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Abstract:

New sterilization methods for human bone are likely to affect the mechanical

properties of human cancellous grafts. These mechanical properties dictate the short- and
mid-term results of the orthopedic procedure. The aim of this study was to compare the effects
on bone mechanical properties, as assessed by ultrasound velocity, of different sterilization
methods used under similar conditions: bleach and sublimation, humid heat, successive baths
of physiological saline with osmotic detersion, and CO, in the supercritical phase. Alterations
in mechanical properties were small with CO, (velocity change: —2%) and humid heat
(—2.5%). Osmotic detersion had a significant but moderate effect (—4.7%). The —9% change
with the protocol involving bleach suggested a greater than 30% decrease in load to failure,
based on earlier studies. Gamma irradiation of defatted trabecular allografts, in a dose of 10
or 25 KGy, produced no significant changes in ultrasound velocity. Powerful protein
denaturants used in sterilization protocols substantially alter the mechanical resistance of the
grafts, which may jeopardize the orthopedic procedure. © 2009 Wiley Periodicals, Inc. J Biomed

Mater Res Part B: Appl Biomater 90B: 430-437, 2009
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INTRODUCTION

Cancellous bone allografting is now widely used in ortho-
pedic surgery, especially for hip revision, tumor, and
trauma. Bone transplants are usually obtained from patients
undergoing hip arthroplasty and assessed for safety within
a tissue repository. The emergence of new transmissible
diseases (such as bovine spongiform, encephalopathy, and
hepatitis) has generated considerable concern about bone
graft safety over the last decade. Safety concerns are great-
est when bone grafts are used to treat nonlife threatening
diseases in young patients.

To improve the safety of allogeneic bone grafts, new
sterilization methods have been developed,'™ and previous
methods have been implemented more widely.>'® Cur-
rently, the most commonly used methods consist of treat-
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ment with chemical agents (NaOH, 6M urea, or hypochlorite)
to denature prions followed by beta or gamma irradiation” to
kill bacteria and viruses. These methods are more effect-
ive when performed after bone marrow removal,
which also accelerates subsequent osteointegration of the
graft.!!

The mechanical resistance of treated grafts has a major
influence on the strength of the orthopedic construction
prior to osteointegration. Comparative data on the mechani-
cal resistance of treated and untreated bone grafts are
needed to guide surgical decisions. In a recent study,'” 6M
urea treatment induced a significant loss of mechanical re-
sistance with a decrease in ultrasound velocity and abnor-
malities in conventional mechanical tests. Ultrasound
velocity is directly correlated to the load to failure.'*™"” As
with cortical bone, cancellous bone from cadavers has been
investigated for relationships between ultrasound velocity
and mechanical properties. Strong correlations were found
between ultrasound parameters (attenuation and velocity)
and mechanical properties (Young’s modulus or ultimate
strength). These correlations were noted with both native
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bone and defatted bone,16 and a study showed that the
intrinsic mechanical properties were not affected by the
presence or absence of fat in situ.'"® Bone mineral density
and ultrasound velocity along a single axis have nearly
similar ability for predicting site-matched elastic modulus
and bone strength.'® This good performance of ultrasound
velocity for predicting bone strength can be reasonably
assumed to extend to bone graft material.

Nevertheless, marked differences exist between ultra-
sound velocity measurements and conventional mechanical
tests. Vastel et al.'* found that load to failure decreased by
about 35% when ultrasound velocity decreased by 6.2%;
thus, an about 2.5% decrease in ultrasound velocity was
associated with an about 10% decrease in load to failure.

In hip arthroplasty involving acetabular revision, the
orthopedic construction is exposed to stresses of 1-3
MPa'®?! with load peaks to 8.8 MPa.>' Before osteointe-
gration occurs, the success of the reconstruction depends
on the initial strength of the implanted material, which is
governed by the strength of the allograft, because bone is
the weakest link at this time. Objective comparisons of
bone-graft treatments are useful to practitioners, especially
as loads applied on the hip in vivo are only slightly less
than loads to failure measured on fresh bone.'*™'*

The aim of this study was to evaluate the effects on me-
chanical resistance of treatments that are widely used to
sterilize human bone grafts. We measured ultrasound veloc-
ity to evaluate mechanical resistance.

MATERIALS AND METHODS

Source of Bone

Samples were obtained from femoral heads removed during
multiorgan collection, which complied with the require-
ments of the French Transplant Administration. The heads
were from 14 donors who had no known hip disease, nine
men and five women whose ages ranged from 23 to 58
years.

Sample Preservation

Between treatment steps, the samples were placed in iso-
tonic saline and refrozen at —40°C.

Sample Preparation

Samples were prepared using previously described meth-
ods.'? Briefly, the femoral heads were pared using an oscil-
lating saw, along the main load bearing axis during life.
Then, one or two 9-mm thick slices including the central
zone of the femoral head were cut (Figure 1) using a low-
speed saw, with continuous saline irrigation. Four parallele-
pipeds were then obtained from the central slices, which
were oriented and numbered. Each sample was labeled
using methylene blue to show its position in life relative to
the main compressive loads applied to the femoral head.
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Figure 1. Cutting and numbering of femoral head samples.

Sample dimensions were then measured relative to the me-
chanical axis, using digital calipers, as an additional control
test relatively to the main load bearing axis. We prepared
192 samples from the 14 donors.

Ultrasound Velocity Measurement

Ultrasound velocity was measured using two pairs of unfo-
cused transducers with center frequencies of 60 kHz (model
R6, Physical Acoustics Corp, Princeton Jct, NJ) and 2.25
MHz (model WS 75-2, Ultran, State College, PA), respec-
tively. The system consisted of a pulser/receiver device
having a frequency bandwidth of 1 kHz-35 MHz (Pana-
metrics model 5052 PR, Waltham, MA), a preamplifier
(Data precision D1000 Dual Preamp, Analogic, Peabody,
MA), and a 60-MHz digital oscilloscope (TDS 210, Tek-
tronics, Beaverton, OR) connected to a laptop computer
equipped with a Tekvisa acquisition module (Tektronics,
Beaverton, OR). Measurements were conducted through op-
posite parallel faces of the sample. The signal measured
with no specimen between the transducers was taken to
indicate the amount of noise. Ultrasound velocity was
measured using a threshold value greater than 10-fold the
amount of noise, by dividing the transit time through the
sample by the thickness of the sample. Measurements were
obtained for each frequency along the three orthogonal
axes, that is the direction of the main compressive loads in
life and the two axes perpendicular to that direction.

Apparent Density (¢) and Modulus of Elasticity (Ei). To
evaluate the modulus of elasticity from low-frequency
measurements, we determined the apparent density of each
sample before and after application of each of the studied
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TABLE |. Details of Each of the Four Sterilization Procedures Tested in Our Study

TBFY Moist Heat

Tutoplast™ Supercrit™

Sodium azide (12 h),
ethanol-chloroform
(19 h), H,O, (19 h), Atm.
pressure, delipidation-
sterilization

Hypochlorite (2 h), Atm.
pressure, Sterilization ag.
Prion

Sublimation, drying

Step 1
sterilization

Step 2

Step 3

Step 4 25 KGy, Sterilization after

packaging

Humid heat, 125°C 20 min,

Successive baths with
isotonic saline, H,O,, and
acetone (>48 h), Atm.
pressure, delipidation

CO,, in supercritical phase,
26 Mpa 50°C, delipidation-
sterilization

H»0,, NaOH, ethanol, Atm.
pressure, delipidation
sterilization

Drying, Atm pressure

Rinsing drying, Atm.
pressure

18 KGy, sterilization after
packaging
25 KGy, sterilization after
packaging

treatments. A balance (accuracy 0.01 g) was used to mea-
sure the mass of each treated dehydrated specimen. The
external volume of each specimen was computed from the
lengths of the three dimensions of the parallelepiped, which
were measured using micrometric calipers. The modulus of
elasticity was computed using the equation Ei = ¢ v7i,
where Ei is the modulus of elasticity, ¢ the apparent den-
sity, and v ultrasound velocity.'*'*

Measurement Conditions

Samples were defrosted 16 h before the measurements, at
4°C. Therefore, the number of defrosts was identical for all
samples. For each test session, 40 samples were defrosted.
All test sessions were conducted in the same room, at a
temperature close to 20°C with fluctuations no greater than
*2°C, by the same operator.

Repeatability measurements were carried out on various
standard materials (aluminum, stainless steel, copper, and
brass) then on four bone samples. The measurements of the
standard materials at the beginning of each test session
allowed us to validate the measurement conditions and to
check that all devices were working properly. For the
repeatability measurements on samples, each of the four
samples was tested six times at both frequencies along the
three axes. We conducted repeatability measurements with
two hydration methods as follows: immersion of the sample
in isotonic saline then placement of the sample on the re-
ceiver, the mean time between removal from saline to data
acquisition being 30 s; or immersion of the sample in iso-
tonic saline then placement of the sample on paper towel
for 1 s. The mean time between removal from saline to
data acquisition was 60 s. The mean coefficient of variation
(%) of six measurements on each of the four samples was
four times lower using the procedure that did not involve
paper towel. This procedure was therefore selected for the
study. Its coefficients of variation were 0.95% and 0.73%
for low and high frequencies, respectively, indicating excel-
lent reproducibility.

In addition, results of repeatability measurements allow
us to determine the least significant change as reported by
Gluer’”: L = 2,/2 X .

The least significant change for this protocol was 2.7%
for low frequency and 1.1% for high frequency sound,
respectively. Differences below this value were considered
as nonsignificant.

Graft-Processing Treatments

The study involved two parts, one on 112 samples and the
other on 80 remaining samples.

In the first part of the study, four groups each compris-
ing 28 samples were subjected to the following treatments
(Table I).

TBF™ (TBF Genie Tissulaire, Mions, France). Samples
were soaked successively in sodium azide (12 h), ethanol/
chloroform (19 h), and hydrogen peroxide (19 h) to remove
fat and to clean cancellous bone; the samples were then
neutralized, soaked in hypochlorite for 2 h to eradicate
prions, rinsed, lyophilized by sublimation, packaged, and
exposed to 25 KGy gamma radiation to kill bacteria and
viruses.

Moist Heat. Samples were exposed to humid heat at
125°C for 20 min. This procedure, which does not include
cleaning, chemical treatment, or irradiation, is used by the
bone bank in Toulouse, France.

Tutoplast™ (Tutogen®™, NeunKirchen, Germany). Sam-
ples were soaked in successive water baths then in isotonic
saline, hydrogen peroxide, and acetone; the samples were
then rinsed, dried, packaged, and exposed to 18 KGy
gamma radiation.

Supercrit® (Biobank™, Paris, France). It involves treat-
ment with supercritical CO, (26 Mpa, 50°C) for bone
cleaning and lipid extraction, as described by Fages
et al.”’; successive baths in hydrogen peroxide (H,0,,,
35%), sodium hydroxide (NaOH, 4%), and ethanol; drying;
packaging; and exposure to 25 KGy of gamma radiation.

In the second part of the study, three groups each com-
prising 20 samples were tested after each of the three steps
of the Supercrit® procedure used above: supercritical CO,

Journal of Biomedical Materials Research Part B: Applied Biomaterials
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Mean (Standard deviation) ms ! LF Main Axis LF Orthol LF Ortho2 HF Main Axis HF Orthol HF Ortho2
TBE® (n = 28) 2266 (140) 2118 (161) 2138 (188) 2669 (137) 2465 (162) 2527 (213)
Moist heat (n = 28) 2284 (130) 2086 (171) 2126 (132) 2691 (136) 2468 (211) 2541 (180)
Tutoplast™ (n = 28) 2320 (156) 2120 (141) 2101 (130) 2720 (152) 2502 (171) 2491 (168)
Supercrit\"}:‘ (n = 28) 2329 (128) 2105 (153) 2133 (152) 2727 (124) 2492 (182) 2537 (149)
Supercritical CO, only (n = 20) 2341 (80) 2165 (134) 2150 (186) 2722 (89) 2498 (169) 2538 (199)
Sup. CO, + chemicals (n = 20) 2343 (95) 2137 (164) 2189 (177) 2728 (82) 2472 (173) 2544 (189)
Supercrit:‘}‘ (n = 20) 2342 (97) 2163 (122) 2194 (182) 2721 (108) 2505 (122) 2567 (214)
Modif. Supercrit® (n = 20) 2343 (101) 2102 (127) 2152 (206) 2735 (103) 2451 (150) 2511 (244)

(10 KGy instead of 25 KGy)

The four sterilization procedures (TBF™, Tutoplast™, moist heat, and Supercrit™) are detailed in Table I. “Supercritical CO,” refers to the first step of the Supercrit™

procedure and “supercritical CO, plus chemicals” to the first two steps.

LF, low frequency; HF, high frequency; ortho 1 and ortho 2, the two axes perpendicular to the main loading axis in vivo.

only, supercritical CO, followed by chemicals, and full
procedure (supercritical CO,, chemicals, and 25 KGy
gamma radiation). A fourth group of 20 samples was tested
after the first two steps of the Supercrit® procedure fol-
lowed by exposure to 10 KGy gamma radiation (instead of
25 KGy).

Statistical Analysis

All statistical tests were carried out using R software (R
Foundation for statistical computing, Vienna, Austria). The
Shapiro-Wilk normality test consistently showed heteroge-
neity of the data across axes, frequencies, and treatments.
We therefore used nonparametric tests to ensure that the
same system could be used for all comparisons. For each
frequency and each axis, the Friedman test (one-way analy-
sis of variance by ranks) was used to compare the similar-
ity of multiple groups; p values less than 0.05 were
considered significant. When this test revealed a treatment
effect, the Wilcoxon test was used to compare paired
groups.

Comparison of the Supercrit® Groups in the
Two Parts of the Study

Two groups of samples received the Supercrit®™ procedure:
the Supercrit® group in the first part of the study and the
group that received all three steps of the procedure (with
25 KGy) in the second part of the study. To check the con-
sistency of our findings, we compared the results in these
two groups.

RESULTS

Measurements Before Treatment
Group Similarity.

First Part of the Study. Results of measurements done
before treatment are reported in Table II.

The Friedman test showed a difference across groups (p
= 0.0117). The Wilcoxon pairwise test detected a differ-
ence between the TBE® group and the Supercrit® group,
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with high-frequency sound only. The maximum difference
for high-frequency sound was 2.2% along the main axis.

Second Part of the Study. The Friedman test showed
that the four groups were similar before treatment (super-
critical CO, only, supercritical CO, and chemicals, all three
steps with 25 KGy gamma radiation, and all three steps
with 10 KGy instead of 25 KGy) (p = 0.2105).

Measurements After Treatment

First Part of the Study. comparisons of the four treat-
ment procedures. Table III reports the relative velocity
changes induced by treatments. The TBF™ procedure
induced a statistically significant (p < 0.05) change that
ranged from 7.8% to 10.2% according to the axis and fre-
quency. The Tutoplast™ procedure induced a smaller but
still significant change (p < 0.05) ranging from 2.5% to
5.7%. The treatment-induced change differed significantly
between TBE® and Tutoplast™ along all axes for low-fre-
quency sound. Both moist heat and Supercrit® induced
nonsignificant changes at low frequency measurement and
small but significant changes at high frequency (p < 0.05),
which ranged from 1.3% to 2.2%.

Modulus of elasticity values before and after the treat-
ments are reported in Table IV.

It is important to underline that only one statically sig-
nificant change is reported for TBF procedure (p < 0.05).
None of the other treatments had showed a significant
effect on the modulus of elasticity, for measurements with
high and low frequency.

Second Part of the Study: Supercrit® Procedure
Steps. Table V reports the impact of adding each step of
the Supercrit™ procedure and of reducing the gamma radia-
tion dose from 25 to 10 KGy. Each step produced small
but statistically significance changes; the mean maximum
change was 3.2% along the main loading axis and 5%
along the other two axes. The Friedman tests confirmed
this observation, showing that the differences between
treatment steps were no greater than 2%. Reducing the

gamma radiation dose from 25 to 10 KGy produced a sig-
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TABLE IlIl. Relative Changes in Speed of Sound (in %) Induced by Each Sterilization Procedure

Variation (%) Variation (%)

Variation (%)

Variation (%) Variation (%) Variation (%)

LF Main Axis LF Orthol LF Ortho2 HF Main Axis HF Orthol HF Ortho2
TBE® Mean (St. dev.) 9.1%* (5.0) 9.4%% (4.2) 10.2%* (4.8) 9.0%* (4.6) 7.8%% (4.0) 9.1%* (4.5)
n =28 Min/Max —1.5/19.3 0.3/16.2 0.8/21.9 —1.3/19.8 —0.8/15.7 —0.8/15.7
Moist heat Mean (St. dev.) 0.7* (2.3) 1.5% (4.2) 0.6* (3.1) 2.1%% (1.3) 1.3%% (3.4) 1.8%* (1.1)
n=28 Min/Max —3.6/5.5 —12.5/10.1 —10.3/6.6 —0.6/6.5 —-9.8/9.9 —1.3/4.5
Tutoplast“'{\’ Mean (St. dev.) 2.5% (2.6) 2.6% (4.7) 5.2%% (5.4) 4.7%% (2.0) 4.0 ** (2.7) 4.0%* (4.2)
n=28 Min/Max —7.6/6.7 —8.9/9.1 —4.6/24.3 0.7/10.5 —3.9/8.9 —10.7/11
Supercrit® Mean (St. dev) 0.9*% (2.3) 1.0* (2.6) 0.6* (2.3) 1.8%* (1.8) 1.8%* (1.6) 2.2%% (1.7)
n =28 Min/Max —4.2/4.5 —4/7.1 —54/5.2 —4.3/4.6 —2.9/6.0 —1.1/6.9

* variation below the least significant change.
#% statistically significant difference by the Wilcoxon test (p < 0.05).

nificant difference with high-frequency sound only, in
keeping with the greater measurement accuracy with high-
frequency than low-frequency sound. The results indicated
less mechanical alteration with the full procedure than with
the incomplete procedure, suggesting that gamma radiation
delivered to dry bone, in the doses used for our study, may
in some cases improve the mechanical properties of bone.
Nevertheless, the different steps of the Supercrit™ proce-
dure exerted similar effects on ultrasound velocity and
modulus of elasticity. Final irradiation of dried bone had
little effect on the mechanical properties of the samples.

DISCUSSION

Measurement Validity

The ultrasound velocity values obtained in our study are
consistent with previously published data (Ashman and
Rho,"* Vastel et al.'?), being only slightly higher, probably
because of the younger age of our donors (mean, 46 years).
Indeed, the mechanical resistance of cancellous bone
decreases with age.***> Other sources of discrepancy across
studies may include differences in the algorithms used to
determine time-of-flight through the sample.

The repeatability tests allowed us to choose the optimal
measurement conditions and to control measurement reli-
ability. We compared ultrasound velocity at baseline and
after processing, to eliminate the effect of confounding fac-
tors, such as bone density variations across individuals or
across bone sites in a given individual (Weaver et al.?h,
particularly within the femoral head and neck (Brown and
Ferguson®). Our procedure provided direct nondestructive
measurements of the effects of treatments on intrinsic ma-
terial properties and cancellous bone structure. The similar-
ity between results in the two identically treated groups
(Supercrit™ group in the first part of the study and group
treated with all three steps of the Supercrit™ procedure in
the second part of the study) confirms the good reproduci-
bility of our measurements. The anisotropy measurements
allowed us to validate the conditions of sample extraction,
preservation, and preparation. Previous studies’**’ have
established that acoustic anisotropy reflects mechanical ani-

sotropy between the axis of greatest loading and the two
perpendicular axes. Finally, the correlation between the val-
ues measured at high and low frequencies (Figure 2) fur-
ther supports the validity of our results. Thus, the
ultrasound velocity changes found in our study can be
ascribed to the treatments used on the samples.

The good reproducibility of our measurement protocol
allowed us to compare several widely used procedures for
bone-graft sterilization. In addition, the study methods were
similar to those in an earlier study by our group,'? allowing
us to compare the results (Figure 2).

Comments

The use of powerful chemicals to achieve protein denatura-
tion causes structural changes in cancellous bone pro-
teins,?® probably including type I collagen, and therefore
induces major changes in the mechanical resistance of the
graft. These changes are well illustrated by our results with
the TBF® procedure, which includes bleach. Similarly, an
earlier study found marked adverse effects of 6M urea
treatment on mechanical properties of bone. Chemical sol-
vents or CO, at the supercritical phase, which ensures com-
plete removal of the bone marrow in situ, resulted in
significant but small alterations in mechanical properties, in
agreement with a previous study.® Procedures that include
complete bone marrow removal may accelerate osteointe-
gration."' The physical treatments used in our study (moist
heat and 10 or 25 KGy of gamma radiation) caused small
alterations in mechanical properties. If it is well-known
than physical treatments also denatures proteins, studies
had shown that effects of protein-denaturing treatments
depends on the dose, as reported with gamma radiation.'%'?
Regarding the effects of heat, fibrillar collagen I proteins
are probably less sensitive to heat than structural prions
proteins. This may explain why moist heat as used in our
study had limited effects on mechanical bone properties.
Because heat treatment is effective and inexpensive, it
may be an interesting tool; the scant amount of data on
bone responses to heat needs to be supplemented by further
studies. It should be borne in mind that gamma irradiation
of nondefatted bone has been reported to induce the release

Journal of Biomedical Materials Research Part B: Applied Biomaterials
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TABLE IV. Relative Changes in Elasticity Modulus (in %) Induced by Each Sterilization Procedure

Part T

Variation E
(%)Main Axe

Variation E
(%) Orthol

Variation E
(%) Ortho2

Part II

Variation E
(%) Main Axe

Variation E
(%) Orthol

Variation E
(%) Ortho2

Mean (Std Dev.)  TBF® (n = 28)
Min/Max

Mean (Std Dev.) Moist heat (n = 28)
Min/Max

Mean (Std Dev.)  Tutoplast™ (n = 28)
Min/Max

Mean (Std Dev.)  Supercrit™ (N = 28)
Min/Max

17.2% (9,1)
—3.0/34.9
1.3 (4.7)
—7.2/10.7
4.8 (5.2)
—15.7/12.9
1.7 (4,5)
—8.5/8.8

18.6% (8.6)
8.6/39.5
0.9 (11.2)
~35.3/19.1
4.7 9,1)
~18.5/17.5
1.6 (5.3)
—8.4/13.7

18.2% (9,3)
—0.7/39
0.6 (6.6)

—21.8/12.8
7.8 (13,9)

—40.1/42.7
1.3 (4,5)

—~11.0/10.0

SC CO?* (n = 20)
SC CO? + Chemicals (N = 20)
Full proc. Supercrit (n = 20)

Modified Supercrit (10 KGy) (n = 20)

3.5 (2,9)
—0.8/8.4
5.9 (5.4)
~4.0/20.8
5.0 (4,6)
—2.3/13.1
5.7 (4.4)
—2.9/14.8

9.6 (5.2)
0.9/18.7
7.5 (4.8)
~0.8/19.2
3.3 (5.4)
—-9.8/10.7
4.7(10,2).
—20.9/25.9

9.1 (12,8)
—28.7/29.7
5.1 (4.6)
—6.7/14.1
4.9 (6,3)
—9.3/14.4
4.5 (8,9)
—24.0/25.7

* variation statistically significant using the Wilcoxon test (p < 0.05).

TABLE V. Relative Variation in Velocities (in %) After Each of the Three Steps of the Supercrit” Procedure (Supercritical CO,, Chemicals, and 25 KGy Gamma Radiation)

Variation (%)

Variation (%) Variation (%) Variation (%)

Variation (%)

Variation (%)

LF Main Axis LF Orthol LF Ortho2 HF Main Axis HF Orthol HF Ortho2

Step 1: Sup. Crit. CO, n = 20 Mean (St. dev.) 1.7% (1.4) 5.0 2.7) 4.9 (6.5) 1.4 (1.6) 3.5(2.2) 2.3 (4.3)
Min/Max —0.4/4.3 0.5/9.8 —13.4/16.2 —1.9/6.2 0.6/10.0 —12.8/9.0

Sup. Crit CO, + chemicals n = 20 Mean (St. dev.) 3.0 (2.8) 3.8 (2.5) 2.6% (2.3) 3.2 (1.6) 3.0 (1.8) 2.4 (1.6)
Min/Max —-2.0/11.0 —0.4/10.1 —3.3/7.3 —0.4/6 —1.4/7.0 —1.5/4.9

Full Supercrit@’ procedure n = 20 Mean (St. dev.) 2.5% (2.3) 1.8* (2.6) 2.5% (3.2) 1.8 (1.8) 1.2 (1.9) 1.9 (1.5)
Min/Max —1.1/6.8 —4.8/5.5 —4.5/7.5 —2.0/5.1 —1.1/5.6 —0.3/6.0

Variant of Supercrit‘(R” (10 instead of 25 KGy) n = 20 Mean (St. dev.) 3.0 (2.3) 2.7*% (5.2) 2.3*% (4.5) 3.0 (1.4) 2.7 (4.6) 2.2 (5.2)
Min/Max —1.5/7.7 —10.0/13.9 —11.3/13.8 0.1/5.5 —11.0/16.4 —14.8/15.0

The asterisks indicate variations smaller than the least significant change. All others results were statistically significant using Wilcoxon test (p < 0.05).
Ortho 1 and ortho 2, the two axes perpendicular to the main loading axis in vivo.
LF indicates low frequency and HF high frequency sound waves.

E, modulus of elasticity.
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of toxic compounds.”?’ The two defatting procedures used
in our study differed in their effects on the mechanical
properties of cancellous bone: CO, at the supercritical
phase seemed less aggressive than acetone (Figure 3).

Our results established that sterilization procedures sub-
stantially affected the mechanical properties of cancellous
bone. Their impact should be kept in mind, and procedures
associated with the greatest mechanical alterations should
be avoided for extensive reconstructions, whose success
rate is governed in part by graft strength.

The alteration in bone mechanical properties found after
treatment with 6M urea'? did not distinguish the damage
due to molar urea from the damage caused by irradiation.
In our study, gamma irradiation with 10 or 25 KGy did not
significantly modify ultrasound velocity compared with
nonirradiated treated bone. Thus, irradiation of dry bone
does not seem to induce meaningful changes in mechanical
properties. In the second part of our study, gamma radia-
tion (compared with the first two steps of the Supercrit™
procedure) improves the modulus of elasticity along most
of the axes and with both sound frequencies (Table V).
Conceivably, irradiation of dry bone may increase trabecu-
lar stiffness, thereby apparently improving ultrasound wave
transmission. Studies specifically designed to investigate
this hypothesis would be of interest. However, the effect of
gamma radiation was small and probably of little clinical
relevance.

CONCLUSIONS

This study, which complements our previous study con-
ducted using the same method, allowed us to compare the
effects of various sterilization procedures on the mechani-
cal properties of cancellous bone. Powerful chemicals used
to achieve protein denaturation produced marked alterations
in mechanical properties, indicating adverse effects on can-
cellous bone structure and probably on type I collagen.
This effect of strong chemicals should be borne in mind
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Figure 2. High frequency (HF) versus low frequency (LF) speed of
sound (SOS) Horizontal Axis: LF SOS (ms™ ') Vertical axis: HF SOS
(ms™).
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Figure 3. Results obtained at low frequency along the axis of usual
main load in this study and Ref. 12.

when choosing graft material for orthopedic reconstructions
that require a high level of mechanical resistance.

Moderate but significant alterations in cancellous bone
mechanical properties were noted after physical treatments
(heat or gamma irradiation). No detectable effect was
observed after final irradiation of dry treated bone.

A smaller but significant alteration in mechanical prop-
erties was noted with protocols, which used only bone-mar-
row cleaning agents. In this study, supercritical CO, had
the smallest effects on ultrasound velocity, sometimes pro-
ducing only barely detectable changes.

The authors like to thank I. Kojadinovic for his advice in the
data analysis.
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Abstract

Use of new sterilization methods applied to human bone is likely to affect both the mechanical and biological properties of human
cancellous grafts. The mechanical properties of the transplanted bone inevitably determine the short- and mid-term results of the
orthopedic procedure performed. The aim of this study was to compare, under similar conditions, the mechanical effects of gamma
irradiation, lipid extraction, and treatment with 6 M urea on trabecular bone samples, through conventional mechanical tests and
measurement of the ultrasound wave propagation rate. Deteriorations measured for gamma irradiation and lipid extraction were
low: 2.4% and 2.5%, respectively, for ultrasound propagation wave measurements. They were clearly significant for protocol
including 6 M urea, corresponding to a loss of 30% in values measured in the control sample for the stress to failure, inciting
prudence when grafted bone is used for support in orthopedic assembly. High consistency in the results obtained between travel time
of the ultrasound wave, easily done, and measurement of stress to failure through conventional tests, favor the use of ultrasound

protocol, described as a quality test performed on bone grafts in the tissue bank before distribution and implantation.

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of human cancellous bone grafts is now
routine practice in orthopedic surgery, especially in hip
revision and tumor or trauma surgery. Transplanted
bone is obtained, in almost all cases from patients in
whom the femoral head was collected during total hip
arthroplasty, and is implanted after a safety of use
assessment, performed within a tissue bank.

As a result of the occurrence of new transmissible
diseases (bovine spongiform encephalopathy, hepatitis,
etc.), concerns regarding safety of bone grafts have
increased enormously over the last few years, in
particular in cases of non-vital procedures often invol-
ving young patients.

*Corresponding author. Tel.: +33-158-413-037; fax: +33-158-413-
115.
E-mail address: laurent.vastel(@cch.ap-hop-paris.fr (L. Vastel).

0142-9612/$ - see front matter © 2003 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2003.08.067

The need to maintain maximum safety has resulted in
the use of new sterilization methods [1-4] applied to
human bone, and in more systematic use of some
methods previously known for several years [5-7].
Currently, the most commonly used methods are
irradiation procedures (beta and gamma) [8], for
bactericidal and virucidal purposes, now used in some
processing methods with chemical agents (NaOH or
6M urea), with a view to denaturing unconventional
transmissible protein agents (PRION).

These processing methods may follow lipid extraction
(cleaning of non-mineralized tissue and excision of the
bone marrow), thus enabling optimization of these
procedures; lipid extraction according to some authors
[9] is reputed to promote the process of subsequent
osteointegration of the bone graft. Such processing
methods are likely to affect both the mechanical and
biological [2] properties of the trabecular bone.

However, in some cases, the mechanical properties of
the transplanted bone graft inevitably determine the
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short- and mid-term results of the procedure performed.
Thus, the aim of this study was to compare the effect
of different sterilization processing methods, currently
used in routine practice, on the mechanical properties
of trabecular bone through conventional mechanical
tests and measurement of the ultrasound wave prop-
agation rate. The treatments studied were: gamma
irradiation, mechanical lipid extraction, and treatment
with 6 M urea.

2. Material and methods
2.1. Source of the test bone

Eighteen femoral heads were collected from 14
cadavers of 19-60 years of age, free from any known
disease of the hip, in the context of multiorgan
collection. Femoral heads were frozen immediately after
excision. They were packaged without any additives in
sterile, airtight, triple water-resistant plastic package
and stored at —80°C until use.

2.2. Preparation of test samples

Considering interindividual variations in mechanical
properties, matched comparisons only concerned sam-
ples from a same femoral head [10,11].

Taking into account the mechanical property dis-
tributions in the cancellous bone of the femoral head
[12,13], matched samples were prepared from a re-
stricted central area of the head, in which homogeneous
mechanical properties could be supposed in native bone
(Fig. 1). In this area, and in each femoral head, four
cubes of identical volume were prepared, 9 mm thick.
Ancillary equipment enabled obtention of strictly
parallel 2 x 2 cutting planes. Seventy-two samples were
obtained consisting in 18 groups of 4 samples.

Fig. 1. Samples preparation, cut from a restricted central area of the
femoral head.

2.3. Processing methods applied

In each group of 4 samples from a given femoral head,
the samples underwent one of the following processing
methods:

The control sample did not undergo any additional
processing and was returned to the freezer at -80°C, in a
test tube with physiological saline.

Lipid extraction: The samples involved were cleaned
by pressure irrigation with physiological saline (90 bars)
and were then immersed in a solution of pure acetone
(50ml) for 17h in two successive baths. Then, the
samples were returned in a test tube of physiological
saline to the freezer.

Processing with 6 M urea: These samples underwent
the different steps of lipid extraction as described above.
They were then rinsed with pure water and immersed
successively in a detergent solution and in 6M urea
solutions for a total of 2 x 3h. After rinsing with pure
water they were finally dried under a hot (37°C) air
stream for 12h. Before the first tests they were
rehydrated in physiological saline during 3 h, and after
the tests they were kept in physiological saline at —80°C.

y-Irradiation: The samples involved were defrosted in
the test tube and then irradiated with a dose of 30 kGy
(from 29.3 to 36.3). They were then refrozen at —80°C.

2.4. A circular permutation between samples and
treatments was undertaken

y-Irradiation was attributed to sample A in the first
group, B in the second, C in the third, etc.

In each group of 4 samples, the 4 treatments
coexisted, and comparisons were realized between
treated samples and the control sample of the group.

2.5. Measurement of the ultrasound wave propagation
rate

The conduction rate was calculated, based on
measurement of the ultrasound wave travel time within
each sample. Each sample was directed to its reference
anatomical orientation, in order to undergo testing
aligned to the axis of transmission of body load stress in
the living subject. Its thickness was measured using a
micrometer (accuracy: 10 um). A Sofranel®™ apparatus,
model 5052 UA, operating in transmission mode, with a
distinct transmitter and receiver, at a 2.25-MHz
frequency, generated ultrasounds.

Measurement of transmission time was obtained after
parameterizing the apparatus with a 5-mm thick
Plexiglas puck.

These measurements were obtained after gradual and
complete defreezing of the sample (3h at room
temperature). The sample was then kept moist during
the different handling procedures. Measurement of the
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transmission time in the different samples was carried
out before and after processing.

Measurements before processing allowed us to
evaluate, by a non-destructive procedure, the potential
variations between test cubes from a given group of 4
samples from a same femoral head, and to validate the
model selected.

The measurements obtained after processing allowed
us to perform, for each sample, a matched comparison
of conduction rate before and after processing.

The samples were then returned to the test tubes filled
with physiological saline and refrozen at —80°C.

2.6. Mechanical tests

The machine used was a screw-filled tensile compres-
sion machine (Wolpert™). Each sample was deposited
on the plate of the machine according to its anatomical
orientation. Compression was applied at a rate of 2 mm
per minute, with the mobile plate beginning its travel at
a short distance from the sample but having acquired its
rate when contact was made with the upper aspect of the
sample. The machine sensors allowed measurement of
the travel and compression stress throughout the
procedure. An A/D card connected to a microcomputer
was used to store data. Acquisition (8 points/s) was
carried out using a special software specific to the card

The parameters studied were stress to failure,
deformation at the time of failure, and elasticity
modulus.

A non-parametric analysis of variance was performed
(two factors: Groups of 4 samples, treatment) for each
factor studied (Friedmann’s test). When the test was
positive, match comparisons were realized between each
treatment studied and Newmann—Keuls test was used.

The o risk was defined at 5% level.

3. Results

3.1. Data concerning the delipidation group was lost
as a consequence of a handling mistake

3.2. Results of measurements performed:

The mean results (+SD) are resumed in Table 1.

Before treatment, conduction rate at the time of
inclusion was not significantly different between the four
groups (p = 0.32). After treatment analysis of variance
was significant for each parameter.

For the Delta VC parameter, the Newmann—Keuls
test found a significant difference between the control
group and the treated groups (Fig. 2). The results of the
6M urea treated group were significantly different from
the other results obtained with the other treatment and
from the control group. No significant difference was
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Fig. 3. Mean results of the stress to failure in the different treated
groups.

found between the group treated by lipid extraction and
the irradiated group, but results were significantly
different in one part from those obtained with the 6 M
urea treated group, and from those obtained with the
control group in a second part. For the measurement of
deformation at the time of failure and stress to failure
(Figs. 3 and 4), 6 M urea was significantly different from
the others. No significant difference was observed
between irradiation, lipid extraction and the control
group.

4. Discussion

4.1. Measurements of rate of travel of the ultrasound
wave

Abendstein et al. [14] found a constant relationship
between the modulus of elasticity during compression
determined by ultrasounds and the modulus of elasticity
measured mechanically. Ideally, this formula can only
be applied if the acoustic length is clearly greater than
the mean diameter of pores and the dimensions of the

Fig. 4. Mean results of the deformation to failure in the different
treated groups.

surface area of a specimen value [15,16]. The value of the
stress to failure is also closely related to the propagation
rate measured [14]. Samples tested by these methods
should be of adequate length. Ashman [15] proposed
cubes of 12 mm on each side and advised against the use
of samples not allowing a propagation of at least 5 mm.
The transmission frequency used in our study, i.e.,
2.25MHz, corresponds to a I-mm wavelength, greater
than the mean diameter of pores in human trabecular
bone (0.1-0.5 mm). This value is similar to those used in
other published series, but it cannot claim to attain
Young’s modulus, considering the dimensions of the
sample that are greater than the acoustic wave length.

4.2. Test conditions

Samples were tested after complete gradual thawing
at room temperature. They remained moist throughout
all handling procedures. Conduct of all tests in a
continuous session before processing and then in a
continuous session after processing, for ultrasound wave
and for mechanical tests, allowed us to assume that
conditions for measurement remained constant. The



L. Vastel et al. | Biomaterials 25 (2004) 2105-2110 2109

lack of difference, regarding the ultrasound wave travel
rates within the samples collected from a given femoral
head, seemed to confirm that the choices made for
preparation of the samples were valid. The choice of
samples obtained from the central part of each femoral
head (oriented in accordance with their situation
in vivo), of small size, allowed the obtention of samples
with identical characteristics, which would not be
possible with samples of greater size. Thus mechanical
test comparisons could be conducted, with the control
sample, for each group of samples and liberation from
inter-subject differences could be ensured [10,12,17].

4.3. Mechanical tests

Because of the speed used in this study, which was less
than 10m/s, the effect of the fluid phase, on the results
obtained, need not be taken in account [18,19]. Stress
direction on the studied samples, being orientated in
accordance with its initial physiological situation, was
consequently identical for all the samples tested
[12,20,21]. Even though care was taken to grease the
machine plates, the stresses of friction on the interface
cannot be neglected—a reminder of the limits of any
mechanical compression test. However, the results
obtained were of the same order of magnitude as those
reported in the literature [13,18,20], and the aim of the
study was not to characterize trabecular bone as such,
but rather to evaluate the effect of different sterilization
processing methods on the mechanical properties of
processed trabecular bone tested under similar condi-
tions.

The protocol of rehydration and conservation be-
tween tests in physiological saline is questionable, but
constitutes the usual method applied in surgery, and the
protocol was identical for all the treatments tested,
particularly for delipidation and delipidation together
with 6 M urea treatment. The significant differences in
the results of mechanical tests, observed between these
two methods, cannot be attributed to the rehydration
protocol.

4.4. Discussion of the results

A high consistency in the results obtained was
observed between the measurement of travel time of
the ultrasound wave and those carried out in the setting
of mechanical tests: stress to failure and deformation to
failure. This consistency of results is in agreement with
the data in the literature [15,18,19].

Gamma irradiation at the doses used only slightly
altered the measurements performed on the bone, which
underwent processing. This result is consistent with the
rare data in the literature [4,8]: the latter do not mention
any significant effect of gamma irradiation at the doses
used in orthopedic practice. In our context, the

deterioration in the ultrasound wave conduction rate
was poor (2.4%), but significant. The results obtained
tends to demonstrate an effect of irradiation on
trabecular bone tissue, which is also detected by
conventional mechanical tests and which was not
previously reported.

Lipid extraction produced a significant decrease in the
acoustic conduction rate (2.5%); this variation was low
and was also measured by mechanical tests.

Processing with 6 M urea significantly deteriorated the
measurements performed on the bone which underwent
processing; the fall in the travel rate was nearly 6% and
the mean stress to failure showed important (34%) and
significant differences between the different groups.

Comparative results obtained with the two methods
used are consistent with a low structural deterioration
when using irradiation, slightly lower (and significant)
for lipid extraction, and high when processing with 6 M
urea. These hypotheses are compatible with the action
mechanism of the different processing methods used:
physical processing for irradiation, which, at the doses
used, does not greatly alter the protein structure of the
material exposed. Lipid extraction, thus weakly acti-
vates denaturing agents. Urea acts by deteriorating the
tertiary structure of proteins. At a 2M concentration, it
is already able to produce a major deterioration in
globular proteins [22]. Fibrillar proteins, such as type I
collagen, which is more resistant to the denaturing
process, can be deteriorated at concentrations as high as
those used (6M). This is in agreement with the
amplification observed for variations in the value of
the stress to failure, suggesting a processing-related
architectural deterioration, in relation to denaturing of
the collagen framework, which is not observed with
conventional treatments [4,8,23].

A high level of safety, including the process against
“unconventional” protein agents such as the prion,
necessarily alters the framework structure of treated
bone and reduces its mechanical properties.

At present, the trabecular allograft is most frequently
used in orthopedic surgery for acetabular reconstruction
in reinforcement of prosthetic total hip replacement.
The mean stresses tolerated by a hip are approximately
1-3MPa in the acetabulum [12,18,24,25], with peak
stresses which can reach up to 8.8 MPa [12]. The success
of reconstruction depends on the resistance of the
material employed to complete graft osteointegration:
this must occur within a sufficiently rapid time period,
i.e., less than the limits of resistance to fatigue of the
reinforcement material used. From a mechanical stand-
point, use of the reinforcement acetabular device seems
to be very important, particularly when treated bone is
used for the bone reconstruction.

From the standpoint of the tissue bank, such
processes will not be applied to produce solid
pieces when grafts are provided by old donors with
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osteoporosis [26], for example in the case of fracture of
the femoral neck.

5. Conclusion

Various deteriorations associated with processing
were following investigation of the mechanical proper-
ties of trabecular bone from human femoral heads and
evaluation of the effect of different sterilization proces-
sing methods. Measurement of the ultrasound wave
propagation rate in the samples revealed a deterioration
of 2.4% in the rate measured, compared to controls,
resulting from gamma irradiation at doses of 30kGy,
which was significant. It revealed deterioration of 2.5%
in the rate measured, which was significant, for lipid
extraction with acetone and alcohol. It revealed 5.9%
deterioration in the rate measured for complete proces-
sing with urea 6 M, which was highly significant. These
deteriorations resulted in the same effects when mea-
surement of the stress to failure was performed with
conventional mechanical compression tests. Although
these effects were significant, but low, for irradiation
and lipid extraction in the samples observed, they were
however clearly significant for urea 6 M, corresponding
to a loss of 30% in values measured in the control
sample for the stress to failure. In orthopedic surgery,
care must be taken when using some treated bone graft
with protocol including Urea 6 M, with systematic use of
reinforcement device or osteosynthesis. High consis-
tency in the results obtained between the measurement
of travel time of the ultrasound wave and measurement
of stress to failure incite us to use protocol with
ultrasound as a routine quality test which can be
performed before furnishing bone graft to the surgeon.
Maybe this test will allow us to extend indications of
bone procurement in multi-organ collection, particularly
in older donors.
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