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Featured Application: The replacement of autografts with allografts from organ banks in ligament
reconstruction is a hot topic in medicine. The demand for ACL allografts has increased in the
last decade, and postoperative results are promising. This is visible in the increase in allograft
use from 2% (between 1986 and 1996) to 14% (between 1996 and 2001), and it further increased
around 2007 as its number reached 20–30% in the US. Orthopedic surgeons do not have to struggle
with the problems of the donor site, size and the number of the grafts. In the case of multiple
ligament reconstruction or ACL revision operations, the surgeons cannot remove enough tendons
from the patients to replace the injured ligaments. Our work can help operating surgeons in the
selection of proper allografts based on precise mechanical properties provided by our statistically
evaluated measurements.

Abstract: This study aimed to evaluate the changes in the endurance properties of four types of
tendons caused by freezing and gamma irradiation. Four types of grafts were harvested: quadriceps,
semitendinosus + gracilis, tibialis anterior, and peroneus longus. These were put into three groups:
Group A was the control group, tested without freezing or irradiation. Grafts in Group B were frozen
and irradiated (target dose: 21 kGy), while grafts in Group C were again frozen and irradiated (target
dose: 42 kGy). Maximum load, tensile modulus, tensile strength, strain at maximum force and
fracture strain were calculated from the force-elongation graphs of cyclic load tests. The higher gamma
irradiation dose (Group C) significantly decreased the strains at tensile strength of the quadriceps
tendons (p = 0.0004–0.0237), compared to the other two groups. In the case of the quadricep tendons
(p = 0.0151), there is a significant decrease in Young’s modulus after gamma irradiation with the dose
of 42 kGy. According to the results of the study, the tibialis anterior and the peroneus longus are
recommended in ACL reconstruction when gamma irradiation is required, while quadricep tendons,
which are usually used for an autograph, are not suitable for allograft reconstruction after gamma
irradiation from the viewpoint of mechanical properties.
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1. Introduction

The demand for anterior cruciate ligament (ACL) allografts (knee ligament replacements sourced
from different patients) has changed in the last few years [1], and the postoperative results are
promising. Its increased availability made allograft tissue an appealing alternative to autograft (where
the ligament to replace the damaged ligament is sourced from the same patient’s body) for primary
ACL reconstruction, especially for ACL revision [2]. The use of musculoskeletal graft allografts has
grown continuously in recent years. The American Academy of Orthopaedic Surgeons estimated that
nowadays, approximately 60,000 allografts are used in knee reconstruction procedures [3,4]. However,
27% of primary ACL reconstruction operations and 57% of ACL revisions used allografts [5].

The tendons are usually stored as deep-frozen (−80 ◦C). In practice, there is no significant change
in the mechanical properties of the tendons, but this has not been systematically investigated in the
literature. Freezing as a method of sterilization is not tested due to storage temperature. Allografts
should be sterilized before implantation as they may carry bacterial or viral diseases. [1,6,7]. In most
cases, gamma radiation is used for sterilization. A radio-protectant solution is used to avoid side
effects and protect tissues. A lower dose of gamma radiation (10–15 kGy) is bactericidal, whereas
higher doses (30–50 kGy) are antiviral [7–11].

In our preliminary study [12], we showed that the effect of radiation on the mechanical properties
of tendons depends on the type of tendon. The aim of this study was biomechanical evaluation of
the changes caused by freezing and gamma irradiation in a higher sample size in the mechanical
properties in four different types of tendon allografts used in knee ligamentous reconstruction In this
study, doubled semitendinosus and gracilis (STG), doubled tibialis anterior (TA), doubled peroneus
longus (PL), and quadricep tendons were prepared and tested. The mechanical properties of the
tendons, such as tensile modulus, maximum load, strain at maximum force and fracture strain were
determined. We hypothesized that the type of tendon influences the effect of freezing and gamma
irradiation on mechanical properties. The results of the present research confirm the results of our
preliminary study [12], and can help to select the most appropriate tendons for ACL reconstruction.

2. Materials and Methods

In the present study, 268 tendons from 35 human cadavers were examined. From every cadaver,
the following types of tendon were harvested: 67–67 pieces quadriceps and peroneus longus (PL),
69 pieces semitendinosus + gracilis (STG) and 65 pieces tibialis anterior (TA) tendons. The types of
tendon grafts were collected from human cadavers within 24 h post mortem. All tendons were visually
inspected before mechanical testing, and the cortexes of the dead were also examined.

Each graft was soaked in a radioprotective solution for 4 h at 40 ◦C with agitation and then for 24 h
at 4 ◦C, according to Grieb et al. [13], to help prevent the harmful effects of sterilization and storage on
the tissue. The solution contained 2.7% D-mannitol, 3.8% D-trehalose, 16.7% 1,2-propanediol and 24.2%
dimethyl-sulfoxide (all w/w, manufacturer: Sigma-Aldrich, Saint Louis, MO, USA). Each specimen was
labeled in a separate container.

The grafts were then divided into three groups. Group A contained 63 fresh specimens (16 quadriceps,
17 semitendinosus + gracilis, 14 tibialis anterior, 16 peroneus longus, the average age of the donors was
78.4 ± 15.69 years). The other groups of tendons were frozen slowly to −80 ◦C. Group B (22 quadriceps,
22 semitendinosus + gracilis, 22 tibialis anterior, 22 peroneus longus, the average age of donors was
85.2 ± 15.31 years) were sterilized with a bactericidal dose (target dose: 21 kGy, dose range: 18–24 kGy).
Group C contained the other 117 tendons (29 quadriceps, 30 semitendinosus + gracilis, 29 tibialis anterior,
29 peroneus longus, the average age of donors was 77.8 ± 20.61 years) sterilized with a virucidal dose
(target dose: 42 kGy, dose range: 38–46 kGy). The exact numbers for the distribution between the groups
were based on cadaver availability and the number of successfully harvested, intact tendons, bearing in
mind having a statistically significant number of tendons in each tested group.

According to the results of a preliminary study [11], the freezing, the irradiation, and thawing
were unified at all graft types. Irradiation was performed on frozen grafts, with the same method at
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all grafts. Before the test, the tendons were thawed at 37 ◦C for 20 min. Prior to the start of the test,
the cross-section of the tendons and the length of the clamp were measured with micrometric calipers.

For the endurance tests, we used an Instron 8872 servohydraulic load frame (Instron Ltd.,
High Wycombe, UK) equipped with an Instron Dynacell load cell with a 25 kN load capacity and an
Instron Fasttrack 8800 control unit and a freezer clamp structure at the accredited materials testing
laboratory of the Budapest University of Technology and Economics Biomechanical Research Center.
The strain characteristics of the specimens were also investigated by a Mercury Monet (Sobriety, Kurim,
Czech Republic) optical digital image correlation (DIC) machine. During the preliminary tests, three
minutes of freezing was used for proper fixation and for preventing the freezing of the grafts at the
gauge length [12]. Based on our previous result [12], the effect of frost had a negligible effect on the
measuring length because the thermal conductivity of the tissue is weak. The force–elongation curve
was determined after 1000 cycles at a frequency of 2 Hz between 50 and 250 N. The method of the
load-to-failure test is summarized in [12]. The cross-section of the specimen was measured by a digital
caliper, and the strain (crosshead displacement) and force were measured by the tensile tester for the
calculation of the presented results. The tests were authorized by the Research Ethics Committee of
Uzsoki utcai and Péterffy Sándor Hospital (license number: 03/2009).

Comparing biological materials is not easy, as there is a big difference between humans, including
their tissues. Therefore, for statistical comparison, a nonparametric procedure had to be used to see if
the samples could be derived from the same distribution. The variables were compared in groups by
using the Kruskal–Wallis test, which helps to decide if the observed tendencies are random or show
a significant effect. The significant Kruskal-Wallis test shows whether one sample is stochastically
more dominant than the other sample. Statistical analysis was performed with Statsoft Statistica 13.3
(Statsoft Inc., Tulsa, OK, USA). The median with the corresponding interquartile range (25 and 75%
percentile) is displayed for each calculated parameter. Multiple comparisons of mean ranks for all
groups were applied for post hoc analyses. As a statistical significance, a p-value of less than 0.05
was accepted.

3. Results

Firstly, we investigated the tendon’s fracture behavior. Optical images of a typical failure process are
presented in Figure 1. The typical force–elongation curves of each type of tendon are presented in Figure 2.
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Figure 2. Typical force–elongation curves recorded during the tensile tests of the tendons.

The failure process is visible from the images presented in Figure 1. In most of the tests, longitudinal
fractures formed in the tendons during the elongation, so the co-working of the adjacent fiber bundles
was hindered, and the modulus of elasticity (slope of the curve) decreased after every fracture step.
When comparing different tendons, the main failure process is the same; only the severity of each
force-drop is different. Some differences can also be seen, which can be connected to crack propagation.
While in the curve of STG presented in Figure 2, ductile failure with quasi-plastic deformation occurs,
for example, in the case of the quadricep tendon’s curve, the cracks and partial fractures are more
severe. In the case of the quadricep tendon, the process is also worth investigating: irreversible damage
progresses even from relatively low elongation, the loss of connection between the fiber bundles is not
so critical, and the force required to elongate the tendon further increases.

In Table 1, the numerical data of tensile modulus, maximum load, strain at maximum force and
fracture strain are summarized and compared.

Table 1. Results of biomechanical tests of the tendons.

Tendon Types and
Mechanical Properties

Group A Group B Group C

Median 25% 75% Median 25% 75% Median 25% 75%

Quadriceps
Tensile modulus (MPa) 191.31 138.13 292.42 120.24 90.13 299.29 83.20 30.65 137.05

Maximum load (N) 1939.75 1121.97 2727.15 2803.68 1653.26 3591.97 2564.77 1835.38 3265.92
Strain at maximum force (-) 0.1540 0.1340 0.2485 0.1841 0.1467 0.2299 0.2729 0.1949 0.3472

Fracture strain (-) 0.3370 0.2766 0.6090 0.3231 0.2481 0.4885 0.4392 0.3574 0.5909

Semitendinosus + gracilis (STG)
Tensile modulus (MPa) 186.46 142.82 229.26 210.28 137.08 244.11 222.66 128.59 255.73

Maximum load (N) 1922.96 1501.00 2374.84 2171.41 1330.37 2414.74 2357.61 1827.42 2670.83
Strain at maximum force (-) 0.1300 0.0980 0.1864 0.1346 0.0985 0.1540 0.1631 0.1315 0.1895

Fracture strain (-) 0.2460 0.1500 0.2850 0.1924 0.1685 0.2248 0.2220 0.1991 0.2815

Tibialis anterior (TA)
Tensile modulus (MPa) 343.24 308.25 383.33 432.55 393.64 538.25 318.85 257.63 347.66

Maximum load (N) 2582.22 2236.38 2784.23 2552.10 2322.61 3176.63 3063.90 2603.71 3416.14
Strain at maximum force (-) 0.1041 0.0831 0.1543 0.1476 0.1285 0.1630 0.1482 0.1225 0.1618

Fracture strain (-) 0.1580 0.1099 0.2131 0.1656 0.1473 0.2021 0.1781 0.1611 0.1922

Peroneus longus (PL)
Tensile modulus (MPa) 250.33 166.58 309.85 267.83 212.43 329.96 256.55 203.47 277.46

Maximum load (N) 2490.82 1657.51 3083.02 2398.30 2166.18 3092.63 2339.75 2111.68 2773.67
Strain at maximum force (-) 0.1402 0.1049 0.1790 0.1489 0.1269 0.1690 0.1420 0.1108 0.1675

Fracture strain (-) 0.1947 0.1266 0.4440 0.1827 0.1487 0.2186 0.1660 0.1417 0.1930
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In group A (no freezing, no irradiation), we found no difference in maximum loads, strain at
maximum force and tensile modulus among the tendons (Table 1, Figures 3–5). Fracture strain of the
quadricep tendons was significantly inferior to the TA (p = 0.0016) tendons in this respect (Table 1,
Figure 6—green color).
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In group B (frozen and irradiated with 21 kGy), the maximum loads of the STG tendons were
significantly lower compared to the maximum loads of the quadricep (p = 0.0193) and TA tendons
(p = 0.0272) (Table 1, Figure 3—red color). The strain at maximum force of the quadricep tendons
was inferior compared to the STG tendons (p = 0.0022) (Table 1, Figure 4—red color). The tensile
modulus of the quadricep tendons was significantly inferior to that of the TA (p = 0.0313) and PL
tendons (p = 0.0201) (Table 1, Figure 5—red color). The fracture strain of the quadricep tendons was
worse than that of the STG (p = 0.0001), the TA (p = 0.00001), and the PL tendons (p = 0.00001) (Table 1,
Figure 6—red color).
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In group C (frozen and irradiated with 42 kGy), we compared the maximum loads and found that
TA tendons showed a significantly higher maximum load than the STG (p = 0.0014) and the PL tendons
(p = 0.0122) (Table 1, Figure 3—blue color). The strain at maximum force of the quadricep tendons
performed better than the STG (p = 0.00001), the TA (p = 0.0006), and the PL tendons (p = 0.0020).
(Table 1, Figure 4—blue color). The tensile modulus of the quadricep tendons showed lower than the
STG (p = 0.0046), the TA (p = 0.000001), and the PL tendons (p = 0.00001) (Table 1, Figure 5—blue color).
The fracture strain of the quadricep tendons was significantly inferior to that of the STG (p = 0.0000),
TA (p = 0.0034), and PL tendons (p = 0.0042) (Table 1, Figure 6—blue color).

A higher gamma irradiation dose reduced the strain at maximum force of the quadricep tendons
(p = 0.0005–0.0237) more significantly than that of the other two groups (Table 1, Figure 4—green
brackets). The strain at maximum force of the STG, the TA, and the PL tendons was similar in all
groups (Table 1, Figure 4). In the case of the quadricep tendons (p = 0.0151), however, the higher dose
of gamma irradiation significantly decreased the tensile modulus (group D) (Table 1, Figure 5—green
line). Fracture strain was not affected by freezing and gamma irradiation; we found no difference in
the results of any of the tendons (Table 1, Figure 6).

4. Discussion

The replacement of autografts with allografts from organ banks in ligament reconstruction is a
hot topic in medicine [14,15]. The demand for ACL allografts has increased in the last decade [1],
and postoperative results are promising. This is visible in the increase in allograft use from 2% (between
1986 and 1996) to 14% (between 1996 and2001), and it further increased around 2007 as its number
reached 20–30% in the US [16]. Orthopedic surgeons do not have to struggle with the problems of the
donor site, size and the number of the grafts [17]. In the case of multiple ligament reconstruction or
ACL revision operations, the surgeons cannot remove enough tendons from the patients to replace the
injured ligaments.

In our work, we have combined engineering and medical knowledge to check the feasibility of safe
transplantation after freezing and irradiation treatment using different doses aimed for the disinfection
of the ligaments, which are necessary for long term bank storage and transportation. Our method can
provide better accuracy for strain measurement and fracture analysis of the ligaments, make the whole
measurement more robust and give deeper insight into the behavior of and the differences between the
tendon types, as it is based on digital image correlation.

Four types of allografts for potential ligamentous reconstruction were evaluated in this study.
The allografts were subjected to either freezing and a 21 kGy dose of gamma irradiation or freezing
and a 42 kGy dose of gamma irradiation. The four main mechanical parameters were evaluated and
compared: tensile modulus, which represents the elasticity of the materials, maximum load, which is
the limiting factor for each ligaments strength, strain at maximum force, which shows the specific strain
at the maximum load and fracture strain which is the ultimate limiting strain. These parameters give a
good overview of material characteristics, which is useful for the selection of the right replacement by
doctors and also for simulation and modelling purposes for engineers.

In this study, the doubled tibialis anterior and peroneus longus tendons performed best in general.
They were the stiffest, showing the highest tensile modulus (Table 1, Figure 5). Strain at maximum
force (Table 1, Figure 4) and fracture strain (Table 1, Figure 6) were better than or equal to those of all
other currently tested ACL grafts.

Previous studies [18,19] reported mixed effects of freezing. In the work of Chen et al., no difference
was shown in endurance properties [18]. In contrast, Giannini S. et al. reported decreased load-bearing
capacity and stiffness as a result of freezing [19]. Comparing the native and frozen tendon samples, no
significant difference was found in endurance properties (Figures 3–6). This could be the effect of the
cryoprotectant solution. When comparing the reported results to the articles in the literature [1,7,8,10,20],
the range of standard deviation is comparable to those reported by other research groups, which shows
that considering the nature of biological samples, the results are reliable.
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It was previously well-known that high doses of gamma irradiation hurt the biomechanical
parameters of tendon grafts [21–24]. However, our measured values were significantly higher than
those required for walking (303–355 N) [25] or aggressive early rehabilitation programs (450 N) [26].

The decrease in maximum load can be the result of gamma irradiation, which was visible in both
irradiated groups. This means that the strength of the irradiated tendons decreased. This may be the
reason behind the early failures of the grafts. The other evaluated TA’s parameters did not change (Table 1).

The results confirm the findings of our previous research [11]. The aggregate results of the present
and prior studies [11,12] show that there is a difference in irradiation sensitivity of the examined
tendons, which has to be considered before application. The tendons types which were the most
affected by the treatments were quadricep grafts. When the donors are properly screened, a gamma
irradiation treatment below 21 kGy does no severe damage but can destroy infectious bacteria on
the samples without compromising the mechanical integrity of the tendons. We found that there
is a large variation in most of the mechanical properties between the samples within the sample
groups. This corresponds with findings already published in the literature [1,7,8,10,20,25], and may be
attributed to the age and general health of the donors (mean age of the donors was around 80 years old)
at their time of death. In order to determine the exact cause of the variation in mechanical properties
between samples, further tests are needed. Finally, it can be concluded that the tibialis anterior and the
peroneus longus are recommended for replacement in ACL reconstruction when gamma radiation
is required.
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