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various dose fractionation regimens. We present a clinically relevant animal model to analyze the effects of localized, high-

dose radiation on vertebral microstructure and mechanical integrity. Using this model, we test the hypothesis that fraction-

ation of radiation dosing can reduce focused radiation therapy’s harmful effects on the spine.

Methods and Materials: The L5 vertebra of New Zealand white rabbits was treated with either a 24-Gy single dose of focused

radiation or 3 fractionated 8-Gy doses over 3 consecutive days via the Small Animal Radiation Research Platform. Nonirradi-

ated rabbits were used as controls. Rabbits were euthanized 6 months after irradiation, and their lumbar vertebrae were har-

vested for radiologic, histologic, and biomechanical testing.

Results: Localized single-dose radiation led to decreased vertebral bone volume and trabecular number and a subsequent

increase in trabecular spacing and thickness at L5. Hypofractionation of the radiation dose similarly led to reduced trabecular

number and increased trabecular spacing and thickness, yet it preserved normalized bone volume. Single-dose irradiated ver-

tebrae displayed lower fracture loads and stiffness compared with those receiving hypofractionated irradiation and with con-

trols. The hypofractionated and control groups exhibited similar fracture load and stiffness. For all vertebral samples, bone

volume, trabecular number, and trabecular spacing were correlated with fracture loads and Young’s modulus (P < .05). Hypo-

cellularity was observed in the bone marrow of both irradiated groups, but osteogenic features were conserved in only the

hypofractionated group.

Conclusions: Single-dose focal irradiation showed greater detrimental effects than hypofractionation on the microarchitec-

tural, cellular, and biomechanical characteristics of irradiated vertebral bodies. Correlation between radiologic measurements

and biomechanical properties supported the reliability of this animal model of radiation-induced vertebral compression frac-

ture, a finding that can be applied to future studies of preventative measures. � 2021 Elsevier Inc. All rights reserved.
Introduction
The spine is the most frequent site of bone metastasis, with

30% of cancer patients developing symptomatic spinal

lesions during the course of their illness.1 Advances in can-

cer surveillance, diagnostics, and therapeutics have pro-

longed life expectancy around the world, resulting in the

conjoined rise in prevalence of spine metastases.2,3 Simi-

larly, the treatment armamentarium for spinal tumors has

evolved rapidly in recent decades, with radiation therapy

and surgery being the main modalities.

Stereotactic body radiation therapy (SBRT) is increas-

ingly being used in the management of spinal metastases,

owing to its far less invasive nature compared with surgery

and its excellent local control.4 SBRT uses the precise

and accurate delivery of radiation for dose escalation

to regions of gross and microscopic disease while

continuing to meet dose constraints to the adjacent normal

tissue, allowing delivery of higher biologically equivalent

doses than conventional RT. However, vertebral compres-

sion fracture (VCF) is a well-established complication,

reported in as many as 39% of patients treated with

spinal SBRT.26 Even conservative radiation doses are asso-

ciated with an approximate fracture risk of 10%, and

the majority of fractures occur within the first 4 months

after SBRT.5 This is highly problematic because it often

necessitates invasive interventions such as cement aug-

mentation or surgical stabilization in a patient popula-

tion that often has a limited life expectancy. The

mechanisms underlying VCF are believed to be related

to those leading to tumor cell death, including develop-

ment of osteoradionecrosis.6

Although a few studies have evaluated clinical, dosimet-

ric, and radiographic risk factors that are predictive of
VCF,7-9 there are limited preclinical data exploring the

effects of SBRT on vertebral integrity. Furthermore, there

have been few preclinical studies exploring whether there is

a significant advantage to using hypofractionated treatments

as opposed to a single-dose treatment in regard to VCF

risk. Development of an in vivo irradiation model is imper-

ative to provide insight into the effects of radiation treat-

ment on the incidence of VCF, potentially leading to

changes in the standard of care for patients. Such a model

will also allow testing of potential interventions to mitigate

the risk of radiation-induced VCF in a much safer and

cost-effective manner than clinical trials. For that purpose,

we aimed to develop a clinically relevant animal model to

analyze the effects of localized, high-dose radiation on ver-

tebral microstructure and mechanical integrity, using the

Small Animal Radiation Research Platform (Xstrahl Inc,

Suwanee, Georgia).10
Methods
Study animals

To design, analyze, and report the present research study,

the Animal Research: Reporting of In Vivo Experiments

guidelines11 were implemented. Skeletally mature male

New Zealand white rabbits (Robinson Services Inc, Mocks-

ville, North Carolina) weighing 2 kg to 5 kg were used for

this study. Animals were housed in standard facilities and

allowed to eat and drink ad libitum, and their conditions

were monitored daily. All animals were handled following

the policies and guidelines of our institutional animal care

and use committee. The sample size was calculated using

G*Power software (Heinrich-Heine-Universit€at D€usseldorf,
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D€usseldorf, Germany), version 3.1.9.2,12 with the following

input parameters: effect size, 0.5; a error probability, 0.05;

and power (1 − b error probability), 0.8.

Anesthesia

Before irradiation, rabbits were weighed, and anesthesia

was induced via an intramuscular injection of 0.7 mL of a

solution containing ketamine hydrochloride (20-40 mg/kg)

and xylazine (1-3 mg/kg). Once anesthetized, the rabbit’s

heart rate and breathing rate were monitored every 10 to 15

minutes to ensure that an adequate anesthesia depth was

maintained for the duration of the irradiation session. Once

irradiation was completed, the animal was monitored until

fully alert and ambulatory. The rabbits were monitored

daily for 3 consecutive days after irradiation to monitor for

any signs of radiation-induced morbidity and then followed

weekly until the time of sacrifice.

Irradiation protocol

After anesthesia of each rabbit, the paw-pinch test was

performed to determine the level of sedation. The dorsal

lumbar region was shaved to allow the identification via

palpation of the L5 spinous process. L5 was chosen as

the radiation target owing to its balance between verte-

bra size and accessibility for a clearer margin of radia-

tion delivery. Once L5 was identified and marked,

rabbits were positioned within a padded acrylic tube to

maintain an upright position, exposing the lumbar

region. Rabbits were then placed inside the Small Ani-

mal Radiation Research Platform to administer the radi-

ation treatment. In all cases, the L5 vertebra was located

using preliminary x-ray imaging (65 kVp, 0.9-1.4 mA).

Briefly, an open field x-ray image was acquired to visu-

alize the lumbar region and identify L5. Using a cus-

tomized collimator of 6 cm by 6 cm, an additional x-ray

image was obtained to verify the beam location. Then

the same collimator was used to apply a radiation beam

(single anterior-posterior beam) on that spinal level.

According to the radiation protocol applied (220 kVp,

13 mA), 27 rabbits were divided into 3 experimental

groups: (1) single 24-Gy dose (6 rabbits), (2) hypofrac-

tionated 8-Gy doses on 3 consecutive days (10 rabbits),

and (3) nonirradiated control (11 rabbits). Rabbits were

monitored as described and then euthanized 6 months

after irradiation, and their lumbar vertebrae were har-

vested for radiologic and biomechanical testing.
Bone morphologic analysis

For microstructural analysis, excised L2 and L5 vertebral

bodies (VBs) were imaged via microcomputed tomography

(mCT) (SkyScan 1172, Bruker, Kontich, Belgium) at a reso-

lution of approximately 9 mm (80 kV, 124 mA). In addi-

tion to the nonirradiated control group, the L2 VB of
each animal was used as an additional out-of-irradiated-

field control for radiologic microstructural analysis. The

mCT scans were analyzed to determine microarchitec-

tural parameters in accordance with the recommenda-

tions of the American Society for Bone and Mineral

Research,13 including bone volume divided by total vol-

ume (BV/TV [%]), trabecular thickness (mm), trabecular

number (1/mm), and trabecular spacing (porosity) (mm).

Biomechanical testing

After mCT analysis, the L5 VBs were stored in a freezer

at −80˚C until mechanical tests were performed. Before

testing, representative L5 VBs were thawed, and all the

adhered soft tissue was meticulously removed. For each L5

VB, the bony endplates were partially embedded in cylin-

drical polymethyl methacrylate blocks (Coe Tray Plastic

Fast Set, GC America Inc, Chicago, IL), poured within

25.4 mm by 5 mm (outer diameter £ height) thin-walled

acrylic tube potting molds.14 Special attention was paid to

obtain parallel surfaces between the superior and inferior

sides of the potting blocks and a VB vector at an angle of

90˚ from the horizontal. Steps of this process are illustrated

in Figure 1. The potted VBs were then measured for dimen-

sions and tested destructively using an MTS Criterion

Series 40 Material Test System (MTS, Eden Prairie, MN).

Samples were placed on the stationary testing podium, and

the 5kN compressive load cell was then lowered to barely

contact the sample before compressive testing. The load

cell was then lowered at a constant rate of 0.2 mm/s to

apply compressive force until the point of sample failure.

Data from the test were used to determine the vertebral

fracture load (N), stiffness (EI), and Young’s modulus (E

[MPa or N�m2]).

Histologic analysis

Representative L5 VBs were fixed in 4% paraformaldehyde

overnight, decalcified in ethylene diamine tetraacetic acid

(Sigma-Aldrich, St Louis, MO) for 2 weeks, dehydrated by

ethanol series (70%, 95%, and 100%), and embedded in

paraffin. Each block was sliced into 10-mm−thick axial sec-
tions at the center of the VBs. Slides were subsequently

deparaffinized in xylene and rehydrated in a descending

ethanol series (100%, 95%, and 70%). Hematoxylin and

eosin (H&E) staining and Masson trichrome staining were

conducted to evaluate the characteristics of the cortical and

trabecular bone. Slides were analyzed at 2.5 £, 10 £, and

20 £ magnification, and images were obtained using an

Axio Observer Z1 microscope (Carl Zeiss AG, Oberkochen,

Germany). Bone histomorphometric parameters (the num-

ber of empty osteocyte lacunae per bone area (EL per BA)

[N.Lc/B.Ar], the total number of osteocyte lacunae per

bone area (lucanae per BA) [N.Emp.Lc/B.Ar], and the per-

centage of empty osteocyte lacunae per total lacunae (EL

per TL) [N.Emp.Lc/N.Lc]) were analyzed with ImageJ soft-

ware (National Institutes of Health, Bethesda, MD) using

20 £ -magnified H&E images. From each representative

slice, 5 square areas (0.3 mm £ 0.3 mm) were randomly
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Fig. 1. Processing of vertebral body (VB) biomechanical testing. After harvesting of spines, L5 vertebrae were iso-

lated. The posterior arch of each vertebra was carefully removed by cutting through the pedicles using an electric saw.

(A) Each L5 VB was cleaned up, pulling out all the soft tissue including muscles, ligaments, and remaining cartilage

on the endplates. (B) Using a tube cutter, thin-walled acrylic rings (outer diameter: 25.4 mm; height: 5 mm) were cus-

tomized from a longer cylindrical acrylic tube. (C) Individually, acrylic rings were placed and partially fixed with

high-temperature silicone glue on a glass microscope slide. (D) Each VB was positioned at an angle of 90˚ from the

horizontal plane. A needle holder helped to keep VBs in a standing position during the initial embedding of the infe-

rior endplate. (E) Polymethyl methacrylate was poured into the acrylic rings to partially embed the inferior endplates,

and (F) then let solidify for 1 hour. Posteriorly, the samples were inverted, and the process was repeated to embed the

superior endplates. (G, H, I) A miniature square and small bubble levelers were used during positioning and embed-

ding of the samples to preserve the 90˚ angle of the vector and achieve an adequate alignment between both the supe-

rior and inferior rings. (J) Finally, the potted VBs were measured for dimensions and placed on the biomechanical

tester podium to be compressed.
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selected for quantification, and the mean value of all the

measurements was taken as the final value of each group.

Only lacunae with no osteocytes inside were counted as

empty lacunae.

Immunohistochemistry analysis

After the histologic assessment, paraffin blocks were

additionally sliced into 10-mm−thick axial sections at the

center of the VBs to immunostain for bone markers

to determine changes in bone composition. Briefly, after

dewaxing and rehydration, slides were immersed in 1%

Tween-20 (Sigma-Aldrich, St. Louis, MO); then heat�in-

duced antigen retrieval was performed in a steamer using

Target Retrieval Solution (Agilent Technologies, Santa

Clara, CA; S170084-2) for 45 minutes. Slides were rinsed

in phosphate-buffered saline solution, endogenous peroxi-

dase and phosphatase were blocked (Agilent Technolo-

gies, Santa Clara, CA; S2003), and sections were then

incubated with 1 of the following primary antibodies:

antiosteocalcin monoclonal antibody (Sigma-Aldrich, St.

Louis, MO; MABD123, 1:100 dilution), anticollagen

type I (Abcam, Cambridge, UK; AB88147, 1:400
dilution), or antialkaline phosphatase (Fisher Scientific,

Waltham, MA; NB1002637, 1:400 dilution) for 45

minutes at room temperature. The primary antibodies

were detected by 30-minute incubation with horseradish

peroxidase-labeled antimouse secondary antibody (Leica

Microsystems, Wetzlar, Germany; PV6114) followed by

detection with 3,30�diaminobenzidine (Sigma-Aldrich,

St. Louis, MO; D4293), counterstaining with Mayer

hematoxylin, dehydration, and mounting.
Statistical analysis

Comparisons of means of continuous variables were per-

formed between the irradiated groups and the control

group via 2-tailed unpaired t tests. The Pearson correla-

tion coefficient, r, with a 95% confidence interval, was

used to evaluate the linear correlation between mCT

measurements and biomechanical testing data. A P value

<.05 was considered statistically significant for all com-

parisons. GraphPad Prism, version 9.0 (GraphPad Soft-

ware, La Jolla, CA), was used for all statistical

analyses.



Fig. 2. Scatter plots of computed tomography microarchitectural measurements of L5 vertebral bodies. In the comparisons

between experimental and control groups via t tests, structural trabecular changes were observed in the irradiated groups, and

they were more evident in the samples receiving a high dose in a single dose. The struts of the trabeculae were also thicker in

the irradiated groups. The increase in bone thickness was more notable in the hypofractionated group, which could explain in

part why hypofractionation displayed a bone volume/total volume ratio not significantly different from controls. * = P < .05;

**P < .01; ***P < .001; ****P < .0001.
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Results
Radiation led to dose fractionation-dependent
changes in CT vertebral bone volume and micro-
architectural features

Trabecular bone microarchitectural measurements of

L5 VBs for all experimental groups are presented in

Figure 2. The hypofractionated and control groups showed

significantly higher mean BV/TV values, 26.8 § 4.7% and

26.7 § 2.7%, respectively, than that obtained in the single-

dose group (22.7§ 4.1%). Intergroup comparisons revealed

that the difference between the single-dose and control-

group BV/TV values was statistically significant (P = .02),

whereas the difference between the hypofractionated group

and control group was not significant. Mean trabecular

thickness was highest in the hypofractionated group at 0.19

§ 0.01 mm, followed by the single-dose group at 0.16 §
0.01 mm and the control group at 0.14 § 0.00 mm; multiple

comparisons revealed that these differences were statisti-

cally significant (P < .001).

The control group showed the highest mean trabecular

number at 1.78 § 0.16 1/mm, compared with 1.37 §
0.31 1/mm in the single-dose group and 1.37 § 0.22 1/mm

in the hypofractionated group. Comparison of trabecular

number values between the control group and either the sin-

gle-dose or hypofractionated group were statistically signif-

icant (P = .003 and P < .001, respectively). Mean

trabecular spacing values were significantly higher among

the irradiated groups at 0.57 § 0.08 mm for the hypofractio-

nated group and 0.56 § 0.08 mm for the single-dose group,

compared with the control group at 0.45 § 0.03 mm (P <
.001 and P = .001, respectively).

Unlike the significant difference in trabecular thick-

ness values, the differences in BV/TV, trabecular
number, and trabecular spacing between the single-dose

and hypofractionated groups were not statistically signif-

icant. In addition to microarchitectural differences in tra-

becular bone, an apparent increase in cortical bone shell

thickness was observed in the hypofractionated group on

CT images, although this was not measured quantita-

tively. Furthermore, no differences were found among

microarchitectural parameters of L2 VBs, except for the

trabecular thickness between the hypofractionated and

control groups; however, this difference was lower than

in L5 VBs (Supplemental Figure E1).
Single-dose irradiation caused detrimental effects
on biomechanical properties to a greater extent
than hypofractionation

Potted VB sample fracture loads, stiffnesses, and Young’s

modulus values are summarized in Supplemental Table E1.

Height, width, and cross-sectional sample areas were simi-

lar among groups, with no significant differences. Single-

dose irradiated samples tended to show lower mean fracture

loads and stiffness compared with those receiving hypofrac-

tionated irradiation and the nonirradiated controls. The

mean fracture load value for the single-dose group was

1327 § 769.6 N; for the hypofractionated group, 2259 §
442.7 N; and for the control group, 2126 § 107.7 N. The

mean Young’s modulus value for the single-dose group was

862.1 § 261.5 MPa; for the hypofractionated group, 1009

§ 167.9 MPa; and for the control group, 1018 § 136.7

MPa. Interestingly, hypofractionated and control groups

exhibited similar means for fracture load and stiffness.

Results of linear regression analyses, which were per-

formed to determine whether there were correlations

between trabecular bone microarchitectural properties and

biomechanical testing measurements, are summarized in



F
R

A
C

T
U

R
E

 L
O

A
D

 [N
] r = 0.866

p = 0.0003
r = 0.695
p = 0.01

r = –0.703
p = 0.01

r = –0.075
p = 0.81

r = 0.801
p = 0.001

r = 0.831
p = 0.0008

r = –0.810
p = 0.001

r = –0.177
p = 0.58

4000

3000

2000

1000

0

BV/TV [%]
0 10 20 30 40

F
R

A
C

T
U

R
E

 L
O

A
D

 [N
] 4000

3000

2000

1000

0
0.3 0.4 0.5 0.6 0.7

F
R

A
C

T
U

R
E

 L
O

A
D

 [N
] 4000

3000

2000

1000

0

Tb. N. [1/mm] Tb. Sp. [�m]

F
R

A
C

T
U

R
E

 L
O

A
D

 [N
] 4000

3000

2000

1000

0
0.14 0.16 0.18 0.20 0.22

Tb. Th. [�m]
0.0 0.5 1.0 2.01.5 2.5

M
O

D
U

LU
S

 (
E

 [M
P

a]
) 1500

1000

500

0 M
O

D
U

LU
S

 (
E

 [M
P

a]
) 1500

1000

500

0 M
O

D
U

LU
S

 (
E

 [M
P

a]
) 1500

1000

500

0 M
O

D
U

LU
S

 (
E

 [M
P

a]
) 1500

1000

500

0

BV/TV [%]
0 10 20 30 40 0.3 0.4 0.5 0.6 0.7

Tb. N. [1/mm] Tb. Sp. [�m]
0.14 0.16 0.18 0.20 0.22

Tb. Th. [�m]
0.0 0.5 1.0 2.01.5 2.5

Fig. 3. Correlation of biomechanical and microarchitectural properties. Using Pearson r, the fracture load (upper graphs)

and Young modulus (lower graphs) were found to correlate positively with the bone volume/total volume ratio and trabecular

number across all the samples; in other words, the greater the bone volume and number of trabecular struts, the higher stiff-

ness and greater force required to fracture. Inversely, both mechanical outcomes were negatively correlated with trabecular

spacing; thus, the greater the trabecular spacing or porosity of the sample, the less stiffness and lower force needed to fracture.

No significant correlation was found between the trabecular thickness of the samples and their mechanical performance. Indi-

vidual r and P values are given in each graph, as well as best-fit lines and 95% confidence bands.
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Figure 3. For all samples as a whole, BV/TV, trabecular

number, and trabecular spacing were found to be signifi-

cantly correlated both with fracture load and Young’s mod-

ulus (P < .05).
Radiation decreased bone marrow cellularity while
preserving bone healing with hypofractionation

The microarchitectural details (ie, trabecular bone thick-

ness, number, and spacing) of irradiated and control verte-

brae observed via H&E and Masson trichrome histologic

staining were found to be consistent with those found via

CT imaging measurements. A decreased quantity of

trabecular struts was observed in the irradiated

groups compared with the nonirradiated control group and

was more evident in the single-dose group. Also, spacing

between trabecular septa was wider in the single-dose and

hypofractionated groups than in the control group. More-

over, irradiated groups displayed an increase in thickness of

the trabeculae, but only the hypofractionated group exhib-

ited an increase in the thickness of the cortical shell.

In addition to the trabecular microarchitectural differen-

ces, irradiated groups exhibited trabecular and bone marrow

hypocellularity compared with the nonirradiated group.

This deleterious radiation effect was more pronounced in

the single-dose group, which showed an increased number

of empty lacunae and the disappearance of ossification cen-

ters and their bone matrices. Interestingly, these ossification

centers were not only preserved in the hypofractionated

group but were also active with an increased number of

haversian systems at their surrounding area (see Fig. 4). In

the quantification of empty osteocyte lacunae, the N.Emp.
Lc/B.Ar and N.Emp.Lc/N.Lc were significantly higher in

the single-dose and hypofractionated groups than in the

control group. The single-dose group displayed the highest

mean N.Emp.Lc/B.Ar at 273.7/mm2 § 53.1/mm2, com-

pared with 88.3/mm2 § 48.5/mm2 and 38.4/mm2 § 40.1/

mm2 in the hypofractionated and the single-dose group,

respectively. The mean N.Emp.Lc/N.Lc percentages were

significantly higher among the irradiated groups at 39.5%

§ 7.1% for the single-dose group and 12.4% § 5.9% for

the hypofractionated group, compared with the control

group at 5.0% § 4.7% (P < .001 and P = .003, respec-

tively). There was no significant difference in the mean val-

ues of total N.Lc/B.Ar between groups (see Fig. 5).

Trabeculae from the hypofractionated and control

groups diffusely expressed antiosteocalcin across most of

the trabecular struts and trabecular bone marrow, whereas

expression of anticollagen type I was observed only in the

trabecular struts in both groups. Discrete granular dot-like

expression of antialkaline phosphatase was seen in proxim-

ity to the ossification centers in the hypofractionated and

control groups. Expression of those osteoblastic markers in

the single-dose group was negligible (see Fig. 6).
Discussion
With the life expectancy of cancer patients rising world-

wide, the prevalence of spinal metastases is increasing.2,15

Given that half of cancer patients will develop spinal metas-

tasis3 and the superiority of high-precision radiation therapy

compared with conventional RT for treating painful spine

lesions,16 increased use of SBRT is expected, which may

lead to a surge in the incidence of VCF. VCF significantly
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Fig. 4. Histologic analysis. Representative photographs of sections of vertebral bodies stained with hematoxylin and eosin

(upper series) and Masson trichrome (lower series) staining at 2 £ (left), 4 £ (center), and 10 £ (right) magnification. The

delivery of high radiation in a single dose caused significant porosity and loss of trabecular struts and bone and bone marrow

cellularity. An increase of empty lacunae (single-dose, arrows) along with hypocellular, fibrotic bone marrow (single-dose,

arrow heads) was observed. Although dose fractionation also caused porosity and loss of trabeculae, there was increased

thickness of both the trabecular centrum and the cortical shell bone. Also, bone marrow hypocellularity and fibrosis (hypo-

fractionated, arrow heads) were present, but trabecular cellularity (hypofractionated, arrows) was mostly preserved. Increased

osteogenic centers and surrounding haversian systems were identified (hypofractionated, star). Nonirradiated controls dis-

played osteogenic centers (control, star) and a normal trabecular structure and cellularity, both in the trabeculae (control,

arrow) and bone marrow (control, arrow heads). Histologic findings were found to be consistent with those observed on repre-

sentative computed tomography imaging (far left).
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affects patient quality of life owing to significant pain, neu-

rologic deficits, and the risk of subsequent invasive and sur-

gical interventions.7,17 For that reason, many clinical

studies have focused on identifying predictive factors (ie,

the dose per fraction and spinal instability neoplastic scor-

ing criteria18) associated with the development of radiation-

induced VCF.7 However, few preclinical studies have

examined the effects of radiation on vertebral structure and

mechanical properties. To our knowledge, we report the

first study using a specifically designed animal model to

better understand how localized radiation leads to vertebral

changes that ultimately cause fractures.

Although most knowledge regarding radiation-induced

VCF comes from clinical studies,5,17,19-31 animal models

offer numerous advantages, including a wider range of test-

able radiation regimens, the capacity to analyze longitudi-

nal vertebral biomechanical and cellular behavior in detail
and over time, the ability to distinguish the degree of bone

structural damage by radiation independently of tumor his-

tology, and the potential to evaluate various treatments.

Although a limited number of animal studies to date have

researched the effects of various modalities of radiation

delivery on the spine, the majority have investigated the

effects of radiation on bone growth,32-35 tumor induction,36

or spinal fusion outcomes,37,38 and none of those have cen-

tered their attention on VCFs secondary to localized x-ray

delivery at SBRT-relevant radiation doses. In this study, we

report the results of an animal model for focal radiation-

induced VCF, describing the dose fractionation−dependent
effects on vertebral microarchitectural and biomechanical

characteristics. Although rat and mouse models are more

commonly used to study the effects of radiation on bone,

we used rabbits because they exhibit more dynamic and

representational similarities to humans and are thus more
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clinically applicable.39 This study’s model observed that a

single localized dose of 24 Gy radiation led to the loss of

vertebral BV and decreased trabecular number and a subse-

quent increase in trabecular thickness and spacing. In con-

trast, radiation dose hypofractionation (24 Gy delivered in

3 fractions of 8 Gy) similarly led to a reduced trabecular

number and increased trabecular thickness and spacing but

preserved normalized BV. Single-fraction treatment also

lowered stiffness and induced VCF at a lower load com-

pared with hypofractionation. Radiation-induced changes

in bone microarchitecture among the groups were corre-

lated significantly with fracture loads and Young’s modu-

lus. Furthermore, although bone marrow hypocellularity

was seen in both single and hypofractionated doses, only

hypofractionation preserved osteogenic features.
One aspect of SBRT for spinal metastasis that requires

further investigation is the relationship between dose frac-

tionation and volume and radiation-induced complications.

The heterogeneity of dose fractionation and target-volume

delineation regimens among clinical studies has hindered

the ability to reach a consensus on the optimal balance

between radiation dose and number of fractions40 to maxi-

mize local control while minimizing toxicity. Nevertheless,

high dose-per-fraction SBRT7 and a larger target volume9

have already been identified as significant risk factors

for VCF. For instance, in a retrospective cohort study of

167 spinal segments treated with spine SBRT, Cunha et al21

observed an increased risk of fracture in segments receiving

≥20 Gy per fraction. In a multi-institutional study, the same

research group not only confirmed this threshold of 20 Gy
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but also stratified the risk of VCF in subgroups based on

dose per fraction.5 After stratification, the 39% cumulative

incidence of VCF they found at 1 year in patients treated

with 24 Gy in a single fraction matched the findings of

a previous study by Rose et al,26 which had reported

a VCF rate of 39% with high-dose single-fraction SBRT

(single-dose treatment at 24 Gy). In addition to the prescrip-

tion dose, the volume of the irradiated spine also may

be critical for determining VCF risk. Recently, Chen et al9

observed, using a novel normal-tissue complication proba-

bility analysis, that larger spinal volumes receiving low to

intermediate radiation doses (D80% and D50%) were more

strongly associated with VCF than small, high-dose areas.

Therefore, the reduction of post-SBRT VCF may require

both dosimetric optimization and minimization of the target

volume. With this study’s animal model, we focused on the

study of the dose fractionation as a VCF risk factor. Consis-

tent with studies reporting an increased VCF risk threshold

of ≥20 Gy per fraction,5,21 in the current study’s irradiation

model, the delivery of 24 Gy in a single fraction caused

harmful changes in the cancellous bone to a greater extent

than 3 fractions of 8 Gy each. In single-dose−irradiated
VBs, the decreased BV/TV and trabecular number and the

increased trabecular spacing likely explain the observed

lower fracture threshold. Although hypofractionated VBs

also showed structural changes, the preservation of bone
volume and the increased trabecular bone thickness corre-

lated with the improved biomechanical performance of this

group, which was similar to that of nonirradiated controls.

Besides detecting microarchitectural differences, identi-

fying variations of the biomechanical properties across the

different radiation treatments was also crucial for this study.

It allowed us to verify that our radiation-induced VCF

model accurately replicates what is seen in patients receiv-

ing SBRT. Besides confirming that the delivery of 24 Gy in

a single dose fosters a greater decrease in fracture load and

Young’s modulus than does hypofractionation, we corrobo-

rated a significant correlation between biomechanical meas-

urements and specific CT microarchitectural features such

as BV/TV, trabecular number, and trabecular spacing.

Some other animal models have previously described this

relationship between bone microarchitecture and mechani-

cal properties after radiation. For instance, Soares et al41

reported a decrease of normal anisotropy on the microarchi-

tecture of cortical bone and an increase in bone fragility in

rabbits after delivery of a single radiation dose of 30 Gy.

Although their study focused on the effects of radiation on

the properties of tibial cortical bone and this study exam-

ined the postirradiation changes in vertebral trabecular

bone, this study’s single-dose group results shared similari-

ties with the findings of Soares et al. In another example,

this one in a spine model, Alwood et al42 also reported
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changes in vertebral microarchitecture and mechanical

properties in mice 1 month after receiving a spaceflight-rel-

evant radiation dose (heavy ion [56Fe] irradiation at a 2-Gy

dose). They found that irradiation decreased vertebral tra-

becular BV/TV and trabecular number while increasing tra-

becular spacing, effects that we also observed in our single-

dose group. Furthermore, Alwood et al found that irradiated

vertebrae developed a thicker cortical shell and greater

cross-sectional cortical bone area, a finding that we also

recognized in this study’s hypofractionated group and that

we believe may explain in part the maintenance of fracture

load and stiffness values in the hypofractionated group

compared with the single-dose group.

Corroborating this study’s CT microarchitectural find-

ings, we observed histologic evidence of radiation-attrib-

uted microscopic changes that varied depending on the

dose fractionation. Whereas bone tissue that received 24

Gy in a single dose was characterized by evident toxic

effects, including bone marrow and trabecular bone hypo-

cellularity as well as increased numbers of empty lacunae

and porosity, bone receiving hypofractionated radiation

developed less obvious radiotoxicity changes and also

seemed to have preserved osteogenic capabilities, a finding

supported by the expression of bone-specific proteins.

Some of these observations were consistent with a previous

report by Al-Omair et al,43 which described histopathologic

analyses of VCF in 2 spinal stereotactic radiosurgery cases.

One patient received 20 Gy in a single dose, whereas

the other was treated with 24 Gy in 2 fractions. Biopsies

indicated avital bone and necrotic debris in the single-dose

case and dense fibrous tissue with local lymphocytic

inflammation in the fractionated case. Although we also

observed avital bone and fibrous tissue in this study’s sin-

gle-dose and hypofractionated groups, respectively, we

found less necrotic debris, fibrous tissue, and lymphocytic

infiltration than in the clinical cases. We hypothesize that

our shorter postradiation window (6 months vs ≥1 year)

and lack of a tumoral component may explain these differ-

ences.

Even though our model is a close representation of this

clinically relevant problem, this study was not exempt from

limitations. One limitation is that 24 Gy in a single dose is a

substantially different biologically effective dose than 24

Gy delivered in 3 fractions. It is, therefore, possible that the

observed vertebral differences are reflective of a lower dose

rather than fractionation; however, retrospective data sug-

gest excellent local tumor control across fractionation regi-

mens, including 24 Gy in 3 fractions, which suggests that

our hypofractionated dose is still clinically effective even if

it does represent a lower biologically effective dose.

Although we believe that the study design is appropriate for

an initial establishment of this model, further investigation

of additional radiation dose fractionation schedules with

analysis at different postradiation time points is needed.

This would allow us to better quantify the extent to which

dose fractionation may be used to limit VCF risk, identify

the timeline of biological bone changes after treatment, and
determine the appropriate timing for implementing inter-

ventions to prevent radiation-induced complications.
Conclusions
In this in vivo localized spinal irradiation model, single-

dose delivery of 24 Gy was more harmful to vertebral

body microarchitectural, cellular, and biomechanical prop-

erties than hypofractionation of the same radiation dose.

Although hypofractionation also caused adverse effects, we

observed structural and histologic changes suggesting pres-

ervation of bone regeneration capacity. Those findings,

along with significant correlation between radiologic meas-

urements and biomechanical properties, support the reli-

ability of this animal model for radiation-induced VCF.

Most importantly, this model will enable future studies of

VCF preventative measures and interventions in a safe and

cost-effective manner.
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