (P ¼ .127 for ALD-ALD vs ALD-ALD ST; P ¼ .015 for
Screw-ALD vs Screw-ALD ST). Moreover, it was
observed that the amount of elongation occurring within

the cycling was constantly decreasing with continuous
loading cycles during 250 N (Figure 6). When consider-
ing the amount of elongation occurring during the 500-N
block, the elongation in the groups with additional ST
(ALD-ALD ST and Screw-ALD ST) steadily decreased
with proceeding cycles, whereas the elongation in the
groups without ST (ALD-ALD and Screw-ALD) steadily
increased.

Pull-to-Failure Testing

Stiffness values of all groups tested as well as the stiffness
range of the native human PCL determined in pretests are
illustrated in Figure 7. The ALD-ALD ST group had mean
stiffness closest to that of the native human ligament (156.3
± 16.1 vs 198.9 ± 33.5 N/mm; P ¼ .192). Stiffness in the
groups without additional ST (ALD-ALD and Screw-ALD
groups) was significantly lower than that of the native lig-
ament (P < .001).

The ALD-ALD ST group also demonstrated the highest
ultimate failure load (1505 ± 87 N), which was statistically

TABLE 2
P Values for Tukey Post Hoc Analysisa

ALD-ALD ALD-ALD ST Screw-ALD Screw-ALD ST

Position and load-controlled block
Force loss

ALD-ALD — .004 .901 .119
ALD-ALD ST .004 — .022 .476
Screw-ALD .901 .022 — .380
Screw-ALD ST .119 .476 .380 —

Dynamic elongation250 N

ALD-ALD — .004 <.001 <.001
ALD-ALD ST .004 — .443 .320
Screw-ALD <.001 .443 — .667
Screw-ALD ST <.001 .320 .667 —

Dynamic elongation500 N

ALD-ALD — .127 .816 .151
ALD-ALD ST .127 — .012 >.999
Screw-ALD .816 .012 — .015
Screw-ALD ST .151 >.999 .015 —

Total elongation
ALD-ALD — .077 .982 .051
ALD-ALD ST .077 — .029 .999
Screw-ALD .982 .029 — .018
Screw-ALD ST .051 .999 .018 —

Pull to failure
Stiffness

ALD-ALD — .250 >.999 .988
ALD-ALD ST .250 — >.999 >.999
Screw-ALD >.999 >.999 — >.999
Screw-ALD ST .988 >.999 >.999 —
Native PCL <.001 .192 <.001 .030

Ultimate failure load
ALD-ALD — .010 .250 .868
ALD-ALD ST .010 — <.001 .012
Screw-ALD .250 <.001 — .267
Screw-ALD ST .868 .012 .267 —

aP values in bold (P < .05) indicate statistical significance. Dashes indicate that no statistical test was performed within the same testing
group. ALD, adjustable loop device; PCL, posterior cruciate ligament; ST, suture tape.
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significantly different from that of all other groups (P ¼
.010 vs ALD-ALD; P < .001 vs Screw-ALD; and P ¼ .012
vs Screw-ALD ST). Moreover, the ALD-ALD ST group
revealed the least variation regarding ultimate failure load
(Figure 5).

Whereas the ALD-ALD and ALD-ALD ST groups failed
due to suture rupture of the ALD (tibial and/or femoral)
during pull-to-failure testing, failure in the Screw-ALD and
Screw-ALD ST groups was mainly due to graft slippage.

Properties of the Native Human PCL

The measurements and biomechanical testing results of the
native human PCL are listed in Table 3. Assuming that the
PCL has an elliptical shape, the cross-sectional area was
calculated for the tested human ligaments and was found to
be a mean of 88.5 ± 27.8 mm2. The final bovine graft utilized
in this study had a diameter of 10 mm corresponding to a
cross-sectional area of 78.5 mm2.

Figure 5. Dynamic elongation measured during the 250- and 500-N block for every 100 cycles. ALD, adjustable loop device;
ST, suture tape.

Figure 6. Ultimate failure load versus total elongation includ-
ing 95% CI (ellipse). ALD, adjustable loop device; ST, suture
tape.

Figure 7. Stiffness during pull to failure of all groups tested
compared with stiffness of the native human PCL. Box plot
demonstrating individual data points (dots) along with mean
value (horizontal bar) within the interquartile range. ALD,
adjustable loop device; PCL, posterior cruciate ligament;
ST, suture tape.
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The load-displacement curves from the pull-to-failure
tests of the native PCLs were used to create a native PCL
reference model. Previous literature has reported a corre-
lation of knee flexion angle and AL bundle length and ten-
sion, respectively.6,11,26 With regard to these data, a PCL
Function Zone representing the in vivo behavior of the
native ligament could have been established to help quan-
tify and qualify the stabilization potential of the PCL recon-
struction techniques tested. Given that a posterior
translation after PCL reconstruction surgery of 5 mm or
more is considered to be abnormal,37 a range of normal
posterior translation was included (Figure 8).

DISCUSSION

This full-construct biomechanical study included a testing
methodology with intraoperative preconditioning simulat-
ing a loading scenario acting on the PCL during the reha-
bilitation phase. In general, it was revealed that adding an
independent ST to a PCL reconstruction results in
improved biomechanical metrics by decreasing the dynamic
as well as total elongation while increasing the ultimate
failure load, independent of the utilized fixation technique.
The ALD-ALD ST group reported the highest ultimate
failure load, and stiffness values closest to the native PCL.

Additionally, this group presented the smallest total
elongations.

During preconditioning including precycles and reten-
sioning to 200 N, a high initial force level could have been
created due to the use of an ALD. It was shown that this
high initial force level might prevent knee laxity subse-
quent to surgical reconstruction30,36; however, extensive
graft tensioning can cause abnormal articulation, causing
cartilage or graft damage.5,54 The ALD-ALD group was the
least able to maintain the initial force, resulting in the
highest percentage of force loss after position-controlled
cyclic loading was completed. By adding the ST, the per-
centage of force loss could have been significantly
decreased, allowing for an increased final force level.

It is essential to avoid graft stretching and construct
lengthening to protect the healing PCL before graft incor-
poration.30 Abnormal posterior tibial translation can other-
wise result in an unstable knee joint. Considering the
overall differences, the dynamic elongation measured dur-
ing the 250 N was significantly the highest for the ALD-
ALD group without additional ST reinforcement. Given the
different graft fixation method, the grafts utilizing the all-
inside technique have a longer free graft portion that might
reveal a greater dynamic elongation. Because the dynamic
elongation was significantly reduced by adding the ST, it
can be assumed that the additional reinforcement already

TABLE 3
Measurements and Biomechanical Testing Results of Native Human PCLa

Diameter, mm

Stiffness, N/mm Mediolateral Anteroposterior CSA, mm2

Native human PCL 198.9 ± 33.5 12.4 ± 2.0 8.6 ± 2.0 88.5 ± 27.8

aData are reported as mean ± SD. CSA, cross-sectional area; PCL, posterior cruciate ligament.

Figure 8. Function zone of the native human posterior cruciate ligament (dark gray) with ranges of normal posterior translation and
abnormal posterior translation. Hysteresis curves at the end of the 250-N (cycle 2000) and of the 500-N load block (cycle 3000) of
testing groups are additionally plotted. ALD, adjustable loop device; ST, suture tape.
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strengthens the construct even at these low loads. In con-
trast, the additional ST did not affect the dynamic elonga-
tion for screw fixation groups at 250 N. However, with
increasing loads and proceeding cyclic loading, intragroup
differences become more apparent. Given that the dynamic
elongation during 500-N cyclic loading was the highest
among the Screw-ALD group, additional graft slippage due
to the fixation technique might also cause additional elonga-
tion. Dynamic elongation could have been decreased by 37%
and 50% for all-inside and screw fixation groups, respec-
tively. Therefore, it can be concluded that the ST appears
to be like a “safety belt”, which becomes more dominant
when the graft is exposed to higher loads where it demon-
strates more plastic deformation. This principle was also
stated in previous biomechanical ACL studies.6

When qualifying the PCL reconstruction results with the
native PCL function zone, final cycle hysteresis curves of
testing groups without ST were within the range of abnor-
mal posterior translation. Total elongation exceeded the
critical threshold of clinical failure of 5 mm37 for 4 (50%)
and 3 samples (37.5%) in the Screw-ALD and ALD-ALD
groups, respectively, indicating that PCL reconstruction
without additional ST reinforcement is not able to suffi-
ciently withstand plastic deformation and/or graft slippage
at high loads. Moreover, it was observed that the increase of
dynamic elongation remained constant with proceeding load-
ing cycle during the 500-N load block whereas the dynamic
elongation steadily decreased (steady state) with proceeding
cycles for groups with additional ST reinforcement. Given
that our testing protocol reflects only a small part of the reha-
bilitation phase after surgical PCL reconstruction, it can be
assumed that the elongation would further increase with
additional cyclic loading.

PCL reconstruction aims to restore knee function and
provide joint stability, reducing knee laxity. Construct stiff-
ness plays an essential role, as an overconstrained knee can
lead to limitations regarding ROM and may cause graft or
fixation failure.8,34 In contrast, a construct stiffness that is
too low may result in an unstable knee joint. Stiffness mea-
sured during pull to failure was lower than stiffness of the
native human PCL for all groups tested. However, the
ALD-ALD ST construct revealed the greatest stiffness
among all other groups that seem to best replicate the
native properties of the ligament. Also, the ultimate failure
load was the greatest for this group. In general, tibial sus-
pensory fixation is superior regarding ultimate strength
because the interference screw fixation is almost aligned
with the force axis, causing the graft to slip out of the tibial
bone tunnel. A high ultimate strength might be beneficial
when it comes to peak loads during rehabilitation, which
may cause construct deformation/slippage or even a rerup-
ture.37 In general, constructs with additional ST were able
to withstand higher loads until failure when compared with
constructs without ST.

Limitations

This biomechanical study had some inherent limitations.
Animal material was used to create a full construct

biomechanical test setup. Bovine tendons have been shown
to have similar mechanical properties compared with
human tendons,15 and porcine tibia is commonly used as a
substitute for human bone, although some authors have dis-
couraged the use of porcine tibias due to noteworthy differ-
ences in mechanical properties.38 However, using animal
instead of human material allows for better comparability
and reproducibility because of more consistent mechanical
properties.

Moreover, this study was an in vitro time-zero biome-
chanical study not accounting for in vivo factors, such as
biological healing, which also may affect construct length-
ening. Finally, in vivo factors, such as biological healing,
could not be addressed with this type of study; hence, fur-
ther short- and long-term clinical studies are needed to
confirm our biomechanical testing results.

CONCLUSION

The results of our biomechanical in vitro study indicated
that adding an independent ST to a PCL reconstruction,
reinforcing the graft construct, resulted in both a decrease
of elongation and an increase of the ultimate strength.
These improvements in studied metrics were independent
of the utilized technique and applied to all-inside technique
as well as to tibial screw fixation technique. Therefore, we
assume that a ST reinforcement in the clinical setting could
decrease knee laxity after PCL reconstruction, providing
better joint stability and improved functional outcome.
However, clinical data are needed to confirm our
assumptions.
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