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Abstract

Purpose Despite increasing interest in utilizing quadriceps tendon (QT) grafts in anterior cruciate ligament reconstruc-
tion (ACLR), data on the optimal quadriceps graft thickness are limited. The purpose of this study was to characterize the
mechanical properties for the quadriceps tendon, comparing full-thickness (FT) QT grafts with and without bone to a partial-
thickness (PT) QT graft, and comparing the three QT grafts to four-stranded semitendinosus (4-SST) and bone-patellar
tendon-bone (BTB) grafts and one experimental graft, the two-stranded rectus femoris (RF).

Methods Forty-eight (n=48) young cadaveric grafts (mean age 32 + 6 years) were utilized for testing with N=8 specimens
in each of the following groups; (1) FT QT with bone, (2) FT QT without bone, (3) PT QT without bone, (4) BTB, (5) RF,
and (6) 4-SST. Each specimen was harvested and rigidly fixed in custom clamps to a dynamic tensile testing machine for
biomechanical evaluation. Graft ultimate load and stiffness were recorded. Independent groups one-factor ANOVAs and
Tukey’s pairwise comparisons were performed for statistical analyses.

Results FT QT with bone and 4-SST grafts demonstrated similar ultimate loads to BTB grafts (both n.s), whereas PT QT
demonstrate statistically significantly lower ultimate loads to BTB grafts (n.s) and 4-SST grafts (n.s). Furthermore, no sta-
tistically significant differences were observed between the ultimate loads of FT QT vs. PT QT grafts without bone (n.s) or
between FT QT with vs. without bone (n.s). FT QT grafts with bone did not demonstrate statistically significantly greater
ultimate loads than PT QT grafts without bone (n.s). The RF graft demonstrated statistically significantly lower ultimate
loads to BTB grafts (p <0.005) and 4-SST grafts (p <0.014).

Conclusions Full thickness QT grafts with bone had similar material properties to BTB and a 4-SST grafts, while Partial
thickness QT graft without bone had significantly lower material properties than BTB and 4-SST, in a biomechanical setting.

Keywords Knee ligament - ACL - ACL reconstruction - Quadriceps tendon - Hamstring tendon - Bone-patellar tendon-
bone - Biomechanics
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(ACL) injuries is ubiquitous in orthopedics, and particu-
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harvesting, such as anterior knee pain [2, 8, 10], patella frac-
ture [28], and patellofemoral osteoarthritis (OA) [9, 17]. In
addition, HT autografts have been associated with increased
risk of postoperative joint laxity, functional hamstring weak-
ness, and increased graft failure and revision rates [9, 21,
22]. Some authors utilize a FT QT graft, others advocate for
a PT QT graft [6, 27]. QT graft has reported similar mechan-
ical properties in comparison with the BTB or the HT grafts
[11, 26, 29, 30]. To the authors’ knowledge, direct mechani-
cal properties of BTB, HT, and different types of QT grafts
have not previously been evaluated in a single study.

When reconstructing the ACL, it is important to choose
a graft that has similar properties to the native ACL. This
study provides a comparison of biomechanical properties
of several potential grafts in ACL reconstruction in speci-
mens younger than 40 years of age. Therefore, the purpose
of this study was to characterize the mechanical properties
of the quadriceps tendon, comparing FT QT grafts with and
without bone to a PT QT graft, and comparing the three QT
grafts to 4-SST, BTB grafts, and one experimental graft, the
two-stranded rectus femoris (RF). It was hypothesized that
there will not be any difference in ultimate load and stiffness
between the tested grafts.

Materials and methods

A total of 48 allografts suitable for ACLR grafts were
obtained for this study. The cadaveric specimens utilized in
this study were donated to a tissue bank for medical research
and then purchased by our institution. All specimens were
stored at — 20 °C and thawed at room temperature for 24 h
prior to preparation. All specimens were under 40 years of
age with no history or signs of previous injury, surgical his-
tory or gross abnormality.

Mean specimen age was 32 + 6 years (range 18-39 years).
PT QT grafts consisted of the rectus femoris and a partial
thickness vastus medialis and vastus lateralis tendon graft
[12, 14]. The rectus femoris graft in this study was an iso-
lated rectus femoris (dissected of a QT) and folded to create
a double layer, or as referred to in this article, a two-stranded
rectus femoris graft (RF). Six groups of viable allografts for
ACLR were obtained for this study: group 1: FT QT with
bone, group 2: FT QT without bone, group 3: PT QT with-
out bone, group 4: BTB, group 5: RF, and group 6: 4-SST.
There were 8 specimens per group. Young adult cadavers
were utilized primarily because the majority of patients
treated undergoing ACLR are <40 years of age. There were
no significant differences in specimen age, BMI, and weight
between the groups.

The grafts were prepared to the allocated size (Fig. 1).
The QT grafts of group 1-3 were prepared with a 10-mm-
wide double-bladed knife (Storz Medical AG, Tagerwilen,

Fig. 1 The different graft types
utilized in this study. From the
left to the right; Full-thickness
QT with bone, Full-thickness

QT without bone, Partial-
thickness QT without bone,
BTB, double rectus femoris,
quadruple semi-tendinosis
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Switzerland) to ensure symmetric size of the tendon graft
and a minimum length of 80 mm. All QT grafts had 25 mm
of exposed tendon between the two clamps in order to try to
simulate a native ACL length [1, 19, 32]. For bone plug har-
vesting, a 10 mm width and a 25 mm length were measured,
and a sagittal saw (Smith & Nephew Inc., Andover, Mas-
sachusetts) was used to harvest the bone plug. The PT QT
grafts in group 3 were further prepared with a 5 mm separa-
tor knife (Storz Medical AG, Tagerwilen, Switzerland) to
ensure symmetric thickness (resulting in harvesting of the
RF tendon and partial harvesting of the “second layer” of the
QT consisting of the vastus medialis and vastus lateralis [12,
14]). Group 4, BTB, were harvested with a 10X 25 mm bone
plug from the patella and tibial tubercle using an oscillating
saw, and the tendon part using the 10 mm double-bladed
knife. The soft-tissue or patellar tendon part of the BTB
graft had a median length 47 mm (range 30-60 mm). Group
5, RF, were harvested using the 10 mm double bladed knife
from the central part of the RF tendon. A total length of
140 mm was dissected out by peeling of the superficial layer
of the QT and stripping of the muscle belly of the rectus
femoris muscle on the proximal part of the RF tendon. The
tendon was then folded at the midpoint of the graft to form
a double layered (two-stranded) 10-mm-wide graft with a
total length of 70 mm. Group 6, 4-SST, were a minimum of
28 cm in length and were folded to form a four-stranded ST
graft with a mean diameter 8.5 mm. All grafts were stored
at — 20 °C and thawed at room temperature on the day of
testing.

Each end of the tendons was enclosed within nylon tub-
ing secured via suture; nylon tubing was used to reduce the
destructive pressure of the graft at their site of clamping,
as has been observed in our pilot studies (Fig. 2). A double
whip-stitch suture with a braided suture (Ultrabraid suture,
Smith & Nephew Inc., Andover, Massachusetts) was used to
ensure equal tension of all four strands on the ST specimens.

Specimens were randomly organized a priori such that
one tendon from each of the six groups was tested in a
given testing cycle, and this was repeated for eight cycles.
The order in which the tendons were tested was otherwise
randomized.

Each tendon was biomechanically evaluated on a
dynamic tensile testing machine (Instron ElectroPuls
E10000; Instron Systems, Norwood, Massachusetts, USA;
full-scale range: + 10 kN; stroke: +30 mm). Measurement
error of the device was certified within the year by Instron
to be < £0.300% of the indicated displacement and + 1.0%
of the indicated force [13]. The nylon-enclosed ends of the
grafts were rigidly fixed in custom clamps to the tensile
testing machine for biomechanical evaluation. A length
of 25 mm of graft was exposed between the clamps with
exception of the BTB grafts that were clamped at the bone
plugs. A minimum residual length of 2 mm of nylon was
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Full-thickness soft-tissue QT graft with
nylon tape

Fig.2 Full thickness soft-tissue quadriceps tendon allograft (10 mm
width) with tubular nylon tape wrap, as used in this study. Twenty-
five millimeters of graft were exposed proximal and distal between
the nylon tape

left exposed above or below the edge of the clamps in order
to prevent direct contact of the specimen with the teeth of
the clamps. All clamps were evenly tightened with 1.8 kg m
of torque using an analogue torque-wrench (Proto J6113F;
Stanley Black & Decker, Southington, CT, USA). Grafts
were initially tensioned to 10 N, then cyclically loaded
between 10 and 400 N [31] for 5 cycles at 1 Hz; force and
displacement data were recorded at 100 Hz. This cyclic load-
ing was implemented to ensure there was no slippage of the
specimens within the clamps and to allow for a measure of
cyclic graft stiffness before failure. After the cyclic loading,
the grafts were finally pulled to failure at a rate of 1 mm/s;
force and displacement data were recorded at 500 Hz. At
failure, the mode and site of failure were documented.

Statistical analyses

Raw data were accurately measured and recorded to the third
and fourth decimal place for displacement and force, respec-
tively; data were preserved in this format throughout all cal-
culations and ultimately reduced (by rounding) to preserve
only 3 significant figures for simplicity in interpretation of
the results. Linear regressions were calculated in MATLAB
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(R2019b, The MathWorks, Inc., Natick, Massachusetts,
USA) using force data as a function of displacement data
during the linear portion of each cycle of graft tensioning
from 10 to 400 N. Cyclic graft stiffness was calculated by
averaging the slopes of these regressions for an adjusted 4
cycles, excluding the first cycle that characteristically rep-
resents nonlinear elongation as the tendons settled into the
clamps [15]. Similarly, the pull-to-failure graft stiffness was
calculated using a linear regression of the linear portion of
the load vs. displacement curve during the pull-to-failure
stage of testing. The ultimate load was taken as the maxi-
mum force observed on the actuator before a 5% reduction
in force occurred.

Means and standard deviations were reported for each
group. Mean differences among graft groups with respect
to ultimate tensile force and stiffness were compared using
independent samples analysis of variance (ANOVA). In
cases where the overall null hypothesis of no group differ-
ence was rejected, Tukey post hoc pairwise comparisons
were performed. Tukey-adjusted p values smaller than 0.05
were considered statistically significant. All statistical analy-
sis was performed using the statistical computing language
R version 4.0.3 (access date January 13, 2021; R Core Team,
R Foundation for Statistical Computing, Vienna, Austria).

Statistical power was considered with respect to a fixed
feasible sample size. Assuming two-tailed testing and a
type-1 error rate per pairwise comparison of 0.05, 8 speci-
mens per group were sufficient to detect a Cohen’s effect size
of d=1.51 with 80% statistical power.

Results
Ultimate load

Relative to the baseline of BTB grafts, only 4-SST and FT
QT with bone grafts demonstrated similar ultimate loads
(both n.s). Both PT QT and FT QT without bone grafts dem-
onstrated statistically significantly lower ultimate loads than
the BTB (p <0.001 and p=0.025, respectively) and were not
statistically significantly different from each other (n.s). FT
QT grafts with bone did not have a statistically significant
greater ultimate load than PT QT grafts without bone (mean
difference =479 N, 95% Confidence Interval (CI) [— 985,
28], p=n.s). The relative distributions of ultimate load and
stiffness for each group are demonstrated graphically in
Figs. 3 and 4 and numerically in Table 1. The results of all
adjusted Tukey pair-wise post hoc comparisons made for
ultimate load are presented in Table 2.

Cyclic loading stiffness

RF and 4-SST grafts demonstrated statistically significantly
higher stiffness than all other ACL grafts (all p <0.05); how-
ever, RF and 4-SST grafts were not significantly different
from each other (n.s). All variations of QT demonstrated
similar cyclic loading stiffness compared to BTB. Mean
stiffness was within 25 N/mm and not statistically different
among the FT QT with bone, FT QT without bone, PT QT
without bone, and BTB graft groups.

Fig.3 A Boxplot model show- [

ing ultimate load (N) among

the different ACL graft types
tested. Dots represent individual
specimen observations. Thick
horizontal lines represent group
medians, while top and bottom
of boxes represent the 25th

and 75th percentiles, respec-
tively. Asterisks and brackets
represent significant pairwise
comparisons between groups
(p<0.05). BTB bone-patellar
tendon-bone, FT QT no bone
full thickness quadriceps tendon
with no bone, FT QT with bone
full thickness quadriceps tendon
with bone, PT QT no bone par-
tial thickness quadriceps tendon
with no bone, two-stranded RF
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Fig.4 A Boxplot model with a comparison of stiffness, cyclic load-
ing, and pull-to-failure. Boxplots comparing stiffness (N/mm) dur-
ing A cyclic loading and B pull-to-failure among ACL graft groups.
Dots represent individual specimen observations. Thick horizontal
lines represent group medians, while top and bottom of boxes repre-
sent the 25th and 75th percentiles, respectively. Asterisks and brack-
ets represent statistically significant pairwise comparisons between
groups (p <0.05). Dashed brackets are to clarify p values of specific
comparisons. BTB bone-patellar tendon-bone, FT QT no bone full
thickness quadriceps tendon with no bone, FT QT with bone full
thickness quadriceps tendon with bone, PT QT no bone partial thick-
ness quadriceps tendon with no bone, two-stranded RF two-stranded
rectus femoris, 4-SST four-stranded semitendinosus

Pull-to-failure stiffness

During the pull-to-failure stage of testing, all grafts dem-
onstrated similar stiffness values comparable to BTB (all
n.s). PT QT without bone demonstrated statistically signifi-
cantly lower stiffness values compared to FT QT with bone
(p=0.006) and 4-SST (p <0.001). The 4-SST graft also
demonstrated statistically significantly higher stiffness than
both the FT QT without bone (p <0.001) and the RF graft
(»=0.003); however, no differences were observed between
4-SST and FT QT with bone grafts (n.s).

@ Springer

Failure site

Each graft primarily failed in specific ways. FT QT with
bone grafts all failed at the bone tendon interface (8/8). FT
QT without bone failed at the proximal end of the graft (5/8)
and universal stretch (3/8). PT QT without bone failed at the
distal end (5/8) via universal stretch and via a mid-substance
rupture. BTB grafts failed at the deeper fiber structures of
the patella interface (6/8) and (2/8) at the deep layer of the
tibial bone interface. Two-stranded RF tendons failed via
universal stretch (5/8) and via mid-substance rupture (3/8).
Finally, 4-SST grafts failed equally between universal stretch
(4/8) and mid-substance tears (4/8).

Discussion

The most important finding of this study was that a FT QT
graft with bone demonstrated an equivalent ultimate load
as BTB and 4-SST grafts, while PT QT graft without bone
had a significantly lower ultimate load than BTB and 4-SST
grafts in a biomechanical setting. Furthermore, there was
no difference in biomechanical properties between the dif-
ferent QT grafts; however, the load to failure for PT QT was
44-55% lower than native ACL [20, 35].

The biomechanical analysis of the native ACL by Noyes
et al. [20] and Woo et al. [35] reported ultimate load of
17254269 N and 2160 + 157 N, respectively. In this study, it
was found that FT QT grafts with bone (14504362 N) were
the only graft to demonstrate similar ultimate load, cyclic
stiffness, and pull-to-failure stiffness to the BTB graft and
4-SST graft. BTB (1810+397 N) and 4-SST (1750+316 N)
ultimate load values in this study were also higher than the
ultimate load for the native ACL reported in the literature by
Noyes et al. [20]. In addition, they were generally stronger
than PT QT grafts without bone (972 +372 N), although
not significantly different. Future larger biomechanical stud-
ies may be able to demonstrate these potentially clinically
meaningful differences with statistical significance. The FT
QT with bone in this study have reported < 16% lower ulti-
mate load values in load to failure than the native ACL, and
the FT QT without bone were 27% lower [20]. PT QT with-
out bone reported 44% lower ultimate load value compared
to the study by Noyes et al. [20] and as high as 55% lower
ultimate load value compared to the ultimate load of the
native ACL in the study by Woo et al. [35].

The intention of the experimental RF graft was to see if
this graft could be a viable alternative graft choice to the PT
QT without bone. There was no significant difference in ulti-
mate load of the RF graft (1160 4+ 308) in comparison with
the PT QT without bone (972 +372). However, the RF graft
had 33-47% lower value in ultimate load than the native
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Table 1 A table showing biomechanical properties of the different grafts

Allograft Ultimate load (N) Cyclic stiffness (N/ Ultimate stiffness (N/  Failure site
(Mean + SD) mm) mm) (% of total failures)
(Mean +SD) (Mean +SD)

BTB 1810+397 151+25.5 324+80.6 Deep layer of patella interface (75%)

FT QT no bone 1260 +264 172 +39.1 257 +44.5 At bone (100%)

FT QT with bone 1450+ 362 157+33.8 370+49.3 Proximal knee (63%)
Universal stretch (37%)

PT QT no bone 9724372 173+38.8 228+103 Distal end (63%)

2-stranded RF 1160+308 244 +45.9 280+63.9 Universal stretch (63%)
Mid-substance (37%)

4-SST 1750+316 273+£49.5 433+94.2 Universal Stretch (50%)

Mid-substance (50%)

Mean Ultimate Load + Standard Deviation, Stiffness + Standard Deviation, and Primary Failure Site of Allograft Groups

BTB bone-patellar tendon-bone, FT QT no bone full thickness quadriceps tendon with no bone, FT QT with bone full thickness quadriceps
tendon with bone, PT QT no bone partial thickness quadriceps tendon with no bone, two-stranded RF two-stranded rectus femoris, 4-SST four-

stranded semitendinosus

ACL. This may question the intended use in a clinical setting
of an ACL graft to restore the biomechanics of the knee.

Therefore, a FT QT graft with bone, BTB, or a 4-SST
graft should be considered for ACLR over FT QT without
bone as well as PT QT in order to best restore native ACL
material properties. Additionally, harvesting of grafts with
a bone plug should be considered when trying to maximize
the ultimate load of the FT QT graft in ACLR. PT QT grafts
without bone should be used with caution for replacement
for the native ACL due to their significantly inferior biome-
chanical properties.

Previous studies have investigated the biomechanical
comparison of either QT to BTB [27] or QT to HT [24,
33] grafts. Schmidt et al. [25] performed a biomechanical
study comparing multiple ACL grafts including QT graft.
The study did not, however, compare different types of QT
grafts to BTB and HT graft. Schmidt et al. [25] reported
on the comparison of a FT QT, BTB, HT, and Iliotibial
band graft, and the mean age of the specimens was only
9.2 -years old which is a much younger population than the
typical ACL patient group [25]. To obtain clinical relevance
for adult patients, we included specimens between 18 and
40 years old.

An important finding of the present study was the sig-
nificantly inferior ultimate load of the PT QT graft when
compared to BTB and 4-SST, and also when compared to
ultimate load of the native ACL [35]. Many of the current
harvesting devices available are designed for partial tendon
harvesting to preserve quadriceps strength, and to avoid vio-
lation of the suprapatellar pouch and potential muscle her-
niation [6, 27]. The significantly inferior ultimate load found
in this study of the PT QT graft may question the benefit of
using partial QT harvesting devices when harvesting a QT
graft. In the meta-analyses by Mouarbes et al. [18], they

found no significant difference failure rate, functional, and
clinical outcomes after ACL reconstruction with the use of
QT graft compared to BTB and HT grafts. However, it was
not specified what type of QT graft was used. In a different
study, Crum et al. [5] compared QT soft tissue to QT with
bone graft, also here no difference in re-rupture rate was
reported.

On performing the pull to failure tests, several methods
of graft fixation were piloted including cryo-clamps. The
chosen fixation devise and fixation method for the present
study were consistent with the pilots that reported the high-
est pull to failure values. Some studies have reported both
lower [4] and higher [26] pull to failure values for QT grafts
than reported in this study. When using cryo-clamps, there
may be a greater chance of creating a mid-substance rup-
ture due to the freezing of the graft at the clamp site [26].
When using normal clamps as in the present study, it may
simulate a more true-life setting by possibly failing at the
weakest point.

One of the strengths of this study was the comparison of
the many types of QT grafts directly, not only to BTB grafts,
but also to a 4-SST and an isolated RF graft in the same test-
ing mechanism. The present study did report on equivalent
and also lower values for ultimate load for the tested grafts
compared to the values in other studies [16, 26].

There were some limitations to this study. One limita-
tion was the low number of grafts per group which may not
allow for statistical detection of subtle group differences in
biomechanical metrics. The low number of grafts in each
group was due to limited availability of young donor speci-
mens and the requirement of a large number of QT grafts in
total for the study. In addition, testing on three types of QT
grafts was completed: Full-thickness with and without bone
and partial thickness without bone. It was planned to test all
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Table2 A table showing
comparison of mechanical
properties of the different grafts
tested

ULTIMATE LOAD (N)

Pull to Failure Stiffness (N/mm)

.FT ar Frar PTQT 2-stranded RF|  4-SST BTB
with bone no bone no bone
FT QT with bone n.s n.s n.s n.s
191 "
FT QT no bone [-316]698] n.s n.s 0.025
-479 -288 . R
PT QT no bone [985]28] | [-794[219] <0.001 <0.001
-294 -103 184 . .
2-stranded RF [-801[213] | [-610]403] | [-322]691] 0.014 0.005
4-5ST 296 487 775 591
[-210|803] | [-20]994] | [268]1280] | [84]1100]
BTR -363 -554 -842 -657
[-870|144] | [-1061|-47] | [-1350]-335] |[-1160|-151] | [-574|440]
CYCLIC ST
FTQT FT QT PT QT 4-stranded
with bone no bone no bone CORChECelliiE ST BTB
FT QT with bone n.s 0.001* <0.001* n.s
FT QT no bone -14.8 0.009* <0.001* n.s
[-79.8]44.2] : ' ’
-15.9 1.1 * *
PT QT no bone [-43.1|74.9] | [-57.9]60.1] 0.010 <0.001 n.s
87.1 72.3 71.2 *
Z-stranded RF |0 11146) | [13.3]131] | [12.2]130] ns | <0.001
-116 -101 100 28.8 *
4-5ST [56.8/175] | [42.1]160] | [41.0]159] | [-30.2|87.8] <0.001
BTB 5.8 20.6 21.6 92.9 122
[-53.2|64.8] | [-38.5|79.6] | [-37.4|80.7] | [33.9]152] |[62.6]|181]

FT QT FT QT PT QT 4-stranded
with bone no bone no bone eatenee it ST BTB
FT QT with bone n.s 0.006* n.s n.s n.s
FT QT no bone 113 n.s n.s <0.001* n.s
[-0.2 | 226] ‘ ‘ ) ‘
-143 -29.5 .
PT QT no bone [-256]-29.4] | [-143|83.6] <0.001 n.s
-90.0 23.0 52.6 *
Z-stranded RF |\ 03193 91 | [-00.1(136] | [-60.6]166] 0.003
4-SST 62.8 176 205 153
[-50.4|176] | [62.6]289] | [92.2]319] | [39.6]266]
BTB 46.4 -66.6 -96.2 -43.6 109
[-66.8|160] | [-180]46.6] | [-209]|17.0] | [-157|69.6] | [-4.0]|222]

Summary of Tukey pairwise post hoc comparisons of ultimate load and stiffness among graft types.
Adjusted Tukey p value for each post hoc comparison between group comparisons of column/row shown
in white, whereas difference of means (row minus column) shown in yellow boxes, with 95% confidence
intervals in brackets
BTB bone-patellar tendon-bone, FT QT no bone full thickness quadriceps tendon with no bone, FT QT

with bone full thickness quadriceps tendon with bone, PT QT no bone partial thickness quadriceps tendon
with no bone, two-stranded RF two-stranded rectus femoris, 4-SST four-stranded semitendinosus

*Statistically significant comparison

four types of QT grafts, but due to the limited availability of
young specimens, the distribution of grafts was prioritized,
and it was chosen to not test PT QT grafts with bone.
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PT QT grafts had significantly lower ultimate load and stift-
ness than other potential ACL grafts, such as BTB and 4-SST,
whereas the FT QT grafts with bone were comparable to BTB
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grafts and possessed the ultimate tensile force and stiffness
needed to be a viable ACLR graft choice. Some authors have
advocated for utilizing partial thickness with mini-invasive
harvesting technique with the potential advantage of preserv-
ing quadriceps strength and avoiding violation of the supra-
patellar pouch and potential muscle herniation [6, 27]. Fur-
thermore, harvesting partial thickness QT is made easier by
the available harvesting devices which are not currently avail-
able for full thickness QT. The current literature on clinical
studies has not demonstrated superiority of full thickness QT
over partial thickness QT in terms of outcomes and revision
rates. Surgeon surveys regarding use of QT graft have reported
that only 2% of US surgeon currently are using QT grafts for
ACLR [34]. This study suggests that full thickness QT with
bone block has comparable biomechanical properties to BTB
and four-strand semitendinosus, and all these 3 are compara-
ble to native ACL and should be considered viable graft for
ACLR. Controlled clinical studies with direct comparison of
different QT grafts are needed.

Conclusion

Full thickness QT grafts with bone had similar material prop-
erties to BTB and a 4-SST grafts, while Partial thickness QT
graft without bone had significantly lower material properties
than BTB and 4-SST, in a biomechanical setting.
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