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Abstract
Introduction The goals of our study were to evaluate the bio-
mechanical differences between five tendons and the changes
in biomechanical properties caused by irradiation.
Methods Achilles, quadriceps, semitendinosus + gracilis
(STG), tibialis anterior (TA) and the peroneus longus (PL)
were harvested from 30 donors. Group A contained 50 ten-
dons without gamma irradiation. The groups were irradiated
with a dose of 21 kGy (group B 50 tendons) and with a dose of
42 kGy (group C 50 tendons). The grafts were soaked in a
radio-protectant solution and frozen at −80 °C. Cyclic loading
tests were performed followed by load to failure tests. Young
modulus of elasticity, maximum force, strain at tensile
strength and strain at rupture were calculated.
Results The Achilles tendons had significantly lower Young
modulus than the TA (p = 0.0036) in group A. The Achilles
showed significantly lower than PL (p = 0.000042) and TA
(p = 0.00142) in group B and C. The quadriceps and the ST
(p = 0.0037) provided poorer values than the TA (p = 0.0432)
in group C.We found no difference in maximum loads among
the tendons in group A. The maximum load of the Achilles
and quadriceps showed better results than the PL (p = 0.0016),
(p = 0.0018) and the STG (p = 0.0066), (p = 0.0019) in group
C. The TA had similar results like the Achilles and quadriceps.

Discussion and conclusions The vulnerability of gamma irra-
diation of TAwas less than Achilles and quadriceps tendons.

Keywords Allograft tendon . Gamma irradiation .

Biomechanical testing . Cryopreserving

Introduction

ACL reconstruction has become a common procedure for
ACL-deficient knees [1]. The incidence of ACL injuries is
estimated at about 250,000 cases per year [2], and from
this approximately 130,000 ACL reconstructions are un-
dertaken in the US [3]. The demand of ACL allografts has
increased in recent years, and the post-operative results
are promising. It is visible in the allografts use from 2%
(between 1986 and 1996) to 14% (between 1996 and
2001) [4]. Cvetnovich et al. carried out a meta-analysis
comparing the clinical outcomes of patients undergoing
ACL reconstruction with hamstring autografts and those
undergoing ACL reconstruction with soft-tissue allografts
and found no significant differences [5]. The comparison
of functional outcome, re-operations, septic complications
and arthrofibrosis showed no significant differences.
Usage of allografts could decrease the operation time, post-
operative bleeding and donor site pain [6]. However, there are
risks associated with the use of allografts, most notably dis-
ease transmission—both bacterial and viral, such as human
immunodeficiency virus (HIV) and hepatitis [7], and in some
cases fatal septic complications could be observed [8]. Several
efforts were implemented to eliminate this adverse effect of
allografts, among other antibiotic soaks or washing of tendons
in ethanol solutions [9]. The penetration of these liquids into
the graft tissue is questionable, and it has no antiviral effect.
Chemical sterilization with ethylene oxide also had

* Károly Pap
drpapster@gmail.com

1 Department of Orthopedics and Traumatology, Uzsoki Hospital,
Uzsoki Street 29-41, 1145 Budapest, Hungary

2 Cooperation Research Center for Biomechanics, Budapest
University of Technology and Economics, Bertalan Lajos Street 2,
1111 Budapest, Hungary

3 Department of Traumatology, Semmelweis University, Uzsoki Street
29-41, 1145 Budapest, Hungary

International Orthopaedics (SICOT) (2017) 41:357–365
DOI 10.1007/s00264-016-3336-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s00264-016-3336-7&domain=pdf


several side effects. It caused chronic synovitis, delayed incor-
poration or even dissolution of the grafts [9]. Electron beam
irradiation was also a promising technique, but its effect is
questionable. Once it was reported e-beam severely damaged
the biomechanical properties of the tendons [10], on the other
hand its damage effect on tendons is less than gamma irradi-
ation [4].

One of the most accepted procedures to minimize the
risk of disease transmission by allograft tissue, is gamma
irradiation. The pathogen inactivation is dose dependent.
Greaves et al. found that lower doses of gamma irradia-
tion (10–15 kGy) had only a bactericide effect [11]. For
complete virucidal sterilization, a radiation dosage of 30–
50 kGy is required [12]. This method can damage the
structure of the tendons and can decrease their biome-
chanical properties [9] and it could result and increseasd
laxity or early tear of the graft and these could decrease
the outcome of ACL reconstructions. Irradiation affects
the biomechanical properties of allografts through two
mechanisms. Firstly, gamma rays split the polypeptide
chains of collagen fibres in a direct manner [13].
Secondly, gamma rays indirectly lead to radiolysis of wa-
ter molecules and then release free radicals which injure
the collagen [14]. This side effect could be decreased by

using a radio-protectant solution, scavenging the free rad-
icals [15].

The first purpose of our study was to biomechanically eval-
uate the initial biomechanical properties of five different types
of freshly frozen tendon allografts used in knee ligamentous
reconstruction: Achilles, doubled semitendinosus and gracilis
(STG), doubled tibialis anterior (TA), doubled peroneus
longus (PL) and quadriceps. Our hypothesis was there is no
difference between the grafts in the initial biomechanical
properties. Secondly, we evaluate the changes in graft biome-
chanical properties caused by gamma irradiation. Our hypoth-
esis was there is no difference in biomechanical properties of
five different types of tendon allografts caused by gamma
irradiation. We hope our results can provide help in choosing
the best tendon allograft for ACL reconstruction.

Materials and methods

Our study included 30 human cadavers, from which 150
grafts were collected. From every donor, five types of
grafts were harvested: Achilles, quadriceps, semitendinosus
+ gracilis (STG), tibialis anterior (TA) and peroneus
longus (PL). The tendons were harvested from donors

Table 1 Average cross-sectional
areas of the tendons Type of

graft
Cross-sectional area (mm2)
group A

Cross-sectional area (mm2)
group B

Cross-sectional area (mm2)
group C

Achilles 95.48 ± 3.79 103.1 ± 4.11 101.95 ± 5.88

Quadriceps 94.2 ± 1.24 89.78 ± 2.92 90.67 ± 5.94

STG 74.56 ± 4.43 78.23 ± 3.13 72.52 ± 6.91

TA 76.23 ± 3.31 77 ± 5.03 74 ± 5.87

PL 79.78 ± 2.55 78 ± 5.38 79.19 ± 4.67

Fig. 1 Schematic figure and
photo of our frozen clamp
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within 24 hours from death. The TA, STG, PL tendons
were harvested from the musculotendinous junction. All
soft tissue—including the paratenon—was removed from
around the tendons. The mid-thirds of the quadriceps and
the Achilles tendons were used. We used only the free
ends of the grafts, because of measuring difficulties, as
we described previously [16]. All tendons were visually
and mechanically screened for degenerative changes.
There was no previous history or evidence of injury or
disease of the tendons in the patient’s documentation.
The grafts were soaked in a radio-protectant solution that
contained 16.7% 1,2-propanediol, 24.2% dimethyl-sulfoxide,
3.8% D-trehalose, 2.7% D-mannitol all w/w (Sigma-
Aldrich, Saint Louis, USA) for 4 h at 40 °C with agitation
and 24 hours at 4 °C according to Grieb et al. [15]. Each
specimen was labelled in a separate container and frozen

slowly at −80 °C [15]. The grafts were divided into three
groups. Group A contained 50 frozen specimens (average
age of donors 79.9 ± 16.82 years). Another 50 tendons of
group B (average age of donors 83.61 ± 8.64 years) were
irradiated with a target dose of 21 kGy (dose range 18–
24 kGy, this is bactericidal dose) and the last 50 specimens
(group C, average age of donors 81.55 ± 10.14 years)
were irradiated with a target dose of 42 kGy (dose range
38–46 kGy, this is virucidal dose). We found no significant
difference between the ages of groups. The irradiations
were done on frozen grafts. Great care was taken not to
elevate the temperature of the tendons. The grafts were
thawed at room temperature on the day of biomechanical
testing. Before testing, the cross-sectional area and the
inter-clamp length of the tendons was measured. We used
a micrometric caliper. We averaged the cross-sectional

Table 2 Results of biomechanical test of Achilles, quadriceps and STG tendons

Group A Group B Group C

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

Achilles
Young’s modulus of elasticity (MPa) 176.42 116.63 199.79 181.7 157.65 210.78 134.75 119.68 204.68
Maximum load (N) 2941.38 1726.28 4052.72 3572.54 3178.97 3857.89 3392.01 3211.1 3677.851
Strain at tensile strength (mm/mm) 0.2415 0.215 0.2621 0.2254 0.2002 0.2509 0.2561 0.227 0.3272
Strain at break (mm/mm) 0.3723 0.3272 0.5035 0.4467 0.3787 0.5221 0.498 0.4061 0.5328

Quadriceps
Young’s modulus of elasticity (MPa) 200.49 155.87 498.03 302.96 257.25 411.29 192.28 140.4 246.92
Maximum load (N) 2454.75 1489.5 3828.28 3184.32 3082.7 4114.1 3464.35 3001.9 4738.1
Strain at tensile strength (mm/mm) 0.1335 0.1046 0.1349 0.1467 0.1274 0.1702 0.2404 0.1774 0.355
Strain at break (mm/mm) 0.2783 0.2067 0.3217 0.2618 0.2307 0.3153 0.5178 0.3492 0.5909

Semitendinosus + gracilis
Young’s modulus of elasticity (MPa) 213.11 160.54 285.344 248.93 234.5 291.34 213.88 193.6 272.63
Maximum load (N) 1604.24 1330.48 2525.45 2310.32 1749.12 2435.18 2271.96 1620.84 2587.49
Strain at tensile strength (mm/mm) 0.1237 0.1082 0.1669 0.1331 0.0985 0.1433 0.1479 0.1203 0.1744
Strain at break (mm/mm) 0.223 0.1704 0.275 0.1772 0.1558 0.1942 0.2308 0.2087 0.2647

Median, 25 and 75% percentile are used

Table 3 Results of biomechanical test of tibialis anterior and peroneus longus tendons

Group A Group B Group C

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

Tibialis anterior

Young’s modulus of elasticity (MPa) 313.82 290.75 413.76 327.93 283.62 346.84 375.15 307.31 428.82

Maximum load (N) 2954.42 2519.12 3376.27 3107.76 2501.35 3383.11 2678.96 2497.51 3155.68

Strain at tensile strength (mm/mm) 0.137 0.1106 0.1774 0.1542 0.1384 0.1784 0.1318 0.1225 0.157

Strain at break (mm/mm) 0.2393 0.1435 0.2996 0.1834 0.1473 0.212 0.161 0.1482 0.1922

Peroneus longus

Young’s modulus of elasticity (MPa) 243.71 217.81 277.43 284.84 268.81 316.07 333.11 254 403.67

Maximum load (N) 2522.83 2055.15 2896.55 2631.81 2333.87 3257.47 2291.71 1767.95 2599.15

Strain at tensile strength (mm/mm) 0.147 0.1284 0.1715 0.1569 0.138 0.169 0.1151 0.0957 0.1413

Strain at break (mm/mm) 0.2637 0.2456 0.2706 0.2067 0.157 0.219 0.1487 0.1181 0.1607

Median, 25 and 75% percentile are used
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area of three levels along the tendons, to decrease the
measurement mistakes (Table 1). Instron 8872 servo-
hydraulic load frame (Instron Ltd., High Wycombe, UK)
equipped with a 25 kN load capacity Instron Dynacell
load cell and an Instron Fasttrack 8800 control unit was
used for the endurance tests. The grafts were fixed into
the frozen clamps (Fig. 1) [16]. During our pre-tests three
minutes of freezing was ideal to reach the appropriate fixation
and prevent the freezing of the grafts [16]. Before tensile test-
ing, pre-tensioning was applied with 50 N for 30 seconds.
During cyclic loading tests, the specimens were cycled be-
tween 50 and 250 N for 1000 cycles at 2 Hz frequency, and
then a load to failure test was performed. The test speed was
20 mm/minutes.

Biomechanical parameters were calculated based on mea-
sured geometry data, crosshead displacement and force–elon-
gation curves registered by the tensile tester. Young’s modulus
values were evaluated as the slope of the linear region of the
stress–strain curves. The first progressive linear region of the
curves has been manually selected for each curve between
typically 25 and 45% of the maximum force. Between these
points the moduli have been calculated by fitting a line with
linear regression to the measured curve sections. The

coefficient of correlation was used to validate the selection
of the linear region.

Statistical analysis

Statistical analyses were performed with Statistica 8.0
(Statsoft Inc, Tulsa, OK, USA). Data were presented as medi-
an with the corresponding interquartile range (25–75% per-
centile). For group comparisons of variables the Kruskal-
Wallis test were used. Multiple comparisons of mean ranks
for all groups were applied for post hoc analyses. In all anal-
yses, a p value of less than 0.05 was considered statistically
significant.

Results

To compare the biomechanical properties of the specimens,
the following four parameters were used: Young modulus of
elasticity, maximum load, strain at tensile strength and strain
at rupture.

Fig. 2 Values of tendons of Young’s moduli of elasticity. Median, 25%,
75% percentile minimum and maximum values are used. The letters show
the significant difference between the tendons. The exact p values are

written in the text. The A-B-C letters on the X axis shows the 3 different
groups: A non-irradiated, B irradiated with 21 kGy, C irradiated with
42 kGy
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In group A, we compared the Young modulus of elasticity of
the tendons, which resulted in significantly lower values of the
Achilles tendon as compared to the TA (p = 0.0036).
Additionally, we found no difference in maximum loads among
the tendons, but the results of the STG were inferior to the other
four tendons. The strain at tensile strengths of the Achilles ten-
dons was significantly higher than that of the ST (p= 0.0016),
TA (p = 0.042) and the quadriceps (p = 0.002). The strain at rup-
ture of the Achilles was inferior to the ST (p= 0.0103) and TA
(p= 0.0199) (Tables 2 and 3, Figs. 2, 3, 4 and 5).

In group B, we first compared the Young modulus of
elasticity of the tendons; we found that the Achilles
reached significantly lower values than the quadriceps
(p = 0.0042), the PL (p = 0.028) and the TA (p = 0.0001).
After evaluating the maximum loads, the results of the
STG tendons were significantly lower than those of the
Achilles (p = 0.002) and quadriceps (p = 0.01). There was
no difference between the Achilles, quadriceps and the
TA. The strain at tensile strength of the Achilles were
inferior compared to the quadriceps (p = 0.017) and the
STG tendons (p = 0.000056). The strain at break of the
Achilles demonstrated significantly inferior results com-
pared to the STG (p = 0.000029), PL (p = 0.000032) and

TA (p = 0.00044). Likewise, the quadriceps provided
poorer results when compared to the STG (p = 0.0215)
and TA alone (p = 0.0232) (Tables 2 and 3, Figs. 2, 3, 4
and 5).

Similarly, in group C we compared the Young modulus of
elasticity, and found that the Achilles reached significantly
lower values than the PL (p = 0.000042) and TA (p =
0.00142). The quadriceps performed worse than the TA (p =
0.0037), and the STG also provided poorer values than the TA
(p = 0.0432). The maximum load of the Achilles showed bet-
ter results than the PL (p = 0.0016) and the STG (p = 0.0066).
The quadriceps also showed better results than PL (p =
0.0018) and STG (p = 0.0019). The TA had similar results as
the Achilles and quadriceps. The strain at tensile strengths of
Achilles were significantly less resistant to the tensile forces
than the STG (p = 0.0166), PL (p = 0.0039) and TA (p =
0.004). Also, the quadriceps were inferior compared to TA
(p = 0.00226) or to the PL (p = 0.0006). The strains at rupture
of the Achilles had significantly lower values compared to the
PL (p = 0.00045) and TA (p = 0.00066) and similarly, the
quadriceps were significantly inferior to the PL (p =
0.00045) and TA (p = 0.00066) (Tables 2 and 3, Figs. 2, 3, 4
and 5).

Fig. 3 Values of tendons of load to failure forces. Median, 25 and 75%
percentile are used. Median, 25%, 75% percentile minimum and
maximum values are used. The letters show the significant difference

between the tendons. The exact p values are written in the text. The A-
B-C letters on the X axis shows the 3 different groups: A non-
irradiated, B irradiated with 21 kGy, C irradiated with 42 kGy
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Comparing the effect of gamma irradiation on each tendon
the worst results were found in the case of the quadriceps
tendons. Young modulus of elasticity significantly decreased,
however only when group B vs. Cwere compared (p = 0.048).
Both the 21 kGy and the 42 kGy gamma irradiation decreased
the strain at tensile strength (group A vs. group C p = 0.0021,
group B vs. group C p = 0.015) and strains at rupture (group A
vs. group C p = 0.0108, group B vs. group C p = 0.0048). The
maximum load was not affected by the irradiation. In the case
of the other four tendons we found no difference in the exam-
ined parameters.

Discussion

The rises in the number of ACL reconstructions and the
increasing use of allografts in such repairs have driven the
need for an effective sterilization method that preserves
the biomechanical integrity of the allografts [17]. The
current study biomechanically evaluated five allografts
for potential ligamentous reconstruction, which underwent
different doses of gamma irradiation. Our results indicate
that different tendons have different initial biomechanical

properties. In our opinion the most important factor is
Young modulus of elasticity, which describes the elastic-
ity of the tendons at normal loading. Gamma irradiation
of 42 kGy significantly decreased the Young modulus of
elasticity in the case of the quadriceps. However, when
the comparison was carried out between the groups, TA
and PL were superior to Achilles at lower doses. At
higher doses, the Achilles, STG and quadriceps were all
inferior to TA in this parameter. Conrad et al. also report-
ed a significant decrease in Young modulus of elasticity in
the case of Achilles allografts after 15–25 kGy irradiation
(292, 154 and 129 MPa) [18]. The doubled TA and PL
tendons demonstrated the Young modulus of elasticity,
maximum load, strain at tensile strength and strain at rup-
ture that were equal to or better than all the other current-
ly described ACL grafts. The Achilles had poorer endur-
ance properties than the others. Similar results were pub-
lished by Almqvist [19] and Pearsall [20]. They found
that the biomechanical properties of TA tendons were su-
perior compared to the bone-patellar tendon-bone allo-
grafts [19]. In addition, our grafts were obtained in older
patients, indicating that grafts harvested from younger do-
nors may show even better biomechanical properties.

Fig. 4 Values of tendons of strain at tensile strength. Median, 25 and
75% percentile are used. Median, 25%, 75% percentile minimum and
maximum values are used. The letters show the significant difference

between the tendons. The exact p values are written in the text. The A-
B-C letters on the X axis shows the 3 different groups: A non-
irradiated, B irradiated with 21 kGy, C irradiated with 42 kGy
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Previously, it was reported that higher [21]—or in some
studies also lower [17]—doses of irradiation could de-
crease these parameters.

The values of the load failure forces of the grafts obtained
in this study were consistent with those in the literature
[19–21]. Due to the fact that the load to failure force highly
depends on the diameter of the tendon, statistical analysis of
this parameter is questionable, but we used this parameter as a
benchmark to other studies. The median values were above
2200 N in every type of tendon except STG in group A. The
forces that affect the ACL during ground level walking (303–
355 N) [22] are far from those load-to-failure forces that we
measured in the three groups. The minimal criterion for ex-
pected loading during an aggressive early rehabilitation pro-
gram is 450 N [23]. These forces are far from our maximum
load to failure forces. Noyes [23] found the ultimate load of
the native ACL in young adults to approach 2160 N. Another
aspect that an orthopedic surgeon has to take into consider-
ation is the endurance properties of the stitch-tendon border-
line. Previously it was reported that the strength of stitches
ranged from 318 to 381 N [16].

Mabe et al. measured similar strain at tensile strength, as
did our study group, after 9–11 kGy irradiation of Achilles and

quadriceps tendons (0.15 ± 0.07, 0.16 ± 0.02) [24]. In our
study, both low and high doses of irradiation caused signifi-
cant increases in the strain at tensile strengths, and strain at
rupture parameters in the case of the Achilles and the quadri-
ceps. This could mean that the higher the dose of gamma
irradiation is, the lower the Achilles and quadriceps tendons’
capability to resist against elongation forces, and their capa-
bility of restabilization to their original length is also de-
creased. Conrad et al. also reported significant (p = 0.0061)
increase in strain at failure when he compared the control
and irradiated (15–25 kGy) tendons [18]. This could lead to
an increased laxity of the knee after ACL reconstruction with
allografts [5]. During these aforementioned loading forces, the
Young’s modulus of elasticity and strain at maximal forces
play a critical role in joint laxity. We found no difference in
the case of the TA. In these force ranges, the irradiated allo-
grafts have the same elasticity properties as the controls. We
measured similar results in the case of PL, however the
42 kGy irradiation significantly increased the strain at rupture
parameter.

The measuredmain endurance parameters in the case of the
TA did not change. Samsell reported that low-dose gamma
irradiation did not affect the biomechanical properties of

Fig. 5 Values of tendons of strain at rupture. Median, 25 and 75%
percentile are used. Median, 25%, 75% percentile minimum and
maximum values are used. The letters show the significant difference

between the tendons. The exact p values are written in the text. The A-
B-C letters on the X axis shows the 3 different groups: A non-
irradiated, B irradiated with 21 kGy, C irradiated with 42 kGy
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tibialis anterior allografts [25]. In our study we used 21 kGy
target dose. Nevertheless, in the case of 42 kGy dose, we did
not measure any changes of TA tendons with respect to Young
modulus of elasticity, maximum load, strain at tensile strength
and strain at rupture parameters.

There are certain limitations to this study that have to be
mentioned. First, the efficiency of pathogen inactivation was
not evaluated in this study; it was based on the previously
reported references. We plan to perform further studies to
explore the effect of virus and bacteria inactivation of this
process. Also, we used a micrometric caliper to measure the
length and cross-sectional area of the graft, whereas a laser
micrometer system is more accurate. We tried to eliminate any
measurement errors by averaging the cross-sectional area of
three different levels along the tendons.

After low and high doses of gamma irradiation, the quad-
riceps and Achilles suffered the greatest decrease in biome-
chanical parameters. The effect of gamma irradiation on the
STG and PL was slight, but the initial properties were not as
good as the TA. Additionally, semitendinosus tendons—if
used alone—have to be folded into four strings; or when used
with the gracilis, the two tendons have to be sutured together
during the operation. In the case of the TA and PL, only a
single loop is used.

The results of this study indicate that different types of
tendons react differently to gamma irradiation. Achilles and
quadriceps grafts were the most sensitive to gamma irradia-
tion. It seemed that the vulnerability of irradiation of TA and
slightly of the PL were less than that of the Achilles and
quadriceps tendons.

These results indicate that our hypothesis cannot be
validated.

Some conclusions can be drawn from our results. If a sur-
geon wants to use a fresh-frozen graft, then with the exception
of the Achilles, all four kinds of grafts can be recommended. If
a bacteria-free graft is the focus then TA, PL and STG can be
used. If the highest level of microbiological safety is preferred,
usage of TA graft can be the best choice. Certainly, additional
donor screening can improve the safety of the grafts.
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