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ABSTRACT

Purpose: Radiotherapy (RT) plays a crucial role in head and neck (HN) cancer treatment. Nevertheless, it can lead to serious and
challenging adverse events such as osteoradionecrosis (ORN). A preclinical rabbit model of irradiated bone and ORN is herein
proposed, with the aim to develop a viable model to be exploited for investigating new therapeutic approaches.

Methods: Nine New Zealand white rabbits were irradiated using a single beam positioned to the left of the mandible and di-
rected perpendicular to the left mandible. A 10 x 10mm? region of interest (ROI) located below the first molar tooth on the left
side was identified and irradiated with 7 Gy each fraction, once every 2days, for five fractions. Dose distributions demonstrated
that the corresponding ROI on the contralateral (right) mandibular side received approximately 5 Gy each fraction, thus bilateral
irradiation of the mandible was achieved. ROIs were categorized as ROI}; on the left side receiving the high dose and ROI, on the
right side receiving the low dose. Rabbits were followed up clinically and imaged monthly. After 4 months, the irradiated bone
was excised, and histological examination of ROIs was performed.

Results: Radiological signs suggestive for ORN were detected in the entire population (100%) 16 weeks after irradiation on
ROI;, which consisted of cortical erosion and loss of trabeculae. ROI, did not show any radiological evidence of bone damage.
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Histologically, both sides showed comparable signs of injury, with marked reduction in osteocyte count and increase in empty

lacunae count.

Conclusions: A preclinical double model was successfully developed. The side receiving the higher dose showed radiological
and histological signs of bone damage, resulting in an ORN model. Whereas the contralateral side, receiving the lower dose, pre-
sented with histological damage only and a normal radiological appearance. This work describes the creation of a double model,
an ORN and irradiated bone model, for further study using this animal species.

1 | Introduction

A multimodal treatment is often required in cancers of the head
and neck (HN), including surgery, radiation therapy (RT), and/
or chemotherapy.

RT plays a crucial role in HN malignancies both in the definitive
and in adjuvant setting [1, 2]. However, RT poses many challenges
due to the need for high-dose radiation in areas that are close to
relevant organs at risk (i.e., brain tissue, orbit, and internal/com-
mon carotid artery) and/or structures involved in essential func-
tions, strongly impacting a cancer survivor's quality of life [3].

The craniofacial skeleton can be affected by RT-related adverse
events with different degrees of severity. RT-induced injury can
manifest through dental implant failure [4], indirectly indicat-
ing the impact on underlying bone tissue; in other cases, dam-
age can evolve to osteoradionecrosis (ORN), which represents
one of the most significant complications following HN cancer
treatment [5-7].

Despite its clinical importance, a universally accepted defini-
tion of ORN is still lacking [5, 8]. Historically, ORN has been
defined as an area of exposed bone that does not heal sponta-
neously and persists for more than 3-6 months, without evi-
dence of persistent or recurrent disease [9, 10]. Additionally,
ORN pathogenesis remains controversial despite several
mechanisms being hypothesized. Originally, bone necrosis
seen in ORN was thought to be secondary to local trauma and
its subsequent superinfection [11]. In 1983, Marx proposed
RT-induced endarteritis as the primum movens leading to
hypoxia, hypocellularity, and hypovascularity [10]. Twenty
years later, Delanian and Lefaix proposed the “fibro-atrophic
theory,” identifying as driving mechanisms the activation and
dysregulation of fibroblasts [12]. With ORN pathogenesis still

debated, preclinical models would be useful to further explore
the underlying biological mechanisms, and, consequently, to
test different therapeutic approaches.

Although mandibular ORN incidence in patients treated for HN
cancers has decreased over the years, current evidence suggests a
prevalence of approximately 5%. Correlation between radionecro-
sis and total dose and dose per fraction is constantly reported, as
well as the association with risk factors such as previous surgical
procedure, concomitant chemotherapy, dental status, smoking
history, alcohol consumption, and diabetes mellitus [13-15].

A multimodal approach is key for ORN management [16].
Treatments are variable, and options range from conservative
approaches to surgical treatment, which could consist of simple
debridement/curettage of the wound or more complex procedures
such as free tissue transfer [17]. However, current available ther-
apeutic strategies are debated and clinical evidence is weak [18].

In the present study, a preclinical animal model of (i) irradiated
bone and (ii) ORN was developed to provide a reliable means to
examine and test novel alternatives to manage ORN. Moreover,
this model could be exploited to further explore the mechanisms
that underlie pathogenesis of ORN.

2 | Methods and Materials
21 | Study Summary and Workflow

The study has been conducted in accordance with the interna-
tional standard on animal welfare (National Institute of Health
[NTH]) and has been approved by the University Health Network
Animal Care Committee (Princess Margaret Cancer Centre,
University Health Network, University of Toronto).
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FIGURE1 | Study workflow. CE, contrast-enhanced; CT, computed tomography; MR, magnetic resonance; H&E, hematoxylin-eosin staining.

[Color figure can be viewed at wileyonlinelibrary.com]
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A high-level summary of the study is reported here, with full
technical details presented in subsequent sections (Figure 1).

Nine New Zealand rabbits (Oryctolagus cuniculus) were included.
First, a contrast-enhanced computed tomography scan (CECT)
was performed. Then, the entire population was irradiated tar-
geting the region of interest (ROI) of the mandible using a square
collimator of 10x 10mm?2. ROI was defined as a full-thickness,
10x10mm portion of the left mandibular body, located below
the first molar root. A single beam was perpendicularly directed
to ROI; the same dose has been prescribed in each rabbit: 7Gy
each fraction, once every 2 days, for a total of five fractions (35 Gy
of total dose). Due to tissue attenuation, the contralateral man-
dibular body (right side) received a lower dose, estimated around
5Gy per fraction. ROIs were categorized as ROI,; on the side re-
ceiving the high dose (left side) and ROI, on the side receiving
the low dose (right side).

All rabbits have been monitored clinically and radiologically to
identify early signs of bone damage. The radiologic assessment
was performed with CECT 4, 12, and 16weeks after irradia-
tion and with contrast-enhanced magnetic resonance (CE-MR)
8weeks after irradiation. The scientific endpoint of the study
(i.e., when surgery is indicated) was defined as the radiologic
evidence of bone damage in at least 90% of the study sample.

Once the scientific endpoint was achieved, the entire population
underwent survival surgery, which consisted of a bilateral in-
ferior mandibulectomy centered in the irradiated target areas.
Bone specimens were then examined histologically.

2.2 | Animal Model

The study was realized in immunocompetent male White New
Zealand rabbits, Oryctolagus cuniculus, weighing 3 or more kg.
The animals arrived at the Max Bell Research Centre (Toronto,
Canada) at least a week before starting the project to allow
acclimation.

2.3 | Irradiation Dose

Irradiation was performed with X-Rad 225 Cx Precision X-
Ray, Inc. (North Brantford, CT, USA, voltage: 225kVp, current:
13mA) at the STTARR Innovation Centre (PMCRT, Toronto,
Canada). In each rabbit, the mandibular target was irradiated
with a total dose of 35Gy in five fractions (7 Gy per fraction),
delivered every 2days. The beam-on times used for these exper-
iments were based on doses calculated at 2cm depth, without
correction for tissue heterogeneity, and reported as dose-to-soft
tissue (details in Supporting Information) [19, 20].

2.4 | Image-Guided Irradiation Planning
and Development of a Double Model

Before irradiation, each rabbit underwent a cone-beam CT
(scanning parameters: 60kVp, 5mA) on the X-Rad system to
localize the target area, corresponding to the left mandibular

FIGURE 2 | Irradiated target area. Bidimensional target localized at
the inferior border of the mandible, below the root of the first molar (the
irradiated area is marked in black).

body, caudally to the root of the first molar (Figure 2). The sin-
gle beam source was positioned to the left side of the rabbit and
directed transversally to the mandible; therefore, this setting en-
abled simultaneous bilateral mandible irradiation. In particular,
ROIy, at the left mandibular body, has been irradiated with 7Gy
each fraction for a total dose of 35Gy. ROI,, at the right hemi-
mandible, received a dose corresponding to 65%-70% of the total
dose (i.e., roughly 25 Gy, 5Gy in each fraction) according to the
dose distribution (Figure 3).

2.5 | Postirradiation Clinical and Radiologic
Assessment

Once irradiation was completed, rabbits were carefully moni-
tored clinically and radiologically with the aim of early identi-
fication of any clinical-radiologic sign of bone and/or soft tissue
changes.

All rabbits underwent weekly examinations by veterinary cli-
nicians and a HN surgeon to evaluate the intraoral soft tissues
and the perimandibular skin included in the irradiation field.
Radiologic examination (CT or MR, see below) was carried out
under deep sedation maintained via 2.0%-2.5% isoflurane in
2L/min oxygen.

CT scans (GE Revolution Frontier—Milwaukee, United States,
voltage 100kV, current: 750mA, helical scanning [0.45s] rota-
tion, 1024 X 1024 matrix, HD bone plus recon algorithm, slice
thickness 0.625mm, variable pixel spacing: 0.1-0.15mm) with
contrast enhancement (Omnipaque iodine contrast agent [GE
Healthcare, Chicago, IL, USA]) were performed 4, 12, and
16 weeks after irradiation. The same scan was also performed
prior to irradiation, to define the baseline radiologic characteris-
tics of the irradiated areas.

MR (Siemens Healthineers, Erlangen, DE, 1.5 Tesla Aera system,
with XJ gradient system, 256 X 256 matrix over 12x12cm field-
of-view for 0.5mm in-plane resolution) with contrast enhance-
ment (Gadovist, Bayer, Leverkusen, DE, dose of 0.3 mmol/kg)
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Dose distributions. The figure shows the irradiation dose distribution. The irradiation, sourced from the left of the animal, reached

both the left and right mandibular bodies with decreasing dose. The dose distribution map revealed that the right mandibular body received

approximately 5Gy/fraction. [Color figure can be viewed at wileyonlinelibrary.com|

was acquired 8weeks after irradiation, with 2D T2-weighted
and 3D T1-weighted imaging protocol in the coronal plane.

The combination of the two scanning methods was selected to
increase the probability of early detection of RT-induced changes
in the bone and surrounding soft tissues.

2.6 | Radiologic Evaluation Criteria to Define
Bone Damage

Images obtained with CT and MR were evaluated by an ex-
pert HN radiologist and two HN surgeons. The following pa-
rameters were considered suggestive for ORN at the CT scan:
(1) uni- (i.e., related to either the lingual or the buccal cortical
bone) or bi-cortical (i.e., related to both) bone erosion, (2) loss of
trabeculae in the medullary bone, (3) bone sequestrum (i.e., a
bone fragment totally separated from the adjacent bony areas).
A radiologic score of ORN was obtained by summing the single
scores assigned to the aforementioned parameters (Table S1).
“Severe ORN” was arbitrarily defined by the presence of com-
plete bicortical erosion and/or bone sequestrum [21].

MR images were evaluated to check for the following find-
ings, which were considered as early signs of RT-induced

inflammation in the medullary bone [21]: (1) hypointensity in
T1-weighted sequences, (2) hyperintensity in T2-weighted se-
quences, (3) marked enhancement in T1-weighted sequences
after gadolinium administration.

2.7 | Analysis of Postirradiation Bone Density

The irradiated area was manually segmented (Mimics ver-
sion 21.0, Materialize) in the pre-irradiation non-CECT scan
and translated to each postirradiation non-CECT by means
of co-registration, in order to ensure topographic consistency
throughout measurements. Thus, the average density at the ir-
radiated site was measured in each segmented area and relative
density (RD) with respect to preoperative status was assessed
(Supporting Information).

2.8 | Surgical Procedure

Surgery was performed 126-133 days after irradiation. All rabbits
underwent a bilateral inferior marginal mandibulectomy under
general anesthesia and laryngeal mask intubation. The inferior
border of the mandible was exposed bilaterally through a 2cm
incision along the midline of the suprahyoid area. Periosteum
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and muscular insertions were dissected off the inferior aspect of
the mandibular body and removed. Defects of 5x 5x 5mm?> were
performed in the center of the irradiation area at the inferior bor-
der of the mandible by using a reciprocating saw (Figure S1 and
Supporting Information).

2.9 | Histological Analysis of Irradiated
Bone Tissue

The surgical specimen underwent decalcification with ethylene-
diaminetetraacetic acid (EDTA) and the completion was checked
with radiography. Each sample was dehydrated and embedded
in paraffin. Histological sections of 4 um were stained with he-
matoxylin and eosin (Bio-Optica) (StatLab, McKinney, TX) to
analyze general tissue morphology.

The slides were digitized with Aperio AT2 brightfield scanner
(Leica Biosystems, Concord, ON, Canada) and visualized with
Aperio ImageScope 12.3.3 (Leica Biosystems Imaging Inc.,
Vista, Canada). Two different HN dedicated pathologists exam-
ined the specimen, considering the following parameters: (1)
mean number of osteocytes/high-power field (HPF); (2) mean
number of empty bony lacunae/HPF; (3) the presence of at least
one of the following elements: (a) hyalinization and fibrosis with
loss of bone marrow cells, (b) necrotic/sclerotic bone, (c) irregu-
lar bony trabeculae, (d) necrosis of the bone marrow with fibro-
myxoid tissue. As control, four additional specimens obtained
from nonirradiated rabbit bone were processed and examined
following the same protocol described above.

2.10 | Monitoring and Assessment
of Adverse Events

For the entire length of the study, animals underwent regu-
lar clinical control, including evaluation of the overall status,
weight, feeding capacity, signs of pain, urinary and fecal output,
and body temperature.

Biochemical monitoring with complete blood count (CBC) and
renal and liver function was performed monthly.

According to the animal use protocol, in case of severe adverse
events the animal might reach the humane endpoint, prompt-
ing the need for euthanasia. Humane endpoints were defined in
case of persistent abnormal posture, untreatable anorexia and
dehydration, persistent self-trauma, hemorrhagic discharge,
and surgical site alterations compromising normal behavior, or
causing dysphagia.

2.11 | Statistical Analysis
Statistical analysis was performed using R Studio (Version
1.2.5042). Two types of data were gathered for analysis: (1) lon-

gitudinal data (time-to-endpoint data) and (2) endpoint data.

Longitudinal data included RD (quantitative variable) and
the presence of radiological signs of bone damage (qualitative

variable), whereas the second group (i.e., endpoint data) included
the histological bone characteristics. These data were considered
as the response variables. The association of response variables
with the total dose of irradiation (35Gy vs. 25Gy) was studied.
Longitudinal quantitative data were modeled as nonlinear mod-
els and graphically rendered through generalized additive model-
generated regression lines on scatter plots. Comparison between
explanatory variable-determined subgroups was performed
through analysis of variance with Tukey-adjusted post hoc test.
The longitudinal qualitative data have been analyzed through
cumulative incidence at the following time points: 4, 12, and
16weeks after irradiation. Endpoint data have been graphically
rendered through histogram and analyzed through the Mann-
Whitney test. Significance was set at 0.05 for all statistical tests.

2.12 | Ethics

The latest amendment of the protocol (AUP#6010.6.2) was
approved by the University Health Network Animal Care
Committee (Princess Margaret Cancer Centre, University
Health Network, University of Toronto) in July 2023. All the au-
thors have confirmed their duty with respect to the rules defined
by the ethics committee.

3 | Results
3.1 | Clinical Monitoring and Adverse Events

As the third fraction was administered, Three of the nine rabbits
(33%) showed mild alopecia in the infrahyoid area. Sixteen weeks
after irradiation, all rabbits presented with alopecia of various
entity, without skin lesions or signs of superinfection. Three of
the nine rabbits developed a 1cm soft tissue swelling in the left
perimandibular region, which spontaneously healed after a few
weeks. Neither inflammatory lesions, ulcers, or bone exposure
were observed in the oral cavity over the entire follow-up time.
The entire population had an adequate oral feeding, and weight
remained stable over the study period. No irradiation-related
major adverse events were observed during the study period. One
rabbit died during MR acquisition. The autoptic examination did
not clarify the cause of death but was compatible with acute re-
spiratory failure (e.g., caused by laryngeal mask mispositioning).

3.2 | Radiologic Evidence of Bone Damage After
Irradiation

Over the entire postirradiation period, ROI; did not show ra-
diologic signs of bone damage in any rabbit. On the contrary,
signs of bone injury were observed in ROI,;. Two rabbits (25.0%)
showed signs of bone alteration after 4weeks (Figure 4), pre-
senting unicortical erosion. After 12 weeks, 87.5% of rabbits pre-
sented cortical erosion (37.5% unicortical and 50.0% bicortical)
and 62.5% showed loss of bone trabeculae. After 16 weeks, the
entire population (100%) had cortical erosion (25.0% unicortical
and 75.0% bicortical) and loss of trabeculae; 12.5% showed bone
sequestrum. Considered altogether, signs suggestive for ORN
were evident in 25.0% and 100% of rabbits after 4 and 16 weeks,
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Preirradiation After 4 weeks After 12 weeks After 16 weeks

FIGURE 4 | Radiologic signs of ORN on ROI, over the study period. Three explanatory examples of development of radiologic signs of bone
injury at the different timepoints: Pre-RT (A), 4weeks (B), 12weeks (C), and 16weeks (D) after irradiation. Coronal sections are displayed (in
posteroanterior vision, left mandibular body correspond to the left of the image). Case 1: First signs of ORN consisted of loss of trabeculae (asterisk)
and bone sclerosis (arrowhead) of the left mandible, detected 16 weeks after irradiation (1D). Case 2: First signs of ORN occurred 12weeks after
irradiation, with extended unicortical erosion on the lingual side of the left mandible (arrow) (2C); bone sequestrum was evident 16 weeks after
irradiation (arrowhead) (2D). Case 3: Radiologic signs of bone damage were evident 4 weeks after irradiation (3B), with unicortical erosion on the
lingual side (arrow) of the left mandible; bicortical erosion appeared 12 weeks after irradiation (arrows) (3C) and loss of trabeculae (asterisk) 16 weeks
after the irradiation (3D).

TABLE1 | Specific outcomes in terms of radiologic signs of osteoradionecrosis (ORN) on the ROI ; over the study period.

Preoperative rate
Outcome Rate after 4weeks (%) Rate after 12weeks (%) (after 16 weeks) (%)

Ipsilateral (total dose: 35/5 Gy)

Unicortical erosion CI 25.0 87.5 100
Bicortical erosion CI 0.0 50.0 75.0
Bone sequestrum CI 0.0 0.0 12.5
Loss of trabeculae CI 0.0 62.5 100
CI of any sign of ORN 25.0 87.5 100
CI of severe ORN 0.0 50.0 75.0

Abbreviation: CI, cumulative incidence.

respectively. Radiologic signs of severe ORN were described in On MR, a mild thickening and enhancement of mandibular
50.0% and 100% of the population after 12 and 16 weeks, respec- periosteum in proximity of ROI; was detected in three (37.5%)
tively (Table 1 and Figure 4). rabbits after 8 weeks (Figure S2).
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FIGURES5 | Osteocytes and empty lacunae count. Description through histograms of the mean and 95% confidence interval (95% CI) of osteocytes

(left) and empty lacunae (right) count in irradiated bone. No statistical differences were observed in terms of osteocytes and empty lacunae count
between the high-dose (35Gy) and low-dose (25 Gy) groups. ROI,, =region of interest irradiated with high dose; ROI; =region of interest irradiated

with low dose. [Color figure can be viewed at wileyonlinelibrary.com]

3.3 | Histologic Evidence of Bone Damage After
Irradiation

The mean count/HPF of osteocytes in ROI; and ROI; was 44.7
and 37.6, respectively. The mean count/HPF of empty bony la-
cunae was 25.5 versus 25.7, respectively. None of these differ-
ences was statistically significant (Figure 5). In addition, other
parameters associated with microscopic bone injury (details in
paragraph 2.9) were pronouncedly visible in all the specimens
examined bilaterally (Figure 6). The mean count/HPF of osteo-
cytes and empty lacunae in nonirradiated bone resulted 82.1
and 14.5, respectively.

3.4 | InVivo Analysis of Bone Density
of Irradiated Bone

The RD trend observed over the postirradiation phase did not
show significant modification (Figure S3). No significant dif-
ferences were observed when comparing ROI; with ROIy
(p=0.120).

4 | Discussion

RT can lead to a variety of tissue changes, with ORN represent-
ing one of the most challenging complications. ORN can present
with different degrees of severity, ranging from clinically as-
ymptomatic conditions to highly critical scenarios [5-7]. Also,
RT can induce a subclinical bone injury resulting in dental
decay and loss and dental implant [22].

As the dose distribution showed (Figure 3), the RT setting used
in this study enabled bilateral mandibular irradiation, allowing
to simultaneously test two different doses, namely 7 and 5 Gy per
fraction, received by the mandibular body ipsilateral (left side)

and contralateral (right side) to the beam source, respectively.
Here, ROI was centered on the molar region to develop models
with a focus on areas most frequently affected by mandibular
ORN in humans, including the premolar, molar, and retromolar
areas of the mandible [23].

In vivo CT was employed to check for typical signs of ORN [21].
On ROI, the entire cohort presented evidence of ORN after
16 weeks, with 75% of rabbits displaying severe ORN. Whereas
on ROI, no radiologic signs of bone damage were detected over
the entire follow-up period. Hence, these data suggested that
when five fractions are delivered, the dose of 7Gy per fraction
induces a radiologically evident bone damage, whereas 5 Gy per
fraction is insufficient to generate a radiologically detectable
bone injury.

CT scans were also performed to measure bone RD of ROI
over time. Nevertheless, the RD trend did not show any sig-
nificant variation both on ROI; and ROI, . We concluded that
this methodology, which our group has previously success-
fully used to evaluate bone density variations in a bone regen-
erative setting [24], was inadequate in detecting underlying
bone alterations in the present model. The hypothesis is that,
in addition to the demineralization phenomena (i.e., cortical
erosion and loss of trabeculae), other RT-induced bone alter-
ations (i.e., bone sclerosis) can increase the CT density of the
irradiated area [25, 26] (Figure 4). Thus, it is reasonable to
assume that concurrence of these two competitive phenomena
resulted in a flat trend of RD.

Universally approved criteria for histologic definition of ORN
is still lacking. Nevertheless, reduced number of osteocytes,
increased count in empty lacunae, as well as hyalinization, fi-
brosis/sclerosis, edema of the bone marrow, and necrosis are
recognized as ORN-related features [27, 28]. In ours and other
studies, substantial reduction of osteocytes and significant
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FIGURE 6 | Histological signs of postirradiation bone damage. (A) Histological section that shows bone marrow damage with initial loss of

hematopoietic cells (arrows). (B) Example of hemorrhagic bone marrow surrounded by empty lacunae. (C) Bone marrow with initial signs of

vessel hyalinization and loss of cellularity (arrows). (D) Diffuse damage of the bone matrix: Inhomogeneous necrosis of the matrix (circles) close to

fibrosclerotic trabeculae (arrows). (E) Bone section with empty lacunae. [Color figure can be viewed at wileyonlinelibrary.com]

increase of empty lacunae per microscopic field were observed in
the irradiated bone when compared to nonirradiated bone [19].
Of note, irrespective of the dose, both ROI; and ROI; showed
similar remarkable signs of RT-induced bone damage (Figure 6).

This study has confirmed with radiologic and histologic findings
the development of a double irradiation model. On ROI, both
histologic and radiologic bone damages were clearly demon-
strated in all samples. Thus, ROI,; can be genuinely defined
as ORN model, as it shows similar findings to human ORN. It
could be argued that mucosal lesions and other ORN-related
clinical manifestations (e.g., pathologic fractures) included in
most ORN definitions [5, 10, 29, 30] were absent. However, be-
side the absence of universally accepted definition criteria for
ORN, several studies have proposed to consider an early, un-
complicated phase of ORN as a distinct clinical entity that is di-
agnosed only through imaging [21, 31, 32]. On the other hand,
ROI, did not show any radiologic findings of ORN, while the
histologic bone alterations paralleled those of ROI};. Such find-
ings confirmed that ROI; was effectively irradiated, yet with
an insufficient dose to generate clinically obvious alterations.
Thus, ROI; could be arguably defined as an ORN model. The
discrepancy between radiologic and histologic findings suggest
that ROI could serve as a model of irradiated bone, with nor-
mal clinical and radiologic appearance while bearing the bio-
logic injury. To the best of our knowledge, this is the first study
proposing a double RT-induced disease model in a single animal
[19, 33, 34]. The successful development of an ORN/irradiated
bone model reinforces the versatility of New Zealand rabbit in
the field of preclinical HN oncology research [35].

The scientific literature offers a few models of mandibular
ORN/irradiated bone, which highly differ in terms of animal

host, irradiation schedule and dose, and RT equipment used
[28, 33, 34, 36-38]. Among them, rabbit models are convenient
compared to mice or rats, as rabbits’ dimension and stamina
allow adequate clinical evaluation, tolerance to irradiation, and
prolonged postirradiation follow-up [39]. Also, in contrast to
larger models (e.g., canine model), rabbits are easier to handle
and less expensive. A further advantage is the bone turnover
rate, which is thrice as fast as the turnover of the human bone,
allowing the reduction of follow-up time in rabbits, since an
observation period of 6 months could be roughly compared to
2years in humans [40].

However, studies focused on rabbit models are limited and het-
erogeneous in terms of dose and irradiation schedule. Eppley
et al. [41] and Xu et al. [38, 42] proposed a single-dose irradi-
ation to obtain ORN in rabbits. Despite being time sparing, it
substantially deviates from the fractionated regimens used in
the human setting. In our study, a fractionated schedule was
adopted aiming to more consistently reproduce the current
clinical practice. Total dose of irradiation is a well-known risk
factor for ORN development [43, 44]. In humans, a total dose
of 65-75 Gy increases the risk of ORN, with special reference
to its early onset (occurring within 2 years from the end of RT)
[45]. In a recent study by Zong et al. [19], a fractionated sched-
ule has been designed through the biological equivalent dose
linear quadratic equation, and used to generate an ORN rabbit
model. Three different doses were tested (35, 40, and 45 Gy in
five fractions) and the dose of 45 Gy in five fractions (9 Gy per
fraction) was the minimum dose to obtain mandibular ORN.
However, in our study the irradiation dose was reduced to
7 Gy/fraction to partially account for the differences between
MYV photons, used by Zong et al. [19], and kV irradiations, used
in our study.
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Of utmost importance, the model we developed demonstrated
an excellent safety profile. The desired toxicity induced by RT
was obtained, without jeopardizing the model itself. Although
a rabbit died during MR acquisition, this event was neither RT-
nor ORN-related, resulting in a RT-specific mortality of 0%. The
model is simple to realize, easily reproducible, and safe. In addi-
tion, it is convenient in terms of costs, since two different clini-
cal conditions (i.e., ORN and irradiated bone) can be modeled in
a single animal. We believe it can represent a valid experimental
model to be exploited for different aims, including the study of
ORN pathogenesis, anti-ORN therapies, and anti-ORN regener-
ative medicine strategies.

5 | Conclusions

The adopted irradiation planning enabled achievement of a dou-
ble preclinical model in each animal sample, which included
both irradiated bone (with normal radiologic appearance and
histologic damage) and ORN (with both radiologic and histolog-
ical injury).

Feasibility, reproducibility, and the safety profile make this
model appealing for basic and translational research in the field
of HN oncology.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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