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Abstract

Radiation therapy (RTX) is associated with increased risk for late-onset fragility fractures in bone
tissue underlying the radiation field. Bone tissue outside the RTx field is often selected as a
“normal” comparator tissue in clinical assessment of fragility fracture risk, but the robustness of
this comparison is limited by an incomplete understanding of the systemic effects of local
radiotherapy. In this study, a mouse model of limited field irradiation was used to quantify
longitudinal changes in local (irradiated) and systemic (non-irradiated) femurs with respect to
bone density, morphology, and strength. BALB/cJ mice aged 12 weeks underwent unilateral
hindlimb irradiation (4x5 Gy) or a sham procedure. Femurs were collected at end points of 4 days
prior to treatment, and 0, 1, 2, 4, 8, 12, and 26 weeks post-treatment. Irradiated (RTX),
Contralateral (non-RTx), and Sham (non-RTx) femurs were imaged by micro-computed
tomography and mechanically tested in three-point bending. In both the RTx and Contralateral
non-RTx groups, the longer-term (12-26 week) outcomes included trabecular resorption, loss of
diaphyseal cortical bone, and decreased bending strength. Contralateral femurs generally followed
an intermediate response compared to RTx femurs. Change also varied by anatomic compartment;
post-RTx loss of trabecular bone was more profound in the metaphyseal than the epiphyseal
compartment, and cortical bone thickness decreased at the mid-diaphysis but increased at the
metaphysis. These data demonstrate that changes in bone quantity, density, and architecture occur
both locally and systemically following limited field irradiation and vary by anatomic
compartment. Furthermore, the severity and persistence of systemic bone damage following
limited field irradiation suggest selection of control tissues for assessment of fracture risk or
changes in bone density following radiotherapy may be challenging.
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INTRODUCTION

Radiation therapy (RTX) is a clinically effective component of oncologic care. However,
late-onset bone fragility fractures are a complication in 4-33% of survivors.(14) Post-
radiotherapy fragility fractures—which occur months to years after treatment in otherwise
healthy bone that was included in the radiation field—are difficult to predict in part due to an
incomplete understanding of the pathophysiology of irradiated bone.

Following radiotherapy, local bone tissue is characterized by trabecular resorption,
decreased cellularity, and marrow adiposity.(3>7) By contrast, although low bone mineral
density (BMD) has been strongly associated with bone fragility in osteoporosis, clinical
studies following cancer survivors treated with radiotherapy have not demonstrated a
consistent connection between irradiation and decreased bone mass or density within the
irradiated field in human studies.(7:8) This lack of mass-strength correlation contributes to
the difficulty in accurately predicting post-radiotherapy bone fractures in clinical settings.

The occurrence of post-radiotherapy bone fragility fractures in the absence of osteopenia
suggests that reduction in bone quality (material strength) or bone tissue distribution
(geometry) may also contribute to post-radiotherapy fracture risk. Animal models have been
used extensively to characterize the effects of limited field or focal irradiation on bone
pathophysiology. A consistent pattern of increased osteoclastic resorption(®-11) followed by
loss of trabecular bone has emerged.(12-14) Bone density is not consistently decreased in
irradiated animals, although a consistent pattern of radiation-induced alterations to the tissue
matrix has emerged, including increased trivalent:divalent collagen crosslink ratios,
formation of pathologic glycation end products, and overly-aligned mineral and collagen
phases.(1215-18) Bjomechanical studies have indicated that changes in bone morphology and
mineral content alone do not fully explain post-radiotherapy bone fragility, suggesting a role
for material embrittlement.(19) Several aspects of radiation damage to bone remain
uncharacterized, including: a direct comparison of changes in structural, material, and
geometric properties; the temporal progression of bone damage; the extent to which
systemic or abscopal effects (responses in tissues distant to the treatment field) occur; and
how bone remodeling differs across anatomic compartments. Wright et al. demonstrated
decreased bone volume fraction and trabecular thickness in contralateral non-irradiated
tibias at a single time point, one week following single hindlimb irradiation of 2 Gy.(13)
Similarly, Zou et al. report decreased tissue mineral density in both irradiated and
contralateral non-irradiated tibias of rats twelve weeks after a single 20 Gy fraction of
radiation.(20) Bending strength was decreased only in the irradiated femur at 12 weeks, and
longitudinal responses were not documented. These data indicate that changes in bone
quantity, density, and mechanics are temporally complex, potentially variable by anatomic
site, and entangled with changes in morphology and tissue quality.

The goal of this study was to quantify the longitudinal effects of limited field irradiation on
the morphology and strength of irradiated femurs, contralateral (non-irradiated) femurs, and
sham (non-irradiated) control femurs. Using a mouse model of fractionated unilateral
hindlimb irradiation, we evaluated changes in trabecular and cortical bone architecture and
density at time points ranging from zero to twenty-six weeks post-irradiation. Whole bone
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and material strength of irradiated, non-irradiated contralateral, and sham-treated femurs
were determined using three-point bending tests at each end point. This mouse model of
limited field, fractionated radiotherapy is well established and replicates many aspects of the
established human pathologic responses to irradiation including osteocyte death, trabecular
bone resorption, marrow adiposity, and increased bone fragility.(®:6.:13.19.21)

We hypothesize that RTx will reduce bone quantity (size, volume fraction), tissue density in
multiple compartments of the femur, and reduce femur and cortical bone strength compared
to control (non-irradiated sham) femurs. We further hypothesize that the contralateral (non-
irradiated) limb of the irradiated mouse will also have diminished morphology and
mechanics parameters. Because there will likely be multiple factors that contribute to overall
femur strength, we hypothesize that femur bending strength and post-yield displacement will
depend on bone cross-sectional size, diaphyseal tissue mineral density, and the irradiation
status of the bone.

METHODS

Fractionated Hindlimb Irradiation Model

All experiments were approved in advance by the Institutional Animal Care and Use
Committee, in accordance with the guidelines of the US Public Health Service (Assurance
#A3514-01). Female BALB/cJ mice were purchased from Jackson Labs (Bar Harbor, ME) at
six weeks of age, and randomly assigned to treatment groups (n=160 mice, with n = 10/
group/time point, except for n = 12 at weeks 12 and 26 for the RTx/Contra and week 26 for
Sham mice). Throughout the study, animals were maintained in community housing (h <5
mice per cage) in an AAALAC-accredited facility and supplied with water and pellet chow
(Formulab Diet 5008, LabDiet, St. Louis, MO) ad /ibitum. Investigators were not blinded
during animal handling or body weight measurements.

At twelve weeks of age, mice were anesthetized using ketamine/xylazine (100/10 mg/kg IP,
#501090/51004, MWI Veterinary Supply, Boise ID), and placed under a 4 mm thick lead
shield with the right limb extended beyond the shielding to allow for limited field radiation
(Figure 1A). The mice were subjected to unilateral hindlimb irradiation using four
consecutive daily doses of 5 Gy(10.22) from a collimated X-ray source (225kV beam at
17mA, Faxitron MultiRad 225, Faxitron Bioptics, Tucson, AZ). The contralateral hindlimb
served as a non-irradiated control. Dosimetry for the lead shielding revealed a dose of less
than 0.11 Gy penetrated the shielding during each 5 Gy radiation exposure. A second group
of mice underwent a mock irradiation (Sharm) procedure in which they were subjected to the
same treatment protocol (handling, anesthesia, recovery) excluding actual irradiation. There
were four animal deaths that occurred in the RTx group during the fractionated irradiation
treatment period as a result of anesthesia complications. Body mass did not significantly
differ between treatment groups at any time point (Figure 1B).

This mouse hindlimb irradiation model mimics several key aspects of clinical radiotherapy,

including use of X-rays as the ionizing radiation source, dose fractionation, and treatment of
a limited field. The biologically equivalent dose for this treatment protocol was calculated to
be 55.7 Gy using the linear quadratic method and assuming an a./p of 2.8 for late-responding
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normal tissues.(15:23.24) This is in the range of doses used to treat breast cancer metastases to
bone, but below that used to treat chondrosarcoma.(?526) Unilateral hindlimb irradiation
exposes a larger percentage of the mouse’s body to irradiation than occurs in most clinical
radiotherapy. This hindlimb exposure, however, enables direct biomechanical testing of the
bone in multiple loading modalities, something to which focal irradiation of mouse bone is
not conducive.

At one time point prior to the first day of irradiation (-0.6 weeks) and at 0, 1, 2, 4, 8, 12, and
26 weeks after the last radiation dose or sham procedure, the mice were euthanized using
CO», asphyxiation. The femurs were disarticulated, stripped of soft tissues, wrapped in gauze
soaked with saline, and stored at -80°C.

Bone Morphology Measures

Femurs were imaged using micro-computed tomography (UCT 40, Scanco, Briittisellen,
Switzerland) at a voxel resolution of 12 um over the length of the bone. A lower global
threshold of 654 mg HA/cm?3 was used to segment bone. Following image reconstruction,
four regions of interest (ROI) were evaluated (Figure 1C) using the Scanco software (3D
measures) or NIH ImageJ (2D measures). These four ROIs were chosen to represent the
main compartments of the femur exposed to the radiation field including the diaphysis,
cortical and trabecular metaphysis and epiphyseal metaphysis. The proximal femur was not
included in the analysis, because it was not directly in the radiation field. The uCT scans
were contoured and evaluated under blinded conditions by a single laboratory technician
(ND2Z). Cortical area (Ct.Ar), mean cortical thickness (Ct.Th), and total bone area (Tt.Ar,
endosteal + cortical area) were calculated for diaphyseal cortical bone at 50% of the femur
length. The Ct.Ar and Ct.Th for the metaphyseal cortical bone was measured in a 0.12 mm
thick section located 0.05 mm proximal from the superior aspect of the distal femur growth
plate. Bone volume fraction (BV/TV), trabecular number (Th.N), trabecular thickness
(Th.Th), and connectivity density (Conn.D) was determined for a volume of metaphyseal
trabecular bone located 0.05 mm proximal to the growth plate with an axial length of 3% of
femur length. The same trabecular morphology measures were made for the epiphyseal
trabecular bone located immediately proximal to the intercondylar groove and distal to the
growth plate (2.8% of femur length). Tissue mineral density (TMD) was determined for the
diaphyseal (cortical), metaphyseal (trabecular), and epiphyseal (trabecular) regions. It should
be noted that trabecular TMD measures generally require trabeculae that are at least 5 voxels
thick (60 pum) in order to allow sufficient volume for accurate TMD determination,¢”) While
the majority of the epiphyseal trabecular bone meets this criterion, the metaphyseal bone is
often only ~4 voxels thick (40-50 pum) making these TMD values less reliable. They are
reported here with the understanding that relative comparisons between the treatment groups
may be of value, but the absolute measure may not be accurate.

Mechanical Testing

Three-point bend tests were used to determine whole-bone bending mechanics of the mid-
diaphysis of the femur and to calculate material (tensile flexural) properties of the cortical
bone. Femurs were placed in a three-point bend fixture with a span of 8 mm and stainless
steel loading pins with a diameter of 0.8 mm. Femurs were oriented such that the anterior
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surface was under tension, and then loaded in displacement control (1 mm/min) until failure
using a mechanical test frame (Qtest, MTS corporation, Eden Prarie, MN). Tests were
performed in laboratory air at room temperature; hydration was maintained using saline
solution prior to testing.

Five measures were used to describe the mechanical response of the femur in three-point
bend (Figure 1D). Bending strength was determined at the peak applied load, bending
stiffness was calculated using the initial slope of the moment-displacement curve, post yield
displacementwas calculated as the distance from the yield point to complete failure of the
bone, and energy to break was calculated as the area under the moment-displacement curve.
The yield offset (g) was calculated using

SQ
~“12¢ [Eqn 1]

where e is the 0.2% strain offset, Sis the span, and cis the distance from the neutral
(centroidal) axis and most anterior fiber (i.e., the most anterior aspect of cortical tissue) in
the cross section. The normalized bending strength, calculated as the femur bending strength
divided by mouse weight, was used to provide a measure of resistance to fracture, as femur
loading would be proportional to body weight.

Three measures were used to describe the stress-strain response of the anterior surface of the
cortical bone during loading. The flexural stress (o) on the anterior surface of the bone was
calculated using nonsymmetric beam equations:(28)

Mcospy  Msingz
o= 7 7
I r, [Eqn 2]

with M as the applied moment, area moment of inertia properties (/°;, /°) about the
‘primed’ coordinate system oriented at an angle ¢ with respect to the ‘unprimed’ coordinate
system, and y”and z’are the distances to the most anterior fiber in the section from the
neutral axis through the section. The section properties were determined using the BoneJ
plugin for ImageJ.(?®) The primed coordinate system is aligned with the principal (/i /)
coordinates of the bone section; the loading axes and the principal inertia property axes were
generally aligned so that ¢ was small, and /°, was approximately /,,;, as has been noted
previously.(39) The section modulus (2, = /i C) was also calculated as an outcome
measure of the diaphysis. Flexural strengthwas calculated at the peak applied moment,
flexural yield strength was calculated at the 0.2% vyield offset, and flexural modulus was
calculated as the slope of the stress-strain curve. Strain for the most anterior fiber:

o
- S?2 [Egn3]
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where §is the displacement of the midspan of the femur during loading and cand Sare
described above. It should be noted however that these estimates of cortical bone material
strength do not capture the non-linear progression of failure due to the non-uniform stress
field applied to the femur. Only stress on the most anterior fiber of the diaphysis is
calculated without reference to the local yielding response or the progression of yielding
through the bone. However, calculating fiber stress does provide a measure of the material
properties of the bone without the confounding effects of changes in bone shape or size. The
term flexural properties are often used to differentiate these mechanical properties from
those determined using (nominally) uniform stress/strain experiments. Thus, the bending
strength reflects the mechanical strength of the femur as an intact unit, while the flexural
strength reflects the mechanical strength of the material (bone tissue).

Statistical Analysis

RESULTS

The right irradiated limb (RTx, n = 84) and left contralateral limb (Contralateral, n = 84) of
the mice receiving fractionated irradiation were used in this study, as were the right limbs of
sham mice (Sham, n = 72). Sham mice were not required for the -0.6 week pre-treatment
time point.

Analysis of Covariance (ANCOVA) was used to assess the effects of the primary
independent variable (irradiation), on the dependent variables (morphology and mechanics)
with time as a covariate. Linear models were created with time as a continuous variable, the
treatment (RTx vs. Sham) or (Contralateral vs. Sham) as a fixed effect, and the interaction
term (RTx*time or Contralateral*time) to test differences in slope for the time vs. dependent
variable response. As the goal of this study was to fully characterize the morphology and
mechanics of the femur over time due to irradiation, a large number of outcome measures
were used. Because ANCOVA was performed on each outcome measure, issues of multiple
comparisons should be considered. To this end, we report the unmodified ANCOVA results
with p<0.05 indicating statistical significance, but also indicate statistical significance with a
very conservative Bonferroni correction of (p < 0.002, ~0.05/25 outcome measures). The
corrected estimate is likely very conservative because many of the outcome measures are
highly correlated with each other, which increases the probability of Type Il error. Multiple
linear regression models were used to determine if the variation in femur bending strength
and post-yield displacement could be explained by the variation in geometry (section
property of femur) and mineral density (TMD) for the population of sham and RTx groups.

Loss of metaphyseal trabecular bone (Figure 2) was grossly apparent in irradiated femurs
four weeks after treatment, persisting through week 26. In the Sham group, a natural age-
related progression of metaphyseal trabecular bone loss is visible during the twenty-six
week period. The Contralateral group grossly appears to have fewer trabeculae compared to
the Sham group, but more than the RTx group. Thickening of the metaphyseal cortical bone
is evident in the RTx group following loss of trabecular bone.
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Cortical Bone Morphology

At the mid-diaphysis, cortical area increased with time for all groups (see ANCOVA results,
Table 1), but the rate of increase was lower for the RTx and Contralateral group compared to
the Sham group (Figure 3A). Much of the reduction in cortical area can be attributed to a
thinner cortex for the RTx and Contralateral groups (Figure 3B), as the endosteal area
decreased with time, but was not different between groups (Figure 3C). The overall bone
size (Figure 3D) was reduced for the RTx group compared to Sham, but not for the
Contralateral compared to Sham. At 12 weeks, there was a reduction in cortical area (ACt.Ar
=-8.3%, p = 0.006), thickness (ACt.Th = -8.1%, p = 0.002) and total area (ATt.Ar = -3.7%,
p = 0.100) for the RTx versus Sham group. Normalizing to animal body weight, the
reduction in cortical area (ACt.Ar/gr = -8.4%, p = 0.006) remained, indicating that this
reduction was not due to change with mouse body size. At the mid-diaphysis, there is also
some evidence of a systemic effect of irradiation, as the Contralateral group exhibited a
reduced cortical thickness with time compared to the Sham group.

In contrast to the mid-diaphysis, there was a substantial increase in cortical area in the
metaphyseal region (Table 1) for the RTx group compared to the Sham group (Figure 4A).
Cortical thickness also increased more rapidly with time for the RTx versus Sham group
(Figure 4B). Note that total area was not calculated for the metaphyseal cortical bone
because that particular measure was very sensitive to axial position, due the rapidly
changing bone shape in the metaphysis of the distal femur. At 12 weeks, there was an
increase in cortical area (ACt.Ar = 11.5%, p = 0.001) and thickness (ACt.Th = 25.5%, p <
0.001) for the RTx group compared to Sham group. The metaphyseal cortical area for the
Contralateral and Sham groups did not increase with time, and were not different between
groups (Table 1). Thickening of the metaphyseal cortex in the RTx group was not, therefore,
due to age- or body mass-related changes. Cortical thickness was nominally greater for the
Sham group compared to the Contralateral group.

Trabecular Bone Morphology

There was an initial increase (week 0, 4 days after start of RTx regime) in metaphyseal
trabecular bone volume for the RTx compared to Sham groups (Figure 5A). But at later time
points, there was a reversal with rapid loss of trabecular bone in the RTx group compared to
the Sham group (Table 1), resulting in a compartment nearly void of trabecular structure.
Trabecular number and connectivity decreased with time (Figure 5B, C), but decreased at a
faster rate for the RTx group. There was also an early increase in trabecular thickness for the
RTx group (Figure 5D). At 12 weeks, there was a reduction in bone volume fraction
(ABVITV =-69%, p < 0.001), trabecular number (ATh.N = -79%, p < 0.001) and
connectivity density (AConn.D = -93%, p < 0.001) for the RTx versus Sham group. There is
some evidence of systemic effects for the Contralateral group with reduced bone volume
fraction, trabecular number, and connectivity compared to Sham controls (Table 1).

In the epiphyseal compartment of the distal femur, similar trends of loss of trabecular bone
were found for the RTx group (Figure 6A-C). There was reduced bone volume fraction,
trabecular number and connectivity density for the RTx group (Table 1), but these did not
diminish to the same extent as found in the metaphyseal compartment. The remaining
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trabeculae were much thicker for the RTx group at later time points (Figure 6D). At 12
weeks, there was a reduction in bone volume fraction (ABV/TV = -21%, p = 0.005),
trabecular number (ATb.N = -30%, p < 0.001) and connectivity density (AConn.D =-51%, p
< 0.001) with an increase in trabecular thickness (ATbh.Th = 12%, p = 0.001) for the RTx
versus Sham group. The Contralateral group had less epiphyseal trabecular bone compared
to the Sham group, with reduced BV/TV, trabecular number, and connectivity density, but
this decrease was less severe than changes found with the RTx group.

Tissue Mineral Density

Tissue mineral density (TMD) of all compartments and groups increased with time (Table
1). The increase in diaphyseal TMD was greater for the Sham group with time compared to
the RTx group (Figure 7A). At early time points (1-4 weeks), the trabecular TMD of the
metaphysis and epiphysis for the RTx group was higher compared to the sham group (Figure
7B, C).

Femur Mechanics

The whole femur bending strength (Figure 8A) and bending stiffness (Figure 8B), measured
using 3-point bend loading of the diaphysis, increased with time, but the rate of increase was
greater for the Sham group compared to the RTx group (Table 1). After normalizing to
mouse body weight (Figure 8C), the relative strength of the Sham group compared to RTx
group remained. There was even a moderate decrease in normalized bending strength at
intermediate time points (2-8 weeks) for the RTx mice suggesting that mice in this subgroup
might be at greater risk of bone fracture (assuming loading demand is constant
longitudinally). At twelve weeks, the RTx group had reduced bending strength (-14.1%, p =
0.005), bending stiffness (-13.3%, p = 0.0002), and normalized bending strength (-13.5%, p
= 0.001) compared to the Sham group. Energy to break decreased with time (Figure 8D), but
there was no significant difference between the RTx and Sham groups. Post yield
displacement also decreased with time (Figure 8E), and was greater for the RTx group.
There was also an apparent systemic loss of bending strength and stiffness with time for the
contralateral limb (Table 1).

Diaphyseal Bone Mechanics

Flexural strength of the cortical bone increased with time, and was higher for the Sham
group compared to the RTx group (Figure 9A). Flexural yield strength was not significantly
different (Figure 9B) between the RTx and Sham groups, but it should be noted that the
response with time was not monotonically increasing. The flexural modulus also increased
with time and was higher for the Sham group (Figure 9C). At twelve weeks, the RTx group
had reduced flexural strength (-5.7%, p = 0.005), flexural yield strength (-3.6%, p = 0.028)
and flexural modulus (-4.9%, p = 0.0036) compared to the Sham group. There were not
significant differences in the cortical bone mechanics measures for the Contralateral and
Sham groups.
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Contributions of Geometry, TMD, and Material Properties to Femur Strength

Using a multiple linear regression (Table 2), femur strength (r2 = 0.88, p < 0.0001) was
found to increase with diaphyseal TMD (p < 0.0001), and section modulus (p < 0.0001).
However, it should be noted that RTx was associated with (reduced) section modulus (r2 =
0.57), and (reduced) diaphyseal TMD (r2 = 0.812) using ANCOVA in Table 1. Flexural
strength of the cortical bone was also proportional to diaphyseal TMD (r2 = 0.55, p <
0.0001).

For femurs in the later end point groups (12 to 26 weeks) there was a 15.3% decrease in
femur strength for the RTx group compared to the Sham group, and it would be expected
that femur strength would have contributions from bone cross section size and material
strength. There was a larger contribution from bone size (section modulus decreased 12.1%)
and smaller contribution from reduced material properties (flexural strength decreased
3.4%), for the RTx group compared to the Sham group. This suggests that RTx-induced
reductions in diaphyseal femur strength occur predominantly through reduced bone size, and
to a lesser extent through reduced material properties.

Contributions of Geometry, TMD, and Material Properties to Post-Yield Behavior

A regression model was used to determine the relationship between post-yield displacement
as a measure of post-yield response with independent variables of bone size and
mineralization. Post-yield displacement (r2 = 0.27, p < 0.0001) was inversely correlated with
diaphyseal TMD (p < 0.0001), but not section modulus (p = 0.673). As TMD was
diminished in the RTx group compared to the Sham group, these results suggest that the
post-yield properties of bone may be due in part to alterations in cortical bone mineral
content.

DISCUSSION

The overall picture of post-radiotherapy bone damage in this animal model is one of
diminished diaphyseal cortical bone quantity, loss of metaphyseal trabecular bone, and—to a
lesser extent—Iloss of epiphyseal trabecular bone. Data from histological and biochemical
analyses indicate roles for both altered cellular activity (osteoclasts, osteoblasts, adipocytes)
and extracellular matrix modifications (alignment, crosslinking) in radiotherapy-induced
bone disease (Figure 10).(6:10.13.16.17) |n this model, the increase in metaphyseal cortical
bone quantity may represent a compensatory response to the biomechanical effects of
metaphyseal trabecular bone resorption.(31:32) Interestingly the short-term changes,
occurring in this model at one week post-RTx, do not reflect that later persistent changes in
bone quantity or strength.

Combined animal model data from work by our lab and others clearly demonstrates that
post-radiotherapy bone damage varies according to time, dose, and volume of tissue
irradiated. Work in mouse models (total body and limited field RTx) consistently
demonstrates an early increase in osteoclast numbers at 1-2 weeks post-RTx, followed by
long-term depletion of osteoclasts.(®-10) This results in early loss of trabecular bone, and
persistence of highly crosslinked, highly aligned bone matrix due to loss of remodeling
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activity.(16.17.21,33) At this point it is unknown whether loss of local osteoclasts following
limited field irradiation is due to 1) the absence of osteoclast progenitor cells, or 2) an
inability of osteoclast precursors to multinucleate, differentiate, or adhere. Using this mouse
model, we have previously shown that mineral apposition rate is not decreased post-RTx.(10)
However, other groups have shown that focal RTx results in damage to osteoblastic
progenitors in a mouse model.(34) It is probable that osteoblast and marrow stromal cell
responses post-RTx vary with exposure, time, cell type, and anatomic location as well.
Responses of specific cell types could be addressed with a lineage tracing study.

Post-RTx changes to cortical bone mass vary by anatomic location. Data presented here
describe decreased diaphyseal bone quantity late post-RTx (cortical thickness, area, and
density). Metaphyseal cortical bone, however, increased in thickness, possibly as a
mechanical adaptation to compensate for loss of adjacent metaphyseal trabecular bone.
Indeed, a previous histological study demonstrated that post-RTx bone mineral apposition
continued normally at the endocortical and periosteal surfaces of the metaphysis.(10)

Results from our model contrast somewhat with those of Wright et al., who found decreased
femoral trabecular BV/TV, Th.N, and increased Th.Sp in irradiated femora (compared to
sham controls) seven days after exposure to a single 2 Gy X-ray treatment.(!3) The different
results could be explained both by the radiation dose (4x5 Gy vs. 1x2 Gy), and the timing
between irradiation and tissue harvest. We have previously found that the time course of
osteoclast activity and trabecular resorption varies depending on when the last dose of
radiation is delivered.(10)

Following irradiation, loss of functional bone strength (bending strength) appears to result
from both decreased bone size (relative to age-matched sham controls), decreased
diaphyseal TMD, and diminished material properties. The role of TMD and material
properties is highlighted by the fact that normalizing bending strength to body mass did not
alter this outcome (as was expected given that the body weights of the irradiated and sham
mice were not different at later time points). We have previously quantified post-RTx
changes to bone biochemistry in this mouse model that may contribute to loss of material
strength (Figure 10). Most notably, post-RTx bone matrix is characterized by an increased
trivalent:divalent collagen crosslink ratio, suggesting that collagen is overly mature.(16.17)
Collagen and mineral alignment are also increased post-RTX; this loss of tissue
heterogeneity may contribute to bone fragility by decreasing fracture toughness. Finally,
irradiated bone contains more advanced glycation end products, which can also contribute to
tissue embrittlement.(18) The abscopal effects of radiation on bone biochemistry are not well
characterized, and worthy of further investigation. Future work to determine the direct
contributions of radiation-diminished material properties to bone fragility is needed,
including assessment of fracture toughness. The abscopal effects of limited field irradiation
on femur strength in other loading modalities, such as axial compression, are also not
currently known.

The systemic or abscopal effects of limited field irradiation on the contralateral non-
irradiated femur in this model tended towards an intermediate response (between RTx and
sham). Metaphyseal and epiphyseal BV/TV, Th.N, and Conn.D, as well as cortical thickness,
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TMD, and bending strength were all significantly decreased in contralateral femurs relative
to sham group femurs, but to a lesser magnitude than the irradiated femurs. The extent of
systemic damage following limited field radiotherapy motivates further study to identify
mechanisms of action and potential therapeutics, and highlights the need for longitudinal
clinical studies of local and systemic bone density and fracture risk assessment in post-
radiotherapy cancer survivors.

The results of clinical studies have identified several risk factors for post-RTx fragility
fractures, including the patient’s pre-treatment BMD, menopausal status, and volumetric
radiation dose to bone. Decreased pre-treatment bone density (determined by computed
tomography, or CT) has been associated with increased risk of post-irradiation pelvic
insufficiency fractures in patients with uterine cervical cancer.(3) Clinical studies report
varied effects of radiotherapy on BMD, ranging from significantly decreased vertebral BMD
in survivors of abdominal cancers(3®) and patients undergoing pelvic radiotherapy for
cervical cancer,®7) to no change in extremity BMD for survivors of soft tissue sarcoma.(?)

Few studies have examined BMD at non-irradiated sites in patients post-radiotherapy.
Examining vertebral BMD in post-menopausal cervical cancer survivors one to seven years
after radiotherapy, Chen et al. found no significant decrease in either irradiated or non-
irradiated BMD as determined by dual-energy X-ray absorptiometry (DXA).(®) A separate
longitudinal study of cervical cancer patients undergoing pelvic radiotherapy found
decreased BMD in non-irradiated vertebrae only in pre-menopausal patients.(3?) In survivors
of extremity soft tissue sarcomas, Dhakal et al. found regional BMD for bone within the
irradiated field did not consistently decrease post-radiotherapy when compared to ipsilateral
and contralateral non-irradiated tissue sites.(”) Because all BMD measurements were made
after radiotherapy, and control tissue sites were identified from within the irradiated
individual, the study did not account for the possibility of abscopal effects. While Dhakal et
al. found slightly decreased BMD in regions contralateral to the irradiated bone; this was
ascribed to disuse-type osteopenia.(”)

Our data suggest additional longitudinal studies may be necessary to definitively determine
the association between radiotherapy and local vs. systemic alterations (or lack thereof) in
bone mineral density. In a study following eighteen women who received pelvic
radiotherapy for cervical carcinoma, Blomlie et al. found that although 89% of the patients
experienced fractures, none were located outside the irradiation field.(3®) Another study of
6,428 older women (age = 65 yrs) found no association between pelvic radiotherapy and arm
or spine fractures, suggesting that fracture risk may not increase at sites distant to the
irradiated field.(39 Elliott et al. reviewed a cohort of 45,662 prostate cancer survivors, and
found that external beam radiation therapy did not increase the risk for bone fracture outside
the field of radiation (distal forearm).(4%) Radiotherapy was, however, associated with a 76%
increased risk of hip (irradiated bone) fracture in these patients. Clinical data is, at this point,
insufficient to determine if fracture risk is definitively increased for patients at non-irradiated
sites.

The animal model-derived data presented here, and that from other labs, (320 indicate that
limited field irradiation can result in significant systemic bone damage. These findings
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suggest that the ideal control sample would be a pre-radiotherapy CT or DXA measurement
of bone volume and density. Studies that rely on non-irradiated tissue from within the patient
as a control for radiotherapy-induced bone damage should be interpreted with caution, as
this design does not account for abscopal effects. Furthermore, data presented here indicate
that responses of bone to radiotherapy, via either direct or abscopal damage, vary by
anatomic compartment.

The abscopal effects of limited field irradiation on bone clearly indicate systemic damage,
possibly mediated through elevated systemic oxidative stress or other soluble inflammatory
factors (e.g. cytokines, peroxidized lipids, glycation end products, reactive oxygen species).
(41-43) |n addition to morphologic changes, our study demonstrated significant loss of
functional (bending) strength in the contralateral mouse femurs. Additional clinical
investigation is needed to determine the extent to which strength is diminished in bone
distant to the radiation field, and if this loss of strength impacts fracture risk.

There are several limitations to this small animal model, including the small volume of
trabecular bone present in mice, low forces applied during daily ambulation/skeletal loading,
and short life span, which constrain our ability to translate these findings directly to human
clinical care. Nevertheless, this work recapitulates the clinical observation of increased
fracture risk/decreased bone strength within the radiation field. Our animal model data
furthermore establishes that there are abscopal or systemic effects of limited field irradiation,
and that time post-irradiation is a key variable in determining the severity of response. These
findings suggest that pre-irradiation measurements may be the best control for clinical
studies of radiotherapy effects on bone density or fracture risk, given the potentially
significant effects of radiotherapy on distant bone tissues within the patient.
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Figurel.

A) Experimental design: female BALB/cJ mice aged 12 weeks were exposed to four
consecutive daily unilateral hindlimb irradiation exposures of 5 Gy each. The contralateral
hindlimb and body were shielded with lead. These animals yielded the RTx and Contra
samples. A separate group of age-matched animals were anesthetized but not irradiated,
yielding the Sham samples. At end points of 4 days prior to treatmentand 0, 1, 2, 4, 8, 12,
and 26 weeks after treatment, animals were euthanized and femurs collected. B) Average
mouse body mass for each treatment group (arithmetic mean + standard error) over the
course of the study. There were no significant differences in body mass at any time point
between the sham and irradiated mice (contralateral femurs are derived from the non-
irradiated limb of RTx group mice). C) Schematic of the pCT volumes of interest. D)
Graphical description of the femur strength and cortical bone strength outcome measures.
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Figure 2.
Representative LCT-derived cross-sections of bones at 0, 4, 8, 12, and 26 weeks after

treatment for each group. For each treatment group, the upper row presents a sagittal section
of the distal femur, and the lower row presents a transverse metaphyseal cross-section.
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Figure 3.

Mid-diaphyseal (cortical) bone geometric parameters of femora as a function following 4x5
Gy hindlimb irradiation for Sham, Contralateral, and RTx groups. A) Cortical area (Ct.Ar);
B) mean cortical thickness (Ct.Th); C) endosteal area (Es.Ar), and D) total cross sectional
area (Tt.Ar) results are shown with arithmetic mean + standard error bars. Statistically
significant differences between groups are denoted for p < 0.05.
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Metaphyseal cortical bone of the distal femur as a function of time following 4x5 Gy
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hindlimb irradiation for Sham, Contralateral, and RTx groups. A) Cortical area (Ct.Ar) and
B) mean cortical thickness (Ct.Th) results are shown with arithmetic mean + standard error

bars. Statistically significant differences between groups are denoted for p < 0.05.
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Figure5.

Metaphyseal trabecular bone of the femur as a function of time following 4x5 Gy hindlimb
irradiation for Sham, Contralateral, and RTx groups. A) Bone volume fraction (BV/TV); B)
trabecular number (Th.N); C) connectivity density (Conn.D); and D) trabecular thickness
(Th.Th) results are presented as arithmetic mean * standard error bars. Statistically
significant differences between groups are denoted for p < 0.05.
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Epiphyseal trabecular bone of the femur as a function of time following 4x5 Gy hindlimb
irradiation for Sham, Contralateral, and RTx groups. A) Bone volume fraction (BV/TV); B)
trabecular number (Th.N); C) connectivity density (Conn.D); and D) trabecular thickness
(Th.Th) results are presented as arithmetic mean * standard error bars. Statistically
significant differences between groups are denoted for p < 0.05.

J Bone Miner Res. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Oest et al.

Page 22

= 1600

85

-

-~ 1550

50

E 1500

o]

Z 1450 -

A 1400 — ———————————
-06 O 1 2 4 8 12 26

- — Sham

9 - +

g 150 B *I: [ Contralateral .

a0 1150 - §+ A

E *§+ *§ /§+/l/

: -

Z 1050

=

2. 950 T T T T T T T 1

06 0 1 ”, 4 8 12 26

1250 -

7T

=

< 1200

o)

'é"1150-

2 11001

-~

2 1050 B T S m—

= 06 0 1 2 4 8 12 26
— Time (weeks)
RTx

Figure7.
Tissue mineral density (TMD) of the femur as a function of time following 4x5 Gy hindlimb

irradiation for Sham, Contralateral, and RTx groups. Volumes of interest included A)
Diaphyseal cortical (Dp TMD); B) metaphyseal trabecular (Mp TMD); and C) epiphyseal
trabecular (Ep TMD). Results are presented as arithmetic mean + standard error bars.
Statistically significant differences between groups are denoted for p < 0.05.
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Mechanical strength of the femurs in bending as a function of time following 4x5 Gy
hindlimb irradiation for Sham, Contralateral, and RTx groups. A) Bending strength of the
femur B) bending stiffness of the femur; C) bending strength normalized to individual
mouse body weight; D) energy to break; and E) post-yield displacement. Data presented as
arithmetic mean =+ standard error, with significance between groups denoted at p < 0.05.
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Mechanical properties of the mid-diaphyseal cortical bone in bending as a function of time
following 4x5 Gy hindlimb irradiation for Sham, Contralateral, and RTx groups. A) Flexural
strength and B) flexural yield strength of the bone material; and C) flexural modulus of the
cortical bone. Data presented as arithmetic mean + standard error, with significance between

groups denoted at p < 0.05.
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Summary of post-irradiation changes in bone morphology, density, mechanics, and

biochemistry as a function of time after treatment in this murine model of limited field
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radiotherapy. Biochemical and histomorphologic data derived from: A) Oest et al. J Orthop
Res 2015 33(3):334-42 (ref #10); B) Gong et al. Bone 2013 57(1):252-8 (ref #16), C) Oest
et al. Bone 2016 86:91-7 (ref #17), D) Oest and Damron Radiat Res 2014 181(4):439-43 (ref
#18). Abbreviations: Tt.Ar: total area, Ct.Th: cortical thickness, Ct. TMD: cortical tissue

mineral density, MAR: mineral apposition rate, Th. BV/TV: trabecular bone volume
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fraction, Th.TMD: trabecular tissue mineral density, AGEs: advanced glycation end
products. All studies reflected in this figure were conduced on BALB/c mice, used in several
studies over many years. Mice from the study detailed in this manuscript were not the same
as the mice from which osteoclast, MAR, and biochemical data were obtained.
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Multiple regression models relating mechanical outcome measures (bending strength and post-yield
displacement) with geometry (section modulus) and tissue density (TMD). Estimate values and significance
level of each are listed, along with an overall model fit.

Summary of Fit (n = 153) I nter cept Section Modulus Tissue Mineral Density

(Zmin, mm?3) (TMD, mg HA/cc)

Femur Bending Strength (N-mm) r2=0.88 (p < 0.0001) -101.9 (p < 0.0001) 159.3 (p < 0.0001) 0.0721 (p < 0.0001)
Post-Yield Displacement (mm) r2=0.20 (p < 0.0001) 1.08 (p < 0.0001) -0.146 (p = 0.579) -0.000598 (p < 0.0001)
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