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ABSTRACT
There is no generally accepted consensus in the published scientific
literature regarding the safest and most effective radiation dose for
treating musculoskeletal allografts prior to transplantation. A dose of
25 kGy of gamma irradiation has often been recommended as the
“standard” dose for reducing the risk of tissue bacterial contamination.
However, it has been demonstrated that this dose exceeds the dose
necessary to provide complete bactericidal coverage (10–15 kGy).
While this “standard” dose may have a moderate negative effect on the
biomechanical properties of allografts, particularly grafts that are
required to provide structural or functional support, allografts treated
with lower doses do not suffer the same deleterious effects. Processing
of donor samples should be performed aseptically including rigorous
medical history screening and serological testing for viral
contamination, as this is the most efficient means of identifying
contaminated specimens. An irradiation dose less than 15 kGy should
be used to eliminate residual risk of bacterial contamination in
musculoskeletal allografts, which preserves the biomechanical
properties of these tissues.
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BACKGROUND AND RATIONALE
Hundreds of thousand of patients each year derive benefit from the use
of musculoskeletal allografts for a variety of orthopedic and
neurosurgical applications.1-4 While allograft usage historically has
been restricted to massive grafting procedures such as limb salvaging
operations following osseous tumor resection, the frequency with
which surgeons utilize musculoskeletal allografts has risen markedly
over the past 15 years due, in large measure, to the substitution of
processed cortical wedges, dowels, cancellous chips, and connective
tissues such as patellar tendons for traditional autografts.2 Indeed,
surgeons now employ allografts routinely in complex reconstructive
and revision surgeries where large bony voids are commonly
encountered or where supplemental mechanical support is needed.5

Additionally, demineralized allogeneic bone, due to its mildly
osteoinductive property, has enjoyed increased use as a grafting matrix
because it can effectively extend the limited supply of autograft.6 The
impetus to utilize musculoskeletal allografts has resulted from the
growing awareness of the serious morbidity associated with harvesting
autologous tissue coupled with renewed assurances provided by tissue
banks that grafts are procured, handled and processed in a manner that
attenuates, to an acceptable degree, the risk of contamination
particularly when tissue banks adhere to guidelines set forth by the
American Association of Tissue Banks and the US Food and Drug
Administration.4, 7

Musculoskeletal allografts are generally harvested and processed
aseptically to avoid adding contamination to tissues.4 Standard
processing steps include, but are not limited to, tissue washing to
eliminate marrow, lipids and other antigenic cellular elements as well
as the use of detergents, ethanol, surfactants, and antibiotic rinses.2, 4

Freezing and freeze-drying (i.e., lyophilization) are commonly used for
tissue storage.1 Nonetheless, aseptic processing per sedoes not entirely
remove all risk of tissue contamination.1, 4 Consequently, many tissue
banks also employ an additional measure, such as gamma irradiation,
to provide a further assurance of microbiological safety.1, 2, 4, 8, 9 In
contrast to other methods of allogeneic tissue processing, irradiation
has the singular distinction of providing complete tissue sterilization if
the dose is sufficiently high.9 Unfortunately, using high doses (e.g., >
40 kGy) of irradiation has a deleterious effect on the biomechanical
and biologic properties of the tissue.5, 10 Therefore, most tissue
processors have had to accept a trade off between preserving allograft
biomechanical integrity and providing a sufficient level of tissue
sterility with lower doses of irradiation.

Unfortunately, there is lack of consensus regarding the lowest
acceptable threshold dose of irradiation for treating musculoskeletal
allografts prior to distribution and implantation. In a survey of 36 tissue
banks, Vangsness et al11 found that doses ranging from 10 to 35 kGy of



samples. The same researchers20 also suggested that deep-frozen
human cortical bone irradiated with 30 kGy was less brittle than similar
allografts irradiated at room temperature. Currey et al15 confirmed that
a “standard” radiation dose (29.5 kGy) administered at room
temperature caused embrittlement of human cortical bone, thereby
reducing its energy absorbing capacity. Indeed, Akkus and Rimnac21

also demonstrated that it was easier to initiate and propagate a
macrocrack in human cortical bone samples following 27.5 kGy of
irradiation. Godette et al,19 using a rabbit model, found significant
reductions in torsional strength immediately following exposure to a
25 kGy dose in frozen tibial samples. Lastly, Randall et al22 showed that
a 30 kGy dose resulted in frequent microfractures and loss of torsional
strength in rat femora and this effect was exacerbated among samples
that had undergone freeze drying prior to irradiation.

A number of studies also have evaluated the impact of irradiation doses
in the bactericidal range (i.e., < 20 kGy) on the static biomechanical
properties of allogeneic cortical bone and have generally found the
effects to be mild or negligible.15-17, 23 For example, Komender17

demonstrated no effect on the bending, torsional or compressive
strength of human cortical bone samples irradiated with 5 or 10 kGy.
Hamer et al16 likewise observed only small decrements in the
biomechanical properties of human cortical bone samples exposed to
irradiation below 10 kGy administered at room temperature, with mild
effects found at 16 kGy. Currey et al15 found that a 17 kGy dose
administered at room temperature reduced the energy absorbing
capacity (e.g., work to fracture) of human cortical bone samples by
about 50%, although the elastic properties of the bone remained
unchanged. Finally, Simonian et al23 demonstrated that the screw
pullout strength in human tibial specimens was not affected by 16 to 19
kGy compared to non-irradiated control samples.

The results of studies evaluating the effects of irradiation on the
biomechanical properties of allogeneic cancellous bone are more
mixed. Cornu et al24 confirmed that the addition of gamma irradiation at
a dose of 25 kGy after freeze-drying of human femoral head samples
resulted in a loss of their capacity to absorb energy in compression with
resultant osseous tissue brittleness. In sharp contrast, Anderson et al25

demonstrated that the compressive strength and elastic modulus of
frozen, human cancellous bone specimens were unaffected by
irradiation doses ranging from 10 kGy to 51 kGy; a dose of 60 kGy
was required to cause significant tissue embrittlement. These findings
were confirmed by Zhang et al26 who demonstrated that the
compressive strength of human iliac crest wedges was unaffected by
20 to 25 kGy of gamma irradiation administered in the frozen state.
Irradiation with the same dose range in freeze-dried samples resulted in
moderate, although not statistically significant, declines in tissue
biomechanical properties.26 Consequently, the published literature
would suggest that an irradiation dose in the range of 20 to 25 kGy has
a less demonstrable effect on the static biomechanical properties of
allogeneic cancellous bone compared to cortical bone.

Connective Tissue Allografts:Since connective tissue allografts, such
as tendons and ligaments, are composed primarily of type-I collagen,
their biomechanical properties may be particularly susceptible to
irradiation-associated denaturation such as tissue crimping.27A number
of studies that have employed high doses (40–100 kGy) of irradiation
to treat connective tissue allografts have uniformly reported marked

gamma irradiation are routinely used to sterilize allografts. An
irradiation dose in the range of 15 to 25 kGy also has been promulgated
as an industry standard based variously on studies published in the
1950s as well as on the typical dose used to sterilize medical
instruments.8,9 Regrettably, this currently recommended dose range has
not been based on a clear, objective criterion or goal of irradiation in
musculoskeletal tissue processing. This commentary seeks to clarify
the impact of gamma irradiation treatment on musculoskeletal
allografts and to offer recommendations with respect to an acceptable
threshold dose based upon the need to preserve tissue biomechanical
integrity and to reduce the risk of microbiological contamination.

THE EFFECTIVENESS OF IRRADIATION ON
ALLOGRAFT MICROBIOLOGICAL SAFETY
The primary mechanism by which gamma irradiation provides
bactericidal effects is via direct alteration of nucleic acids leading to
genome dysfunction and destruction.4 If performed at room
temperature, irradiation of allogeneic tissue also results in the
generation of free radicals, primarily from liquid water, which have a
direct antimicrobial effect.4, 9 There is general agreement that a gamma
irradiation dose of less than approximately 20 kGy provides complete
elimination of bacterial contamination from musculoskeletal
allografts.5 In their classic study, Turner et al12 demonstrated that a 10
kGy dose was effective in providing complete bactericidal coverage in
frozen or freeze-dried cortical bone samples after contamination with a
commonly encountered bacterium,S. aureus. Cohen13 confirmed these
findings in contaminated bone samples using a higher dose (20 kGy).
Finally, DeVries et al14 reported that only gram-positive cocci were
resistant to a 10 kGy irradiation dose, but that all bacteria types were
killed by 20 kGy. It should be stressed, however, that the
microbiological safety of musculoskeletal allografts remains a function
of the incoming bioburden of the material and whether each tissue
bank employs stringent, validated tissue processing methods such as
aseptic processing.

BIOMECHANICAL PROPERTIES OF 
IRRADIATED ALLOGRAFTS
Bone Allografts: Although treatment of musculoskeletal allografts
with gamma irradiation markedly reduces the risk of contamination,
tissues are invariably weakened by this process due to denaturation
and, in some cases, destruction of collagen chains resulting in tissue
embrittlement.1, 10 It is widely accepted that excessively high doses (30-
90 kGy) of irradiation have a deleterious effect on the biomechanical
properties (e.g., torsional, bending, compressive strength) of cortical
allografts, particularly if the intended use of the graft is to provide
structural support.15-19 Consequently, structural allografts irradiated at
these dose levels are contraindicated for implantation.

However, there is a greater lack of consensus with respect to the impact
on biomechanical properties for doses ranging from 20 to 30 kGy or
whether any measurable decrements in these properties have clinical
relevance.  For example, Bright et al9 demonstrated that a 25 kGy dose
did not affect the biomechanical properties of frozen human cortical
bone, but compressive strength was diminished markedly among
freeze-dried samples that had been irradiated with the same dose.
Hamer et al16 observed no effect on the elastic behavior of human
cortical bone samples irradiated with 28 kGy, but there was a reduction
in strength of approximately 64% when compared to non-irradiated
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over 1,000 patients treated with freeze-dried, irradiated bone grafts for
a variety of orthopaedic problems.40, 41 Use of frozen, irradiated
cancellous bone also resulted in 33 of 35 (94%) patients showing
clinical success after acetabular reconstructive procedures.42 Finally,
Lietman et al43 reported a significantly higher fracture rate between
irradiated (10–30 kGy) (39%) and non-irradiated (18%) massive
structural allografts with a mean followup of 5 years. However, the
frequency of nonunion (7% vs. 19%) and the incidence of
postoperative infection (0% vs. 11%) favored patients receiving
irradiated grafts.43

Special mention should be made regarding bone allografts that have
undergone demineralization as a means of providing an osteoinductive
matrix for various bone grafting procedures.6 It has been shown that
irradiation can have a deleterious effect on the inherent growth factors
responsible for the inductive potential of demineralized bone matrix
particularly with doses in excess of 20 kGy.44-46 Several studies
demonstrated that a 25 kGy dose of irradiation administered after the
demineralization process reduced the osteoinductivity of the matrix by
up to 50%,47,48but histologic and morphometric graft characteristics and
biologic incorporation were generally unaffected.48, 49 Interestingly, 2
studies showed that even irradiation doses greater than 30 kGy do not
extinguish the osteoinductive potential of demineralized bone matrix if
the treatment is performed in frozen samples.50,51To the contrary, studies
of the effects of irradiation in freeze-dried demineralized samples
suggest that even fairly low doses (e.g., 15 kGy) can extinguish
osteoinductivity.50, 52 Finally, it should be noted that to retain
osteoinductivity, bone samples should always be irradiated after
demineralization as pre-processing irradiation of undemineralized bone
significantly reduces the bone forming potential of the resultant matrix.48

Connective Tissue Allografts:Limited data are available regarding
the biologic incorporation of irradiated connective tissue allografts;
nonetheless, results have been promising. Goertzen et al53, 54 reported
that canine patellar tendon-bone allografts treated with 20 kGy in argon
gas protection compared favorably with non-irradiated grafts with
respect to maximum load to failure 12 months after implantation.
Additionally, Maeda et al55 observed that rat tendons irradiated with 28
kGy had strikingly similar tensile strength to fresh frozen controls by 1
month after implantation and this effect was maintained through 2
years of followup. These results were in sharp contrast to marked
deficits in tensile strength observed immediately following
irradiation.55 Mae et al56 confirmed that treatment of rat patellar tendons
with a dose of 25 kGy resulted in a significant reduction in tensile
strength prior to implantation compared to non-irradiated grafts.
However, the difference in biomechanical properties between
irradiated and non-irradiated grafts disappeared as early as 1 month
after implantation, with equivalency in tensile strength between grafts
maintained through 6 months of followup.

decreases in biomechanical properties, such as stiffness, rendering
these tissues unacceptable for implantation.28-31

Irradiation of connective tissue allografts at lower doses has produced
more encouraging results. For example, Smith et al32 demonstrated that
frozen porcine tendons exposed to 25 kGy showed no decrements in
biomechanical properties compared to non-irradiated frozen grafts,
whereas irradiation after freeze drying had a deleterious impact with
tensile strength reduced by approximately 90%. Bettin et al33

corroborated these findings by showing that 26 kGy administered to
freeze-dried sheep ligaments significantly affected their maximum
load to failure with somewhat lesser effects on graft stiffness.
Similarly, Maeda et al34 showed little effect on the tensile strength of
canine tendons irradiated with 28 kGy followed by solvent drying.
However, when solvent drying was performed as an initial processing
step followed by the same dose of irradiation, tensile strength was only
39% of untreated control values.

Reducing the irradiation dose further to 20 kGy appears to assist in
preserving the inherent biomechanical properties for connective tissue
allografts. Fideler et al29 found that a 20 kGy dose significantly reduced
4 of 7 biomechanical properties (maximum force, strain energy,
modulus, maximum stress) tested in frozen, human patellar tendons
compared to untreated controls but, importantly, graft stiffness was
unaffected. Additionally, Haut and Powlison35 and Gibbons et al36 failed
to demonstrate any noteworthy or statistically significant decrements in
tendon biomechanical properties after irradiation with 20 kGy.
Unfortunately, there have been no published studies, to date,
examining the impact of lower doses (e.g., < 20 kGy) of irradiation on
the static biomechanical properties of connective tissue allografts.

BIOLOGIC INCORPORATION AND CLINICAL
PERFORMANCE OF IRRADIATED ALLOGRAFTS
Bone Allografts: Compared to the numerous studies evaluating the
impact on static biomechanical properties, much less is known about
the effects of irradiation treatment on the biologic incorporation and in
vivo clinical performance of musculoskeletal allografts. Using a rat
model, Jinno et al37 demonstrated that a 15 kGy dose delivered
immediately prior to aseptic tissue processing did not alter the
histologic architecture or incorporation of allogeneic cortical bone
grafts 4 or 6 months after implantation. In fact, after 6 months of
implantation, irradiated processed allografts had significantly greater
compressive strength than fresh syngeneic, fresh allogeneic and
irradiated processed syngeneic grafts.37 Similarly, Godette et al19 noted
little difference in biomechanical properties after 3 months in rabbit
femoral segments irradiated with 25 kGy prior to implantation. This
finding was in marked contrast to significant decrements in mechanical
integrity found immediately after irradiation.19

While controlled human clinical trials are absent, irradiated bone
allografts appear to offer satisfactory clinical performance similar to
non-irradiated allografts.38 In their seminal study, Basett and Packard39

reported an approximate 85% clinical success rate among 1,037
patients receiving 1,759 cortical allografts irradiated with 20 kGy prior
to implantation for a wide range of orthopaedic indications, including
spinal fusions. Importantly, the infection rate in this patient population
was less than 1%.39 Similarly, another group of researchers reported a
clinical success rate in excess of 90% after several years of followup in
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INTERPRETATION, CONCLUSIONS 
AND RECOMMENDATIONS
Musculoskeletal allograft usage among orthopedic and neurosurgeons
has risen dramatically over the past two decades.2 Bone pieces in
various shapes, sizes and configurations as well as allogeneic matrices
are now available to surgeons, significantly enhancing their ability to
perform many complex reconstructive procedures with greater
assurance of a clinically successful outcome.2 In addition to the well
documented complications associated with harvesting autologous
tissue, many patients simply do not have an adequate supply of
autograft for these procedures.7 Connective tissue allografts have
likewise enjoyed more widespread usage in recent years as numerous
studies have demonstrated that allografts show comparable results to
autologous tissue for ACL reconstruction in particular.4 Using
allogeneic tendon material for ACL reconstruction offers the advantage
of obviating donor site morbidity, reducing operative time, eliminating
restrictions on graft size, and possibly lowering the incidence of
arthrofibrosis.4 In general, allograft tissues are extremely safe and
complications resulting from disease transmission are extremely rare.
However, cases of allograft contamination have been reported and the
consequences can be catastrophic for the patient.1 Therefore, strict
adherence to standardized procurement and processing guidelines and
protocols is mandatory.1, 4

The goal of allograft tissue processing is to provide the safest possible
material to the surgeon while preserving the inherent tissue
characteristics of the graft. Even with adequate donor screening and
aseptic tissue processing, there remains a low risk of allograft
contamination. Consequently, tissue banks routinely irradiate allografts
to offer a further level of assurance that grafts are safe and, indeed, low
levels of irradiation provide sufficient bactericidal coverage and act to
attenuate immunogenicity.2, 11A standard dose of 25 kGy is routinely
used to treat allografts.4 However, there appears to be little scientific
basis for this dose level as it is clearly greater than the dose required to
provide bactericidal coverage in the setting of aseptic tissue
processing.15

While there are some reports to the contrary, on balance, usage of the
currently recommended irradiation dose of 25 kGy appears to
moderately impact the static biomechanical properties of both bone
and connective tissue allografts and this effect is likely exacerbated
among specimens that have been freeze-dried and irradiated at room
temperature. These effects appear to be less demonstrable for doses in
the bactericidal range, i.e., 10–20 kGy. While it is not entirely clear
whether moderate alterations to the biomechanical properties of
allografts will substantially effect ultimate graft performance, use of

lower doses of irradiation (e.g., 15 kGy) avoids the potential risk of
tissue damage while maintaining bactericidal coverage. Clearly, for
some applications that serve a functional purpose such as the use of
patellar tendons for ACL reconstruction, there is a demand for
preservation of tissue biomechanical integrity that necessitates use of
the lowest practical irradiation dose. In contrast, other applications
such as the use of cancellous bone chips employed in a graft composite
to support acetabular reconstructions, are undoubtedly less sensitive to
biomechanical property alterations resulting from irradiation, making
the exact dose level less relevant.

It has been almost uniformly demonstrated that excessively high
irradiation doses capable of providing complete tissue sterility are
sufficiently high to cause irreparable tissue damage to allografts.15

Consequently, doses of 40 kGy or greater cannot be recommended for
processing allogeneic tissue.

The adoption of stringent screening procedures by most reputable
tissue banks is undoubtedly, in large part, responsible for averting viral
transmission in particular. Indeed, the current process includes a
detailed medical and social history, serologic tests for HIV I/II
antibodies, HIV antigen, polymerase chain reaction HIV, hepatitis B
surface antigen, hepatitis B surface antibodies, hepatitis B core
antibodies, and hepatitis C antibodies.1 Optionally, a lymph node
analysis of donors is included.1 Clearly, it is more efficient to screen
donor samples for viral contamination than to rely on processing
techniques such as irradiation to provide effective tissue sterility.

The temperature at which irradiation is used in allograft processing
appears to be crucial. Most studies show that administering irradiation
at room temperature in freeze dried samples is particularly deleterious
to the biomechanical properties of the allograft and this practice should
be avoided. Thus, it is preferable to irradiate tissue in the frozen state.
This guidance also applies to allogeneic demineralized bone matrix,
with the caveat that irradiation should always be administered to
already demineralized tissue prior to storage.

In conclusion, an irradiation dose in the range of 10 to 15 kGy is
recommended to treat musculoskeletal allografts prior to distribution
and transplantation. This dose provides effective bactericidal coverage
and very likely has minimal impact on the inherent biomechanical
properties of the allograft. This dose also may offer the additional
benefit of providing a graft that is less antigenic and more likely to offer
good biologic incorporation and integration. All musculoskeletal
allografts should undergo rigorous donor screening and serologic
testing prior to aseptic processing.
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