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Abstract The aims of our study were to: (1) determine if
there are differences in the material properties of tendon
obtained from implanted tibialis anterior, achilles, bone-
patella- bone and tibialis posterior allografts; (2) determine
the variability in material properties between the implanted
specimens. A total of 60 specimens were collected from
fresh frozen allografts implanted at ACL reconstruction.
Specimens collected included 15 tibialis anterior, 15
tibialis posterior, 15 achilles and 15 bone-patella-bone
tendons. Each specimen was mounted in a custom made
cryogrip. The mounted specimens were loaded onto a MTS
Testline servo-hydraulic testing machine in a uni-axial
tensile test configuration. Specimens were subjected to a
strain rate of 5% per second until the ultimate tensile stress
(UTS), failure strain and high strain modulus was calcu-
lated for each specimen after being normalized for
specimen dimensions. Individual material properties were
tested using one way analysis of variance (ANOVA) and
post hoc Tukey’s B test with a P value of <0.05 considered
significant. Homogeneity of variance was assessed using
the Levene’s test. As a result, no significant difference was
found between all four grafts with regards to UTS, failure
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strain or high strain linear modulus. The UTS was plotted
against the modulus demonstrating a linear relationship
which is typical of soft tissues. Significant variability in the
results were observed. In conclusion, there was no signif-
icant statistical difference between the material properties
of the four tendon allografts tested. But significant vari-
ability in results was observed within groups and between
groups, which may provide one explanation for the range
of results in allograft ACL reconstruction reported in the
literature.

Keywords ACL - Allograft - Tendon - Tensile test -
Variation - Moduli

Introduction

The use of tendon allograft in Orthopedic surgery has
increased significantly over the last 15 years. Anterior
cruciate ligament (ACL) reconstruction lends itself par-
ticularly to the use of tendon allograft, and it is estimated
that 20% of ACL reconstructions in USA are done with
allograft [6]. This equates to approximately 20,000 per
year.

Traditionally indications for the use of allograft include
revision surgery, multi ligament injury, insufficient or poor
quality donor tissue, mild degenerative joint disease and
anticipation of potential accelerated rehabilitation [5].
Currently in North America allograft is commonly used as
the primary graft for ACL reconstruction except in young
or high demand individuals. The popularity of allograft has
increased because of decreased harvest site morbidity,
easier patient rehabilitation and ease of surgical procedure
[25]. Further, allografts have improved appeal because of
better sterilization techniques, improved graft availability
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and decreased hospital costs [7]. Debate still exists as to the
optimum graft choice. There has been work done on the
failure strength of the main four types of allograft used in
ACL reconstruction [1, 12, 27]. Recorded values include
1553 N for single strand tibialis anterior, 888 N for tibialis
posterior, 1139N for bone-patella-bone (BTB), and 776 N
for Achilles tendon [1].

Published data are available showing good clinical
results with the use of various allograft [2, 9, 15, 22, 23].
However, there is still concern over the long term results,
particularly in patients under the age of 35. A recent meta-
analysis demonstrated a three times higher failure rate
compared with autograft [24]. There are two major potential
reasons for a reported higher failure rate with allograft.
Firstly, we recognize that the biology of allograft incorpo-
ration is different to that of autograft, and it has been shown
to be slower [10, 11]. Secondly, there may be greater var-
iation in the mechanical properties of allograft tendon.

The aims of our study were to:

1. Determine if there were differences in the material
properties of tendon obtained from implanted tibialis
anterior, Achilles, BTB and tibialis posterior allografts.

2. Determine the level of variability in material proper-
ties between the implanted specimens.

Methods

The allografts used in this study were obtained from the
Regional Tissue Bank, which is accredited and follows the
American Association of Tissue Bank standards. Healthy
females aged 15-60 and males aged 16—60 years are con-
sidered suitable donors. All grafts were fresh frozen, which is
the most common preparation technique [3]. Specimens are
harvested under sterile conditions and then soaked in povi-
done for 90 min before being rinsed. The samples are then
soaked in antibiotic solution (containing bactatracin, cefa-
lexin and Gentamin) for 15 min before being frozen while
serology and culture results are obtained. These specimens
can be frozen for up to 5 years. No irradiation was used.

Specimen collection

Sixty specimens were collected from fresh frozen allograft
material remaining after graft preparation for ACL recon-
struction. Tissue specimens collected included 15 tibialis
anterior, 15 tibialis posterior, 15 Achilles and 15 BTB
tendons. The BTB grafts harvested for mechanical testing
included the allograft remaining after the middle third was
used for reconstruction (Fig. 1).

The tibialis anterior, posterior and Achilles allograft
specimens were obtained after the minimum length

Fig. 1 Example of a Bone-patella-bone allograft specimen

required for reconstruction was calculated. The specimen
was obtained from the insertion end of the tendon as this
was felt to be of better quality than the muscle-tendonous
junction. A minimum of 5 cm in length was required for
entry into the study. The specimens were placed in sterile
containers containing 0.9% normal saline and frozen at
—86°C until mechanical testing. Specimens were thawed
at room temperature prior to testing. Electronic vernier
callipers were used to measure the exact dimensions of
each tissue sample. The cross-sectional area was calculated
at three locations along the tendon assuming a perfect
elliptical cross-section and the mean value was used in
calculations of the material properties.

The testing protocol was based on the initial work by
Woo et al. [35]. Each specimen was mounted in a custom
made cryogrip (Fig. 2) and the grips hand tightened. The
mounted specimens were loaded onto a MTS testline
servo-hydraulic mechanical testing machine (458.20
microcarasol, 498 real time controller, programmed with
T-/rac software v. 2.1.1, MTS, MN, USA) in a uni-axial
tensile test configuration. Liquid nitrogen was applied to
the custom made cryogrips until the specimen and grip
teeth measured at —10°C. The grips were then tightened to
a set force by tightening the clamping bolts with a torque
wrench. Temperatures were checked using a temperature
probe (thermocouple, Fluke 179 multimeter) as described
by Rimersa et al. [26]. The specimen gauge length (spec-
imen length between the grips) was kept moist and
prevented from freezing by irrigating with Hank’s solution.
A pre-load of 1 N was applied to the specimen by adjusting
the position of the actuator. The gauge length was mea-
sured with digital vernier calipers to calculate the speed for
correct strain rate during testing. A digital photograph was
also taken for later confirmation of the gauge length using

Fig. 2 Tibialis anterior tendon loaded in the custom made cryo-grip
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digital image analysis using Image J (USA National
Institute of Health http://www.rsb.info.nih.gov/ij/). Each
specimen was pre-conditioned by running the graft through
1HZ at 1 mm displacement. Preconditioning was followed
by monotonic tensile test to failure. Specimens were sub-
jected to a set strain rate of 5% per second until failure.
This rate is similar to strain rates reported in other studies
[13, 31, 35]. Failure was defined as tendon rupture at the
grip interface or intra-substance failure. The ultimate ten-
sile stress (UTS), failure strain and high strain modulus
were calculated for each specimen after being normalized
for specimen dimensions.

The data were statistically analyzed using JMP software
(SAS, Carey, NC, USA). Individual material properties
were tested using one way analysis of variance (ANOVA)
and post hoc Tukey’s B test with a P value of <0.05
considered significant. Homogeneity of variance was
assessed using the Levene’s test.

Results

Analysis of all the data using the Kolmogorov-Smirnov(a)
and the Shapiro-Wilk tests showed that it was normally
distributed. No significant difference was found between
all four grafts with regards to UTS (P > 0.2) or modulus
(P > 0.6) (Table 1 and Fig. 3a, b). The mean UTS was
highest for Achilles tendon (47.4 MPa) followed by tibialis
anterior (42.4 MPa), BTB (35.20 MPa) and tibialis posterior
(35.15 MPa). The high strain modulus was essentially the
same for Achilles tendon and tibialis anterior, with the lowest
modulus reported for BTB.

There was no significant difference in failure strain
between the four graft types (P > 0.09, Table 1). The UTS
was plotted against the modulus for all tendons demon-
strating a linear relationship which is typical of soft tissues
grafts (Fig. 4).

There was significant variation in the data points
between specimens in all groups, for all parameters, as
demonstrated in the box plots 3a and 3b. Analysis of va-
rience with use of the Levene’s test showed no significant
difference between the four allografts for UTS (P = 0.59),
modulus (P = 0.2) or failure strain (P = 0.09).

Failure occurred at the mid-substance of the tendon in all
but two cases. No graft slippage was observed at the clamps.

Discussion

There was no significant statistical difference between the
material properties of the four tendon allografts tested. But
significant variability in results was observed within groups
and between groups, which may provide one explanation
for the range of results in allograft ACL reconstruction
reported in the literature.

In our study, there was no significant difference between
all four grafts in relation to the UTS and moduli. A plot of
the UTS versus the modulus for all specimens demon-
strated the expected linear relationship when undertaking
tensile tests of tendon. This suggests our specimens dem-
onstrate typical mechanical behavior. Pearsall et al. [21]
compared the tensile properties of doubled tibialis anterior,
tibialis posterior, and peroneus longus. They had similar
findings to our study. There was no significant difference
between tibialis anterior and posterior with respect to UTS,
although they found that tibialis anterior was a significant
stiffer graft. The tendons used in that study were from
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Fig. 3 a Box plot of the results for UTS in all four tendon allografts.
b Box plot of the results for modulus in all four tendon allografts

Table 1 Summary of material

properties of the four grafts Allograft

UTS MPa (SD)

Modulus MPa (SD) Failure strain (SD)

Patellar tendon 35.20 (18.8) 212.9 (146.9) 0.4 (0.3)

Tibialis anterior 42.4 (17.6) 266.1 (132.4) 0.38 (0.32)
Tibialis posterior 35.15 (11.7) 238.5 (155.67) 0.36 (0.14)
Achilies tendon 47.40 (17.1) 266.3 (106.83) 0.48 (0.15)

* Statistically significant
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Fig. 4 A graph of specimen modulus verses UTS strength—demon-
strating the characteristic linear relaistionship

individuals greater than 70 years and none of the tendons
had undergone sterilization protocol.

The literature does provide data to show that the initial
strength of soft tissue allografts is comparative, if not
stronger than the native ACL and autograft [1, 12, 24].
Unfortunately there is confusion regarding their use in
clinical practice. Studies have shown good clinical results
with the use of various allograft [2, 9, 15, 22, 23]. How-
ever, there is still concern over the long term results,
particularly in patients under the age of 30 [30, 32].

Singhal et al. [29] reported a 55% re-operation/failure
rate in patients under 25 years with the use of tibialis
anterior. Prodromos et al. [24] recently performed a meta-
analysis of the use of allograft as compared to autograft.
They demonstrated that allografts had significantly lower
normal stability rates and a three times higher failure rate
compared with autograft. Krych et al. [14] in a more recent
meta-analysis of allograft BTB versus autograft BTB
concluded that, ACL reconstruction with BPTB autograft
was favored over BPTB allograft for graft rupture and hop
test parameters. However, when irradiated and chemically
processed grafts were excluded, results were not signifi-
cantly different between the two grafts.

There are two main potential reasons for a reported
higher failure rate with allograft. Firstly, we know that the
biology of allograft incorporation is different to that of
autograft. Several experimental and clinical studies have
suggested that allograft tendons used to reconstruct the
cruciate ligaments incorporate and remodel in a manner
similar to that seen with tendon autografts [16, 28]. It is
recognized that this incorporation is slower and may be one
factor in the variable success of allograft. An analysis of
retrieved allografts in humans found that even after
2 years, the central portion of the allografts remained
acellular, and that complete attachment to bone was not
present [19]. Thus failure may occur due to premature
return to the activity before graft incorporation, based on

the use of rehabilitation programs designed for autograft.
This was probably the main cause of the 55% failure rate
reported by Singhal et al. [29], where an accelerated
autograft BTB program was used.

Secondly, variation in the mechanical properties of
individual grafts may also contribute to the mixed results.
Our results demonstrate a great deal of variability in the
material properties within each tendon group. No study in
the literature has focused on this observation. BTB had a
mean UTS of 35.20 MPa but values ranged from 10.20 to
85.74 MPa. Thus some grafts may fail secondary to ulti-
mate tensile strengths below the graft forces experienced
during rehabilitation prior to ligamentization.

This variability suggests that other factors may be
involved in optimizing tissue quality, independent of graft
type. Donor age potentially plays a significant role in graft
properties [20]. Given there is a wide age range of
acceptable donors, there is likely to be a mismatch with the
recipient. An 18 year old male may receive a graft from a
60 year old female. Variables such as leg dominence [17],
sex [12, 18], life style, and activity level [28, 33] are also
possible reasons for the variation in the material properties
found, although there is little evidence to confirm this in
the literature. Due to confidentiality and legal reasons, we
do not have the demographic data available to determine
this within our study group.

Sterilization with the use of low dose irradiation has
been shown to have detrimental effect on the material
properties of tendon [8]. We used fresh frozen grafts for
this reason, as it is believed not to have a significant det-
rimental effect on the tendon [12]. Jones et al. [12]
examined 17 BTB specimens post sterilization. While, they
found no difference in the mean UTS (29 MPa) there was a
greater range of results reported in the sterilized group
versus the control. It is possible that this process may have
contributed to specimen variation.

While, there was no statistical difference in the mean
values for the material properties between the four grafts,
there was a significant variation. This may suggest a beta
error due to lack of specimen numbers. The variation in the
modulus of the specimens, in part, is due to error intro-
duced during testing. With soft tissue grafts it is difficult to
determine the initial gage length. This introduces error
when calculating both strain and subsequently modulus.

The patella tendon had the largest variation in modulus.
This in part may be due to the use of tendon from the
periphery of the allograft. The peripheral 1/3 of the patella
tendon has been shown to be less stiff than the middle 1/3
[6]. The patella tendon may also have been further influ-
enced by the strain rate used in the study. Other authors
have used testing strain rates of 100% per second, because
this rate is thought to produce soft tissue disruption before
bony avulsion in the clinical setting [26, 34]. This may
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have lead to different values for ultimate failure load and
stiffness, although with the use of the cryogrip this effect
should be minimized. Allograft patellar tendon may also be
more suceptable to alteration, as authors have reported
increased laxity with these grafts in the clinical situation
[4].

A further criticism of this paper could be that we did not
use complete specimens. We wanted to use “implant
ready” allograft which had undergone our local steriliza-
tion procedures. This would best represent the properties of
the grafts that we were using in clinical practice. This is
also why we investigated the material properties rather than
the mechanical behavior of complete grafts. Given the cost
and a limited graft supply we did not feel that we could
justify the sacrifice of 60 implantable specimens. Using the
insertion end of the grafts this provided a better represen-
tation of the implanted grafts.

The results of this study imply the tendon from various
allograft types available in our tissue bank have similar
material properties. There is significant variation of UTS
and moduli between specimens, which may provide one
reason for inconsistency of the results in the current liter-
ature. Further work is needed to determine what and how,
patient and processing factors effect graft material/
mechanical properties. This will then enable optimal graft
selection and potentially greater consistency in reported
outcomes.

Conclusions

There was no significant statistical difference between the
material properties of the four tendon allografts tested. But
significant variability in results was observed within groups
and between groups, which may provide one explanation
for the range of results in allograft ACL reconstruction
reported in the literature.
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