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Abstract: 22 

As bone healing is altered after external radiation therapy, its evaluation is mandatory and 23 

lacks in clinical practice. The aim of the pilot study was to validate micro computed 24 

tomography (microCT) as a simple and reliable technique for assessing irradiated bone 25 

healing in the rabbit’s mandible and compare with histologic findings. 26 

Nineteen rabbits (female New Zealand white) were used. The radiation protocol consisted of 27 

5 sessions delivering 8.5 Gy each. MicroCT was performed at D0, D7, D14, D28 and D42 for 28 

the control group and D0, D28 and D42 for the irradiated group. A modified Perry’s score 29 

was determined on histologic samples, and comparison between microCT and histological 30 

findings was performed. 31 

The main differences between irradiated and non-irradiated rabbits were observed at Day 28 32 

and 42. There was a strong correlation between imaging and histologic findings. 33 

Radiation decreases bone quality and bone mineral density. As the correlation was strong 34 

between microCT and histologic findings, micro imaging could be considered as a simple and 35 

reliable technique to assess bone healing after radiation therapy and allows an easy 36 

comparison between samples, without invasive procedures. Great attention should be kept on 37 

the parameters and on the region of interest. 38 

The development of in-vivo microCT enlarges the perspectives of microCT use in 39 

experimental studies, avoiding invasive procedures, and preserving animal lives and well-40 

being, and furthermore lead to clinical applications.  41 

Key words 42 

External radiotherapy 43 

Bone healing 44 
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Microscanner (microCT) 45 

 46 

Introduction  47 

External radiotherapy is widely used in the treatment of head and neck squamous cell 48 

carcinomas, with a mean 50 to 70 Gy total dose of irradiation. Its adverse effects on bone are 49 

well described: it causes vascular alterations, cell decrease and an increase of collagen 50 

excretion, leading to bone weakness and fibrosis. Thus, it compromises bone healing and can 51 

lead to osteoradionecrosis (ORN) (Lyons and Ghazali, 2008; Jacobsson et al., 2010). ORN 52 

mostly presents as an area of exposed, avascular bone, frequently infected. Its early stage is 53 

characterized by inflammation and presence of myofibroblasts, and a decrease of bone 54 

remodeling. ORN can occur spontaneously or after oral surgery. It is generally diagnosed 55 

quite late as clinical symptoms are not consistent, and its radiological expression appears 56 

when the necrosis is already set up, when 30 to 40% of the mineralized phase is altered. The 57 

treatment of ORN depends on its stage: early stages require medical treatment associated with 58 

bone curettage, whereas advanced stages can lead to interruptive surgery followed by 59 

reconstructive surgery (using free bone flaps when possible). There is currently no tool in 60 

clinical routine for assessing bone quality ; orthopantomographs are not performant enough, 61 

and computed tomography (CT scan) shouldn’t be performed too often. In experimental 62 

studies, microimaging and histology are the gold standard in bone evaluation (Donnelly, 63 

2011). Histology is often used as a reference to assess bone healing. In clinical practice, as 64 

histology is invasive and can itself lead to ORN, it cannot be performed ; standard CT scan 65 

are quite irradiating and must also be used sparingly. Thus, there is a need of easy-to-use and 66 

non-destructive tools for the follow up of irradiated bone. Through the development of an 67 

animal model of irradiated mandible, the aim of the study was to compare microscanner 68 

(microCT) imaging and histological findings in the follow up of irradiated bone healing. 69 
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Material and methods 70 

 Animals 71 

The protocol was conducted in accordance with international and local laws, guidelines and 72 

policies on animal welfare. It was approved by the internal ethics committee for animal 73 

experimentation of the Research Institute in which it was performed (CEEA n°10). The 74 

research protocol followed the ARRIVE guidelines. 75 

Nineteen New Zealand adult female rabbits were used (weight: mean: 2.35 kg ; SD: 0.53). 76 

Animals were randomly divided into 2 groups, one control group on which only surgery was 77 

performed; and one experimental group with radiotherapy and surgery (table 1). It resulted in 78 

10 samples for the control group and 9 samples for the irradiated group, which led to 79 

respectively 300 and 270 histologic sections, and 150 and 135 images. 80 

 Radiation therapy 81 

External radiotherapy was performed on a 6MeV photons linear accelerator and consisted of 5 82 

weekly sessions delivering 8.5 Gy each, on a linear accelerator delivering 6MeV photons, as 83 

described in a previous publication (Desoutter et al., 2020), with an alpha/beta ratio of 2. The 84 

animals were sedated with intramuscular administration of ketamin / xylazin / glycopyrolate 85 

15 minutes before the session. A catheter was then placed in the vein of the ear to allow 86 

control of sedation by periodical re-injection. A scanner had been previously performed to 87 

calculate the dosimetry. The rabbits were transported to the radiation room according to the 88 

protocol of the Research Institute, and immediately installed on the accelerator. The sedation 89 

was controlled immediately before the beginning of irradiation. A thermoformed mattress was 90 

used to enhance the precision of the repositioning, and a silicon sheet was placed to increase 91 

the thickness of the soft tissues and concentrate the maximal dose on bone. Before the 92 

beginning of the irradiation, a radiograph was performed to validate the radiation field and 93 
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control the positioning of the animal. At the end of the session, the animals were placed under 94 

infrared light and monitored until complete recovering. The follow up was performed by daily 95 

examination, weighting and control of food and water intake. Standard limit points, defined 96 

by the ethics committee, were: fever, permanent decubitus, convulsions, severe anemia, pain 97 

symptoms resistant to analgesia procedures and anorexia superior to 24 hours.  98 

The total dose delivered was 42.5 Gy which is equivalent to 98 Gy in human.  Animals were 99 

sacrificed at D0, D7, D14, D28 and D42 in the control group and D0, D28 and D42 in the 100 

irradiated group. 101 

Surgery 102 

A standardized defect (2x3 mm) at 5 mm mesially to the mental foramen on each side of the 103 

mandible was performed immediately after completion of radiotherapy, by an extraoral 104 

surgical approach. Sedation was performed as previously described; analgesics (ketoprofen) 105 

were administered immediately and if necessary during the follow up. Euthanasia was 106 

performed after sedation thanks to intravenous 4ml pentobarbital. Samples were harvested 107 

thanks to the same submental approach. They were immediately placed into ethanol and sent 108 

to the microCT.  Then, the samples were immediately sent for histologic analysis. Each 109 

sample was analyzed by microCT and then by histology. 110 

 Microscanner 111 

Rabbits were sacrificed from D0 (i.e. the day of the surgery) to D42 by 4 ml intravenous 112 

pentobarbital. MicroCT analyses were performed by 2 experimented operators. 113 

The microCT (Inveon®, Siemens) was performed according to standards for bone 114 

characterization in the rodent (Faot et al., 2015; Müller, 2009) with high magnification, 180 115 

projections; binning 2, pixel size: 18.76microm ; axial and transaxial fields of view were 116 

respectively 18 mm and 28.16mm, scanning length 18 mm. Voltage was 75 kV, and current 117 



6 

 

500 microA. Exposure time was 770ms and acquisition 36 minutes. A Hounsfield and density 118 

calibration was daily performed. The volume of interest (VOI) was determined thanks to 119 

points of reference calculated from the top of the defect. As the defect was standardized, 120 

remarkable points were identified to allow comparison between the different samples: top of 121 

the defect (bone crest), and apex of the defect. Microradiographic slices were performed every 122 

5 slices, resulting in 30 images per sample for analysis. BV/TV (percent bone volume), TbN 123 

(trabecular number) and TbSp (trabecular separation) were reported and analyzed thanks to 124 

ImageJ® (NIH) software. The bone mineral density (BMD) was also determined using 125 

microCT values (Hounsfield units). 126 

Histology 127 

Samples were fixed in 10% formalin, embedded in paraffin after slow decalcification in 0.5M 128 

EDTA for 1 month, sliced (30 slices per sample ; thickness : 8 micrometers) and stained with 129 

hematoxylin-eosin. A modified Perry’s score (Perry et al., 2003) was used to assess bone 130 

healing and assigned by 2 independent operators (table 2). Operators were blinded and did not 131 

know if the samples were from the control or irradiated group, and which time interval was 132 

concerned.  133 

Statistics 134 

Statistical analysis was performed thanks to SPSS (SSPS.inc, IBM, Chicago, IL, USA). 135 

Standard deviation was calculated, and a T test was performed to compare the groups in terms 136 

of BMD, BV/TV, TbSp and TbN. Pearson’s correlation coefficient was used to allow the 137 

comparison between histologic findings and microCT: Perry’s score and BMD, Perry’s score 138 

and BV/TV, Perry’s score and TbN, Perry’s score and TbSp. 139 

 140 

Results 141 
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Experiments resulted in 10 samples for the control group and 9 samples for the irradiated 142 

group, which resulted in respectively 300 and 270 histologic sections, and 150 and 135 143 

images for Perry’s score determination. Weight increased in both groups during the 144 

experiment (mean: 121% ; SD : 56 in the non-irradiated group and 105%  ; SD : 49 in the 145 

irradiated group). Adverse effects observed were mild fugitive anorexia, light cough and very 146 

localized alopecia.  147 

Visual examination 148 

The defect was visible only at D0 for the control group, and visible at any time in the 149 

irradiated group.  For the irradiated samples, the bone appeared less mineralized and weaker 150 

during harvesting, with less resistance to the saw.  151 

MicroCT  152 

The defect was visible at D0 in the control group, and non-visible at D28 and D42. In the 153 

irradiated group, the defect was visible at any time (figure 1). 154 

The values at D0, D28 and D42 for BV/TV, TbSp, BMD and TbN are presented in table 3. In 155 

the control group, the increase of BV/TV and TbN values was more significant between D0 156 

and D28, whereas it was between D28 and D42 in the irradiated group. The difference 157 

between the 2 groups was statistically significant at D28 and D42, except for TbSp, which 158 

was the same in the control group between D28 and D42 (table 3).  159 

Histology 160 

For the control group, at D28 and D42, the defect was completely filled by mature bone.  161 

In the irradiated group, the defect was not completely filled, even for D42. Only fibrovascular 162 

tissue could be found, with only little area of bone in the defect. Necrotic tissue with areas of 163 

adipous cells was reported, but no areas of osteoradionecrosis were noticed. 164 
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Modified Perry’s scores were respectively at D0, D28 and D42: 1, 7 and 9 for control group, 165 

and 1, 2 and 3 for irradiated group (figure 2). 166 

Pearson’s correlation coefficients found strong positive correlation between modified Perry’s 167 

scores and BMD, TbN and BV/TV, and strong negative correlation between Perry’s score and 168 

TbSp (table 4). 169 

  170 

Discussion 171 

Rabbits are considered as a valuable model for initial experimentation evaluation, despite 172 

major differences with humans. The bone turnover is highly increased, and the bone marrow 173 

is fatty (Poort et al., 2014; Poort et al., 2017; Ma and Chen, 2012). 174 

Animals 175 

Among usual radio-induced adverse effects, only alopecia, cough and mild anorexia were 176 

reported, in a very mild expression, as described by Zhang (Zhang et al., 2010). It 177 

corroborates the high healing potential in the rabbit, and thus the need of higher doses to 178 

reproduce adverse effects similar to humans.  179 

 Radiation therapy 180 

Several protocols were reported for experimental external radiotherapy (Perry et al., 2003; 181 

Soares et al., 2019; Poort et al., 2017). The protocol used in this study has already been 182 

described (Desoutter et al., 2020). Fractionated irradiation was preferred to single-dose as it 183 

better mimics human therapeutic irradiation (Zong et al., 2016). A dose of 8.5 Gy per session 184 

was proposed, and mandatory to observe adverse effects on bone, according to Zhang (Zhang 185 

et al., 2010). 186 

MicroCT 187 
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MicroCT has a great interest in the analysis of bone structure (Donnelly, 2011; Müller, 2009) 
188 

as it allows the assessment of 3D bone geometry, BV/TV, trabecular thickness, number and 189 

separation. Apparent BMD can also be calculated using the Hounsfield unit scale. The 190 

parameters chosen for microCT analysis (BV/TV, TbN, TbSp and BMD) are concordant with 191 

the literature (Donnelly, 2011; Müller, 2009). The problem was the identification of the VOI 192 

particularly in the control group as bone healing seemed to be almost completed at D28. 193 

Moreover, there might be a difficulty to choose the threshold parameters to separate bone 194 

trabeculae and marrow space, which may influence the images. In irradiated bone, it seems 195 

that bone density is correlated to the radiation dose, the time interval between radiotherapy 196 

and examination, and the use of hyperbaric oxygen therapy (HBO) (Zong et al., 2016; 197 

Muhonen et al., 2002). Comparing the control and the irradiated groups, BV/TV was divided 198 

by a factor of 33.81 at D28, and 5.34 at D42. BMD was divided by 1.41 at D28 and 1.5 at 199 

D42; and TbN by 12.28 at D28 and 2 at D42. The fact that BV/TV and TbN dramatically 200 

increase between D0 and D28 in the control group and between D28 and D42 in the irradiated 201 

group is concordant with the fact that it takes more time to heal in irradiated bone. In the 202 

irradiated group, TbSp decreased between D28 and D42 because complete bone healing was 203 

not reached. 204 

MicroCT represents a valuable tool for the evaluation of radio-induced alterations, as a 205 

decrease of bone remodeling and a delayed healing are early signs of osteoradionecrosis. At 206 

this early stage, its treatment is less invasive and its recovery with only little sequelae remains 207 

possible.  208 

 Histology 209 

Hematoxylin/eosin staining was used, as it is a routine, quick and easy-to-use staining, and is 210 

often reported in experimental studies on bone (Poort et al., 2014). Perry (Perry et al., 2003) 211 

described his score to rapidly assess bone and cartilage healing. It is a subjective score, based 212 
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on observation and the maturation of bone and cartilage. The modified Perry’s score evaluates 213 

only bone as it is used in the mandibular corpus. It distinguishes different stages of bone 214 

maturation: fibrous tissue, non-mineralized bone (i.e there are some bone cells and part of 215 

components of bone, but no or little mineralized tissue), woven bone (i.e. immature 216 

mineralization, and/or anarchic mineralization), and mature bone. Perry’s scores (figure 2) 217 

suggest that irradiated bone healing is delayed as the scores at each examination time interval 218 

were significantly lower in the irradiated group. It also suggests a more linear kinetics of bone 219 

healing in irradiated bone than in non-irradiated bone, but it must be proven by further 220 

investigations. Nonetheless, it is a subjective analysis, and potentially controversial. 221 

Reliability of the use of microCT for assessing bone healing 222 

MicroCT has been widely used in assessing bone healing, even in jaw bones (Faot et al., 223 

2015; Clark and Badea, 2014; Van Dessel et al., 2013). Its use allows assessment of bone 224 

structure, resorption, remodeling, healing and destruction in several species (Hutchinson et al, 225 

2017). Variables generally used are BMD, TbN, TbSp, BV/TV (Faot et al., 2015; Van Dessel 226 

et al., 2013; Hassumi et al., 2018; Mabileau et al., 2015; Parsa et al., 2013). Trabecular 227 

thickness can also be assessed (Van Dessel et al., 2013; Hassumi et al., 2018; Iezza et al., 228 

2020). MicroCT has a high spatial resolution, and a high contrast is possible in imaging 229 

mineralized tissues (Clark and Badea, 2014), even for cartilage (De Bournonville et al., 2019). 230 

New tools such as 3D reconstruction, contrast enhancement or methods of overimposing 231 

images increase its effectiveness (Piotrowski at al., 2018; Hassumi et al., 2018; Mabileau et 232 

al., 2015). 3D reconstruction tools such as maximum intensity projections (MIP) can also be 233 

used (Piotrowski et al., 2018). Most of the authors report that micro CT allows precise 234 

assessment of bone microarchitecture, direct measurements of different parameters, analyses a 235 

larger region of interest than 2D histology, is fast and non-destructive, which is interesting 236 

both in living animals and in experimental studies (Faot et al., 2015; Müller, 2009; Van 237 
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Dessel et al., 2013; Parsa et al., 2013; Bouxsein et al., 2010; Kim and Henkin, 2015). 238 

Nonetheless, to guarantee a good reliability, several steps must be respected. The sample 239 

preparation and positioning is essential (Bouxsein et al., 2010). A special care must be given 240 

to the determination of the region of interest (ROI): a starting point must be determined to 241 

make comparable and reproducible acquisitions. The method used is generally not or 242 

insufficiently described in the literature (Faot et al., 2015); the number of slices can help 243 

giving points of reference, starting from a remarkable starting point (Hassumi et al., 2018), or 244 

a marker can be used (Kim and Henkin, 2015). The segmentation must be standardized, and 245 

thresholds must be adjusted based on empirical evaluation of attenuation properties, prior to 246 

image acquisition (Poundarik and Vashishth, 2015). Thus, it is important to perform images to 247 

compare on the same machine. Intensity, beam hardering and X-ray energy have to be 248 

carefully chosen, as well as voxel size and image resolution. Image analysis should take 249 

artifacts into account (Bouxsein et al., 2010). Using the Hounsfield Units scale is 250 

controversial: for Pauwels (Pauwels et al., 2015), analyses based on quantitative grey values 251 

are not reliable, whereas there is a high correlation score (0.91) between HU scale and BV/TV 252 

for Parsa (Parsa et al., 2013).  253 

Comparison between microCT and histology 254 

Most of the studies used both microCT and histology or histomorphometry. Some assessed 255 

the comparability between these 2 techniques (Bissinger et al., 2017; Boca et al., 2017; Choi 256 

et al., 2019). MicroCT was more accurate for evaluating bone-implant contact as it was 257 

nondestructive and provided a 3D picture of the ROI (26-28). Moreover, Particelli (Choi et 258 

al., 2019) reported that there was a good correspondence between histological findings and 259 

microCT, and that microCT had the advantage to not being affected by the surrounding 260 

medium (for example the embedding material) when the threshold was accurately chosen. In 261 

this study, microCT was compared to a histologic score. Piotrowski (Piotrowski et al., 2018) 262 
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proposed to use a score based on MIP reconstruction to assess bone healing. Histologic 263 

analysis was also performed and seemed to be in accordance with microCT findings.  264 

Our findings suggest that micro CT accurately reflects histologic findings, with very strong 265 

correlation coefficients. 266 

Limitations of the study 267 

The major bias of the study (apart from the number of samples which could be discussed) was 268 

the use of the modified Perry’s score, which remains subjective despite double scoring, and 269 

does not reflect the continuous process of bone healing. 270 

Conclusions 271 

The radiation scheme used in this study seemed to decrease bone healing, both histologically 272 

and radiologically. Despite unavoidable bias, this study seemed to confirm the correlation 273 

between microCT and histological findings in irradiated bone healing. MicroCT seems to be a 274 

valuable non-invasive tool for evaluating early stages of radio-induced bone alterations, 275 

which is particularly interesting as even a small trauma (i.e; bone harvesting for histologic 276 

analysis) can lead to osteonecrosis. The development of micro CT in-vivo procedures and 3-277 

dimensional reconstruction tools (Pauwels et al., 2015; Boca et al., 2017; Choi et al., 2019) 278 

will allow nondestructive methods for basic evaluation of mineralized tissues and will reserve 279 

histology, which is destructive and often requires animal sacrifice, to specific markers or 280 

techniques. 281 
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 287 

Figure legends 288 

Table 1: number of samples per group (control and irradiated) and per time interval for 289 

analysis  290 

Table 2: Perry’s modified score and its histological signification 291 

Table 3: values for BV/TV, BMD, TbN, TbSp for each group and p values (i.e. statistical 292 

significance) between the groups 293 

Table 4: Pearson’s correlation coefficient for Perry’s modified score and the different 294 

microCT parameters (BMD, BV/TV, TbN, TBSp).  295 

Figure 1: representative microCT and histology samples of control and irradiated group at D0, 296 

D28 and D42.  297 

Figure 2: Graph of the evolution of the modified Perry’s score between D0 and D42 for 298 

control and irradiated groups. 299 

 300 
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Histology (scale : 500 microm): In the control group: at D0, the defect is partially filled with blood; at D28, immature bone fills the defect; at D42, mature bone 

totally fills the defect. In the irradiated group: at D0, small amounts of blood are present, with less osteoblasts than the control group ; at D28: fibrous tissue 

is visible, no osteoclasts are visible ; at D42: osteoclasts are present, there is fibrous tissue and small amounts of immature bone. 

Micro CT: Delineation of mineralized tissue was performed with Image J® software (NIH) ; the differences between the 2 groups are visible at each examination 

time interval. 
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Table 1 

Time for sacrifice (D : day) Sham rabbits (number) Irradiated rabbits (number) 

D0 2 2 

D7 2 0 

D14 2 0 

D28 2 4 

D42 2 3 

 



Perry’s score Histological observation (Perry’s 

definition) 

Modified Perry’s observation 

1 Fibrous tissue Fibrous tissue 

2 Mostly fibrous tissue and cartilage Mostly fibrous tissue and some non-

mineralized bone 

3 Same amount of fibrous tissue and 

cartilage 

Same amount of fibrous tissue and non-

mineralized bone  

4 Cartilage only Non mineralized bone only 

5 Predominant cartilage and a few 

woven bone 

Predominant non-mineralized bone and 

a few woven bone 

6 Equal amount of cartilage and woven 

bone 

Equal amount of non-mineralized bone 

and woven bone 

7 Predominant woven bone with a few 

cartilage 

Predominant woven bone with a few 

non-mineralized bone 

8 Woven bone only Woven bone only 

9 Woven bone and some mature bone Woven bone and some mature bone 

10 Mature bone Mature bone 

 



Table 3: Values for BMD, BV/TV, TbSp, TbN and Standard Deviation at D0, D28 and D42. 

 

Sham group Irradiated group P value 

Value 

(mean) 
SD 

Value 

(mean) 
SD 

BMD  

D0 1050.1 27.8 1038.8 131.2 NS 

D28 1620.1 74.6 1144.7 22.0 0.03 

D42 1677.2 9,60 1228.6 66,4 0.03 

BV/TV  

D0 1.48 0.6 0.22 0.2 NS 

D28 30.77 2.6 0.91 0.6 0.008 

D42 42.57 12,25 7.97 4,85 0.02 

TbN  

D0 0.14 0.05 0.02 0.01 NS 

D28 0.86 0.09 0.07 0.05 0.01 

D42 1.03 0,15 0.47 0.35 0.03 

TbSp  

D0 1.33 0.21 1.68 0.01 NS 

D28 0.38 0.08 1.35 0.26 0.01 

D42 0.36 0,06 0.92 0.30 0.04 

NS: non statistically significant (p value ≥ 0.05). 



Variable / Perry’s 

score 

Group  Value  Significance  

BMD Control group 0.999 Strong positive 

correlation 

 Irradiated group 0.977 Strong positive 

correlation 

BV/TV Control group 0.985 Strong positive 

correlation 

 Irradiated group 0.742 Strong positive 

correlation 

TbN Control group 0.997 Strong positive 

correlation 

 Irradiated group 0.712 Strong positive 

correlation 

TbSp Control group -0.951 Strong negative 

correlation 

 Irradiated group -0.954 Strong negative 

correlation 

 




