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Abstract (J Korean Assoc Oral Maxillofac Surg 2020;46:240-249)

Objectives: Although the side effects of radiation therapy vary from mucositis to osteomyelitis depending on the dose of radiation therapy, to date, an
experimental animal model has not yet been proposed. The aim of this study was to develop an animal model for assessing complications of irradiated
bone, especially to quantify the dose of radiation needed to develop a rat model.

Materials and Methods: Sixteen Sprague-Dawley rats aged seven weeks with a mean weight of 267.59 g were used. Atraumatic extraction of a
right mandibular first molar was performed. At one week after the extraction, the rats were randomized into four groups and received a single dose of
external radiation administered to the right lower jaw at a level of 14, 16, 18, or 20 Gy, respectively. Clinical alopecia with body weight changes were
compared and bony volumetric analysis with micro-computed tomography (CT), histologic analysis with H&E were performed.

Results: The progression of the skin alopecia was different depending on the irradiation dose. Micro-CT parameters including bone volume, bone
volume/tissue volume, bone mineral density, and trabecular spaces, showed no significant differences. The progression of osteoradionecrosis (ORN)
along with that of inflammation, fibrosis, and bone resorption, was found with increased osteoclast or fibrosis in the radiated group. As the radiation
dose increases, osteoclast numbers begin to decrease and osteoclast tends to increase. Osteoclasts respond more sensitively to the radiation dose, and
osteoblasts are degraded at doses above 18 Gy.

Conclusion: A standardized animal model clinically comparable to ORN of the jaw is a valuable tool that can be used to examine the pathophysiol-
ogy of the disease and trial any potential treatment modalities. We present a methodology for the use of an experimental rat model that incorporates a
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I. Introduction

Radiation therapy is an essential treatment method and
one of the existing multidisciplinary treatments available
for head and neck cancer. Notably, one significant adverse
effect of radiotherapy is osteoradionecrosis (ORN) of the
mandible'. ORN is a serious complication that occur after
radiotherapy known to affect the mandible by 2% to 22%".
ORN is a pathologic condition of the jaw based on clinical
criteria, through the pathogenesis of this disease remains un-
clear. Currently, there are two main theories that explain the
pathophysiology of ORN’. Marx" suggested the suitability
of the “3Hs” theory in 1983, in that radiation induces hypo-
vascularity, causing hypoxia in the tissues and leading to cell
death (i.e., hypocellularity). In contrast, Delanian and Lefaix’
presented the radiation-induced fibroatrophic (RIF) theory
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focusing on the molecular and cell biology perspectives in
2004. The RIF theory suggests that the main event for ORN
progression is associated with the activation and deregulation
of fibroblast activity and atrophic tissue formation at the ir-
radiated site. The radiation may cause an imbalance between
cell death and replacement and between collagen degrada-
tion and synthesis’. ORN can occur spontaneously; however,
dental trauma, especially the extraction of teeth in a local ra-
diated field can increase the incidence of ORN. ORN can be
confirmed by clinical examination with the aid of histologic,
radiologic assessments’. Commonly, ORN can be diagnosed
based on clinical signs by observing (1) exposed bone with-
out healing for between two and six months, (2) a history
of radiation therapy performed in the region of the exposed
bone, (3) the presence of necrotic or devitalized bone, and (4)
no evidence of tumor recurrence”.

The change of histological structure of the mandibular bone
was described in that it depended on the time and dose of ir-
radiation. Cohen et al.” suggested three weeks in an animal
model of mandibular ORN as being analogous to three years
in humans. The radiation decreases the regenerative capacity
of bone’, making osteoblasts resistant to radiation damage
and osteocytes sensitive to radiation. Osteoclasts can be dam-
aged by irradiation with a single absorbed dose of 20 Gy.
However, radiation inhibited the proliferation of osteoblasts
and induced G2/M cell cycle arrest in vivo study'’. Springer
et al."' described that, following irradiation, the osteoblasts
and osteocytes were decreased histologically and hypocel-
lular bony tissue was observed. However, the original bony
structure itself was not disturbed.

There are studies that have detailed ORN canine
15,16

12,13
, rab-

bit’, mouse'* and rat'>'’, animal models, respectively. How-
ever, these models were largely not optimal because of the
dose of irradiation used in the studies: although the previous
studies demonstrated mandibular bone damage after radia-
tion treatment, there remains no consistent histopathological
analysis and time of irradiation among them. Moreover, no
translational aspect was demonstrated with regard to current
radiation treatments for head and neck cancer in the clinical
setting.

The goals of this study were to establish a clinically rel-
evant model according to previous models of ORN; to ex-
plore the effective and optimal dose of radiation therapy; and
to assess outcomes via H&E staining, and micro-computed
tomography (micro-CT). Additionally, we sought to develop
a rat model of mandibular ORN, including quantifiable and

standardized method with micro-CT analysis and histology.

Radiation-induced mucositis and osteonecrosis model

Il. Materials and Methods

1. Animal preparation

The present study’s protocol was reviewed and approved
by the Seoul National University Institutional Animal Care
and Use Committee (SNU-121123-12-11). A total of 16
Sprague-Dawley male rats aged seven weeks with an aver-
age weight of 267.59 g (OrientBio, Seongnam, Korea) were
housed in the Laboratory Animal Center of the Korea Insti-
tute of Radiological and Medical Sciences with a 12-hour
light/dark cycle and were given chow and water ad libitum.
The animals were housed for at least seven days prior to
being used for this experiment. All of the experimental pro-
cedures were carried out in accordance with the “Recommen-
dations for Handling of Laboratory Animals for Biomedical
Research” complied by the Committee on the Safety and
Ethical Handling Regulations for Laboratory Experiments at
Seoul National University and Korea Institute of Radiologi-
cal and Medical Sciences.

2. Grouping and experimental design

Extractions of teeth were performed under general anesthe-
sia with an intraperitoneal injection of a mixture of Ketamin
(90 mg/kg, ketamine hydrochloride; Yuhan, Seoul, Korea)
and Rompun (10 mg/kg, xylazine; Bayer Korea, Seoul, Ko-
rea). The surgical procedure proceeded as follows: dermal
and oral disinfection was completed with betadine, the mouth
was opened, the gingiva around the right lower first molar
was detached, and atraumatic extraction was performed. Un-
der the general anesthesia, the animals were fixed in the su-
pine position, with all extraction procedures gently performed
with dental explorers and root forceps.

One week after the extraction, the extraction region was
exposed to a graded single dose of radiation. In a previous
study involving a mouse model, it was found that the histo-
logical damage healed at 14 days after both 14 Gy and 16 Gy
of irradiation, while death occurred at nine days and 10 days
after 18 Gy and 20 Gy of irradiation, respectively'’. Modi-
fications to a previously published rat model of mandibular
ORN’ were made to develop an ideal protocol.

In the present study, 16 rats were divided into four groups.
Next, a single dose of 14 Gy irradiation were applied to the
right jaw in group 1 (four rats), a single dose of 16 Gy irra-
diation was applied to the right jaw in group 2 (four rats), a
single dose of 18 Gy irradiation was applied to the right jaw
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in group 3 (four rats), and a single dose of 20 Gy irradiation
was applied to the right jaw in group 4 (four rats), respec-
tively. Another two rats were designated as the control group
and did not undergo irradiation.

3. Irradiation

Radiation doses of 14, 16, 18, or 20 Gy were administered
once to the right mandible of all experimental animals, with
each animal under general anesthesia. We used the X-RAD
320 biological irradiator (Precision X-ray, North Branford,
CT, USA), which has a 320-kVp orthovoltage energy level
with a 450 kV maximum output (tube limited to 320 kV) and
45 maximum mA.(Fig. 1. A, 1. B) The field size was set at
10x10 mm’, focusing on the right mandible, and the dose rate
was 2.0 Gy/min. Irradiation time was 240 seconds in group
1, 480 seconds in group 2, 540 seconds in group 3, and 600

seconds in group 4, respectively.
4. Animal sacrifice and clinical evaluation

In each group, two animals were sacrificed two weeks after
irradiation and the others were sacrificed three weeks after
irradiation, respectively, via CO, inhalation. The pathologic
change of the bone and mucosa was investigated during the

harvest of the mandible. The harvested mandibles were fixed
in 10% formalin for micro-CT analysis. The weight of the
rats was assessed in this study.(Table 1) Moreover, the clini-
cal manifestations of irradiation observed on gross patho-
logic evaluation of rat mandibles before and after irradiation
included alopecia of the facial skin, mucosa coverage of the

wound, and denuded necrotic bone.
5. Micro—CT analysis

Micro-CT images was taken with the SkyScan 1172 micro-
focus X-ray system (Bruker, Kontich, Belgium). This device
is equipped with a microfocus X-ray tube with a focal spot
of 2 mm and produces a cone beam that is detected by a 12-
bit, cooled X-ray camera that was a charge-coupled device
(CCD) fiber-optically coupled to a scintillator. The scan
parameters were 70 kV, 141 pA, 0.5 mm Al filter, and 360°
rotations with 0.4° steps. A full three-dimensional (3D) image
containing the experimental area and the surrounding tra-
becular bone was obtained with a cubic voxel size of 17 pum,
resulting in about 900 slices 2D images per specimen.(Fig. 1.
C) Image analysis was done with the CTAn 1.8 application
(Bruker), while 3D reconstruction was done with NRecon
1.6.9.8 (Bruker). Using 3D reconstructed images, regions
demonstrating consistent bony necrosis and bone formation

First molar extraction

Histologic (H&E, MT)

Micro CT evaluation

Fig. 1. A. Animal receiving irradiation. B. Experimental radiological setting used in this study, 260 kV, 10 mA, 2 mL Al filter. C. Specimens

for evaluation after harvesting of the lower jaw including soft tissue.
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Table 1. Changes in body weight

Dose (Gy) No. of rats Preirradiation (g) 2 wk after irradiation (g) 3 wk after irradiation (g)
0 2 267.88+3.34 324.24+2.33 356.33+1.66
14 4 264.14+10.21 347.96+20.78 366.70+0.93
16 4 270.29+7.24 356.25+11.03 316.06+65.27
18 4 269.61+7.84 357.41+25.79 400.37x14.77
20 4 266.20+15.12 341.55+32.23 391.70+8.32

Values are presented as mean+standard deviation.

Mi Hyun Seo et al: Development of a standardized mucositis and osteoradionecrosis animal model using external radiation. J Korean Assoc Oral Maxillofac Surg 2020
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were designated as regions of interest (ROIs). Each ROI was
defined as a volume of 50 pixelsx130 pixelsx132 pixels.
Bone quality and volume were evaluated using Micro-CT
image. Root rests within the ROI were excepted. Equivalent
thresholds were applied for every image to divide mineralized
bone from the background. Within each ROI, bone mineral
density (BMD, %), bone volume (BV, mm’), tissue volume
(TV, mm’), and BV/TV, trabecular spaces (Tb.Sp., mm) were
measured and compared.

6. Histological evaluation

After micro-CT scanning, we resected and decalcified the
surgical fields at the mandible using 0.5 M ethylenediami-
netetraacetic acid (EDTA) solution (pH 8.0) for three to four
days, with replacement of the acid solution on the second
day. The specimens were then dehydrated in 70% ethanol,

Radiation-induced mucositis and osteonecrosis model

fixed in 10% formalin-buffered solution, and embedded in
paraffin wax.(Fig. 1. C) For histological staining, decalcified
paraffin sections were cleaned with xylene for 10 minutes,
and 5-pum thick slices were prepared and then stained with
H&E. The interesting region was designated as that in the
level of extraction of the first molar.(Fig. 1. C) The slides
were examined using a BX41 Light Microscope (Olympus,
Tokyo, Japan). The numbers of osteoclasts and osteoblasts
were counted at a high-power field (HPF, x200). Three HPFs
were examined within the area of the extraction socket and
the numbers of osteoclasts and osteoblasts were counted. The
mean values were calculated and used in the statistical analy-
sis.

7. Statistics

Statistical analyses were descriptive and done with the

Fig. 2. Progression of hair loss in the clinical photo. A. Control group. B. Two weeks after irradiation. C. Two weeks after irradiation (con-

tralateral side).
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tween radiation doses and observation period.
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Fig. 4. Histological findings of H&E staining of the jaw bone irradiated with 16 Gy showing resorption line (A1; arrows), microabscess (A2;
arrows, A3), and dead bone (C1, C2, E1, E2; arrows), with empty osteocyte lacunae (B, D, E1; arrowheads) in the defect site. A1 arrows:
resorption line; A2 arrow, A3: abscess border line and abscess area; B arrowheads: empty osteocyte lacunae; C1, C2 arrows: dead bone
borderline; D, E1 arrowheads: empty osteocyte lacunae; E1, E2 arrows: dead bone borderline. (A1: x100; A2: x200; A3, B: x400; C1, C2:
%200 and polarized view in C2; D, E1, E2: x1,000 and polarized view in E2)

Mi Hyun Seo et al: Development of a standardized mucositis and osteoradionecrosis animal model using external radiation. J Korean Assoc Oral Maxillofac Surg 2020

IBM SPSS Statistics program (ver. 22.0; IBM, Armonk, NY,
USA). The differences in the osteoblast/HPF and osteoclast/
HPF between the groups were analyzed statistically using
ANOVA method, and the Bonferroni method was used for
post-test. Results were considered statistically significant at
P<0.05.

[1l. Results
1. Clinical evaluation
In all groups, after an average of two weeks of follow-up,

radiation-induced side effects such as localized hair loss in

the right and left mandible were noticeable. The progression
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of the skin alopecia was different depending on the irradia-
tion dose; specifically, it could be found two or three weeks
after 16 Gy (group 2), 18 Gy (group 3), and 20 Gy (group 4)
of irradiation.(Fig. 2) The length of the hair shaft was short
and hair loss was serious. Exposure of the epidermis, erythe-
ma, and ulcers were absent. Moreover, there were no differ-
ences between presentation two weeks and three weeks after
irradiation in the same radiation dosage group. We did also
detect changes in the body weight of the rats after irradiation.
(Table 1)

2. Micro—CT analysis

No significant difference was found between the parame-



ters, such as BV, BV/TV, BMD, and Tb.Sp., depending on the
dose of radiation and the time of follow-up. A standardized
method of quantification was achieved in all samples. How-
ever, BV/TV showed a tendency to decrease with increasing
irradiation dose at 2 weeks samples, and BV/TV was slightly
lower in 3 weeks than 2 weeks. BMD shows decreased at 20
Gy in the 3 weeks sample. Tb.Sp. was increased at 20 Gy in
the 3 weeks sample.(Fig. 3)

3. Histologic findings

Morphological changes of the right mandible at the coro-

nal level of first molar extraction site were detected. In the

Radiation-induced mucositis and osteonecrosis model

H&E staining sections, an increased number of osteoclast
and inflammation cells at two weeks after 14 Gy irradiation.
Additionally, fibrosis could be observed in the same sections
at three weeks after 14 Gy irradiation. In group 2 (16 Gy), in-
creased fibrosis was not present at two and three weeks after
irradiation and resorption lines with microabscess and dead
bone were found.(Fig. 4)

Either increased osteoclast or fibrosis as well as the pres-
ence of necrotic bone could be observed in groups 3 and 4.
Increased fibrosis and decreased BV were observed in these
two groups at three weeks after irradiation as compared with
at two weeks. Histological findings with 18 Gy irradiation
showing more dead bone than that seen with 16 Gy dose and
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Fig. 5. Histological findings of H&E staining of the jaw bone irradiated with 18 Gy showing more dead bone than that seen with 16 Gy
dose and the presence of resorption with osteoclast cells. Abscesses (A1, A2; arrows, A3), inflammatory infiltrate (B1; arrows), and empty
osteocyte lacunae (B2, B3; arrowheads) were observed. The close-up of the box in C1 is C2. There are numerous osteoclast cells ob-
served in the radionecrotic lesion borderlines. A1, A2 arrows, A3: abscess and abscess borderline; B1 arrows: inflammatory cell; B2, B3
arrowheads: empty osteocyte lacunae; C1, C2 arrows: osteoclast cells; C3 arrows: internal osteoclast cells. (A1: x100; A2: x400, A3:

x1,000, B1: x200, B2, B3: x400; C1: x200; C2, C3: x1,000)
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the presence of resorption with osteoclast cells. There are nu-
merous osteoclast cells observed in the radionecrotic lesion
borderlines.(Fig. 5) The histological features with 20 Gy irra-
diation showed the presence of resorption line with osteoclast
cells, inflammatory infiltrate and empty osteocyte lacunae.
(Fig. 6) These results may explain the progression of ORN
along with that of inflammation, fibrosis, and bone resorp-
tion.

There were increases in the number of osteoclasts and
fibrosis, decreases in the number of osteoblasts, and the pres-
ence of bony space in the radiated samples. Notably, as the
radiation dose increase, the number of osteoblasts tended to
decrease and the number of osteoclasts tended to increase.
(Table 2) There was statistically significant difference in
osteoblast/HPF between 14 Gy and 18 and 20 Gy (P<0.05).

There was a significant difference in osteoclast/HPF between
14 Gy and 16, 18, and 20 Gy, and there was a significant dif-
ference between 16 Gy and 18 and 20 Gy (P<0.05).(Table
3) These results suggest that osteoblasts were affected by

Table 2. Cell counts of osteoblasts and osteoclasts following ir-
radiation

Osteoblast/HPF Osteoclast/HPF
Dose (Gy)
2 wk 3 wk 2 wk 3 wk
14 11.0+1.0 5.5+0.5 1.0£0.0 0.5+0.5
16 6.0+1.0 5.0+£3.0 7.5+1.5 9.0+1.0
18 2.5x1.5 0.5+0.5 10.5+1.5 9.5+4.5
20 1.5+0.5 0.5+0.5 19.0+1.0 19.5+3.5

(HPF: high-power field)

Values are presented as meantstandard deviation.

Mi Hyun Seo et al: Development of a standardized mucositis and osteoradionecrosis
animal model using external radiation. J Korean Assoc Oral Maxillofac Surg 2020
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Fig. 6. Histological findings of H&E staining of the jaw bone irradiated with 20 Gy. The histological features with 20 Gy irradiation showed
the presence of resorption line (A1, A2) with osteoclast cells (C1, C2, C3; arrows), inflammatory infiltrate (A3) and empty osteocyte lacunae
(B1, B2, B3; arrowheads). A1, A2: resorption line; A3 arrows: inflammatory cell; B1, B2, B3 arrowheads: empty osteocyte lacunae; C1,
C2, C3 arrows: osteoclast cells; C3 arrowheads: dead bone border line. (A1: x100; A2: x200, A3, B1, B2, B3, C1: x400; C2, C3: x1,000)

Mi Hyun Seo et al: Development of a standardized mucositis and osteoradionecrosis animal model using external radiation. J Korean Assoc Oral Maxillofac Surg 2020

246



Table 3. Multiple comparisons using ANOVA

Radiation-induced mucositis and osteonecrosis model

i 95% CI
(1) dose (Gy) (J) dose (Gy) Rl e P-value
(1) Lower Upper

Osteoblast/HPF 14 16 2.75 0.720 —2.4284 7.9284
18 6.75% 0.009 1.5716 11.9284

20 7.25% 0.005 2.0716 12.4284

16 14 -2.75 0.720 -7.9284 2.4284

18 4.00 0.189 —-1.1784 9.1784

20 4.50%* 0.018 -0.6784 9.6784

18 14 —6.75% 0.009 —11.9284 —-1.5716

16 —4.00 0.189 —1.1784 9.1784

20 0.50 1.000 —4.6784 5.6784

20 14 —7.25% 0.005 —12.4284 -2.0716

16 -4.50 0.108 -9.6784 0.6784

18 -0.50 1.000 -5.6784 4.6784

Osteoclast/HPF 14 16 -7.50% 0.010 —-13.3364 —-1.6636
18 -9.25% 0.002 —15.0564 -3.4136

20 —18.50* 0.000 —16.8364 -5.1636

16 14 —7.50% 0.010 1.6636 13.3364

18 -1.75 1.000 —7.5864 4.0864

20 —11.00%* 0.000 —16.8364 -5.1636

18 14 9.25% 0.002 34136 15.0864

16 1.75 1.000 -4.0864 7.5864

20 -9.25% 0.002 —15.0864 -3.4136

20 14 18.50* 0.000 12.6636 24.3364

16 11.00%* 0.000 5.1636 16.8364

18 9.25% 0.002 3.4136 15.0864

(CI: confidence interval)
*P<0.05.

Mi Hyun Seo et al: Development of a standardized mucositis and osteoradionecrosis animal model using external radiation. J Korean Assoc Oral Maxillofac Surg 2020

radiation and degraded more than 18 Gy. Changes of bone
resorption can be affected by radiation dose increment more
sensitively.

IV. Discussion

In this study, the appearance of skin alopecia varied de-
pending on the irradiation dose. However, there were no dif-
ferences between two weeks and three weeks after irradiation.
In the histological sections, increased fibrosis, inflammation,
and osteoclast number in all radiated groups at the two differ-
ent observation periods was seen. Observation also revealed
decreased normal bone in the 18 Gy and 20 Gy groups at
three weeks after irradiation as compared with at two weeks.
The CT parameters showed no significant differences among
the groups.

The experimental design we planned according to the pre-
vious studies described by Kurihashi et al."® demonstrated
that the performance of tooth extraction at one week after
radiation therapy is the optimal period for ORN occurrence.
Ryu et al."” reported that histological damage was healed at
14 days after 14 Gy and 16 Gy of radiation in a mouse model,
while death occurred at nine days and 10 days after 18 Gy
and 20 Gy of radiation. A single 20 Gy dose of irradiation is

appropriate to maximize the reduction in bone regeneration
and minimize animal morbidity according to Niehoff et al.”.
Tamplen et al.”® described that the early manifestations of
ORN appeared beginning at 21 days after irradiation. In the
present study, we exposed the extraction region to a single
dose of 14, 16, 18, or 20 Gy of radiation at one week follow-
ing first molar extraction.

Exposure to radiation damages the DNA of the various
cells of the skin and controlled cell growth. In addition, alo-
pecia can occur, and is caused by an insufficient supply of
nutrients due to the reduction of blood vessels in the dermis
layer. Following a dose of irradiation above 3 Gy, hair loss
may be observed (at two to three weeks after irradiation);
above 6 Gy, erythema may arise; and at 8 to 15 Gy, dry des-
quamation occurs, while, at 15 to 20 Gy, moist desquamation
occurs (at three to four weeks after irradiation)”. In our study,
we only observed alopecia in different degrees and did not
see erythema or ulceration. Moreover, there were no differ-
ences between at two weeks and at three weeks after irradia-
tion.

In a previous experimental study, the thickness of the
epithelium of the tongue was reduced after irradiation in a
mouse model'’. Histopathologic analysis of radiation therapy

shows chronic inflammation and necrotic bone. Arnold et
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al.' developed a rabbit mandibular ORN model. After ad-
ministering radiation doses of 6.5, 7.0, 7.5, 8.0, 8.5, and 9.0
Gy, the histological sections showed immature woven bones
in the high-dose groups (i.e., 8.5 Gy and 9.0 Gy). Tamplen et
al.”” demonstrated that osteoclasts experienced a significant
increase and osteoblast experienced a decrease in the radia-
tion group as compared with in the controls. Radiation in-
duces depletion in the number of osteocytes and an increase
in empty lacunae™. In our histologic evaluations, we found
increased fibrosis, inflammation, and osteoclast numbers in
all radiated groups at two and three weeks after irradiation.
The number of osteoblasts in the radiated groups were sig-
nificant decreased versus in the control group. The mandible
is a highly cortical membranous bone with little blood supply.
In a rabbit model’, there was no significant difference found
between the bone density of irradiated versus nonirradiated
samples. In our study, BMD was measured using micro-CT
and there was no significant difference between findings in
different radiation dose groups; however, BV/TV values were
decreased according to the increase of radiation doses. Radia-
tion therapy-induced alterations will affect both remodeling
capacity and biomechanical properties.

In the present study, local irradiation with a single dose of
14 Gy or 16 Gy was well-tolerated by the rats. However, the
healing of bone defects after irradiation gets worse with the
increase in dose and time of irradiation. The present study
presents a well-established rat model that is comparable to
current radiation treatment protocols for human head and
neck cancer. A detailed and standardized animal model clini-
cally similar to ORN of the jaw is a valuable tool that can
be used to investigate the underlying pathophysiology of the
disease and evaluate any potential treatment modalities.

V. Conclusion

Our simple but updated animal model is similar to the human
mandibular ORN, allowing for subsequent radiological and his-
tologic analysis of bone defects caused by irradiation. Further
cell-specific staining, including immunohistochemistry, can be
used with this model to study the potential cellular mechanisms
of mandibular ORN and to trial any therapeutic options.
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