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Every layer of quadriceps tendon’s central
and medial portion offers similar tensile
properties than Hamstrings or Ilio-Tibial
Band Grafts
Matthieu Chivot1, Charles Pioger1,2, Jérémy Cognault2, Akash Sharma1,2, Regis Pailhé3, Etienne Cavaignac4,
Matthieu Ollivier1,5* and Christophe Jacquet1,2

Abstract

Purpose: The aim of our cadaveric study was to compare the mechanical properties of different parts of the
quadriceps’ tendon in a load to failure analysis as compared to three other, and most common types of grafts that
are used to perform ligament’s reconstruction.

Methods: Ten fresh-frozen cadavers (5 women, 5 men) were selected from our anatomical department. Mean age
at death was 64 years (48–87 years). Tendons were harvested to prepare (1) different quadriceps tendon’s
specimens: lateral portion (QTlat), medial portion superficial layer (QTMsup) and deep layer (QTMdeep) and central
portion superficial (QTCsup) and deep layers (QTCdeep) (2) Patellar Tendon (PT), (3) Gracilis+Semi-Tendinosus
specimens (GST). Specimens were stored at − 40 °C in a freezing solution. Specimens were securely attached to a
dedicated loading platform, measurements were done using a validated software. Load to failure testing was then
carried out. Young’s Elastic moduli, ultimate Stress (MPa) and Deformation (%) were analysed.

Results: The elastic moduli of the PT was significantly higher than all other grafts, all medial and central QT layers
(superficial and deep) were significantly higher than its lateral part (QTlat). In terms of Ultimate Stress, all grafts were
significantly greater than QTlat, PT and GST were significantly superior to QT central portions and to ITB but there
did not differ with the medial portion of QT. ITB ultimate stress values were significantly higher than QTlat. The
ultimate deformations of all grafts were similar.

Conclusions: This study provides reference values in in order to characterize different parts of the QT that presents
anatomically and Mechanically with complex characteristics. Every Layer of Quadriceps Tendon’s Central and Medial
Portion Offered Similar Mechanical Properties than Two Strand Hamstrings or Ilio-Tibial Band.
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Introduction
The majority of the tendon autografts demonstrate
themselves to be safe and clinically efficient for knee
ligament reconstruction1. Their use is often based on a
combination of factors including; their structural proper-
ties, size, donor site morbidity, graft availability, patients’
activity level, perceived functional outcome, and ultim-
ately, the surgeons preference [7–35]. Understanding the
mechanical properties and thus the intrinsic behavior is
a necessary adjunct to help guiding graft choice.
These properties are independent of the size, volume or

the influence of their attachment sites Whilst, the mech-
anical properties of the patellar tendon are well estab-
lished within the literature [2–4, 12, 14, 25, 30, 33], there
are relatively fewer studies on the mechanical properties
of the hamstrings [1, 4, 12, 25], ITB [4, 11, 25, 28], and
even less so on the quadriceps tendon [22, 25, 30, 34].
More, divided use of quadriceps tendon layers have

been advocated to mimic ACL’s anatomy the graft being
either split in the sagittal [18] or coronal planes [23].
Properties of an intact quadriceps grafts have been
already quantified [22, 30, 33, 34] and recently the use of
coronal and sagittal plane splitting for a double-bundle
ACL reconstruction has been shown to result in similar
tensile properties between the graft halves regardless of
the splitting plane [23].
However, data are missing regarding tensile properties

of quadriceps tendon dissected in multiple layers and
parts.
Therefore, the aim of this cadaveric study was to com-

pare the mechanical properties of different portions of
the quadriceps tendon in a load to failure analysis as
compared to three other types of grafts that can be used
to perform ligament reconstruction. Our hypothesis was
that the mechanical properties of different layers of the
quadriceps tendon were similar to those of graft com-
monly used for ligaments reconstructions.

Methods
Specimen preparation
Ten fresh-frozen cadavers (5 women, 5 men) were
selected from our anatomical department. Mean age at
death was 64 years (range: 48 to 87 years). The cadavers
were stored at − 8 °C. A single knee from each specimen
was used to prepare specimens, and the 10 cadaveric
knees were deeply evaluated for signs of bony or articu-
lar disease and/or surgery. Selection was based on age,
absence of surgical history and absence of knee osteo-
arthritis (X-ray evaluation). Any knee specimens meeting
one of the following exclusion criteria were not used:
wounds or macroscopic signs of intra-articular lesions
wounds or old lesions of the quadriceps and/or other
tendons, evidence of patella fracture.

Institutional review board was not consulted as speci-
mens came from donations to the anatomy laboratory
and pathology department. Anatomical and biomechan-
ical labs scientific committees validated our study proto-
col and ensured ethical use of de-identified specimens
(N° 2019–015724-11)
.All grafts were harvested at our university’s anatomy

laboratory. All skin tissues were excised to allow identifi-
cation of different structures. The semitendinosus was
identified in the lower and medial part of anterior tibial
tuberosity after the sartorius fascia was opened (Fig. 1).
These tendons were harvested from their muscle bodies
with an open tendon stripper, and then dissected from
their tibial attachment at the periosteum. All core knee
muscles and structures were not dissected or disturbed
from their anatomic position, including the patella, pa-
tellar tendon, and the quadriceps tendon. The knee was
then dissected to harvest the Iliotibial band. This was
carried out using protocols described by Christel and
Djian [6]. Once the ITB was identified it was separated
from the biceps femoris tendon, and then a graft of 10
cm long by 10mm wide was harvested by detaching it
from Gerdy’ s tubercle.
For Patellar tendon harvesting, only the central potion

was harvested to obtain a 1 cm large tendinous graft
without any bone plug.
For quadriceps tendon harvesting, the entire tendon

was exposed from the superior pole of the patella to the
muscular bellies of the vastus medialis (VM), the vastus
lateralis (VL), and rectus femoris (RF).
Harvesting was performed by using a No. 11 scalpel

blade incising along the axis of the tendon fibers at the
junction with VM and VL. Both incisions were extended

Fig. 1 Hamstring specimens Preparation/ A = Gracilis tendon /
B = Semi-Tendinosus tendon
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distally to the periosteum on the patella. Proximal
portion was detached at its junction with the rectus
femoris at mean 13.8 cm proximally from the patella (9.5
to 18.2 cm). Only the two most superficial layers were
harvested to avoid entering the joint. The dissection was
then extended from the patella proximally [10]. The
quadriceps tendon once harvested was measured to pre-
pare 5 different quadriceps tendon’s specimens (Fig. 2),
and a further 3 strips of equal widths were separated
according to their position (lateral, central, medial).
Defining 3 zones was justified by the complex architec-
ture of the quadriceps tendon which is organized in 3
layers with the fascial extensions of the muscles of the
quadriceps which meet near the patella to form an
“Onion-like” structure [27]. Only the 2 most superficial
layers interested us, they are separated by a thin layer of
fat tissue, they merge as previously demonstrated by
Grob [10] in 2 points at a fairly constant distance from
the proximal pole of the patella.
These layers were then separated using a No. 11 knife

and dissected to harvest two distinct layers (superficial and
deep) which were then measured with an electronic calibra-
tor (Mitutoyo®) with an accuracy of 0.01mm. All measure-
ments were performed by the same person five times, then
cross-sectional was calculated the mean was taken.
Therefore, from the quadriceps tendon harvest, we were

able to produce 5 samples, a deep and superficial medial
(QTMsup and QTMdeep), a superficial and deep central
(QTCsup and QTCdeep) and total lateral (QTlat).
The gracilis+semi-tendinosus (GST) specimen was folded

into two and each end was sutured to itself using a No. 2
Vicryl (polyglactin 910), to form a two-strand graft [32].
The ITB did not require any special preparation.

Specimens were stored at − 40 °C in a freezing solution
containing saline and 10% dimethyl sulfoxide. It has been
shown that this storage protocol does not alter the
biomechanical properties of tendons [24]. They were re-
moved from the freezer and thawed at room temperature
(21 °C) for at least 12 h before experimentation.

Testing protocol
All isolated grafts were tested without any bone attach-
ment. Ends of the grafts were placed in two self-gripping
traction machines.
Each jaws-tendon-jaws assembly was placed in a trac-

tion / compression device (Instrom 5566, Instron, Canton,
MA) to apply axial tensile loads (Fig. 3) [16]. Measure-
ments were made using the system software (BlueHill,
Instrom SA France, Elancourt, France).
To minimize the bias in the preparation of the speci-

men, a digital caliper (Absolute.
Digimatic®, MitutoyoTM, Kanagawa,Japan) with a pre-

cision of U = 0 .001 mm was used in.
order to measure each samples thickness, length and

width under a 10 N load [16]. These measurements
allow section’s size calculation for each sample thus per-
mitting stresses and strains estimation.
Each sample was preloaded at 10 N for 30 s. The inter-

face of each specimen/jaw was marked with China ink to
monitor potential sliding. All specimens were subjected
to a tensile test with a progression of 10 mm/min to fail-
ure. The measurements used followed a validated stand-
ard test protocol [26, 37]. Maximum failure load (N) and
elongation at failure (mm) were automatically measured
by the software during the test. The linear stiffness (N /
mm), the stress (N / mm2), the deformation and the

Fig. 2 Quadriceps Tendon specimens Preparation / A = QT Lateral /B = QT Central / C = QT Medial/ 1 = Superficial layer of the medial zone / 2 =
Deep layer of the medial zone / 3 = Superficial layer of the central zone / 5 = Deep layer of the central zone
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Young’s modulus were calculated as set out below. The
preparation, preservation, graft fixation and measure-
ments were performed by the same individuals.
The main characteristics of the samples are summa-

rized in Table 1.

Statistical analysis
Calculations were done using Excel 2016 software (Micro-
soft, Redmond, WA). Statistical analyses were performed
using PASW Statistics version 20 (SPSS, IBM Inc., Chicago,
Illinois). The normal distribution of measured variables was
verified using the Kolmogorov-Smirnov test and the Levene
test to ensure that the conditions were met for parametric

tests. A post-hoc analysis estimated that our sample size (7
specimens by group) allowed us to appreciate ultimate
stress and elastic Modulus specimens’ differences superior
to 10+/− 10% with a sufficient statistical power.
The significance level was set at p < 0.05. The descrip-

tive analysis consisted of mean, median and standard
deviation values. After testing differences in terms of
mechanical parameters using ANOVA testing a deeper
comparative analysis was performed using a pairwise
comparison to distinguish differences among each type
of grafts.

Results
80 specimens were harvested and created; 4 samples
were excluded from the results because they slipped out
of the jaws during loading analysis (Table 2).
The elastic modulus of the PT was significantly higher

than all other grafts (176 ± 119MPa). All QT medial and
central layers (superficial and deep) were significantly
higher than its lateral part QTlat. However, they were
not significantly superior to ITB. (Table 3).
Regarding the ultimate stress, all grafts exhibit super-

ior values than QTlat, PT and GST were significantly
superior to QT’s central portion (both superficial and
deep layers) and to ITB but there was no significant
difference with the deep and superficial layers of QT’s
medial portion. ITB ultimate stress was significantly
higher than QTlat (Table 4).
Significant differences were found regarding mean

deformation between PT vs QTCSup and PT vs QTlat
respectively, as well as between QTMDeep vs QTCSup
(Table 5).

Discussion
The main finding of this study was that mechanical
properties of the QT superficial and deep layers in its
central and medial portion are equal and/or superior to
those of Hamstrings and ITB but remain lower in terms
of mechanical resistance to those patellar tendons. These
results assume that differing quadriceps tendon layers

Fig. 3 Load to failure testing of a Patellar tendon specimen

Table 1 Physical characteristic of the specimens

Length between jaws (mm) Mean diameter (mm) Mean thickness (mm)

GST 43,42 (39,12-42,18) 7,34 (4,14-9,60) _

PT 37,72 (33,13-42,27) _ 8,43 (4,19-12,3)

ITB 39,03 (32,20-42,42) _ 2,63 (1,80-3,13)

QTLat 23,46 (26,28-38,31) _ 3,73 (2,57-4,40)

QTCsup 39,13 (24,53-41,29) _ 3,65 (1,95-4,89)

QTCdeep 37,53 (28,52-42,78) _ 2,92 (1,49-3,39)

QTMdeep 41,71 (23,65-40,33) _ 3,63 (1,56-4,49)

QTMsup 40,81 (25,83-39,62) _ 3,82 (2,62-5,60)

QTlat lateral, QTMsup Superficial layer of the medial zone, QTMdeep Deep layer of the of the median zone, QTCsup Superficial layer of the central zone, QTCdeep
Deep layer of the central zone, PT Patellar Tendon, GST Gracilis+Semi-Tendinosus, ITB Iliotibial band

Chivot et al. Journal of Experimental Orthopaedics            (2020) 7:50 Page 4 of 8



possess mechanical properties compatible with an anter-
ior cruciate ligament reconstruction.
QT is a graft already used and validated for reconstruc-

tions of cruciate ligaments [17]. It can therefore be used as
a transplant when its central part is taken almost com-
pletely. Harris et al. [13] measured division between the
two tendons at 6 cm proximal to the insertion of the pa-
tella, which corresponded to our observations. The central
and medial parts were thicker than the outer part. Lippe
et al. [21] confirmed in their anatomical study the obser-
vations of Harris et al. [13] who described a surface asym-
metry of QT with a lower insertion of VM compared to
VL. Potage et al. [27] confirmed that if the surgeon wants
a thicker graft, he should harvest only central and medial
bands of the QT, which corresponded to our sample
thicknesses.
Staubli et al. [33] compared properties of QT with

those of patellar tendon, the samples corresponded to a
band 10mm wide with a total thickness of the medial
quadriceps tendon and its retained bone insertion. They

found an ultimate stress of overall QT sample to be 33.6
+/− 8.1 N/mm2 versus 53.4 +/− 7.2 N/mm2 for PT.
Miller et al. [23] analysed in their study split QT speci-
men in two parts, 10 tendons separated in sagittal plane
and coronal plane, the author did not find any signifi-
cant differences in biomechanical parameters between
the two halves or in the cleavage plane. They found a
maximum load of 445 +/− 210 N for the different parts.
It seems that the complex organization of the QT when
it is fully preserved gives it an exponential resistance.
Herbort et al. [15] used 10mm × 3mm thick QT

samples to reconstruct the medial patellofemoral liga-
ment (MPFL). They found a maximum load before fail-
ure at 205 N +/− 77.8 N. In our study, the QTCsup
sample corresponded to the same sample as that of
Herbort et al. [15]: we found an ultimate stress before
failure of 75,1 ± 55 N/mm2. But our results are
expressed in N/mm2 (stress and not load before failure)
to account for the difference in cross-sectional area of
the samples. Difference between our results, even if it is

Table 2 Mechanical Testing results (Mean values and standard deviation) in term of Elastic moduli, Ultimate stress and Deformation

Elastic Modulus (Mpa) Ultimate Stress (Mpa) Ultimate Deformation (%)

GST 89 ± 101,3 99,3 ± 74,4 36 ± 5,3

PT 176 ± 119 140,9 ± 9,3 12 ± 4,6

QTMdeep 100 ± 65 95,2 ± 81 19 ± 9,8

QTMsup 86,5 ± 69 79,8 ± 50 14 ± 5,8

QTCdeep 79,6 ± 51 79,1 ± 74 21 ± 5,6

QTCsup 56,5 ± 46 75,1 ± 55 19 ± 9,9

ITB 48,8 ± 37 23 ± 10 24 ± 15

QTLat 19,9 ± 11 42,6 ± 4 24 ± 23

Specimens: QTlat lateral, QTMsup Superficial layer of the medial zone, QTMdeep Deep layer of the of the median zone, QTCsup Superficial layer of the central zone,
QTCdeep Deep layer of the central zone, PT Patellar Tendon, GST Gracilis+Semi-Tendinosus ITB Iliotibial band

Table 3 Comparison between specimens in terms of Elastic Moduli (Mean values)

Specimens GST PT QTMdeep QTMsup QTCdeep QTCsup QTlat ITB

GST ─ Δ87
p < 0.0001*

Δ 11
p =
0.01*

Δ 2.5
p = 0.09

Δ 9.4
p = 0.07

Δ32.5
p = 0.001*

Δ69.1
p = 0.0007*

Δ40.2 p = 0.0009*

PT ─ Δ76
p < 0.0001
*

Δ89.5 p < 0.0001
*

Δ96.4
p < 0.0001*

Δ119.5
p < 0.0001*

Δ156.1
p < 0.0001*

Δ127.2
p < 0.0001*

QTM
deep

─ Δ13.5
p = 0.01*

Δ20.4
p = 0.004*

Δ43.5
p = 0.0009*

Δ80.1
p = 0.0006*

Δ51.2
p = 0.0007*

QTM sup ─ Δ6.9
p = 0.09

Δ30
p = 0.001*

Δ66.6
p = 0.0006*

Δ37.7
p = 0.001*

QTC deep ─ Δ23.1
p = 0.04*

Δ59.7
p = 0.0004*

Δ30.8
p = 0.002*

QTCsup ─ Δ36.6
p = 0.01*

Δ 7.7
p = 0.06

QTlat ─ Δ28.9
p = 0.002*

Specimens: QTlat lateral, QTMsup Superficial layer of the medial zone, QTMdeep Deep layer of the of the median zone, QTCsup Superficial layer of the central zone,
QTCdeep Deep layer of the central zone, PT Patellar Tendon, GST Gracilis+Semi-Tendinosus, ITB Iliotibial band
*a pairwise comparison exhibited significant differences
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significant, can be explained by our test protocols being
slightly different. Samples were cycled 1000 times be-
tween 5 and 50 N whilst in our study our specimens
were preloaded at 10 N for 30 s.
Finally, The results of the different studies on material

properties vary markedly, thus making comparisons
difficult. Donor age, strain rate, biologic variability,
cross-sectional area calculation, and testing protocol are
variables that can explain the differences between
studies.
Some limitations can be attributed to this study.

Firstly, the tensile test was performed on frozen/thawed
grafts, but it is important to note that it has been shown
that the mechanical properties of tendons are not
affected by freezing if less than 3 cycles of freezing–
thawing are performed [4, 38]. Secondly, the fixation can

influence the results of these tensile tests. Jaws made
from resin or cryoclamps are difficult to use and their
use has not been validated [5, 29]. Shi and al [31].
validated the use of serrated jaws for ligament autograft
fixation after comparing them to other type of jaws. It is
this type of jaw that that has been used in this study.
Thirdly, the tensile tests were performed with dissected

specimens of a age higher than the age of patients who
typically undergo ligament reconstruction [36] and results
are possibly an underestimation of the mechanical proper-
ties of younger patients. Effect of age was assessed on 82
patellar tendons taken from donors between 17 and 54
years of age. These tendons were tested at deformation
rates of 10% or 100%. The modulus of elasticity was lower
only in the older tendon population tested at a deform-
ation rate of 100%. Other biomechanical properties do not

Table 4 Comparison between specimens in terms of Ultimate Stress (Mean values)

Specimen GST PT QTMdeep QTMsup QTCdeep QTCsup QTlat ITB

GST ─ Δ41.6
p = 0.01*

Δ4.1
p = 0.4

Δ19.5
p = 0.04 *

Δ20.2
p = 0.04*

Δ24.2
p = 0.03*

Δ56.7
p = 0.007*

Δ76.3 p = 0.001*

PT ─ Δ45.7
p = 0.01*

Δ61.1 p = 0.006 * Δ61.8 p = 0.006* Δ65.8
p = 0.005*

Δ98.3
p < 0001*

Δ117.9 p < 0001*

QTM deep ─ Δ15.4
p = 0.06

Δ16.1
p = 0.06

Δ20.1
p = 0.04*

Δ 52.6
p = 0.008*

Δ72.2 p = 0.003*

QTM sup ─ Δ0.7
p = 0.4

Δ 4.7
p = 0.2

Δ37.2
p = 0.01*

Δ56.8 p = 0.006*

QTC deep ─ Δ 4.0
p = 0.8

Δ 36.5
p = 0.02*

Δ56.1 p = 0.007*

QTCsup ─ Δ32.5
p = 0.03*

Δ52.1 p = 0.008*

QTlat ─ Δ19.6
p = 0.04*

Specimens: QTlat lateral, QTMsup, Superficial layer of the medial zone, QTMdeep Deep layer of the of the median zone, QTCsup Superficial layer of the central
zone, QTCdeep Deep layer of the central zone, PT Patellar Tendon, GST Gracilis+Semi-Tendinosus, ITB Iliotibial band
* a pairwise comparison exhibited significant differences

Table 5 Comparison between specimens in terms of Ultimate Deformation (Mean values)

Specimen GST PT QTMdeep QTMsup QTCdeep QTCsup QTlat ITB

GST ─ Δ24 p < 0..0001* Δ17
p < 0..0001*

Δ22 p < 0..0001* Δ15 p = 0.0009* Δ17
p < 0..0001*

Δ12
p = 0..001*

Δ12
p = 0.001*

PT ─ Δ7
p = 0.03*

Δ2
p = 0.08

Δ9
p = 0.04 *

Δ7
p = 0.03*

Δ12
p = 0.001*

Δ12
p = 0.001*

QTM deep ─ Δ5
p = 0.05

Δ2
p = 0.1

Δ0
p: N/A

Δ 5
p = 0.05

Δ5
p = 0.06

QTM sup ─ Δ7
p = 0.04*

Δ 5
p = 0.04*

Δ10
p = 0.005 *

Δ10
p = 0.008*

QTC deep ─ Δ2
p = 0.8

Δ 3
p = 0.4

Δ3
p = 0.4

QTCsup ─ Δ5
p = 0.06

Δ5
p = 0.05

QTlat ─ Δ0
p: N/A

Specimens: QTlat lateral, QTMsup Superficial layer of the medial zone, QTMdeep Deep layer of the of the median zone, QTCsup Superficial layer of the central zone,
QTCdeep Deep layer of the central zone, PT Patellar Tendon, GST Gracilis+Semi-Tendinosus, ITB Iliotibial band
* a pairwise comparison exhibited significant differences
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appear to be altered with age [3]. Finally, the number of
specimens used is small with only 10 specimens allowing
preparation of 80 samples.
This study model is based on direct comparison of sam-

ples for each specimen which limits potential confounding
factors such as soft tissue degeneration, specimens age
and conservation process. It provides important informa-
tion on the biomechanical characteristics of the different
layers of the QT for its clinical use as grafts in anterior
cruciate ligament reconstruction. But our results are
extracted from an Ex-vivo load to failure’s mechanical
testing, extrapolation to hamstring quadriceps or patellar
tendon behavior in ligament reconstructed patients must
be done with caution.

Conclusion
This study allows us to conclude that all central and me-
dian quadriceps tendon deep and superficial layers has
interesting biomechanical properties for anterior cruciate
ligament reconstructions. No significant difference in
material properties was seen between the QT Central and
Median layers and ITB or Hamstrings but remain lower in
terms of mechanical resistance to PT.

Authors’ contributions
CJ, MO, MC and CP have made substantial contributions to acquisition of
data, or analysis and interpretation of data. JC, RP, AS, and EC have been
involved in drafting the manuscript or revising it critically. CJ has made
substantial contributions to conception and design, or acquisition of data, or
analysis and interpretation of data. Every authors have given final approval of
the version to be published and agree to be accountable for all aspects of
the work in ensuring that questions related to the accuracy or integrity of
any part of the work are appropriately investigated and resolved.

Funding
No Funding was needed for this study.

Availability of data and materials
Not applicable.

Ethics approval and consent to participate
Institutional review board was not consulted as specimens came from
donations to the anatomy laboratory and pathology department. Anatomical
and biomechanical labs scientific committees validated our study protocol
and ensured ethical use of de-identified specimens (N° 2019–015724-11).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Aix-Marseille University, CNRS, ISM UMR 7287, 13288, Cedex 09 Marseille,
France. 2Clinique du Parc, 69006 Lyon, France. 3Department of Orthopaedic
Surgery and Sport Traumatology, Grenoble South Teaching Hospital, 38130
Echirolles, France. 4Department of Orthopedic Surgery and Trauma, Hôpital
Pierre Paul Riquet, Toulouse, France. 5Department of Orthopedic surgery and
Traumatology, University institute of movement and locomotion, St.
Marguerite Hospital, 270 Boulevard Sainte Marguerite, 29 13274 Marseille, BP,
France.

Received: 24 March 2020 Accepted: 11 June 2020

References
1. Abramowitch SD, Zhang X, Curran M, Kilger R (2010) A comparison of the

quasi-static mechanical and non-linear viscoelastic properties of the human
semitendinosus and gracilis tendons. Clin Biomech 25:325–331

2. Beynnon BD, Johnson RJ (1996) Anterior cruciate ligament injury
rehabilitation in athletes. Sports Med 22:54–64

3. Blevins FT, Hecker AT, Bigler GT, Boland AL, Hayes WC (1994) The effects of
donor age and strain rate on the biomechanical properties of bone-patellar
tendon-bone allografts. Am J Sports Med 22:328–333

4. Butler DL, Grood ES, Noyes FR, Zernicke RF, Brackett K (1984) Effects of
structure and strain measurement technique on the material properties of
young human tendons and fascia. J Biomech 17:579–596

5. Cheung JT-M, Zhang M (2006) A serrated jaw clamp for tendon gripping.
Med Eng Phys 28:379–382

6. Christel P, Djian P (2002) Anterio-lateral extra-articular tenodesis of the knee
using a short strip of fascia lata. Rev Chir Orthop Reparatrice Appar Mot 88:
508–513

7. Coobs BR, LaPrade RF, Griffith CJ, Nelson BJ (2007) Biomechanical analysis of
an isolated fibular (lateral) collateral ligament reconstruction using an
autogenous semitendinosus graft. Am J Sports Med 35:1521–1527

8. DeAngelis JP, Fulkerson JP (2007) Quadriceps tendon--a reliable
alternative for reconstruction of the anterior cruciate ligament. Clin
Sports Med 26:587–596

9. Geib TM, Shelton WR, Phelps RA, Clark L (2009) Anterior cruciate ligament
reconstruction using quadriceps tendon autograft: intermediate-term
outcome. Arthrosc J Arthrosc Relat Surg Off Publ Arthrosc Assoc N Am Int
Arthrosc Assoc 25:1408–1414

10. Grob K, Manestar M, Filgueira L, Ackland T, Gilbey H, Kuster MS (2016) New
insight in the architecture of the quadriceps tendon. J Exp Orthop 3:32

11. Hamner DL, Brown CH, Steiner ME, Hecker AT, Hayes WC (1999) Hamstring
tendon grafts for reconstruction of the anterior cruciate ligament:
biomechanical evaluation of the use of multiple strands and tensioning
techniques. J Bone Joint Surg Am 81:549–557

12. Handl M, Drzík M, Cerulli G, Povýsil C, Chlpík J, Varga F, Amler E, Trc T (2007)
Reconstruction of the anterior cruciate ligament: dynamic strain evaluation
of the graft. Knee Surg Sports Traumatol Arthrosc Off J ESSKA 15:233–241

13. Harris NL, Smith DA, Lamoreaux L, Purnell M (1997) Central quadriceps
tendon for anterior cruciate ligament reconstruction. Part I: morphometric
and biomechanical evaluation. Am J Sports Med 25:23–28

14. Haut RC, Powlison AC (1990) The effects of test environment and cyclic
stretching on the failure properties of human patellar tendons. J Orthop Res
Off Publ Orthop Res Soc 8:532–540

15. Herbort M, Hoser C, Domnick C, Raschke MJ, Lenschow S, Weimann A,
Kösters C, Fink C (2014) MPFL reconstruction using a quadriceps tendon
graft: part 1: biomechanical properties of quadriceps tendon MPFL
reconstruction in comparison to the intact MPFL. A human cadaveric study.
Knee 21:1169–1174

16. Jacquet C, Jaubert M, Pioger C, Sbihi A, Pithioux M, Le Baron M, Sharma A,
Ollivier M (2020) Pre-soaking of semitendinosus grafts with vancomycin
does not alter their biomechanical properties. A biomechanical in-vitro
controlled study using graft from living donors. Arthrosc J Arthrosc Relat
Surg Off Publ Arthrosc Assoc N Am Int Arthrosc Assoc

17. Kanakamedala AC, de Sa D, Obioha OA, Arakgi ME, Schmidt PB, Lesniak BP,
Musahl V (2018) No difference between full thickness and partial thickness
quadriceps tendon autografts in anterior cruciate ligament reconstruction: a
systematic review. Knee Surg Sports Traumatol Arthrosc Off J ESSKA

18. Kim S-J, Chang J-H, Kim T-W, Jo S-B, Oh K-S (2009) Anterior cruciate
ligament reconstruction with use of a single or double-bundle
technique in patients with generalized ligamentous laxity. J Bone Joint
Surg Am 91:257–262

19. Kim S-J, Jo S-B, Kim T-W, Chang J-H, Choi H-S, Oh K-S (2009) A modified
arthroscopic anterior cruciate ligament double-bundle reconstruction
technique with autogenous quadriceps tendon graft: remnant-preserving
technique. Arch Orthop Trauma Surg 129:403–407

20. Kim S-J, Jo S-B, Kumar P, Oh K-S (2009) Comparison of single- and double-
bundle anterior cruciate ligament reconstruction using quadriceps tendon-
bone autografts. Arthrosc J Arthrosc Relat Surg Off Publ Arthrosc Assoc N
Am Int Arthrosc Assoc 25:70–77

Chivot et al. Journal of Experimental Orthopaedics            (2020) 7:50 Page 7 of 8



21. Lippe J, Armstrong A, Fulkerson JP (2012) Anatomic guidelines for
harvesting a quadriceps free tendon autograft for anterior cruciate ligament
reconstruction. Arthrosc J Arthrosc Relat Surg Off Publ Arthrosc Assoc N Am
Int Arthrosc Assoc 28:980–984

22. Mabe I, Hunter S (2014) Quadriceps tendon allografts as an alternative to
Achilles tendon allografts: a biomechanical comparison. Cell Tissue Bank 15:
523–529

23. Miller RM, Rahnemai-Azar AA, Sürer L, Arilla FV, Fu FH, Debski RE, Musahl V
(2017) Tensile properties of a split quadriceps graft for ACL reconstruction.
Knee Surg Sports Traumatol Arthrosc Off J ESSKA 25:1249–1254

24. Moon DK, Woo SL-Y, Takakura Y, Gabriel MT, Abramowitch SD (2006) The
effects of refreezing on the viscoelastic and tensile properties of ligaments.
J Biomech 39:1153–1157

25. Noyes FR, Butler DL, Grood ES, Zernicke RF, Hefzy MS (1984) Biomechanical
analysis of human ligament grafts used in knee-ligament repairs and
reconstructions. J Bone Joint Surg Am 66:344–352

26. Pailhé R, Cavaignac E, Murgier J, Laffosse J-M, Swider P (2015)
Biomechanical study of ACL reconstruction grafts. J Orthop Res Off Publ
Orthop Res Soc 33:1188–1196

27. Potage D, Duparc F, D’Utruy A, Courage O, Roussignol X (2015) Mapping
the quadriceps tendon: an anatomic and morphometric study to guide
tendon harvesting. Surg Radiol Anat SRA 37:1063–1067

28. Rahnemai-Azar AA, Miller RM, Guenther D, Fu FH, Lesniak BP, Musahl V,
Debski RE (2016) Structural properties of the anterolateral capsule and
Iliotibial band of the knee. Am J Sports Med 44:892–897

29. Riemersa DJ, Schamhardt HC (1982) The cryo-jaw, a clamp designed for
in vitro rheology studies of horse digital flexor tendons. J Biomech 15:619–620

30. Shani RH, Umpierez E, Nasert M, Hiza EA, Xerogeanes J (2016)
Biomechanical comparison of quadriceps and patellar tendon grafts in
anterior cruciate ligament reconstruction. Arthrosc J Arthrosc Relat Surg Off
Publ Arthrosc Assoc N Am Int Arthrosc Assoc 32:71–75

31. Shi D, Wang D, Wang C, Liu A (2012) A novel, inexpensive and easy to use
tendon clamp for in vitro biomechanical testing. Med Eng Phys 34:516–520

32. Sonnery-Cottet B, Thaunat M, Freychet B, Pupim BHB, Murphy CG, Claes S
(2015) Outcome of a combined anterior cruciate ligament and anterolateral
ligament reconstruction technique with a minimum 2-year follow-up. Am J
Sports Med 43:1598–1605

33. Stäubli HU, Schatzmann L, Brunner P, Rincón L, Nolte LP (1999) Mechanical
tensile properties of the quadriceps tendon and patellar ligament in young
adults. Am J Sports Med 27:27–34

34. Stäubli HU, Schatzmann L, Brunner P, Rincón L, Nolte LP (1996) Quadriceps
tendon and patellar ligament: cryosectional anatomy and structural
properties in young adults. Knee Surg Sports Traumatol Arthrosc 4:100–110

35. West RV, Harner CD (2005) Graft selection in anterior cruciate ligament
reconstruction. J Am Acad Orthop Surg 13:197

36. Woo SL, Hollis JM, Adams DJ, Lyon RM, Takai S (1991) Tensile properties of
the human femur-anterior cruciate ligament-tibia complex. The effects of
specimen age and orientation. Am J Sports Med 19:217–225

37. Wytrykowski K, Swider P, Reina N, Murgier J, Laffosse JM, Chiron P,
Cavaignac E (2016) Cadaveric study comparing the biomechanical
properties of grafts used for knee anterolateral ligament reconstruction.
Arthroscopy 32:2288–2294

38. Zamarra G, Fisher MB, Woo SL-Y, Cerulli G (2010) Biomechanical evaluation
of using one hamstrings tendon for ACL reconstruction: a human cadaveric
study. Knee Surg Sports Traumatol Arthrosc 18:11–19

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Chivot et al. Journal of Experimental Orthopaedics            (2020) 7:50 Page 8 of 8


	Abstract
	Purpose
	Methods
	Results
	Conclusions

	Introduction
	Methods
	Specimen preparation
	Testing protocol
	Statistical analysis

	Results
	Discussion
	Conclusion
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

