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Mechanical and Architectural Changes in Animal Bone Following Fast
Neutron Irradiation

Eduardo Galiano, Jinlu Liu, Beide Ren, and Penghao Xu1
Abstract—Damage to healthy bone following exposure to ionizing ra-
diation has been well documented for at least seven decades. Among
the reported effects are a transient increase in stiffness and a reduc-
tion in breaking strength. These changes have been linked to a de-
crease in osteoblast proliferation and differentiation, inducing cell cy-
cle arrest, reducing collagen production, and increasing sensitivity to
apoptotic agents. In this work, we analyzed some mechanical and
structural changes in compact costal bovine bone (Hereford breed,
n = 9) subjected to escalating doses of fast neutrons from a 7Li(p,
n)7Be reaction. The mean neutron energy was 233 keV with calcu-
lated absorbeddoses ranging from0 to 4.05 ± 10%Gy. Sampleswere
subjected to Young’s Modulus (YM) and breaking strength testing
with a Universal Testing Machine (UTM). We found an increase in
Young’s Modulus and a decrease in breaking strength as functions
of increasing dose equivalent. Optical coherence tomography
(OCT) revealed trabecular displacement into compact bone in an ir-
radiated sample (D = 4.05 ± 10% Gy), with breaching of the end-
osteal wall. OCT further revealed a “crack-like” structure across
the irradiated sample, potentially consistent with damage from a
proton track resulting from an elastic (n,p) reaction. No previous
report has been found on mechanical changes in large mamma-
lian bones following fast neutron doses, nor of the OCT imaging
of such samples.
Health Phys. 127(2):298–305; 2024
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INTRODUCTION

DAMAGE TO healthy bone following radiation therapy in-
creases the risk of fracture among long-term cancer survi-
vors. For example, women treated for various pelvic tumors
have been shown to have a greater than 65% increased inci-
dence of hip fracture 5 y after treatment (Wiley et al. 2011).
Another scenario—for which there is limited understanding
—is the potential long-term negative impact on skeletal
health associated with extended spaceflight. This is a rele-
vant consideration, given the political commitments that
several nations (i.e., China, India, the Russian Federation,
the EU, and the US) have made to send human expeditions
to Mars within the next 20 to 30 y (Lang et al. 2004). The
absorbed doses for a proposed 2-y expedition are not insig-
nificant; the estimated tissue dose equivalent rates (from
cosmic radiation) are between 1.0 to 2.5 mSv d−1, with a
significant fraction due to fast neutrons from inelastic pro-
ton scattering in spacecraft structural components (NCRP
2000). This excludes an additional estimated dose equiva-
lent of 1.0 to 2.0 Sv that a solar particle event or “solar flare”
lasting 8 to 24 h would contribute.

In healthy animal bones irradiated to such doses, tra-
becular enlargement has been reported (Wlliams et al.
2006). Nyaruba et al. reported a significant loss in stiffness
(increased elasticity) in rodent bones exposed to high doses
of x-rays but found no change in breaking strength
(Nyaruba et al. 1998). Mitchell and Logan reported signifi-
cant loss of trabecular architecture in the bones of patients
receiving photon radiotherapy (Mitchell and Logan 1998).
In terms of loss of mechanical integrity of bone in mice fol-
lowing irradiation, Alwood and collaborators reported that a
2.0 Gy dose of heavy ions caused a loss of vertebral stiffness
as tested by compression loading (Alwood et al. 2010), and
Wernle et al. reported a reduction of breaking strength (in
compression) of femora following a 12.0 Gy dose of x rays
(Wernle et al. 2010). Very recently, Wei et al. reported a re-
duction in the breaking strength (in compression) of the
tibia in Sprague-Dawley rats exposed to 7.0 Gy of absorbed
dose of x rays with Eeff ~ 53 keV (Wei et al. 2023).

From a mechanistic point of view, it has been proposed
that x rays cause mechanical and architectural changes in
bone by decreasing osteoblast proliferation and differentia-
tion, inducing cell cycle arrest, reducing collagen produc-
tion and increasing sensitivity to apoptotic agents (Gal et al.
2000). Halliwell and collaborators reported that approxi-
mately two-thirds of the radiation damage to DNA in mam-
malian osteocytes is caused by the hydroxyl radical as it
www.health-physics.com
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reacts amply with ubiquitous organic molecules found
in the hydroxyapatite matrix (Halliwell et al. 2021). Osteo-
radiogenic effects are, however, at least partially reversible.
For example, Wei and collaborators recently demonstrated
that cerium oxide not only retards loss of bone architecture
and strength following x-ray absorption but in fact promotes
de novo osteogenesis (Wei et al. 2023).

The most important mechanism by which fast neutrons
transfer energy to tissue is through elastic collisions with
hydrogen nuclei. This is because hydrogen is the most abun-
dant element in tissue—and in such collisions, half of the
incident neutron energy is transferred to the recoiling hydro-
gen nuclei, as given by the equation:

Etr ¼ 2E0MTmn

MT þmnð Þ2 , ð1Þ
where Etr is the mean energy transferred, E0 is the incident
neutron energy, MT is the mass of the target nucleus, and
mn is the neutron mass (Martin 2006). Therefore, the
heavier the recoiling nucleus, the less efficient the transfer
of energy. For example, in the cases of carbon, nitrogen,
and oxygen interactions, only 14%, 12%, and 8% of the in-
cident energy is respectively transferred to the recoiling nu-
cleus. In the unlikely event of a second collision (with a hy-
drogen nucleus), only 25% of the original incident energy is
available for transfer, justifying the validity of First Colli-
sion Theory in biomedical applications, such as the present
work. More specifically, a 250-keV neutron—the mean en-
ergy in our beam—has an absorption coefficient in tissue of
approximately 0.2 cm−1, which results in a mean free path
of ~5.0 cm (Adair 1950). A relevant question that arises is
the extent of the g dose to tissue in a fast neutron field
due to radiative capture (n,g) reactions within the irradiated
tissue itself. Precise measurements at incident neutron ener-
gies of 500 keV—energies relevant to the present work—
revealed this contribution to be about 1.5% of the total
dose (NBS 1957).

These results further justify ignoring this component of
the g dose in overall dose considerations. Furthermore, in
fast neutron beams in tissue, kerma, and absorbed dose
are essentially indistinguishable given that the range of re-
coil products (hydrogen or heavier nuclei) is of the order
of a micron. Therefore, charged particle equilibrium is rap-
idly established, and radiative bremsstrahlung losses can be
ignored as the cross section for heavy particles is negligibly
small. The computed neutron fluence to produce a dose
equivalent of 1.0 Sv in soft tissue at 233 keV (mean neutron
energy of our beam) is 4.03� 109 n cm−2 (NCRP 1997). In
order to compute the corresponding fluence for cortical
bone, this soft tissue fluence is multiplied by the (cortical)
bone-to-soft tissue neutron kerma ratio at 233 keV:
www.health-phy
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which was reported by Caswell and collaborators as 0.702
(Caswell et al. 1980). The calculated fluence to produce a
dose equivalent of 1.0 Sv in (cortical) bone is then
2.83 � 109 n cm−2.

Mechanical changes in animal bones following expo-
sure to ionizing radiation have been reported for at least
six decades. However, no reports were found in the litera-
ture specifically addressing mechanical or architectural
changes in larger mammalian bones exposed to fast neutron
fields, which is the question we address in this work. It is a
relevant question, considering that fast neutrons can have
rather high Q values (~5 to 10) and are insensitive to the
protective oxygen effect associated with photons (Hall and
Gaccia 2006).
MATERIALS AND METHODS;

In our work, 2.3 MeV protons were incident on a thick
lithium target in a 7Li(p,n)7Be reaction. Its reaction cross
section has a threshold at Ep = 1.88 MeVand a broad reso-
nance at 2.2MeV, which makes it possible to produce ~1010

n s−1 at moderate proton currents (Liskien and Paulsen
1975). In contrast to other neutron production reactions
such as the 9Be(p,n) or 2H(d,n) reactions, the neutron spec-
trum from the 7Li(p,n) reaction is relatively soft and there-
fore better suited for the irradiation of biological samples
(Kononov et al. 2006). Lee and Zhou reported extensive
computational work on this reaction (Lee and Zhou 1998).
In essence, they integrated the thick target differential neu-
tron yields over both neutron energy and solid angle to ob-
tain the total neutron yields for the various incident proton
energies. For a 2.3-MeV incident proton energy on a thick
Li target, they reported a computed neutron yield of
5.78 � 1011 n mC−1 of charge deposited on target, with
maximum and mean energies of 573 keV and 233 keV,
respectively. The broad resonance centered at ~2.2 MeV
results in significant gains in both neutron yields and en-
ergies. For example, from Ep = 1.90 MeV to 2.30 MeV,
neutron yield increases by a factor of 40, and mean neu-
tron energy increases from 38 keV to 233 keV (Matysiak
et al. 2011).

Fig. 1 shows a diagram of the target cavity of the
McMaster University Tandetron electrostatic accelerator
used for this work, located in Hamilton, ON, Canada. The ir-
radiation facility was built for biomedical applications, and
detailed descriptions of the design and operating parameters
of the accelerator and irradiation cavity have been reported
elsewhere (Pejovic-Milic et al. 2006). Fast neutrons are pro-
duced via the 7Li(p,n) reaction with Ep = 2.3 ± 0.01 MeV.
A Pb filter is positioned upstream of the irradiated specimen
sics.com
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Fig. 1. Diagram of the target cavity of the McMaster University
Tandetron electrostatic accelerator (adapted from Byun et al. 2007).
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to further reduce the residual g dose contributed by the com-
peting 7Li(p,p’g) reaction. Using a tissue-equivalent propor-
tional counter, the neutron absorbed dose in the irradiation
cavity has been previously reported (Darvish-Molla et al.
2015). Using Monte Carlo methods, these authors calculated
an effective Q value for the neutron field of ~8.5
(Ep = 2.3 MeV), resulting in a reported neutron dose equiva-
lent in soft tissue of 0.9363 ± 10% mSv per mA-min of
charge deposited on the Li target. Multiplying by the bone-
to-soft-tissue neutron kerma ratio (at 233 keV, the mean neu-
tron energy) of 0.702 (Caswell et al. 1980) results in a neu-
tron dose equivalent per deposited charge (on target) of
0.674 ± 10%mSv/mA-min, for compact (cortical) bone. Fur-
thermore, these authors confirmed the earlier reports that the
g dose for this reaction is ~1% of the neutron dose (Tochilin
et al. 1956; NBS 1957).

Power analysis using nine samples in an experimental
group results in an approximate confidence level of 93.1%
in the detection of a statistically significant change in the
mechanical properties of bone exposed to fast neutrons
(Bevington and Robinson 2003). This level of confidence
was considered satisfactory for the purposes of this work.
Bovine Hereford breed costal bone samples were harvested
from commercially available, human-consumption-approved
meat samples purchased at a local grocer in the Hamilton,
ON, Canada area. All samples were initially baked at 200 °C
for 60 min. The tissue samples were mechanically deboned
and re-baked at 400 °C for 1 h, followed by oven drying at
65 °C for 48 h, and varnishing—a commonly used preparation
technique for bony specimens (Kim et al. 2004). Nine samples
from two adjacent costal (rib) bonesweremachined to approx-
imately 3.0 cm � 3.0 cm in frontal area and 2.0 cm in width
using a Dremel moto tool (Dremel Model 4300-9/64 High
Performance Variable Speed Rotary Tool; Dremel Inc., Ra-
cine, WI). A special balsa wood jig was built to support the
samples during irradiation. One control sample received zero
www.health-phy
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radiation dose. All irradiationswere carried out at theMcMaster
University electrostatic Tandetron accelerator (Van de Graaf 3.0
MV model KN3000, HVEC; Amerstfoord, The Netherlands).
The other eight samples were subjected to 1.0 min,
3.0 min, 5.0 min, 7.0 min, 9.0 min, 11.0 min, 13.0 min,
and 15.0 min of beam time (±2.0 s) at a proton current of
400 mA and a beamline pressure of 3.0 � 10−7 Torr. In-
duced activities producing up to ~2,000 cpm 1.0 cm from
the samples were recorded. All irradiated samples were
allowed to cool down for 24 h before proceeding with
mechanical measurements.

Young’s Modulus (YM) is a physical parameter that
quantifies the elasticity of a solid. It is formally defined as
the ratio of the solid’s stress to its strain, under a progres-
sively applied compressive—or tensile—load. It is the
physical analogue of Hooke’s constant for a spring, applied
to a solid (Zinke-Allmang et al. 2017). Breaking strength
(BS) is the minimum axial force required to induce mechan-
ical failure of the solid, and clearly its measurement is de-
structive in nature. It is common practice in the engineering
testing of materials to acquire YM and BS data simulta-
neously using a Universal Testing Machine (UTM). This
machine consists of a hydraulic piston that compresses (or
stretches) the sample at a carefully controlled rate, recording
sample compression and applied force up to the point of
failure. Based on sample geometry, stress-strain data are
generated, and Young’s Modulus is extracted by a “best-fit
of the slope” algorithm (Galiano and Lapointe 2019). The
machine automatically produces a stress-strain curve, a best
fit value of YM (in metric units of MPa), and a breaking
strength (BS) value (in metric units of N). All samples
(n = 9) were subjected to destructive compressional YM
and BS measurements along the longitudinal cortical axis
with a 500 kN machine (MTS Criterion Series 40 Electro-
mechanical Universal Testing Machine; MTS, Eden Prairie,
MN). Fig. 2 illustrates a bone sample undergoing compres-
sional testing in the UTM. During testing, one of the bovine
samples was accidentally destroyed before useful data could
be generated; therefore, data were only generated for eight
samples. As an expected outcome of this type of testing,
all samples were destroyed in the process, and therefore this
was the last procedure requiring pristine samples in our in-
vestigations. Subsequent microscopy work was performed
with remaining fragments of the samples.

Optical coherence tomography (OCT) is a recently in-
troduced interferometric tomographic imaging technique
using visible—or near visible—wavelengths. Due to its in-
terferometric nature, it is inherently non-diffraction limited.
Therefore, it achieves submicron resolution comfortably,
approaching that of conventional electron microscopy
(Bizheva et al. 2017). The use of relatively long wavelength
light allows it to sample much deeper inside the specimen
than comparable conventional techniques such as optical
sics.com
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Fig. 2. Bone sample undergoing compressional testing on the UTM.
Note the use of acrylic shield to protect personnel from possibility of
explosive structural failure of specimen!

Fig. 3. Bone specimen undergoing imaging in OCT apparatus.
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confocal microscopy or scanning/tunneling electron mi-
croscopy (Harper et al. 2018). OCT imaging of two samples
was undertaken; a control sample that received zero dose,
and an experimental sample that received a maximum dose
corresponding to 15.0 min of beam time (D = 4.05 ± 10%
Gy). Imaging parameters were the following: effective focal
length = 33.0 mm; working distance = 25.1 mm; image size
1,500 � 500 � 349 pixels in x, y, and z axes, respectively;
FOV = 3.00 � 1.00 � 1.20 mm in x, y, and z axes, respec-
tively; and voxel size of 2.00 � 2.00 � 3.43 nm in the x, y,
and z axes, respectively. The apparatus with a specimen un-
dergoing imaging is shown in Fig. 3 (OCT Telesto Series
TEL221PS; Thorlabs, Newton, NJ).
RESULTS

All numerical data are presented as mean ± standard
deviation. Statistical analysis was carried out using
GraphPad Prism (version 8.0), and groups were compared
using one-way analysis of variance (ANOVA) and a
post-hoc Mann Whitney U test. P values < 0.05 were con-
www.health-phy
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sidered significant, consistent with generally accepted stan-
dards in biomedical statistical treatments (Bevington and
Robinson 2003).

Multiplying the 400mA beam current by the bone neu-
tron equivalent dose conversion factor of 0.674 ± 10%mSv/
mA-min (Davish-Molla et al. 2015; Caswell et al. 1980) re-
sults in calculated absorbed doses (multiplied by an RBE or
Q factor of 8.5) of 0.28 Gy, 0.81 Gy, 1.89 Gy, 2.48 Gy,
3.07 Gy, 3.51 Gy, and 4.05 Gy for 1.0 min, 3.0 min,
7.0 min, 9.0 min, 11.0 min, 13.0 min, and 15.0 min of beam
time exposure, respectively (all doses ±10%).

A representative compressional stress-strain curve is
presented in Fig. 4—specifically that of the control sample
(zero dose). Note the highly linear strain (r2 = 0.9799) with
respect to the applied stress in the 0.5 mm to 0.9 mm range,
with some evidence of initial molecular “slipping” in the
hydroxyapatite crystal at an applied force of 20 kN, corre-
sponding to a strain (compression) ~0.95 mm. Sudden and
complete failure occurs at ~22 kN of applied force at a strain
level of ~1.1 mm. Other samples of bovine bones exhibited
generally similar stress/strain behavior.

In Fig. 5, Young’s Modulus vs. dose for all samples
(n = 8) is presented. There is a generally increasing stiffness
in bone as a function of dose. A linear-least-squares fit re-
veals substantial scatter (r2 = 0.11) with small uncertainties;
all error bars are contained within the data points. The ex-
perimental error for each data point is taken as the measure-
ment accuracy of the UTM, as stated by the manufacturer.
These measurements are consistent with results reported
by Wernle et al. (2010), who reported a transient increase
in stiffness of distal femora in mice within 2 wk following
5.0 and 12.0 Gy single fraction x-rays doses. The investiga-
tors proposed that this transient effect is associated with an
observed initial increase in cortical volume concurrent with
significant ablation of trabecular components. The effect
was completely reversed by 12 wk post irradiation
sics.com
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Fig. 4. Stress-strain curve for control sample (zero dose). Complete and sudden failure occurs at ~22 kN of applied force.
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(Wernle et al. 2010). In Fig. 6, the breaking force vs. dose
for the samples is presented. A least-squares fit reveals a
generally decreasing breaking strength with increasing dose,
with reasonable scatter for biomedical data (r2 = 0.39; Frost
2020). Again, the uncertainties are small, with the error bars
fitting within the data points. A reduction in breaking
strength as a function of increased photon dose in mice has
been well documented over the course of at least two decades
(Nyaruba et al. 1998; Gal et al. 2000;Wernle et al. 2010;Wi-
ley et al. 2011; Halliwell et al. 2021; Wei et al. 2023). No re-
ports were found in the literature regarding the effects of fast
neutrons on stiffness or breaking strength in bones of
larger mammals.

Micron resolution axial 1.0-mm � 3.0-mm tomo-
graphic OCT scans of the endosteal wall separating cortical
Fig. 5. Young’sModulus vs. dose for samples (n = 8). Note increasing stiffne
bars contained within the data points.

www.health-phy
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from trabecular bone of the control sample (zero dose), and
a 15-min beam time experimental sample (D = 4.05 ± 10%
Gy) are presented in Fig. 7a and b, respectively. In the con-
trol sample, the integrity of the endosteum (diagonal linear
structure from upper left to lower right) appears conserved,
consistent with normal endosteal architecture. In the exper-
imental sample, the integrity of the wall is breached to such
an extent that at least one trabecula has been physically
displaced into compact bone. The extent of the breach of
the endosteal wall is better appreciated in the sagittal plane.
Fig. 8a and b are deep sub-micron sagittal tomographic
scans of the endosteal walls of the control and experimental
samples, respectively. The extent of the breach of the wall
and the trabecular displacement are evident. Two reports
were found in the literature suggesting the theoretical
ss in bone as a function of dose equivalent. Assumed RBE = 8.5. Error

sics.com
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Fig. 6. Compressional breaking force vs. dose for samples (n = 8). Note generally decreasing breaking strength as a function of dose equivalent.
Assumed RBE value = 8.5. Error bars contained within the data points.
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possibility of trabecular displacement into compact bone,
both based on mathematical models of mechanical loading
of bones (Ladd et al. 1998; Burr et al. 2002). However, no
experimental reports of trabecular displacement of this type
following fast neutron irradiation were found.

A deep, sub-micron resolution, three-dimensional vol-
umetric reconstruction of the cortical region of the same ex-
perimental sample (D = 4.05 ± 10%Gy) is presented in Fig.
9. The image was rotated through a specific angle to high-
light the linear “crack-like” structure across the sample, po-
tentially consistent with damage from a proton track
resulting from an elastic (n,p) reaction. The suggestion is
plausible given the approximate 2 mm range of a 200-keV
proton (roughly the mean neutron energy in our beam) in
compact bone (Berger et al. 2017). No such crack-like
structures were found in the control sample. Electron photo-
micrography of proton tracks in biological samples has been
previously reported (Fokas et al. 2009). However, no reports
of OCT imaging of proton damage in biological samples
were found in the literature.
Fig. 7. Left and right, respectively: (a) Axial OCT scans of the endosteal
(D = 4.05 ± 10%Gy) experimental sample respectively. Note loss of wall inte
ment into compact bone.

www.health-phy
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DISCUSSION

In this initial work, which is limited in scope, we report
on somemechanical and architectural changes in bovine cos-
tal bone samples exposed to a fast neutron field. Among
these, we report an increase in the stiffness of cortical bone
as quantified by the Young’s Modulus within days (n ≤ 7)
following irradiation of the samples. A comparable transient
increase in bone stiffness in rodents following photon doses
has been reported (Wernle et al. 2010). However, no reports
were found on the effects of fast neutrons on bone elasticity
in animals. The effect is transitory, with a reported reversion
interval of 12 wk. It has been proposed that this transient ef-
fect may be associated with an observed initial increase in
cortical volume despite significant ablation of trabecular
components (Wernle et al. 2010). We also report an overall
reduction in the compressional failure (or breaking) strength
as a function of increasing dose in our samples, generally
consistent with previous reports of decreasing breaking
strength in rodent bones with increasing photon doses
(Nyaruba et al. 1998; Gal et al. 2000; Wernle et al. 2010;
wall of control sample (zero dose), and (b) a 15-minute beam time
grity in the experimental sample, with evidence of trabecular displace-
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Fig. 8. Left and right, respectively: (a) Submicron endosteal wall sagittal OCT scans of control (left) and (b) experimental (right) samples. In the
control sample, lighter region to the right is trabecular bone, darker region to the left is compact (cortical) bone. Note the relative integrity of the
vertical boundary between the two regions. Image on right is experimental sample (D = 4.05 ± 10% Gy). Note loss of integrity of the boundary,
with trabecula clearly breaching the boundary and projecting into compact (cortical) bone.
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Wiley et al. 2011; Halliwell et al. 2021; Wei et al. 2023). No
previous reports were found on the effects of fast neutrons on
breaking strength in animal bones.

Optical coherence tomography (OCT) scans and de-
rived volumetric reconstructions of the samples are pre-
sented. In particular, tomographic evidence of trabecular
displacement into compact bone following fast neutron
dose is presented. A scan of a crack-like structure in
the sample that absorbed the highest equivalent dose
(D = 4.05 ± 10% Gy) consistent with a possible recoil
proton damage track is presented. No such structurewas ob-
served in the control (zero dose) sample. Electron photomi-
crography of proton tracks in biological samples has been
previously reported (Fokas et al. 2009). However, no reports
were found of OCT imaging of mammalian bones irradiated
with fast neutrons.

In evolutionary terms, costal bones were not adapted to
offer resistance to compressional loads; rather, their adap-
tive pathway optimized resistance to shearing loads to pro-
tect inner thoracic organs such as the heart and lungs. In this
work, we did not test for changes in the shear moduli of the
Fig. 9. Sub-micron resolution three-dimensional volumetric reconstruc-
tion of compact bone in the experimental sample (D = 4.05 ± 10% Gy).
The crack-like structure in the upper left is potentially consistent with
damage from a recoil proton resulting from an elastic (n,p) reaction.
(units given in mm).
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samples, a physiologically relevant parameter. In our work,
the number of samples analyzed was limited (n = 9); there-
fore, follow-up work with larger numbers of samples is war-
ranted. We are presently extending our work to porcine
(Yorkshire breed) costal bones and shall report our observa-
tions at a future date.

We underscore that the manufacturer-quoted instru-
mental uncertainty (or experimental error) for a specific
measurement on the UTM only refers to the uncertainty of
the given data point. This is not equivalent to the uncer-
tainties in either Young’s Modulus or the Breaking Force,
which would have required, for example, testing multiple
samples from a given bone irradiated to a constant dose, av-
eraging them together, and reporting the standard deviation.
An alternative approach would have been to test multiple
samples taken from the same bone but from different
animals—irradiated to a constant dose—averaging them to-
gether and reporting the standard deviation. However, due
to budgetary constraints limiting our access to accelerator
beam time, we were unable to pursue such strategies. This
resulted in a degradation in the statistical power of the re-
sults reported in this work.
CONCLUSION

A dose-dependent transient increase in stiffness as
measured by compressional Young’s Modulus, as well as
a decrease in compressional breaking strength, are associ-
ated with fast neutron doses in the range of 0.28 to
4.05 ± 10% Gy in bovine cortical costal bone. This appears
to be the first report on mechanical changes in cortical
bone associated with fast neutron dose in large mammals.
Trabecular displacement into compact bone is associated
with fast neutron dose (D = 4.05 ± 10% Gy), as demon-
strated by OCT scanning. No previous reports were found
associating this type of trabecular displacement with fast
neutron dose. Further, OCT scanning revealed the exis-
tence of a crack-like structure in an irradiated sample
(D = 4.05 ± 10% Gy), consistent with damage associated
with a scattered proton. This appears to be the first report
sics.com
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of OCT analysis of the effects of fast neutron exposure in
larger mammalian bones.
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