
We investigated the effects of gamma irradiation
 versus ethylene oxide (ETO) sterilization on the
mechanical strength of cortical bone grafts. Tibias
were collected from cadavers of mature goats. Sixty
test specimens were randomized into four groups :
fresh (no processing), frozen (freezing at –70°C),
gamma-irradiated, and ETO-sterilized specimens.
Torsion, three-point bending, and compression test-
ing were separately performed with a material testing
machine. Parameters studied included maximum
stress, strain, deflection, extension, load, shear modu-
lus, and E-modulus. Compared with findings for the
fresh specimens, findings were as follows for gamma-
irradiated specimens : maximal shear modulus,
reduced by 48% ; shear stress, by 55% ; deflection,
by 71% ; bending stress, by 51% ; bending strain, by
74% ; extension, by 60% ; and compression strain,
by 50%. However, there were no reductions in those
parameters for the frozen specimens or the ETO-
 sterilized specimens. These findings confirm that
shear, bending, and compression strength of cortical
allografts are weakened by gamma irradiation at
room temperature. To maintain optimum mechanical
properties, ETO sterilization of allografts is better
than gamma sterilization, especially for cortical bone,
because it is usually used in load-bearing settings.
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INTRODUCTION

Bone allografts are increasingly being used in
orthopaedic surgery for both structural and

morselization purposes. One of the major concerns
with allografts is the risk of infection and disease
transmission (20). Therefore, to maintain maximum
safety, some forms of tissue disinfection are neces-
sary to protect recipients from virus transmission by
infected allografts. Currently, the most commonly
used methods for bactericidal and viricidal
 purposes are irradiation (both beta and gamma) and
 ethylene oxide (ETO) sterilization (3,7,8,15).

One concern associated with gamma radiation is
the alteration of the mechanical properties of the
allografts. Previous studies showed that gamma
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irradiation significantly reduced the resistance of
cortical bone to fatigue crack growth (19), and the
damage is induced via free-radical attack on the
collagen (2). One study showed that it is easier to
initiate and propagate a macrocrack from stress
concentration due to the inhibition of damage for-
mation at and near the crack tip for cortical bone
irradiated at 27.5 kGy (3). However, the irradiation
dose required to inactivate the bioburden of human
immunodeficiency virus in allograft bone is
35 kGy, and furthermore, the irradiation dose
required to achieve a sterility assurance level of
10–6 is 89 kGy. This dose exceeds current recom-
mendations for sterilizing medical products and the
current practice of many bone banks (6). it is
 difficult to choose between mechanical properties
and virus inactivation for bone allografts sterilized
by gamma irradiation.

in clinical practice, cortical bone grafts usually
are used in load-bearing settings such as skeletal
reconstruction, spinal fusion, and tumour sur-
gery (17). The mechanical properties of transplanted
bone grafts inevitably determine the short-term and
midterm results of the procedure performed ; there-
fore, adequate mechanical performance of the
grafts is required.

Biomechanical studies of soft tissues, mostly
patellar bone-tendon-bone preparations, have quan-
tified irradiation damage (11), but no clinical alter-
ation of tissue function has been shown with ETO
disinfection (5). ETO, a strong alkylator, is a highly
effective virucide (16,22). Bone allografts sterilized
with terminal ETO disinfection are used in the field
of orthopedic surgery.

There is limited documentation of whether ETO
sterilization impairs the mechanical properties of
bone. Thus, we investigated the effects of steriliza-
tion methods on the mechanical properties of deep-
frozen bone to select a sterilization method for cor-
tical bone grafts.

MATERIALS AND METHODS

Preparation of Test Samples

Tibias were collected from cadavers of 12-month-old

mature goats weighing 16 to 18 kg. Bone quality was
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checked by observation. The middle section of each tibia

was selected for the test samples. Each section was cut

into four pieces through the middle coronal plane and

sagittal plane, using a hacksaw, to ready it for a torsion

test and a three-point bending test. Also, some of the

 sections were cut into hemi-cylinders through the middle

coronal plane for a compression test. Using a grinder, we

machined the samples into rectangular parallelepipeds

that were 40 mm long, 5 mm wide, and 2 mm thick for

torsion and three-point bending tests and parallelepipeds

that were 20 mm long, 10 mm wide, and 2 mm thick for

compression tests.

Grouping and Processing Methods

Sixty test pieces were randomized into four groups :

fresh, frozen, gamma-irradiated, and ETO-sterilized. The

fresh and frozen test pieces were stored at 4°C and

–70°C, respectively, for one month. The gamma-group

test pieces were irradiated for nine hours with a dose of

25 kGy by gamma ray at room temperature and noninert

gas immediately after processing, and then stored at

–70°C for one month. A Fricke dosimeter was used to

record the radiation dose. The ETO-group samples were

sterilized for 16 hours at 48°C using a Steri-Vac (3M

Health Care, St. Paul, MN, USA) hospital ETO steriliza-

tion chamber immediately after processing, and then

stored at –70°C for one month.

Mechanical Test

The torsion test, three-point bending test, and com-

pression test were performed separately for each group

(n = 5 pieces for each group). The test pieces were pack-

aged without any additives in sterile, airtight, triple-

water-resistant plastic packages until it was time to

 conduct each test. All samples were first transferred to a

refrigerator at 4°C 24 hours before testing, and then

rehydrated in saline for 2 hours. The mechanical testing

of each specimen was performed using an instron 8874

material test machine (instron Co., Norwood, MA,

USA), at room temperature, with a relative humidity of

50% to 75%.

Torsion Test

There was no axial loading for the samples undergo-

ing torsion testing, and the maximal torsion angle was

between 25° and 90°. The torsion was set at one cycle

per second. A computer automatically recorded torque

zhou-_Opmaak 1  10/10/11  14:07  Pagina 671



672 Z. ZHOU, T. QiN, J. YANG, B. SHEN, P. KANG, F. PEi

Acta Orthopædica Belgica, Vol. 77 - 5 - 2011

(T) and torsion angle (ψ) during testing. The shear mod-

ulus (G), maximal shear stress (τmax), and maximal shear

strain (γ) were calculated according to the following

equation at the maximal torsion angle for each sample :

G = Tl/ψβhb3 τmax = T/αhb2 γ = τmax/G

where L is sample length, h is sample width, b is

 sample thickness, and α and β are constants depending

on the ratio of width to thickness (Table i).

Three-Point Bending Test

The span of the each test was 30 mm, and the loading

point was set on the inner surface of all samples. A com-

puter automatically recorded data for maximal bending

load and deflection of the testing samples. The maximal

bending stress, maximal bending strain, maximal deflec-

tion, and bending modulus were obtained from the test-

ing data.

Compression Test

A compression load was applied at a rate of

5 mm/min, and the loading direction was from the proxi -

mal to the distal end of the diaphysis. Testing was

stopped when the maximal load was reduced to 50%

because of sample fracture or breakage. A computer

recorded data on maximal compression load and dis-

placement. The maximal compression stress and strain

were calculated on the basis of the testing data.

Statistics

All data were expressed as mean (SD), and statistical

analyses were done using SPSS for Windows (version

13.0 ; SPSS inc., Chicago, il, USA). We considered

p values < 0.05 to be significant. One-way analysis of

variance was used to evaluate differences between

groups regarding mechanical properties.

RESULTS

Sample Damage after Testing

Spiral fractures occurred in the samples used for
torsion testing in the fresh, frozen, and ETO
groups ; however, comminuted fractures occurred
in the gamma group. All samples for the three-point
bending test broke in the middle in all four groups.
After the compression test, all samples in all four
groups had compression fractures at both ends.

Outcome of Mechanical Tests

Torsion Test

Compared with the fresh group, the gamma
group’s maximal shear modulus and maximal shear
stress were reduced by 48% (p < 0.01) and by 55%
(p < 0.01), respectively. The maximal shear modu-
lus was reduced by 10% in the frozen and ETO
groups, and the maximal shear stress was reduced
by 12% in the frozen group and by 18% in ETO
group. However, the differences were not signifi-
cant (Table ii).

Three-Point Bending Test

The maximal bending loading was decreased by
55% (p < 0.01), the deflection was decreased by
71% (p < 0.01), maximal bending stress was
reduced by 51% (p < 0.01), and the maximal strain
was reduced by 74% (p < 0.01) in the gamma group
compared with the fresh group. However, there
were no significant differences among the fresh,
frozen, and ETO groups (Table ii).

Compression Test

Compared with the fresh group, the gamma
group’s extension was decreased by 60% (p < 0.05)
and maximal compression strain was reduced by
50% (p < 0.01). There were no significance differ-
ences for extension and maximal compression
strain among the frozen, ETO, and fresh groups.
There were also no significant differences among
the four groups regarding maximal compression
loading and stress (Table ii).

Table i. — Constant depending on the ratio of

width to thickness

b, sample thickness ; h, sample width. 

h/b 1.0 1.2 1.5 1.75 2.0 2.5 3.0 4.0

α 0.208 0.219 0.231 0.239 0.246 0.258 0.267 0.282

β 0.141 0.166 0.196 0.214 0.229 0.249 0.293 0.281 
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DISCUSSION

Maintenance of biomechanical integrity after
 terminal processing or sterilization is vital for the
successful use of cortical bone allografts in
orthopaedics, because cortical allografts are used to
restore skeletal integrity, as in reconstruction in
large-bone defects and spinal fusion, often under
weight-bearing, shear, and flexure conditions. The
mechanical strength of the graft is crucial.

Previous studies have reported that cortical bone
becomes brittle because of gamma-radiation sterili-
zation (19), which increases microfractures (10).
During gamma irradiation, highly reactive hydroxyl
radicals are formed because of ionization of water
molecules. These free radicals have been speculat-
ed to impair the integrity of collagen molecules (12).
Free-radical damage to collagen extracted from
 tendons was previously inhibited by using the
 scavengers thiourea and cysteamine (18). in one
study, there was a several-fold improvement in the
mechanical properties of specimens sterilized in the
presence of thiourea in comparison with those
 irradiated in its absence (1).

We investigated the effect of deep-freezing on
the mechanical strength of cortical bone allografts
compared with unprocessed fresh bone, as well as
the effect of two commonly used sterilization
 methods (gamma irradiation and ETO), each
 combined with deep-freezing, evaluated by failure
during shear, bending, or axial compression.

The effect on biomechanics of gamma irradiation
of allograft bone is dose dependent, and higher
doses of gamma radiation will cause greater losses
in the biomechanical integrity of the tissue (8).
Findings from a study by Balsley et al support the
use of low-dose (18.3-21.8 kGy) and moderate-
dose (24.0-28.5 kGy) gamma irradiation to sterilize
bone grafts (4). The standard dose range for sterili-
zation of bone grafts is 25 to 35 kGy ; thus, the
level of radiation in our study was 25 kGy.

We found that in the gamma group, maximal
shear modulus, shear stress, deflection, bending
stress, and bending strain were reduced by 48%,
55%, 71%, 51%, and 74%, respectively. in
compari son with the fresh group, the gamma group
showed reductions in extension and compression
strain of 60% and 50%, respectively. These results

Table ii. — Summary of results, reported as mean (SD)

ETO, ethylene oxide.

Values Fresh Frozen Gamma ETO

Torsion test

Shear stress (MPa) 109.7 (28.8) 96.1 (21.6) 49.3 (13.6) 89.6 (7.21)

Shear strain (%) 7.02 (0.77) 6.99 (0.54) 6.12 (1.57) 7.07 (1.48)

Shear modulus (GPa) 1.56 (0.31) 1.39 (0.40) 0.81 (0.12) 1.36 (0.31)

Three points bending test

Maximum load (N) 139 (10.0) 130 (13.5) 63 (7.6) 135 (9.6)

Deflection (mm) 2.2 (0.3) 2.4 (0.4) 0.6 (0.1) 2.2 (0.1)

Flexure stress (MPa) 239 (33.3) 229 (19.2) 118 (18.5) 220 (31.1)

Flexure strain (%) 3.3 (0.25) 3.9 (0.19) 0.8 (0.13) 3.8 (0.22)

E-modulus (Gpa) 21.4 (3.02) 17.6 (1.69) 18.3 (4.17) 17.6 (1.41)

Compression test

Maximum load (kN) 2.58 (0.13) 2.48 (0.21) 2.28 (0.13) 2.30 (0.35)

Compression extension (mm) 1.14 (0.59) 1.06 (0.53) 0.46 (0.15) 1.11 (0.31)

Maximum stress (MPa) 45.8 (5.22) 43.3 (7.87) 46.0 (1.57) 43.7 (2.00)

Compression strain (%) 4.68 (1.48) 4.48 (0.41) 2.33 (0.88) 4.61 (0.96)
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imply that shear, bending, and compression
strength of cortical allografts are weakened by
gamma irradiation.

Conversely, fewer changes in biomechanics have
been observed with irradiation under dry ice (9) and
while the bone is frozen (12). Two reports by Cornu
et al noted that the temperature during irradiation
plays an important role in mechanics loss in bone
grafts (8,9). Freeze-drying induced a 19% reduction
in strength and a 20% reduction in stiffness, where-
as work to failure was not significantly modified.
Adding gamma irradiation at room temperature to
the sequence induced a 42% reduction in strength, a
21% reduction in stiffness, and, most concerning of
all, a 75% reduction in work to failure (8). in our
study, irradiation of frozen bone (25-kGy dose) did
not cause any significant reduction in ultimate
strength, stiffness, or work to failure. The addition
of the freeze-drying process before or after irradia-
tion resulted in a mean drop of 35% and 31% in
ultimate strength, 14% and 37% in stiffness, and
46% and 37% in work to failure. Unlike irradiation
at room temperature, irradiation under dry ice of
bone treated with solvent detergent seemed to have
no detrimental effect on the mechanical properties
of cancellous bone (9).

Hamer et al reported that bone irradiated at
–78°C was less brittle and had less collagen damage
than when irradiated at room temperature, because
freezing reduces the mobility of water molecules
and may therefore decrease the production of free
radicals that can destroy collagen alpha chains (12).
A limitation of our study is that irradiation was
done at room temperature, which acted synergisti-
cally with gamma radiation to cause mechanical
loss in the cortical bone grafts.

There have been only two studies of whether
ETO sterilization weakens the mechanical proper-
ties of allografts, and both concluded that it does
not do so. in the first study, Simonian et al sterilized
allograft with ETO, and then performed screw pull-
out tests using four 3.5-mm cortical screws per
 segment, finding that screw pullout force was undi-
minished (21). The second study, by Hofmann et al,
confirmed that the bending strength and shear
strength of cortical pins were not decreased after
sterilization with ETO (13).
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We found that ETO sterilization had no signifi-
cant effects on the shear strength, bending strength,
or compression strength of cortical bone. From the
standpoint of preservation of mechanical properties,
ETO sterilization of allografts is better than gamma
sterilization, especially for cortical bone. This is
very important because cortical allograft is usually
used in load-bearing settings. in the clinical setting,
ETO exposure at 40°C is recommended as a true
sterilization procedure because of its negligible
effect on osteoinductive capacity (23) ; moreover,
the reduction of residual ETO is an important clini-
cal issue. A combination of repeated preoperative
aeration, more than 2 weeks’ storage before use,
and intraoperative rinsing with 500 ml of saline for
10 minutes can effectively reduce the amount of
residual ETO in freeze-dried bone allografts (14).

Twenty-five kGy of gamma radiation at room
temperature reduces the shear strength, bending
strength, and compression strength of cortical bone,
yet ETO sterilization has no significant effects on
any bone properties. To preserve mechanical
 properties, ETO sterilization of allografts is better
than gamma sterilization, especially for cortical
bone. This is critical because cortical bone grafts
are usually used in load-bearing settings.
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