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ABSTRACT

PURPOSE OF THE STUDY
We aimed to evaluate the biomechanical properties of quadriceps tendon graft with a bone plug ending (QTBP) and
a quadriceps graft with a tendinous ending(QTT) fixed on the femoral side with different fixation devices.

MATERIAL AND METHODS

Twenty-five paired 2-year-old calf QTs and 25 paired 2-year-old sheep femurs were used for this study. 90x8 mm central
part of the quadriceps tendons with or without a bone plug was harvested. 8x25 mm tunnel was placed in lateral condyles.
The QTT was fixed with four different fixation devices, including the adjustable suspensory system (QTT-ASS, group 1),
biodegradable interference screws (QTT-BIS, group 2), titanium interference screws (QTT-TIS, group 3), and an adjustable
suspensory system + biodegradable interference screws (QTT-(ASS+BIS), group 4); QTBP was fixed with titanium interference
screws (QTBP-TIS, group 5). All groups were tested in a servohydraulic materials testing machine. Stiffness(N/mm), slippage
of the tendon(mm), and the ultimate tensile load-bearing ability(N) of the groups were tested. The Kruskal-Wallis H test was
used with the Monte Carlo simulation technique to compare the nonparametric variables of stiffness, slippage, and ultimate
tensile load. Dunn’s test was used for the post hoc analyses.

RESULTS

Group 3 had the stiffest fixation (median 45.09 N/mm). The amount of slippage was highest in group 1(median 6.41mm).
Group 1 was the most resistant group against a tensile load during the load-to-failure test(464 N). Fixing the QTT with the
ASS and BIS in group 4 increased both stiffness and ultimate tensile load strength. There was no significant difference
between the QTBP and QTT fixed with titanium screws. Fixing QTT with titanium screws was significantly superior to
fixation with BIS(p < 0.05).

CONCLUSIONS

This study demonstrates that QTBP fixation with TIS have no advantage over QTT fixation with TIS on the femoral side.
Although the QTT group fixed with ASS was the most resistant group against tensile forces during load-to-failure test,
amount of slippage was highest for this group as well. Thus, if an ASS is to be used, a strong tension force must be applied
prior to tibial side fixation to prevent further slippage of the graft in the tunnel.

Key words: anterior cruciate ligament, quadriceps tendon graft, femoral side, fixation, biomechanical properties.

INTRODUCTION graft harvesting, whereas ACL agonist muscle weakness
and disruption of the protective ACL proprioceptive arc
are reported donor-site morbidities after hamstring graft

harvesting (29). However, the quadriceps tendon (QT)

Different graft types, fixation techniques, and devices
are used to obtain a stable knee after anterior cruciate

ligament (ACL) reconstruction surgery. The main ob-
jective is to achieve quick recovery, cause less morbidity,
and prevent further laxity of the knee due to failure of
fixation or re-rupture of the ligament. The use of allo-
grafts has decreased for various reasons (8, 16). Anterior
knee pain, patellar tendon rupture, and fat pad herniation
to the donor area are common problems after BPTB

offers excellent biomechanical strength, a large cross-
sectional area, appropriate length, less donor-site mor-
bidity, and a bone plug that can be harvested from the
patella (17, 28). Thus, the QTBP and QTT have been
proposed as alternatives to reconstruct the ligament dur-
ing ACL revision surgery or in knees with multi-ligament
injury and/or deficiency (4, 9, 13, 20, 23, 26).
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The weakest point of the reconstructed ligament at
postoperative early stage is not the graft itself but the
fixation interference point at the tunnel (4). Therefore,
it is very important to use the best fixation technique
and device to obtain a stiff and durable fixation. A robust
and reliable fixation will allow early rehabilitation, early
return to work or sports, and prevent early failure (1, 5).
However, the following questions need to be clarified.
Which device is biomechanically superior to fix the
quadriceps tendon on the femoral side? Is QTBP superior
to QTT in terms of allowing a stiffer fixation? (17) Pre-
vious studies have reported stiffer fixation of QTT on
the femoral side with biodegradable interference screws
(BIS) compared to EndoButtons (4, 10). However, the
use of EndoButtons has decreased after the introduction
of the adjustable suspensory system (ASS), as this system
compresses the graft to the lateral cortex, which prevents
further slippage and knee laxity. Although the successful
use of ASS in fixation of hamstring grafts on the femoral
side has been reported, limited data and studies are sup-
porting their use for fixation of the QTT on the femoral
side (21). In addition, no study has compared the bio-
mechanical aspects of QTBP and QTT fixed either with
TIS and compared them with the ASS device (7). We
hypothesised that using an ASS device for fixation off
QTT may perform as good as QTBP fixed with TIS or
a QTT fixed with BIS and intended to investigate
whether there is a biomechanical difference between the
QTBP and QTT fixation techniques in terms of stiffness,
the amount of slippage, and ultimate tensile load-bearing
ability of the ASS, BIS, and TIS.

MATERIAL AND METHODS

This research has been approved by the institutional
review board of the authors affiliated institutions.
Twenty-five paired 2-year-old calf QTs and 25 paired
2-year-old sheep femurs were used for this study. The
combination of sheep femurs with calf QTs was chosen
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because some biomechanical studies have reported their
similarity to adult bone-ligament constructs (11, 15).
Five groups, each including 10 samples, were created.
All materials were obtained from a butcher after routine
morning slaughter sessions. No animal was sacrificed
specifically for this study. The sheep femurs were
cleaned of all muscle, and calf tendons were freed from
the muscles and non-ligamentous material and stored
at 4° C during transfer to the laboratory and all materials
were used within 12 h of sacrifice of the animal (11,
12). All material was kept in moistened dressings until
the experiment and a physiological saline solution spray
was used to keep the tendons moist until the experi-
ment.

All grafts and tunnels were prepared in the same
manner. A 90 mm long full-thickness central part of the
quadriceps tendons with or without a bone plug from
the calf knees was harvested and trimmed to pass through
an 8 mm sizing tube. A 8x25 mm tunnel was placed in
lateral condyles. The lateral cortex of the lateral condyles
for groups 1 and 4 were prepared using an additional
4.5 mm cannulated drill to widen the lateral cortex for
passage of the titanium button.

Group 1. QTT-ASS (Artrolift™, Artrotek, Ankara,
Turkey). This is an adjustable suspensory cortical fixa-
tion system consisting of a braided continuous loop and
a titanium button. The prepared QT was split into two
tails leaving the 1.5 cm patellar end intact. ASS was
passed through two tails of the tendon and incorporated
on the intact end. The split tails were re-sutured with
Cracow sutures keeping the two braided sides of the
loop inside of the sutures. This technique added extra
strength to the patellar end of the QT, tubularized the
tendon, and centralized the loop on both sides of the QT
that was placed in the tunnel (18). Then the ASS was in-
troduced with a carrier rope, titanium button was seated
on the lateral cortex, and the QT was passed and com-
pressed against the lateral cortex by tensioning the ropes
at the entrance of the tunnel. (Fig. 1).

Fig. 1. a— QTT graft prepared with the ASS device; b — AP and lateral X-rays showing the placement of the ASS and tunnel po-
sition, ¢ — titanium button passed from the tunnel and seated on the lateral cortex before loading the tendon into the tunnel.
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Fig. 2. a— QTBP graft prepared for the experiment;, b — AP and lateral X-rays showing the QTBP fixed with TIS in the tunnel;

¢ — sample number 2 from group 5.

Group 2. QTT-BIS (LockAktiv™, Noraker, Lyon,
France). This was an 8.0x23 mm round-headed cannu-
lated bioactive glass interference screw with a non-ta-
pered design. The patellar end of the prepared QT was
sutured with a locking whipstitch. QT was passed
through the tunnel and fixed with BIS placed anterior to
the graft.

— { ]
Fig. 3. Experiment set-up: a — alignment of the graft was adjusted in the same axis as the tensile load; b — a sample before the

tensile load-to-failure test in group 2 pretensioned at 10 N (sample number 5); ¢ — the graft failed within the BIS—tendon—bone
interface. Note: The needle is placed to show graft movement.
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Group 3. QTT-TIS (Artroline™, Artrotek, Ankara,
Turkey). This was an 8.0 X 25 mm round-headed can-
nulated titanium interference screw with a non-tapered
design. QT was prepared as in group 2 and was fixed
with the TIS placed anterior to the graft.

Group 4. QTT-(ASS+BIS). The QT and femur were
prepared and the tendon was fixed to the femur with an
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ASS as in group 1. Then, additional
fixation with BIS as in group 2 was o
carried out while QTT was ten-
sioned as strong as possible.

Group 5. QTBP-TIS. The cen-
tral part of the calf QT was har-
vested with a bone plug and pre-
pared as usual. The length of the
bone plugs were 1.5 cm for all sam-
ples. A single 1.0 mm hole was
drilled into the bone and a non-ab-
sorbable suture was passed through
the drill hole (Fig. 2). The graft was
passed through the tunnel and was
fixed with TIS placed anterior to
the graft.

Sheep bones were attached to
a custom-made jig to prevent move-
ment of the bone. The grafts were

Newton

attached to the mobile cell of the
machine with a tendon holder on
the upper side. The alignment of
the graft was adjusted parallel to
the loading vector to eliminate the
effect of the tunnel position on the failure. All groups
were tested in a servohydraulic materials testing machine
(Test Control Systems, TCS Universal) (Fig. 3). After
applying a 10 N preload, a cyclic force from 10 to 110
N was applied for 20 cycles at a 1 Hz frequency to repli-
cate cycling performed in the operating room before the
tibial portion of the graft is fixed. The amount of slippage
was calculated as the difference measured in millimeters
between length at 10 N after 20 cycles and starting length
at 10 N using the TCS Universal software (Figure 4).
To determine the ultimate tensile load-bearing ability
(N), a single load-to-failure cycle was performed at
a strain rate of 20 mm/min as the last step (7, 24). Than,
Stiffness (N/mm) was calculated using the the TCS Uni-
versal software. A significant deviation in linearity of
the load-deformation curve during the load-to-failure
test indicated failure within the device-tendon—bone in-
terface or graft—tunnel separation.

The SPSS 25.0 (IBM Corp., Armonk, NY, USA) pro-
gram was used to analyze the data. The Kruskal-Wallis
H test was used with the Monte Carlo simulation tech-
nique to compare the nonparametric variables of stiffness
(N/mm), slippage (mm), and ultimate tensile load (N).
Dunn’s test was used for the post hoc analyses. Variables
were examined at a 95% confidence level, and a p-value
< 0.05 was considered significant.

RESULTS

Intrasubstance rupture of the graft was not seen in
any of the samples. Failure of fixation was not detected
in any of the samples during the first 20 cycles. None of
the samples were discarded from the mobile cell or jig
during the experiments. The median stiffness value,
amount of slippage, and the ultimate tensile load at the
load-to-failure test for every group are shown in Table 1.

Fig. 4. A graphic obtained from the software showing the amount of slippage during
20 cycles from 10 N to 110 N at a 1 Hz frequency (from group 3, sample 5).

Group 1. The mode of failure was detachment of the
QTT from the loop in nine samples and pull-out of the
titanium button in one sample (sample number 5). None
of the loops ruptured in any of the samples.

Group 2. The mode of failure was QTT slippage
within the screw—tendon—bone interface for nine samples
and BIS pull-out in one sample (sample number 4,
Fig. 3c).

Group 3. The mode of failure was QTT slippage
within the screw—tendon—bone interface in eight samples
and TIS pull-out in two samples (sample numbers 4 and
8).

Group 4. The mode of failure was detachment of the
QTT from the loop after slippage within the screw—ten-
don—bone interface in eight samples and pull-out of the
titanium button and BIS in two samples (sample numbers
4 and 9). None of the loops ruptured in any of the sam-
ples. A small deviation in the linearity of the load-de-
formation curve smaller than 0.5 mm was detected dur-
ing the load-to-failure test for this group. Then the
linearity of the load-deformation curve continued to in-
crease until failure.

Group 5. The mode of failure was QTBP slippage
within the TIS—tendon—bone interface in nine samples
and the QT peeled from the bone plug in one sample
(sample number 6).

No significant difference in stiffness was observed
between the groups (p = 0.0951). QTT-TIS had the
stiffest fixation, while the QTT-ASS had the least stiff
fixation (Table 1 and 2). A significant difference in slip-
page was detected between the groups. The amount of
slippage was highest in the QTT-ASS and QTT-BIS
groups and lowest in the QTT-TIS group (p < 0.001,
Fig. 4). A significant difference in ultimate tensile load
was detected during the load-to-failure test between the
groups. The QTT-ASS group was the most resistant
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group against tensile load, and QTT-BIS was the weakest
(p < 0.001). Post hoc analyses revealed no significant
difference between the QTBP and QTT fixed with tita-
nium screws for any of the factors tested. However, fix-
ing the QTT with titanium screws was significantly su-
perior to fixing with biodegradable screws for all of the
factors tested (Table 2). Fixing QTT with both the ASS
and BIS in group 4 increased stiffness and ultimate ten-
sile load strength and also decreased the amount of slip-

page.
DISCUSSION

We hypothesised that using an ASS device for fixa-
tion off QTT (group 1) may perform as good as QTBP
fixed with TIS (group 5) or a QTT fixed with BIS (group
2). This study shows that; although stiffness and slippage
was comparable between group 1 and 2; statistically
(group 1) was better than group 2 by the means of ulti-
mate tensile load bearing ability. However, statistically
group 1 had no superiority over group 5 in any terms.

Obtaining a proper and sufficient autograft can be
challenging during ACL revision surgery from the knees
with multi-ligament injuries, as harvesting BPTB and
hamstring grafts from these extremities may increase
morbidity (19, 29). Thus, the use of the quadriceps au-
tograft is increasing in popularity for both primary and
revision ACL surgeries (3, 8). Several clinical and bio-
mechanical studies comparing different grafts with
quadriceps grafts have focused on the biomechanical
aspects of QT itself rather than fixation with different
techniques and devices (4, 21). Thus, there is no con-
sensus on the best fixation method or implant for fixing
a quadriceps graft on the femoral side. Different studies
have used different techniques for fixation and there is
a lack of discussion and evaluation on this issue in the
literature (3, 22).

Although QTBP fixed with TIS was presumed to be
a good fixation technique, there were no significant dif-
ferences in terms of stiffness, slippage, or resistance
against a tensile load compared to QTT fixed with TIS
acccording to our results. In contrast to a previous study,
QTT fixed with BIS was inferior to QTT fixed with TIS
but had comparable stiffness and slippage with QTBP
fixed with TIS (7). Using a central QTT eliminates the
risk for a patellar fracture due to bone block harvest,
leading to a reduction in operative time and easier post-
operative rehabilitation with reduced anterior knee pain
compared to a BPTB graft (25). This finding applies to
QTBP grafts as well. Thus, as shown by our in vitro re-
sults, harvesting a QTBP as a graft may be an unneces-
sary procedure that increase morbidity with no biome-
chanical superiority over QTT (27). Geib et al. (14)
included 221 patients and performed ACL reconstruction
using QTBP, QTT, and BPTB fixed on the femoral side
with BIS. These authors reported comparable results
among all groups but more donor-site morbidity with
QTBP and BTBP. The manufacturers recommends using
a similar interference screw or a +1 mm to the tunnel
size for femoral fixation of the QTT. We used the same
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Table 1. Stiffness, amount of slippage and ultimate tensile load
bearing ability of all of the groups

Stiffness Slippage Ultimate tensile

(N/mm) (mm) load (N)
Groups

Median Median Median

(Min/Max) (Min/Max) (Min/Max)
| 17.16(9.3/30.1) |6.41(3.65/11.71) | 464 (224 / 535)
] 24.82(13/28.5) |5.99(3.85/8.45) | 160 (109/371)
] 45.09(20/53.6) |3.01(2.05/5.5) |350(191/410)
) 26.75(8.8/36.1) |4.83(3.04/12.5) | 350 (301/530)
v 23.88(15.2/30.3) | 3.94 (3.62/7.19) |389.5 (244 /669)
p 0.0951 <0.001 <0.001

Table 2. Pairwise multiple comparison results (Post Hoc Tests)
between the groups regarding; stffiness, amount of slippage
and ultimate tensile loads at failure

Groups Stiffness Slippage Ultimate tensile load

P P P
-1l 0.579 0.531 <0.001
- 0.030 <0.001 0.042
v 0.500 0.141 0.151
I-v 0.112 0.011 0.634
-1 0.029 0.001 0.028
-1V 0.613 0.398 0.005
-v 0.089 0.057 <0.001
ln-v 0.096 0.010 0.550
n-v 0.373 0.124 0.119
V-V 0.539 0.291 0.338
Kruskal-Wallis test, post hoc test: Dunn’s test

screws with the tunnel and this may have led to lower
ultimate tensile loads compared to previous studies (11)
but a +1 screw can create a strong initial compression in
vivo, but could lead to eventual tunnel enlargement, cre-
ating difficulties for revision surgery (6, 11). It can be
speculate that the BIS used in this study may have dif-
ferent biomechanical properties, which may have altered
the results. Ettinger et al. (10) clearly demonstrated that
different BIS designs of the same size do not have a sig-
nificant impact on biomechanical results.

Although QTT fixed with the ASS was the most re-
sistant to tensile load-to-failure, it was the worst in terms
of stiffness and the amount of slippage. By contrast,
QTT fixed with BIS was very good in terms of stiffness
but was weakest in resistance against tensile load-to-
failure. Karkosch et al. (21) compared the biomechanical
properties of BIS and second-generation ASS for fixing
a QTT on the tibial side. Similar to our results, they
found no significant difference in elongation between
the groups. However, they reported a significant increase
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in the ultimate failure load with the ASS and a significant
decrease in stiffness compared to screw fixation. Thus,
we constituted group 4 using both devices to see if using
both devices would provide stable fixation. Group 4 per-
formed very well, comparable to groups 3 and 5. We
detected a deformation < 0.5 mm in linearity of the load-
deformation curves during the load-to-failure tests of
this group. Then the load-deformation curves proceeded
with a linear increase until failure. This phenomenon
occurred between 120 and 200 N for all samples, indi-
cating that this construct may decrease the risk for laxity
during early rehabilitation of the knee due to the superior
stiffness of the BIS. In addition, it prevented the failure
of fixation due to overloading of the knee before liga-
mentization of the tendon due to the superior biome-
chanical properties of the ASS in resisting tensile loads.
However, using an additional device for fixation would
not be cost-effective or safe, as this kind of a fixation
could complicate future revision surgeries.

Previous studies that have evaluated the properties
of the ASS and screws with hamstring and other grafts
have reported high ultimate tensile loads during the load-
to-failure test with ASS and better stiffness with screws
similar to our results (2, 4, 21). The ASS is usually used
for quadriluped hamstring tendons with all inside tech-
niques to fix the tendon to the tibia and femur or only to
the femur. In this scenario, the presumed failures include
pull-out of the button and loop rupture or intrasubstance
rupture of the tendon itself. The intact graft is seated on
the loop, so extra reinforcement between the tendon and
the ASS with stitches is not needed. However, this is
not possible when an ASS is used with QTTs and as
a result this additional tendon—suture interface creates
additional slippage (elongation) compared to a screw—
tendon interface (21). If the tensile load surpasses the
tensile load-bearing ability limits of the construct, de-
tachment of the tendon and loop is a more probable sce-
nario of failure as seen in our study (4).

It may not be possible to obtain similar test results
or compare our results with those of previous studies
because of different set-ups and test protocols. We ex-
perienced a greater number of pull-outs for both the BIS
and TIS in our series than reported previously (5, 15,
21) for two major reasons: The QTs used were obtained
from calf knees, which have a dense structure. This may
have triggered more pull-out of the screws, as this creates
stronger compression at the tendon—screw interface. In
addition, a strain rate of 20 mm/min was used in our
study in line with a previous study (7). However, strain
rates < 50 mm/min result in more pull-outs (10).
Karkosch et al. (21) reported 75% mid-substance rupture
with a second-generation ASS and 37% mid- substance
rupture with BIS on the tibial side and a cadaveric QTT
in cadaveric tibias. However, Brand et al. (4) also used
cadaveric bones and QT but did not report any mid-sub-
stance ruptures with screws or with EndoButtons. We
did not encounter any mid-substance rupture. Our set-
up with calf tendons on sheep femurs was established to
evaluate fixation properties rather than modes of failure.
Fresh QT of the calf had a dense structure that resisted
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tensile loads and surpassed the ultimate tensile load abil-
ities of the fixations.

As this was an in vitro study, many limitations need
to be addressed. First, the materials used were not human
cadaveric materials and may have not represented the
properties of real human tissues. Sheep femurs were
chosen because of the similar bone quality to human
tissue. However a bone mineral density evaluation was
not carried out and this may have resulted in lower and
variable ultimate failure load results due to lower bone
mineral densities. Lastly, we could not apply 1000 cycles
of 110 N cyclic forces at a frequency of 1 Hz, as the ser-
vohydraulic testing machine was not suitable for per-
forming more hysteresis experiments.

CONCLUSIONS

This is the first study to compare the biomechanical
properties of different fixation techniques and devices
for QT fixation on the femoral side. Our results revealed
that; QTBP fixed with the TIS had no advantages over
QTT fixed with TIS on the femoral side. Also we con-
clude that, if an ASS is used, a strong tension force must
be applied prior to tibial side fixation to prevent further
slippage of the graft in the tunnel which can result in
failed reconstruction.
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